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ABSTRACT 

Ep i l i t hon deve lopment , in re lat ion t o  t he dis charge of 

dome s t i c  s ewage , dairy f actory and me atworks was t ewaters , 

and it s e f fects  on  water qual it y  were s tu d ied in laboratory 

channe ls and in  t he Manawa t u  R iver . Dur i n g  t he t hree 

ye ar per iod of the s t udy t he or gan ic  mat e r i al  input s to 

I 

t h is r iver were progre s s ive ly reduced t o  mee t  the requ ireme n t s  

o f  wate r  r i ghts des igned t o  l imit t he in - r iver BOD5 t o  
- 3 5 g.m at the end  of a def ined mix ing z9ne wit h t he 

obje c t ive of ma intain ing ade quate oxygen leve ls and cont r o l l ing 

sewage f ungus growth .  

Labora t ory channel s t ud ies demon s t rated that , f or a give n 

BOD5 add it ion, untre at ed da iry f actory was tewater increased 

the he terot roph i c  growth 2 - 3 t imes more t han pr imary 

treated meatworks was t ewate r . S im i l ar obs ervat ions were 

made in the Manawatu R iver . Thes e  var ied growth respon s e s  

c o u l d  be accounted f or by t he d i f ferent re lat ive 

cont r ibut ions of d i s s o lved and low molecu lar we ight 

(< 10 00 daltons ) organ ic  compounds in t he dif ferent was t ewaters . 

The d is s olved or low mo lecu lar we ight ( de termined after 

s amp l e  u lt raf i l t rat ion ) BOD5 t herefore prov ide more 

re l iable  genera l sewage fungus cont r o l  parameterst han BOD5 . 

Curr e n t  ve loc i t y  and s pat e s  had marked i n f luences on the 

deve l opment o f  ben t h ic commun it ie s . Maximum s ewage f un gus 

bioma s s e s  on t he natur a l  bed were observed at current 

veloc i t ies o f  0 . 2 t o  �4 5  m_s - l Short heterotrophic f r onds 

occurred at t he max imum c urrent ve l o c i t y  inve s t i�ated o f  
- 1 3 - J 1 . 1 6 m . s  . Sma l l  s pates bf up t o  5 0  t o  7 0  m . s  caus ed 

I 
pre ferent ial  s lough ing o f  he t erotrophs over e p i l i t h i c  

pho t o t rophs wh ich had deve loped o n  concre t e  p l a t e s  a t  
3 - 1 r iver f lows o f  approxima t e ly 2 5  m . s  F lows i n  exces s  

3 - 1 of  approxima t e l y  1 5 0  m . s  removed growt hs o f  Cladop h ora 
glomerata wh ich had deve loped at s ites  where the pre - spate 

curren t  veloc i t y  was 0 . 3  t o  0 . 4 m . s - 1 Much higher 

f lows , in exces s  o f  4 0 0  m3 . s- 1 , were  required t o  remove 



I I  

t he dense growths of t he macrophyte Potamogeton crispus. 

Obse rvat ions o f  s ewage f u n gus biomas s at various depths 

in t he Manawat u  R ive r and growt h rat e s  on both upper , s unli ght­

exposed, and lowe r, s haded , surfaces of concre t e  plates 

suspe nded i n  t he wa ter column i n d icated t hat  s olar rad iation 

inhibition of het erot rophi c  growt h is not important  in t he 

Man a wa t u  R ive r . 

The s e  heterotr ophic growt hs in t he r iver were replaced by 

heavy photot r oph-dominated ep i lit hon as or ganic concen t ra t ions 

were reduced . Both communities had s ignifican t impacts on 

t he s u s pended biomas s  and d is s olved oxygen levels in t he 

rive r .  

A computer model s imulat ing s umme r low flow condit ions in 

t he Manawat u R iver pred icted t hat  t he r iver can s u s t a in 

ave r a ge respiration rates of 20 and 24 g 02 m- 3  d -
1 

at mean r iver temperat ures of 21°C t o  12°C re spectively 

without bre aching t he s t atutory m i n imum permis s able d is s olved 
- 3  oxygen concen t ration o f  5 g . m . A mult iple regre s s ion model 

of t he factors in fluenc ing epilit hon respiration was developed 

f rom in situchamber s t udies of a range o f  epil i t hic community 

types. This gave ade quate pred ictions whe n t e s ted again s t  

measureme n t s  over reaches below t he d is c harges and predicted 

t hat t he ben t h ic biomas s  res ult i n g  in  t he maximum 

pe rmis s ible respiration rates decreased f rom approximat ely 
- 2  0 - 2  0 1 4 3  g AFDW m at 12 C t o  3 4 g AFDW m at  2 1  C .  

A manageme n t  s t rate gy l imitin g t he organ ic , but not the 

nutrie n t , inpu t s  t o  the Manawatu River was s hown to be 

unlikely t o  ens ure consiste n t  ma intenance of t he s t a t ut ory 

minimum dis s olved oxygen concentrat ion . 

The implications f or manageme nt o f  t he r iver are dis cus sed . 
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CHAPTER 1: INTRODUCTION 

The deve looment of  eoilithon in river s has marked ef fects on 

the quality of  the over lying water and river aesthetics. The 

Manawatu River, near Pa lmerston North (latitude 40°2l'S), New 

Zealand ( Fig 1 . 1), has had a history of nuisance epilithon 

growths. Heterotroph dominated epilithon, common ly referred to 

a s  sewage fungus, has frequently been reported below the 

wastewater dis charges downstream o f  Pa lmerston North ( Fig 1 . 2) 

(MOW, 19 57; Hirs ch, 19 58; Currie, 1977, 1978; Freeman, 1983) 

and, during summer, filamentous algae often pro liferate 

upstream of the dis charges ( Currie, 1977; Freeman, 1983). The 

former growths i n  particular cause a marked deterioration in 

the river aesthetics and have been imp licated as an important 

factor causing low oxygen conditions leading to a fish kil l  

downstream from the wastewater dis charges in 1978 ( Currie, 

1980; Currie and Ruther ford, 1982) . 

The Manawatu Regional Water Board ( MRWB) has attempted to 

contro l the sewage fungus growth and dissolved oxygen depletion 

to acceptabl� levels  by is suing water rights which restrict the 

organic material inputs by the wastewater dis chargers to a 

leve l ca lculated to limit the in- river five day biochemical 
-3 oxygen demand ( BOD5) to les s than 5 g . m at the end of a 

de fined waste mixing zone ( i.e., Site D, .Fig 1 . 2). 

The changes in wastewater inputs to the river during the period 

from 1982 to 1985 due to the requirements of  these water rights 

provided an opportunity to study the relationships between 

organic was tew�ter concentrations and the development o f  

epilithon, especia l ly sewage fungus, and the effects o f  these 

factors on river aesthetics and water qua lity, with respect to 

tbe concentration of dis solved oxygen, organic material,  and 

suspended biomas s. 

The fol lowing chapters des cribe investigations of  these 

relationships made in the Manawatu River and complementary 
studies in a laborat

.
ory channe l system . 
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The studies were oriented towards providing data and models for 

use in resolving the complex management problems presented by 

the situation in the Manawatu River. 

,, 
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CHAPTER 2, LIT ERATURE REVIEW, 

2.1 INTRODUCTION 

5 

The first reported observations of sewage fungus in the Lower 

Manawatu River were in March 1957 (MOW, 1957; Hirsch, 1978) 

when it was reported as being common at site C (Fig. 1.2) and 

abundant at sites D and E. Filamentous green algae were also 

reported as occurring upstream o f  Palmerston North and below 

the.city as far as site EF (Fig. 1.2). A�similar distribution 

o f  algae and sewage fungus existed during the summers o f  1971 

to 1972, when sewage fungus covered 80% o f  the bed at Site D 

(Anderson, 1972), and 1975 to 1977 (Currie, 1977) when lumps o f  

sewage fungus were observed suspended in the water column at 

distances o f  up to 20 to 30 kilometers below Site D. These 

made the river "particularly unattractive". The attached 

sewage fungus growths were also visually offensive, caused 

unpleasant odours as the river receded during low flows and 

excluded or smothered aquatic insects (Currie, 1977). 

The minimum in-river dissolved oxygen level o f  5 g.m-3, 

required by -the D classification o f  the river below the waste 

discharges under the Water and Soil Conservation Act 1967, was 

met during the occasional surveys conducted at this time 

(Currie, 1977). However in January 1978 severe night-time 

deoxygenation occurred resulting in a major fish kill for 

several kilometres below Site C (Currie, 1978). Sewage fungus 

was prolific from below Site B to Site E at the time o f  the 

fish kill. 

Later, more detailed studies indicated that sewage fungus 

played an important role in the very rapid removal o f  ox ygen 

and organic material from the river observed below the 

discharges (Currie and Rutherford, 1982; Hickey and 

Ruther ford, 1983). 

Thus an understanding of the factors a ffecting the growth and 

activity o f  the sewage fungus community is essential for the 

management of the lower Manawatu River and many other rivers 
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e ffected by sewage fungus in  New Z e a la nd and ove r s e a s  ( Secti o n  

2 . 3 . 1 ) .  

2 . 2  CHARACTE R I STICS OF THE MANAWATU R IVER AND WASTES 

REC E I VED 

2 . 2 . 1  MANAWATU R IVER 

2 . 2 . 1 . 1  Phys ica l  Cha racter i s t ics 

The Manawa t u  River i s  approximately 2 30 k m  l ong a n d  

h a s  a ca tchment of  5 8 0 0  km2 ( Fi g . 1 . 1 ) . Its  many tributa r i e s  

ari se i n  the Ta rarua and Ruah i ne Range s  and d r a i n  predominant ly 

agricu lt u r a l  land . Over the s tudy reach ( Fig . 1 . 2 ) , where the 

r iver i s  s i xth order , it recei ves th ree minor t r ibutaries which 

t yp ica l ly contribute 0 . 0 2 to 0 . 10 m3 . s - l of wat e r  d ur i ng s ummer 

f lows ( Curri e ,  1 9 7 7 ) . 

The grad i e nt i n  the r i ver i s  approx ima t e l y  1 m . km- l betwe en 

S ite  A and Site  EF d ecreas i n g  to approx i mately 0 . 5  m . km- l a t  

Site F a nd 0 . 1  m . km- 1 fou r k i l omet re s  below thi s  s it e  ( Cu r r i e , 

1 9 7 7 ) . Bottom s ub s t rate s iz e  genera l ly decrea s e s  with 

d ecreas i ng s l ope ( Hyne s , 1 9 7 0 ) and below S ite  F the bed changes 

f rom grave l to s i l t  ( Curr i e , 1 980 ) . 

The river ' s  median a nd annua l  mean flows at S it e  A ( F ig . 1 . 2 )  

a re 60 . 1 m3 . s - l ( F ig . 2 . 1 )  a nd 1 06 . 4  m3 . s -l re spect i ve ly 

( Wat son , 1 9 84 ) . The month ly a verage f low va r i e s  con s i derab l y  

d ur i ng the year ( F ig, . 2 .  2 )  w i th the h ighe s t  val ue s  occur r i ng 
. . . 

during the w i nt e r  a nd the lowes t  during late s ummer .  The da i ly 

f low dat a  for the period f�o� October 1 9 83 to May 1 9 84 ( Fi g . 

2 . 3 )  show that�the f low pat tern i s  cha racter i s ed by s udden 

fres�e s a nd re la t i v e l y  short period s  o f  s tabl e  condi t i ons . 

T ravel t ime s over the s tudy r each have been ca lcu l ated a t  f lows 
3 -1 3 -1 3 -1 

of 15.6 m . s  , 20 . 0  m . s  a nd 26.3 m .s using the results 

of dye studies (Cu r r i e  and Rutherford, 1982; Wilcock, 
' 3 -1 

1984(a)). At 26.3 m .s the average velocities, based on the 

dye peak travel times between the study sites (Fig 1.2), 

varied from 0.48 m.s-l 
to 0.54 m.s-l 

(Currie and Rutherford, 
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198 2 ) .  At 1 5 . 6  m3, s- l th e mean ve loc i ty for th e reach betwe en 

S ites c and F wa s 0 . 3 1  m . s - l Howeve r with in th i s  rea ch the 

mea n ve loc iti es  for shorter , 1 .4 to 4 km l o ng, rive r  sect ions 

va r i ed from 0 . 1 8 to 0 . 6 7  m . s
-l 

( Wi l cock , 1 984 a ) . Th i s  rang e  

o f  current ve loc i t i e s  for short r iver s tretches re f l ec t s  the 

r i f f le-poo l- r un nature of th e r iver wh i ch become s  more 

p ronounced as f l ows decline . 

A s s uming that the r iver s lope and bed f r i c t ion forces a re i nde­

p end ent of f low , averag e  ve loc i t i e s  at va r ious flows can be 

e s t ima t ed us i ng mea s ur e d  veloc i t y  and f low·data in equa t i on 7 I (2.1) ( Ruthe r ford and Currie , 1 9 79 ) ,  d e r i ved f rom the Ma nn i ng 

Equati on : 

( �:) 0 . 4 

( 2 .  1 )  

wh ere uA , u8 = known a nd unknown average ve loc i t i e s  

( - 1 ) 3 - 1 ) 
. 

m . s  at f lows Q
A , a nd Q

B ( m  . s  resp ect1ve l y . 

U s ing the c u rrent ve locity data d eve loped f rom the dye t ra c e r  

s tud i es at 2 6 . 3  m3 . s - l a nd 15 . 6  m3 . s- 1 , equat ion ( 2 . 1 )  pred i c t s  

that the average current ve loc i t i es at the 5 0 %  and 9 6 %  low 

f l ows o f  6 0 . 1  m3 . s - l and 1 3  m3 . s -l  wi l l  b e  0 . 7 3 m . s - 1 and 0 . 2 9 

m . s- l respe c t ively . S ince the opt ima l current veloc i t i e s  for 

s ewag e  fungus are with i n  th e approx imate range of  0 . 1 8 to 0 . 8  
- 1 ( 

. 
) m . s  Sect1on 2 . 3 . 4 . 5 , f lows o f  l e s s  than the 9 6 %  low f low to 

the medi a n  f low wi l l  p rovide average current ve loc i t i e s  

s u i tabl e  for s ewa ge fungus deve lopment . 

The r iver ' s  na tura l r ea e ra t ion was s tu d i e d  us ing methyl 

ch loride as a t racer ove r th ree . 2 . 4  to 5 . 8  km long s e ct ions o f  

the r iver b etw�en S i t e s  C and F ( Fi g . 1 . 2 ) a t  a f low o f  1 5 . 6  

m3 . s- l on 2 Ma r ch 1 9 83 ( W i l cock , l 9 84 ( a )  ) .  The r e s u l tant 

reaerat ion coe f f i cient  ( k 2 ) va l ues were approx imate l y  1 . 4  t imes 

g reat e r  tha n  thos e  ca l cu la t ed from hydra u l ic rad i u s  data u s i ng 

the equa t ion of  O'Connor and Dobbins ( 1 95 8 ) . Th i s  con fo rms to 

the pattern obse rved in a numb e r  of othe r New Zea l a nd rivers 

( Wi lcock , l 9 84 ( b ) ) .  

Longitud ina l  d i spe rs ion has been studied ove r the s tudy r ea ch 

where i t  was found t o  have a n eg l i g ib l e  effec t  on the r emova l 
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o f  o rga n i c  mat e r i a l  ( Ru th er fo rd , G i l l i la n d  and M cB r id e , 1 9 82 ) . 
T h i s  f indi ng i s  i n  ag r e emen t w i th tha t o f  Dobb i n s  ( 1 9 64 ) who 
conc l uded that lon g i t ud i na l  d i spe r s ion has a neg l i g i b l e  � ff e c t  
on Boo 5 a nd o xygen p ro fi l e s  i n  mos t  s t reams and i mp l i es tha t  
mod e l s  o f  s e l f -pu r i f i c.'\ l: i <:v1  1 11 th 8 H a n aw :J t u  R i v e r  nee d not 
i nc l ude th i s  fac t o r . 

2 . 2 . 1 . 2  B io l ogica l Cha ra c t e r i s t i c s  a nd Wat er Qua l i ty 
Wa t e r  qua l i ty i nve s t i gat i ons over th e s t udy reach , 

u t i l i s i ng mac ro-benth i c  i nver tebrate commlfni t y  s t r uc t u re 
i nd i ca t e  a progre s s i v e  det e r i ora t i on i n  wa ter q ua l i ty be l ow the 
s uc cess i ve d i s charges d ur i n g  the s umme r ( C u r r i e ,  1 9 7 7 ; 

S uck l i ng , 1 9 80 ) . A t  S i t e  E the c ommun i ty had r e t u r ned to a 

" c l ea n  wa te r "  fauna i n  the Febr ua ry 1 9 7 7 s t udy ( C u r r i e ,  1 9 7 7 ) . 

However d ur i ng the wi nt e r  a nd s p r ing mon th s , whe n  the r i ve r  
f lows were h i gh a nd var i ab l e  ( F i g . 2 . 2 )  a nd the e f f l ue nt 
d i s cha rges l owe r ( S ect i o n s  2 . 2 . 4 and 2 . 2 . 5 ) ,  the r e  was l it t l e  
d i f ferenc e i n  the i n ve r t ebra te numb e r s  o r  compos i t i o n  
thr oughout th e s t udy r each ( S u ck l i ng ,  1 9 80 ) .  

N i ght- time oxygen d ep le t ion has been obse rved i n  the Manawa t u 
R i v e r  be low · the was t e  d i s charges i n  a number o f  s tud i e s  
( Johannesson , 1 9 5 8 ;  Cu r r i e , 1 9 7 7 ;  Cu r r i e , 1 9 7 8 ; F r eema n , 
1 9 8 3 : .  H i ckey and Ruth e r ford , 1 9 8 3 ) . The s e  were a l l  con d uc t ed 
d u r i n g  the s u mmer whe n  a lgae occ u r red above the d i s ch a r g e s  a nd 
s ewage f u n g u s  be low them . At r i ver f lows grea t e r  tha n  2 0  
m3 . s - l th i s  o xyg en dep l e t i on d id not breach the requ i reme nt o f  
the r iv e r ' s  D c la s s i f i cat ion that the d i s so l ve d  o xygen 
con c e n t ra t i o n  e x c e e� 5 g . m- 3 ( J ohann e s s o n , 1 9 5 8 ;  C u r r i e , 1 9 7 7 ; 

F reema n ,  1 9 83 ) . Howev e r  d ur i ng two s tu d i e s  whe n  the f lows we re 
3 - 1 ( · 

' 

. 
) 3 - 1 ( F reema n , l l . 5  m . s  Cor r 1 e , 1 9 7 8 ,  F i g . 2 . 4  a nd 1 2 . 5  m . s  

1 9 83 ) th i s  r e q u i rement wa s not met a t  S ites E F  a nd F ( F i g . l . 2 ) 
r e spec t i ve l y  for 1 2  hours d u r i ng the n i ght a nd mor n ing . The 
d a ta p r e s e n t ed in  F i g u re 2 . 4  w e r e  obta i ned th ree days a f ter the 
b e g i n n i ng of a ma j o r  f i sh k i l l be low S i t e  c on 2 8  January 1 9 7 8 .  
Th i s  event was a t t r ib u t ed t o  the low d i s s o l v e d  o xygen 
concen t ra t io ns · ( C ur r ie , 1 9 7 8 ) and the r e sp i ra t io n  o f  the sewa g e  
f u ngus , wh i c h  occ u rred f rom b e l ow the MCDC o u t fa l l  ( F ig .  1 . 2 )  
a t  the t ime of  the k i l l ,  was p rospo s ed as  a n  import a n t  fact o r  
i n  caus i ng the o xyge n  d ep l e t i on ( Cu r r i e ,  1 9 80 ) . I n d i r e c t  
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e vidence for thi s  was provi ded by the obs erva t ions of v e ry high 

Bon5 d ecay rat e s  over the r i ver rea ches conta ining pro l ifi c 

s ewage fungus  growth s ( S ect ion 2 . 3 . 6 )  ( C urri e , 1 9 7 7 :  C u r r i e  and 

Ruthe rford , 1 9 8 2 )  whi ch imp l i es that its a ct i v i ty is  impor tant 

i n  d i s s o l ved o xygen remova l from the river . 

Thi s  deoxygenat ion effect of sewage fungus and i t s  degrading 

effe c t  on rive r a e s thet i c s  we re the main rea s ons fo r the 

deve l opment of a growth control strat egy ( Curr i e , 1 9 80 ) . 

However i nve s t i ga t ions of a lg a l  pro l ifera t ions above the was t e  

d i s ch a rge a rea have shown tha t  the s e  h a v e  s i gn ifi cant effe cts  

on th e river d i s solved o xygen l eve l s  causing the s e  to d rop by 

as much as 3 . 3  g . m- 3 be l ow s aturat ion at n igh t ( Freema n , 1 9 8 3 ) . 

Th i s  reduces the reserves of d i s s ol ved oxyg en ava i lab l e  to meet 

the dema nd s of the s ewa ge fungus c ommun i t i e s  below the 

d i s charges and a l so  ind.:j.. cates that th e photot roph i c  component 

of th e commun i t ies be low the outfa l l s  may contribute 

s ig n ificantly to the probl ems of night- t ime oxygen d ep l e t i on . 

F u rth er evidence for thi s  was prov ided by s tudy of oxygen 

dynam i c s  between s ites  D and E ,  when a mixed photot roph i c  and 

s ewag e  fungus community occurred . Thi s  showed that the 

photosynthet i c  o xygen product ion a lmos t  ma tched the reach 

community respi ration d u ring the early  aft ernoon ( Hi ck ey and 

Ruth e rford , 1 9 8 3 ) and indi cated that the photot roph i c  component 

of the benth i c  community b e l ow the outfa l l s  was s ignificant . 

Wh i l e  the regiona l �ater  board has deve loped a s ewa ge fung us 
. . 

control  s t ra te gy , no att empt has been made t o  cont rol the 

g rowth of the phototrophi �  communi t y  below the outfa l l s  by 

l im i t i ng the d i s charge of nitrogen or phosphorus in the new 

wat e r  r ight s  ( Se ct ion 2 . 2 . 2 ) . Above the d i s charges th e bioma s s  

o f  the fi lamentous green a lga C l a doph o r a gl o m e r a t a  ( L) Kutz 

often reaches 1 00 g drywt . m- 2 d ur i ng e xtended s umme r  f l ows 

( Fr e eman , 1 9 83 ) .  I t s  growth rate i s  appa rent l y  unaffected by 

the r i ve r  concent rat ions of d i s s o l ved i norganic  nitrogen ( D I N ) , 
. - 3  h h f 1 h wh 1 ch u s ua l ly exceed 1 00 mg . m  , but t e growt o a g a e  a t  t e 

mode rate  current veloc i t i e s  of 0 . 4 to  0 . 7  m . s - l studied becomes 

l imi t ed by d i s sol v ed rea c t i ve phosphorus ( DRP ) wh en l eve l s  drop 
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to app rox i mat e ly 4 mg . m- 3 ( Freema n ,  1 9 8 3 ) . However be l ow the 

d i s ch a r g e s  the l ev e l s  o f  the s e  nut r i ent s a r e  e l eva t ed 

con s iderably ( C u r r i e , 1 9 7 7 ; F re eman , 1 9 83 ) a nd i t  can be 

ca l c u la t ed  from the data o f  Cooke e t a l . ( 1 9 80 ) that the 

a dd i t ions o f  the p r imary-t reated PNCC a nd BCWS e f f l uents to the 

r i ve r  the 96 % l ow f low 'o f 1 3  
3 - 1 

i ncrea s e  the at m . s 

conc e n t ra t i on o f  D I N  by 3 2 0  a nd 9 5 - 3 
respect i ve l y  a nd the mg . m  

concentrat ion of DRP by 40 a nd 1 5  - 3 
respect ive l y .  mg . m  

Furth e r  u nknown nut r i ent  a dd it ion a l s o  occurs d ue to the MCDC 

d i s cha rg e . 

The e ffects  of the s e  add i t ions on photot roph i c  growth have not 

been  stud i ed but s tudies  ups t ream o f  the d is cha rges ( F reeman , 

1 9 8 3 ) i nd i cated that the backg round nu t r i ent l eve l s  are 

s u f f i c i ent  to s u s t a i n  a lga l g rowth at  mod e rat e c u rrent 

ve loc i t i es most of the t ime . Almos t comp l ete remova l of 

phosphor u s  from the e f f l uent s  wou ld  there fore b e  r equ i red to 

p revent the a lga l g rowth l i mitat ion by nutr i en t s , whi ch 

occa s i o n a l l y oc c u r s  ups tream of the out fa l l s  d u r i ng s umme r ,  

from be i ng a l l ev ia ted be low the out fa l l s .  Th e s e  re s u l t s  

s ugge s t  that the r e  i s  l it t l e  poi nt i n  removi ng the nut r i e n t s  

added b y  the was t ewat er d i s cha rges s i nce nu tr i e nt l imita t io n  

on l y  occ urs occas i ona l ly ups tream of  thes e .  

The ups t ream a lga l commun i t i e s  have a lso been shown to induce 

pH f l u ct ua t i ons in  the r i v e r  wa ter ( F re �nan a nd McFarla n e , 

1 9 82 ; F r eema n , 1 9 8 3 ) ,  by r emoving co2 during photosynth e s i s  

dur i ng the day r e s u �t i ng i n  the remova l of H+ i o n s  and a 
. . 

con s equent r i s e  i n  pH ( St umm a nd Morg a n ,  1 9 8 1 ) . When the a lga l 

b i oma s s  wa s m i n ima l the pH above the d i s cha rges was r e l a t ive ly 

s tabl e  at approx i mat e ly 7 . 5  + 0 . 4 . However at high a lga l 

b ioma s s  leve l s  d i u r na l  pH f luctua t i o n s  a s  large  a s  f rom 7 . 3 to 

8 . 8 were  recorded ( Freeman , 1 9 8 3 ) . Be low the d i s cha rges the 

i ncreased  respi ra t ion of th e more h e t e rotroph i c  commu n i t i e s  

reduces the p H  f l uctua tion t o  a degree ( Freeman a nd McFa r l a n e , 

1 9 8 2 ) . Howeve r f luctuat ion s f rom 7 . 1  to 8 . 2 5 were obs e rved at  

S it e D on 9 Febr u a ry 1 9 82 ( Freema n , 1 9 83 ) .  Th ese  data  i ndicate  

tha t  the pH con d i t ions in  the Ma nawa t u  River favo u r  bact e r i a l 

r a th e r  than funga l deve lopment i n  re spons e  t o  o rga n i c  a dd it ion  

( S ec t i on 2 . 3 . 4 . 8 ) . 
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The p H  f l uctua t i ons  a ls o  i nt e ract with ammonia a dded b y  the 

d i s ch a rg e r s  res u lt i ng in l eve ls of u n i oni s ed ammon i a  e xc e ed i ng 

th e re commended ma x i mum l e ve l s  of th e Un i t ed States  Env i ron­

ment a l  P rotect ion Age ncy a t  S it e  D dur i ng t h e  la te a f t e rnoon on 

occa s i on ( Freema n  a nd McFa r l ane , 1 9 82 ) . 

2 . 2 . 2  W A T E R  R I G H T S  

P r ior to  Ja nuary 1 9 83 the d i s charge o f  the e f f luent to the 

Manawatu River be low Pa lme r s ton Nor th wa s ··a uth o r i s ed by wa t e r  

r i ghts , and Pol l u t ion Adv i s ory Counc i l permit s , under t h e  Wa t e r  

and Soi l Cons e rvat ion A c t  1 9 6 7 . Howe ver  the r e s u l t s  o f  a 

number o f  wat e r  qua l ity surveys , espec i a l ly tho s e  o f  Cu r r i e  

( 1 9 7 7 ) ,  showed tha t  the cond it ions were fa r f rom s a t i s fa c t o ry 

( S e ct ion 2 . 2 . 1 )  and in  December 1 9 7 7  the Manawa tu Regiona l 

Wa t e r  Board ( MRWB ) e s tabl i shed the Lowe r Manawatu R i v er Te ch ­

n i c a l  C omm ittee ( LMRTC ) .. Th is comm i t tee comp ri s ed members  o f  

the M RWB , the loca l county cou nci l ,  the d i s cha r gers , and the 

W e l l ington Acc l ima t i sat ion Soc i ety and was asked to repor t on 

the fo l l owing ( LMRTC , 1 9 7 8 ) : 
l .  Th e d e f i n i t ion of acceptab l e  wate r  qua l i ty i n  the lower 

M a na watu Rive r . 

2 .  Eva l ua t ion o f  paramet e r s  to a ch i e ve a c cepta b l e  wa ter 

qua l ity . 

3 .  Eva luat i on o f  the was t e  load a l loca t ion betwe en the d i s ­

cha rge rs . 

S i x meet i ngs were h � l d  between De cemb e r  1 9 7 7  a nd Ja nua ry 1 9 80 
. . 

and s t u d i e s  of r i ve r  t ra ve l t imes , m i x i ng and orga ni c mat e r i a l  

remova l rates ( Ruth e r ford . a nd C.ur r i e ,  1 9 79 ; Ruther fo rd e t  a l ., 

1 9 8 2 } were i n �t i a ted . 

The commit t ee a dopted the use o f  a n  in- r iyer 5 day B iochem i ca l  

Oxygen Demand ( BOD 5 ) l im i t  o f  5 g . m- 3 a t  the e nd o f  a de f i ned 

wa s t e  mi x ing zone at S it e  D ( F ig . 1 . 2 )  as the prima ry me thod o f  

ma inta i n ing wat e r  qua l ity i n  the r i ve r . Thi s  va l ue was not to 

be e xc eeded on a ve rage d u r ing th e day nor at a l l  du r i ng the 

n i gh t  w i th th e d u a l  a ims  o f  p revent i ng deoxygena t ion t o  be low 

the d i s solved o xygen conce ntrat ion o f  5 g . m- 3 requ i red by th e D 
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c la s s i f i cation o f  the .r iver a nd cont ro l l i ng s ewage fungus 

g rowth . Th is  i n- r i ver BOO S leve l was a s s umed �o be s u it a b l e  

f o r  cont ro l l i ng s ewage fungus t o  with i n  the was te m i x in g  zone 

ba s ed on the f i nd ing s of C urti s et a l . ( 1 9 7 1 ) and obse r va t ions 

in the Manawa t u  R iver d ur i n g  the Feb r ua r y  19 7 7  survey ( Cu r r i e , 

1 9 7 7 ) . I t  was a s sumed that th i s  BOO S l imit wou ld a ls o  p reve nt 

deoxygena t ion ba s ed on obs ervat ions d u r i ng the 24 hou r s u rveys 

in December l 9 7 S and F ebrua ry 1 9 7 7 . No attempt wa s made to 

mode l  the e f fe c t  of BOD 5 on di s solved oxygen becn u s e it was 

be l i e ved that the la rge number of fa cto�� � i nvo lved in con­

t ro l l i ng oxygen l eve l s  ( i . e . , BOD 5 d ecay , a l ga l  a nd s ewa g e  

fung us resp i ra t ion , a lga l prod uction a nd reaerat ion ) mad e  th i s  

impo s s ible  ( Cu rr i e ,  1 9 7 7 ) . 

Once th i s  i n- r i v e r  BODS l imit  was e s tab l i shed the BOD s l oad i ng 

o f  each d i s charge r was dec ided based on the raw BOD s r e c e i ved 

a nd the ant i c ipa t ed BOD.5 d ecay between each out fa l l  a nd between 

the BCWS out fa l l  and S i te D ( the end o f  the " mi x i ng zone " ) . I t  

was a nt i c ipa ted that reduc i ng the BOD5 loa d i ng wou ld r educe the 

h e t e rotroph i c  b i omas s  with i n  the m i x i ng zone s a nd thu s  reduce 

the BOD 5 decay rates be low the leve l s  obs e rved in s t ud i e s  on  2 2  

Ma r ch 1 9 79 ( Cu rr i e  a nd Ruth e r ford , 1 9 82 ) . However no i n form­

a t i o n  on th i s  e f fect was a va i lab l e  a nd so the BODs decay rates 

( k 1 va lues , S e e  Sect ion 2 . 3 . 6 )  used i n  the wate r  r i gh t  

a l lowable wa ste  load i ng equat ions were der ived by mu l t ip ly i ng 

the observed reach k 1 va l u e s  on 2 2  March 19 79 by 0 . 6 6 

( Ru th e r ford a nd C u r r i e , 1 9 79 ;  LMRT C , 1 9 80 ) . 

Th e adoption o f  th is  waste  loa d i ng cont rol s t rategy a l l ows the 

d i s ch a rgers to va ry the i r . wa s t e  loa d i ng a ccord ing to the r i ver 

f low ( F i g . 2 . �) .  The a l lowab l e  loa ds  are not va r iabl e be low 

the 9 6 %  low f low of 1 3  m3 . s - l whi ch def i nes the max imum 

t reatment req u i r ed . Th i s  approach to water qua l ity mana gement 

is u n i que i n  New Z ea la nd a nd g ives the d i s charge rs g rea ter  

f l e x ib i l i ty in  the i r  wa ste  treatment a nd also  a l lows fu l l  u s e  

o f  the a s s umed r i ver a s s imi lat i ve c apac i ty for  BOD s · 

L i m i t s  were a l s o  placed on the a l l owab l e  e f f luent  leve l s  o f  pH , 

temperature , s u spended so l id s , grea s e  and o i l . Ammon i a  
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d i scharge was not l imited d ue to doubts about the s u i tabi l ity 

o f  the recommend ed guide l i nes but it wa s acknowl edged that 

ammon ia limi t s  m i ght need to be imp l emented at a later  dat e i f  

p rob l ems a ros e . Nut r ient s  were not l imited s ince pro l i fic 

a lga l g rowth wa s obs erved upstream of the d i scharges a nd the 

cla s s  D cla s s i fica t i on s tanaard s d i d  not ment ion nut ri ents 

(Currie , 1 9 7 7 ;  LMRTC , 1 9 7 8 ) . 

New Z e a l and Pha rmaceutica l s  and the Li nton 

M i l i ta ry Camp we r e  not req u i red to r educe �the i r  input s  s i nce 

the s e  were neg l i g ible  compared to th e three main d i scharges 

( LMRTC , 1 9 78 ) ( Sect ion 2 . 2 . 6 ) . 

The d i s chargers were g iven three to four years to des ign and 

i n s ta l l  the r equ i red t reatment faci l it i e s  to meet the i r  new 

wa ter  r i ghts  wh i ch came i n to e f f ect on 1 Janua ry 1 9 83 ( BCWS and 

MCDC ) a nd 1 Janu a ry 1 9 84 ( P NCC ) . 

The s a l i ent features  o f  the individual r ights are d i scus s ed 

furth e r  in S ect ions 2 . 2 . 3  to 2 . 2 . 5 .  

2 . 2 . 3 P A LM E R S TO N  N O RTH C I T Y  C O R PO RAT I O N  

2 . 2 . 3 . 1  I nt rod uct ion 

The Pa lmer ston North C ity Corporation ( PNCC ) rece ives 

the s ewage f low from the city ' s populat ion of 6 1 , 000  and some 

of the a s sociat e d  i ndust r i es . The deta i l s  of the e f f l uent 

cha racte r i s t ics and
.
pres ent water  right requ i rements a re given 

in  Tab l e s  2 . 1  and � . 2  a nd �igure 2 . 5 .  The po i nt of  d i s cha rge 

to the river i s  shown in �igure . 1 . 2 .  

� 

Unt i l  January 1 9 84 the PNCC opera t e d  a primary s ed imen ta t i on 

t reatment plant but during 1 9 84 a lum floccu lation was a l so 

uti l i s ed to reduce th e organic l oa d ing during low f lows . From 

5 March 1 9 85 two a e ra t ed l agoons , w i th a tot a l  hydra u l ic 

r e s ide nce t ime of approx ima t e l y  four days (Ander son 1 9 84 ) , were 

u s ed to further reduce the organic load to the l ev e l  r eq u i r ed 

by the new wat e r  right . 
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TABLE 2 . 1 :  Summa ry of  PNCC Effluent Character i s t ics 

Paramet e r s  
Dry we ather  

Pr i m a ry E f fl uent 
Charact e r i s t i c s : 
( a ) Ma i n  Com ponents  

{ b ) E x pected BO D5 ; N: P  rat i o  
) -3 ) ( c  Av erage  BO D5 ( g .m 

Di sch a r9e Pattern 
( a ) Da i l y  

( b ) Wee kl y 

BO D5 1 o a di n g  to. r i v e r  ( k . g . d-1 ) 

( a ) Pre-1 984 
( b ) 1 984 max imum a l l owabl e 

r i ve r  Q < 2 5  m3 . s -1 

( c ) Post  1 984 max imun 
a l l owabl e at 1 3  m3 . s -1 

Effl uent Tre atment 
( a ) Pre -1 984 
{ b ) 1 984 

( c ) Post  1 984 

at 

Val ues  
2 1 , 000  

Re ference s 
An de r son ( 1 984 ) 

Ca rbohydrate ,  organ i c  Pai nt er  ( 1 97 1 )  
acids , prote i n a n d  
some fat s .  

1 00 : 20 : 3  
285 

di u rn a 1 pat t ern 

� con st ant 7 days 

6000 
3238 

1 954 

Cooke et al . { 1 980)  
An de rson ( 1 983)  

An derson ( 1 984 ) , 
Cooke et al . ( 1 980)  
An de rson ( 1 983 ) 

An derson  ( 1 983)  
Gi 1 1  i l  a n d  ( 1 984 ) 

Gi l l  i 1 an d ( 1 984)  

, Pr imary se diment at i on Cooke et al . ( 1 980 ) 
Pr imary se dimen t at i on  An de rson ( 1 984 ) 
pl us a l l.l11 fl occu l -
at i on as requ i red 

Pr imary sedimen t at i on An de rson ( 1 984 ) 
pl us  ae rated  l agoo n s  



Tab l e  2 . 2  

Main Indus t r i a l  Inpu t s  to PNCC Sewage ( C ampbe l 1 ,  1 9 84 ) 

A1n2roxima t e  AEEroxima t e  
Indu s t ry Vo l"ume BOD5 l oad ing 

' 

(m3 . d - l ) ( Kg . d - 1 ) 

Ferment a t ion Indu s t r i e s  L t d  5 0 0  1300- 3 300 

L i on Brewer i e s  L t d  1 5 0  2 2 5  

M i l k  Proc e s s ing PN L t d  3 0 0  300- 600 

G l axo NZ Ltd 300- 600 1 00 - 2 5 0  

1400 2 000 - 4000 

,, 

19 

% o f  To t a l  BOD5 
l oad ing t o  s ewe r s  

2 0 - 4 0  

3 

4 - 8  

1 . 5 - 3 . 5  

3 0 - 5 0  
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P r imary s edimentat ion ia  a l so used as the t reatment method by 

Ham i l ton C i ty , the onl y  oth e r  i n land New Z ea land city 

{ popu l at ion > 2 0 , 000 ) d i scha rg ing to a ri ve r . However the 

Hami lton e f f l uent d i f fers  i n  that i t  i s  a lso ch lor i nated prior 

to discha rge . Mos t  i n land New Z ea land towns d i scharging to 

ri ver s t reat the i r  was t e  i rr  oxidat ion ponds , with or without 

prior p r imary t reatment ( Ferrier  e t  a l� 1 9 82 ) . 

2 . 2 . 3 . 2  Genera l Cha ract e r i s t i cs of Organic Materia l in  

Domes t ic S ewage 

The organic mat e ria l compos i t ion of  the PNCC e ff l uent 

h a s  not been studied a nd is  e xpected t o  be a f fect ed by the 

indus t r ia l  inputs ( S ect ion 2 . 2 . 3 . 3 ) . However con s id era t ion of  

the l it e ra ture r e l a t i ng to normal dom es t ic sewage , without 

indu s t r i a l  i nputs , does give  some i ns ight i nto the types of 

orga n ic compounds e xpected in s ewage . The ma i n  components a r e : 

) . - 3 f a C a r b o h y d ra t e s : Raw � ewage conta 1 ns about 70 g . m o 

s ugars i n  s olut ion with g l ucos e  acco unting for 5 0 %  of  th i s  

amount . Sucros e a nd lactose a re a l so impor tant with sma l l e r  

proportions of  ga lactos e ,  f ructos e ,  xy los e and a rabinose  

( Pa i nt e r  a nd Viney , 1959 ) . Mos t o f  the s e  sugars wou ld remai n  

a ft er p r imary- sed imentat ion t reatment but some of  the 3 0- 40  

g . m- 3 of  ca rbohydra tes in  s uspens ion ( ma i n ly h igh molec u la r  

weight polymers  e . g . , ce l l u lose a n d  s tarch ) wou ld be r emoved . 

) - 3 . b F a t s  a nd G r e a s e : Th es e  usua l ly tota l 40- 1 0 0  g . m 1 n  raw 

s ewage ( Pa inte r ,  1 9 7 1 ) but the data from the Manaka u s ewage 

t reatment system i nd icates  tha t prima ry sedim entat ion shou l d  

produce a reduct ion � f  appro x ima t e l y  60% ( ARA , 1 9 83 ) • 
. 

c )  P r o t e i n  a nd A m i n o  A ci d s : In genera l f ree amino acids a r e  

u nder 5 g N . m- 3 ( i . e .  apprq�imat� l y  3 0  g protei n . m- 3 ) wh i l s t  

bound amino aci � s  ( p eptide a nd prote i n ) are  4- 1 5  g 

N . m- 3 ( approx imat e l y  25-95 g . m- 3 prote i n ) in raw s ewag e  

( Pa inte r , 1 9 7 1 ) .  P ritnary s ed imentation o f  the Manakau C i ty 

s ewage reduced the organic n i t rogen content by 2 6 %  ( ARA , 1 9 83 ) . 

d )  S o l u b l e a ci d s : Acet i c  acid i s  ? lways the mai n  vola t i l e  

fatty acid i n  raw domest ic sewage ( 6- 3 7  g . m- 3 ) fo l lowed by 

p rop ion ic aci d , butyric , val e r ic ,  formic and caproic aci d s . 

Togeth e r  thes e account for 90% of the tota l vo l at i le acid 

content ( Pa inter, l 9 7 1 ) . 
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Non-vol at i l e acids  accqunt for about ha l f  the tota l orga n i c  

a c i d  content (Pa inter , 1 9 7 1 ) . 

2 . 2 . 3 . 3  P NCC Was tewater Cha ra cteri s tics and Indu s t ria l I nputs 

The norma l pattern o f  BOD5 l oading for a domes t ic 

wa s te i s  one where low l o�d ing s occur between mid ni ght and 

ea r l y  morning,  r i s i ng q uickly to a peak in mid-morning , then 

d ecl i n i ng from late  a ft ernoon to the low nightt ime level  

· ( Pa inte r , 1 9 71 ) . For the PNCC e f f l uent ( F ig 2 . 6 )  thi s  pattern 

'i s  a f fect ed by the three hou r de lay d ue to- r e t iculat i on a nd 

trea tment ( Cooke e t  a l ., 1 9 80 ) a nd the d i scharg e of the e ff l uent 

f rom Fermentation I ndustries  Ltd ,  a f actory producing yeas t 

( Ande r s on , 1 9 84 ) . Thi s  factory cont r ibut es approx imate l y  5 00 

m3 . d- l o f  e f f luent wi th a BOD5 load o f  1 3 00 to 3 3 00 

k g . d- l  ( Table 2 . 2 ) .  Th i s  l oa d  con s i s t s  l a rge l y  o f  d i s s o l ve d  

carbohydrate s a n d  i s  d ischarged ove r  a period o f  a few hours  

dai l y  e xcept on Sunday s , when no d i scharge occurs ( Ande r son , 

1 9 84 ) . During the period when th i s  d ischarge pa s s e s  th rough 

the primary s e d imentat ion t an k s  the e f f l uent BOD 5 i ncrea s e s  

from the norma l day - t ime l eve l , o f  2 0 0  to 3 0 0  g . m- 3 , t o  4 0 0  t o  

6 5 0 g . m- 3  ( And e r son , 1 9 83 ) . 

The other ma j or i nd u s tria l inputs t o  the PNCC s ewage are  l i s ted 

in Tabl e  2 . 2 . The combine d  i ndu s t r i a l  d i s charges contribu t e  

approx i ma t e l y  3 0  to 5 0 %  o f  the tota l BOD 5 loading t o  the s ewage 

t reatment p lant a nd the i r  relative l y  h i gh concent ra t ions 

compa red wi th r aw dome s t ic s ewa ge res u l t  in the e f f l ue nt from 

the p rimary s ed imentation tanks hav ing a h igher average 

BOD5 concentrat ion ( �pproximate l y  285 g . Bon5 . m
- 3 ) than e xpected 

for New Zea land , primary t[eated , dome s t ic sewage without any 

i nd u s t ri a l input ( 1 1 0 to 1 3 0  g . Bon5 . m
- 3 ) (ARA , 1 9 83 ) . 

2 . 2.4 MAN AWA T U C O O PERA T IV E DAIR Y C OMPAN Y ( MC DC )  DI SCHAR GE 

2 . 2 . 4 . 1  Introduct i on 

Thi s  company produces b utter , milk powde r  a nd ca s e i n  

a n d  d i scharg e s  its  was te t o  the Manawatu River j us t  below S it e  

B ( Fi g .  1 . 2 ) . 
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F igure 2· . 6 :  Typical PNCC and BCWS E f f l ue n t  Hydrographs 
( af t e r  C oo ke et aL, 1 9 8 0 ) .  
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Th e fac tory was one o f  81  dai ry factor i e s  ope ra t i n g  i n  NZ i n  
1 9 80 ( Ga lp i n , 1 9 81 ) .  O f  the s e  2 2  d i s charged wa s t es d i re c t l y  t o  
r i ve r s  a nd s t r eams mak i n g  d a i ry fa cto r i es  o n e  o f  th e mos t 
i mport a n t  s o u r c e s  of indu s t r i a l  was te pol l  u t i  on . O f  1:h e  
r ema i n i ng f a c t o r i e s  s i x  d i s charged to mun i c ipa l s ewe r s , s eve n 
d i s ch a rg ed to the s ea , two to e s t u a r i e s  and 4 5  d i s cha rged onto 
th e l and by spray i r r i ga t ion ( Ga lp i n ,  1 9 81 ) .  

2 . 2 . 4 . 2  Was t ewa ter Chara c t e r i s t i c s  
Th e cha ra c t er i s t i c s  o f  the MCDC� e f f l uent a re 

s umma r i s ed i n  Tab l e  2 . 3 .  Th e ma i n - orga n i c  con s t i t uent of da i ry 
w a s t e  i s  lactos e w i th cas e i n  a nd fa t s  a l so b e i n g  p r e s e nt 
( Pa i n t e r , 1 9 7 1 ) . Howev e r  the conc e nt rat ions vary wide l y  
d ependi ng upon the type o f  p rod u c t s  a nd tech n o l ogy emp l oyed 
( Jones , 1 9 74 ; Ba rnet t et a l., 1 9 82 ) . In a l a rge m u l t i -p rod u c t  
fa ctory , s u ch a s  i'1CDC , was t e  compos i t i o n  wou l d  a l so b e  expe c t ed 
t o  va r y  a s  m i lk i s  d i verted to d i f f e re n t  product s . Howeve r a l l 
da i ry p roducts conta i n  la rge amount s o f  r eadi l y  b i od e g radab l e  
o rga n i c subs ta nce s a nd i n  the BOD t es t  the i n i t ia l oxygen 
d ema nd is h i gh w i th abo u t  5 0% o f  th e tota l o xygen dema nd 
e x e rt e d  i n  th e f i r s t  24 hours ( Ba r n e t t e t  al., 1 9 8 2 ) . 

The e f f l u ent ' s  n ut r i en t  compos i t i o n  has not b e e n  s tu d i ed but 
the ava i la b l e  i n forma t i o n  ( Ma rsha l l ,  1 9 7 6 ) s ugge s t s  tha t  a 
fa ctory such a s  MCDC shou l d  prod uce a n  e f f lu e n t  w i th adequate 
tota l phosph o r u s  a nd tota l n i trogen to a l low ba c t e r i a l g r owth 
u t i l i s i ng th e a v a i l ab l e  ca rbon a l though the BOD 5 : N  of 1 00 : 4 . 3  
i s  s l ight l y  b e l ow the opt i m um o f  1 0 0 : 5  ( S e ct i o n  2 . 3 . 4 . 4 ) . 
H owe v e r  the loca t ion o f  th e outfa l l  3 . 8  km be low th e PNCC 
e f f l u e n t  d i s cha rge , wh i c·h conta i n s  n u t r i e n t  i n  e x c e s s  to tha t  
requ i re d  for� -lts BOD 5 o x ida t ion , r e d u c e s  th e l ike l ihood o f  
n u t r i e n t  l im i ta t ion o f  s ewage fungus g rowth i n  respon s e  to th e 
add i t i o n  o f  the MCDC e f f l u e n t . 

The vo l ume a nd qua l ity o f  the MCDC e f f l uent va r i es s ea s ona l ly 
w ith peak e f f l ue n t  prod uct i o n  of 5 00 0  to 6000 m3 . day- 1 for 

J a n ua ry th rough M a rch . Ve ry l itt l e  d is charge occu r s  betw e e n  
May a nd June a s  th e cows prepa r e  f o r  ca l v i ng i n  l a t e  J u l y  t o  
e a r l y  S eptember ( M er ed i th , 1 9 82 ) . 



Tab l e  2 . 3  

S umma ry o f  MCDC E f f l u e n t  C h a r a c t e r i s t i c s  

P a r ame t e r s  

D a i l y  f l ow ( m3 ) 

E f f l ue n t  Ch a r a c t e r i s t i c s : 

( a )  M a i n  c ompone n t s  

( b )  Expe c t e d r a t i o  
BOD 5 : N : P  

( c )  Av e r a g e  BOD 5 ( i )  
1 9 8 2 / 8 3 s e a s on 

( i i )  
1 9 8 3 / 84 s e a son 

D i s c h a rge p a t t e rn : 

( a )  d a i l y 

( b )  week l y  

V a l u e s  

up t o  6 , 0 00 

l ac t o s e ,  c a s e in and 
s ome f a t s  

1 0 0 : 4 . 3 :  ND 

( g . m- 3 ) 2 5 0 0  

( g . m- 3 ) 1 4 0 0  

± c ons t an t  

± c on s t an t  

BOD s l oad i ng t o  r i v e r  ( kg . d�l : 
( a )  P r e - 1 9 8 3  

( b )  P o s t - Janu a ry 1 9 8 3  
p e rm i t t e d  a t  
r iv e r  Q < 1 3m3 . s - 1 

E f f l ue n t  Trea tme n t : 

( a )  P r e - 1 9 8 3  

( b )  P o s t - 1 9 8 3  

up t o  3 5 , 0 0 0  

3 3 0 0 

none 

i r r i ga t ion 

Re f e r e n c e s  

M e r e d i t h ( 1 9 8 2 ) 

P a i n t e r  ( 1 9 7 1 )  

M a r s h  a 1 1  ( 1 9 7 6 ) 

Me re d i t h ( 1 9 8 3 ) 

M e r e d i t h  ( 1 9 84 )  

M e r e d i t h ( 1 9 8 2 ) 

Mered i t h ( 1 9 8 2 ) 

Me r e d i t h ( 1 9 8 2 ) 

LMRTC ( 1 9 8 0 ) 

Me r e d i t h  ( 1 9 8 3 ) 

He r e d i t h ( 1 9 8 3 ) 
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The e f f l ue n t  f low ha s i n c r e a s ed i n  r e cent yea rs w i th the 
ope n i n g  o f  a c as e i n f a c t o r y  i n  1 9 8 1  a nd a n  i nc r e a s e  i n  m i lk 
i ntak e . I n  1 9 7 7  the ma x im um d i s char ge wa s 1 6 1 0 m3 . d- l 

( M er e d i th ,  1 9 82 ) . The ca s e i n  f a c t o r y  u s ua l ly con t r ib u t e s  about 
8 S %  of th e BOD S l oad and ove r 90 % of the e f f l u e n t  vo l ume . '1'he 
m i lk powd e r  a nd b u t t e r  f � c to r i e s ea ch con t r ibu t e  app ro x i mate l y  
7 %  o f  the tota l BOO S l oad a nd appro x i ma t e l y  2 -4 %  o f  th e 
e f f l ue n t  vo l ume . E f f l ue n t  prod u c t i on i s  qu i t e  va r i a b l e 
th roughout th e day and doe s  not f o l l ow a ny c l ea r d a i l y  pat t e r n  
( Me r e d i th , 1 9 8 2 ) . 

I n  o rd e r  to meet th e requ i rements o f  the new wa t e r  r i gh t s  
( F i g u r e  2 . 5 ,  Tab l e  2 . 3 )  th e company has i nsta l l ed a sp ray 
i r r i g a t i on sys t em for d i spos a l  o f  wa s t e  s u rp l u s  to tha t  wh i ch 
may be discharged to the r i ver . As  s ta t ed ea r l i er , th i s  form o f  
d i spos a l  i s  u t i l i s ed b y  abo u t  h a l f o f  the da i ry f a c to r i e s  i n  
New Z ea la nd . Long- t e rm s t u d i e s  ha ve shown that sp ray 
i r r i ga t i o n  o f  da i ry was t e s  c re a t e s  a mor e  favou rab l e  bi o l og i c a l  
a nd chemi c a l  e nv i ronme nt for pa s t u r e  prod u c t i o n  ( McAu l i f fe ,  
1 9 7 8 ;  B a rne t t  e t  � z ,  1 9 82 ) . Th i s  f o rm of  d i spos a l i s  
pn. r t i c u ln r l y  app r op r i a L ·� h f'� ,- , ,  1 v� c .'nl :3 ''! th e C":: c)mpa ny ' s wa t e r.  r. i <Jh t 
a l l o ws h i <Jh- d i s c h n. r g e  to the r i ver wh e n  h i gh r i v e r  f l ows oc c u r 
( F ig . 2 . 5 ) . S u ch cond i t i o n s u s ua l l y  coinc ide w i th wet per i od s  
wh e n  co n<l U: . i o n s  f o r  l a nd d. i spos a l  a re lea s t f a vo u rab l e .  
H owev e r  U1 i s  rn e t.l1nrl o f  me ·� •- i n CJ th 0 wa t . r  r i ':}h t c o nci i t i o ns i s  
n o r  e xpec l: t�d  t o  C<'l. u s _ l a r g e  chd n<J e s  i n  the o rg ct n i c  compos i t i o n  
o f  th e e f f l u ent d i s cha rged t o  t h e  · r i ve r  as  i s  e xp e c ted w i th the 
b i o l og i ca l  t r ea tment p roc e s s e s  adop t ed by U1e oth e r  d i s cha rges 
( S e ct ions 2 . 2 . 3  a n d  2 . 2 . 5 ) . Neve r th e l e s s , in  th e s u mm e r o f  
1 9 83 / 84 the � ne reJuced the e f f l u e n t ' s BOO S concent r n. t i o n  hy 
a pp r o x ima t e l y·: 4 5 %  on a ve rage compa r e J  w ith th e p r e v i o u s  s u 1 nme r 
by i r r i ga t i ng the mos t conce n t r a t e d  was te l i nes ( M e r e d i th ,  
1 9 84 ) . 

2 . 2 . 5  B O R T H W I C K S  C W S  ( B C W S ) D I S C H AR G E  

2 . 2 . S . l  I n t ro d u c t i on 
New Z ea land ' s e xpo r t  s la u gh t er hou s es p roce s s  
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approximately  40 m i l l ion an i ma l s  a year . Eleve n  o f  thes e 

s laugh t e r  houses  d i s charge to r ivers or estuar i e s  ( Coope r , 

1 9 82 ) a nd the s e  rep re sent a large poten t i a l  sou rce o f  

pol l u t i o n . 

The BCWS mea twork s i s  o f ' m ed ium s i ze by compa r i s on wi th oth e r  

N e w  Z e a l and e xport meat process ing works ( Coope r e t  a l., 1 9 7 9 ) , 

hav i ng four sheep s l a ught e r  cha i n s . I n  add i t ion to the 

s la ught e r -hou s e  wa s t e , th e BCWS e ff l uent cont a i n s  fe l l mongery 

e f f l ue nt a nd the wa s t ewa t e r  from the ad j a cent Kiwi Ba con 

Company ( Hi nde , 1 9 82 ) . 

2 . 2 . 5 . 2  Wa s tewater  Cha racter i s t i c s  

The character i s t i c s o f  the BCWS e f f luent are 

s umma r i sed in  Table 2 . 4 .  Slaught e r -hou s e  was t ewaters  a r e  

l a rg e l y  orga n i c  i n  nat u re and conta in  h i gh leve l s  o f  p rot e i n  

a nd fat . Typ i c a l  values for a p r i ma ry trea t ed e f f luent a r e  7 0  

g . m - 3 a nd 5 00 g . m- 3 respect i ve ly . Other orga n i c  compounds , 

s uch as  carbohydrates , a r e  pres ent i n  compa ra t i v e l y  low 

conce nt r a t i ons ( <  1 00 g . m- 3 ) ( Cooper e t  a l. , 1 9 79 ) . 1\bout 

40 - 5 0 %  of th e BOD 5 is e x e rted in the f i r s t  2 4  hours  o f  the t e s t  

ind i cat ing - tha t a s ig n i f i cant port ion o f  the was te i s  read i l y  

b i od e gradabl e  u nder a e robi c  cond i t ions ( Cooper , 1 9 82 ) . 

S t u d i es o f  th e BCWS e f f l uent ' s  nutr i ent compo s i t ion ( Cook e e t  

a l., 1 9 80 )  show that the BOD 5 : N : P rat io o f  1 00 : 6 : 0 . 8  i s  

app rox imat e l y  equ a l  t o  the opt imum for Sp h a e r o t i l u s  growth or 

wa s te wa t e r  t rea tm�nt of 1 00 : 5 : 1  ( S ection 2 . 3 . 4 . 4 ) . 

A lthough the f e l l mongery d i scharge repres ents on ly a few 

p e r c e n t  of t�e tota l f l ow it wou ld b e  expected to contr ibute 

approx i mat e l y  2 0 %  o f  the tota l work s e ff l uent Chem i ca l O xygen 

D e mand ( COD ) ( Cooper , 1 9 82 ) a nd con t r ibutes  l ime and sod i um 

s u lphide to the wa s t ewater on a n  int ermit tent ba s i s  ( Cooke e t  

a l. , 1 9 80 ) . 

No i n forma t i on i s  ava i lable on the e ffluent from the K iwi Ba co n  

F ac tory b u t  thi s  wou l d  b e  expected t o  be s im i la r  to the mea t ­

works wa s t e , compr i s i ng larg e l y  s la ught e r  board wa s te s . 



Tab l e  2 . 4  

Summary o f  BCWS E f f l u e n t  C h a ra c t e r i s t i c s  

P a r ame t e r s  

D a i l y f low ( m3 ) 

P r ima ry e f f l u e n t  c h a r a c t e r i s t i c s : 

( a )  Ma i n  Comp o n e n t s  

( b )  Expec t e d  r a t i o  
BOD s : N : P  

( c )  Ave r a g e  BODs ( g . m- 3 ) 

D i s c h a rge pa t t e r n :  

( a )  d a i l y  

( b )  we ek l y  

BOD 5 l oad i ng t o  r i v e r  ( k g . d � ll 

Va l u e s  

u p  t o  1 2 0 0 0  

P r o t e i n and f a t s  w i t h 
s ome c a rb o hy d r a t e  

1 00 : 6 : 0 . 8  

1 0 0 0  

d iu r n a l  pa t t e r n  

u p  t o  5 d a y s /week 

( a )  P r e - 1 9 8 3  : up t o  1 2 00 0  

( b )  P o s t - Janua r y  1 9 8 3  p e rm i t t e d  
a t  r i ver Q < l 3m3 . s - l 2 7 2 2  

E f f lu e n t  t re a tme n t : 

( a )  P r e -Apr i l  1 9 84 

( b )  P o s t -Apr i l  1 9 84 

·� 

p r im a r y  

pr i ma r y  p lu s  ana e r o b i c  
l a goon t r e a tmen t  

2 7  

R e f e r e n c e s  

H i n d e  ( 1 9 8 4 ) 

C o o p e r  � �· 0 9 7 9  

C ook e e t  a l .  ( 1 9 8 0 ) 

H i n d e  ( 1 9 8 3 ) 

C o o k e  e t  a l • ( 1 9 8 0 ) 

Fran c i s  ( 1 9 8 5) 

H i n d e  ( 1 9 8 3 ) 

LMRTC ( 1 9 8 0 )  

H in d e  ( 1 9 8 4 ) 

H i n d e  ( 1 9 84 ) 
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B e tw e e n  abo u t  3 0 0  a nd 4 7 0 p i g s  a r e  s la ugh t e red o n  Monday s ,  

W e d n e s days a nd F r idays f rom Augus t to Novemb e r  ( H i nd e , 1 9 8 2 ) . 

Th i s  i s  ca l c u l a t ed to con t r ib u t  abo u t  4 0 0 - 6 0 0  k g  BOO
S p e r  

k i l l i ng day ( de r i ved f rom Cook e  e t  a l ,, 1 9 80 ) . 

D e sp i t e  th e w a t e r  r i gh t ' s requ i r ement tha t  the BOD S l oa d i ng t o  

th e r i ve r  be reduced f rom l Ja n u a ry 1 9 8 3  ( LM RTC , 1 9 8 0 ) ,  the 

BCWS e f f l uent r e c e i ved t rea tme n t  by p r i ma ry s ed ime n ta t ion a lo n e  

u n t i l  Apr i l  1 9 84 ( G i l l i l and , 1 9 84 ) . S e ve n  o th e r  New Z ea l a nd 

mea two rk s d i s c ha rg i ng t o  r i v er s  o r  e s tua ri e s  u t i l i s e  pr ima ry 

s ed i menta t i on as th e so l e  -t rea t me nt me thod ( Coop e r  e t  a l. , 

1 9 7 9 ) . Some f u r th e r  u nspec i f ied d e g r e e  o f  t rea tment i s  

a ch i e ved i n  th e two k i lome t re l on g , open , a na e robi c d ra i n wh i ch 

conveys th e e f f l u e n t  f rom the s c<1 i me n t a t i o n  t a nk s  t o  th e r i ve r  

d i s ch a r g e  s i t e  j u s t  be l ow S i t e  C on th e Ma nawa t u  R i ve r  ( F i g . 

1 . 2 ) .  Howev e r  fo r much o f  th e pe r iod f rom J a nua ry 1 9 8 3  t o  

Ap r i l  1 9 84 the company , wa s  i n  v i o l a t i on o f  i ts wa t e r  r i gh t  

c o nd i t ion s . 

A s  s hown i n  F ig u re 2 . 5 ,  th e  p r e s e nt wa t e r  r i gh t  requ i r e s  tha t  

th e peak BOO S l oa d i ng o f  1 2 0 0 0  
- l  

kg . day be r e d u c e d  t o  a ma x L mum 
- 1 . 

o f  2 7 2 2  k g . da y  a t  r 1 v e r  f l ows o f  1 3  m- 3
. s - l 

o r  l es s  w i th 

m3 . s - l a nd 7 0  l e s s e r red u c t i ons a t  f lows betwe e n  1 3  
3 - 1 m • s ( LMR'I'C , 1 9  80 ) . S i nce Ap r i l  1 9 84 a na e rob i c  l a goo n s  hRve 

b e e n  i n s ta l l ed to p ro v i de s e conda ry t rea t ment t o  mee t th e 2 7 2 2  
- l . B0 0 5  k d . day requ 1 r ement con t i n u ou s l y .  Th es e ponds a r e  a l s 0  

emp l oyed b y  one o f  the o th e r  th i r t e e n  NZ rnea two rl< s  emp l oy i ng 

s e conda ry t r e a t m e n t. .  O th e r  p ro ce s s e s emp l oyed a r e i r r i ga t i o n , 
a e rob ic t r ea tmen t , phys i co-chemi c a l  t r e rt  t 1nen t , a n a e rob i c­
a e rob i c  l agoo n s  i n  s e r i e s , a e rob i c  p la s t i c med i a  towe r s  

( Co ope r ,  1 9 8 2 ) a nd a nrt e r ob i c  up f l ow s l ud g e  b l a nk e t  s ys tems 

( Anonymou s ,  1 9 8 3 ) . Ana e r -:>b i c  l . tgoo n s ha ve be e n  sh ow n t o  be 
capab l e  o f  r � d u c  Ln J llE'<:l t·.v :J r lr : >  e f E l u e n t  Bo o 5 by 83 % b u t  the 

a na e r ob i c  deg rada t i o n  of orga n i c nit roge n compound s a l s o  

r e s u l t s i n  h igh e f f l u e nt ammon i a  l eve l s  ( Coop e r , 1 9 8 2 ) .  An 
i n c r e a s e  i n  th e a ve ra g e a mmoni a  c on c e n t ra t io n  f rom 24 to 5 8 g 

- 3  NH 3 -N . m  was recor ded i n  one th r e e -mo n th s t udy o f  a n  a na e rob i c  

p o nd sys tem ( C oope r , 1 9 8 2 ) . Th i s  s t udy a l so showed tha t 

a na e rob i c  t reatment produ ced no s ig n i f i ca n t  r emo va l o f  t ota l 

n i t rogen . Th e p re - t rea tment phosph o r u s  l ev e l s  w e r e  not 
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d e t e rmined i n  th i s  st.udy b u t  compa r i son o f  the tota l phosphorus 

l eve l s  of th e a naerob i c  pond e f f l uent a nd th e BCWS pr ima ry 

t reated e f f l uent ( Cooke e t  a l ., 1 9 80 ) i nd i cates that no 

s ign i f i ca nt r emova l o f  tota l pho sphorus  had occu rred . 

To overcome the prob l em of h igh e ff l uent ammon i a  leve l s  

a n a e robi c  pond e f f l uent s are usua l ly treated further i n  a erob i c  

l a goon s or i rr igated t o  l a n d  ( Cooper , 1 9 82 ) . 

Ana e robi c  trea tment o f  meatwork s was tewat·ers wh i ch i nc l ude  

f e l lmongery e ff lu ents , such as  th e BCWS e f f l u ent , i ne vj tably 

r e s u lt s  in  odour probl ems due to evo l u t i on of  hyd rog e n  s u lph ide 

( Coope r ,  19 82 ) . To avo i d  thi s  prob l em the f e l lmonge ry wa s t e  

w i l l  b e  sepa rated a nd w i l l  bypa s s  th e l a goons . Whe r e  f e l l­

mong e ry wa ste  t re a tment is  requ i r e d  anaerobi c lagoons , 

u t i l i s i ng red photosynthet i c  ba cteria  wh i ch oxid i s e  s u l ph i d e  t o  

e l ementa s u lphu r and s u lphate , a re frequen t l y  u s ed . The s e  

ponds can produce 9 0 %  r emova l o f  s u lph i d e  and 7 0 %  removal o f  

COD ( Cooper , 1 9 8 2 ) . 

2 . 2 . 5 . 3  D i u r n a l  a nd Sea s ona l F low Va r ia t i o ns 

The typ i ca l  d iurna l f low patt e rn for e f f l u e n t  l ea v i ng 

th e primary s ed imentat i on tank s  i s  g i ven i n  F i gure 2 . 6 .  Wh ere  

the e f f l uent is  d i s cha rged without t r ea tment in the a na e rob i c  

lagoons , th i s  re s u l t s i n  a peak d i s cha rge to th e river  d u ring  

the a fte rnoon ( C urrie , 1 9 7 7 )  due  to the d e lay i n  pa s s age 

th rough the drai n .  Ana erob i c  t re a tment o f  the wa ste  w i l l 

reduce the va r iat ion i n  the d i s ch a rg e  pattern . 

For much o f  the k i l l i ng sea son ( November to Aug u s t ) wa s t e  

d i s charge occ6rs on f i ve days per we ek but f rom Apr i l  the 

n umber of s la ughter chai ns ope rat i ng and the days on wh i ch 

k i l l i ng occur s prog re s s ively decreases res u l t i ng i n  l owe r 

e f f l uent d i scharge s . 

D u r i ng the o f f- s ea s on , wh i ch norma l ly l a sts from Aug u s t  or 

S ep tember to November , the Kiwi Bacon Company prov i d e s  the only 

s ig n i f i cant e f fluent f l ow on  the  th ree days per week on  wh i ch 

p ig s la u ghter  occ u r s  ( l l .L t , r ! c• , 1 9 8 3 ) . 
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2 . 2 . 5 . 4  S umma ry 

Th e BCWS d i s cha rge has h i stor i ca l ly cont ributed a 

cons i d erab le  amount o f  organ i c  ma t e r i a ls  and nutrients  to th e 

Mana wa tu R i ve r , espec i a l ly dur i ng summer . Th e anaerob i c  

t r ea tment i s  e xpected t o  b e  e ff e c t i ve i n  red uc i ng the 
' 

e ff l u e nt ' s  orga n i c  conc entra t i ons but wi l l  have l it t l e  e ffect  

on th e nut r i ent l oad . 

2 . 2 . 6 M I NO R D I S C HAR G E S  

Two f u rther mi nor wa s t e  d i s charges occu r wi th in the s tud y 

r ea ch . Th e Li n ton M i l itary Camp d i s cha r ges appro x i ma t e ly 3 6 0  

m3 . d- l o f  t rickl i ng f i lter  trea ted domes t i c  sewage cont r ibu t i ng 

5 kg BOD5 . d- l a t  a poi nt betwee n S it e s  A and B ( F i g . 1 . 2 ) . N Z  

Pha rma ceut ica l s  Limited , wh i ch manu fa ctures s t e roid a c i ds f rom 

a n ima l b i l e , d i s charges e f f l uent cont a i n i ng up to 1 3 6 kg 

BOD5 . d
- l  to the r i ve r  abo u t  4 0 0 m ups t ream o f  S i te C .  

Th e s e  d i s charges a r e  neg l ig ib l e by compa rison to th e th r e e  ma i n  

d i s ch a rges d i s cussed above . 

2 . 3  SEWAGE FUNGUS 

2 . 3 . 1  C O M PO S I T I ON AN D D E S C R I P T I O N  

Th e t e rm s ewag e  fung u s  ( B utche r ,  1 9 3 2 ) i s  common ly u s ed to 

de s c r ibe the benth i c  mac ro s copi c  s l ime commu n i t i e s d om i na t ed by 

heterotroph i c  mi croorgan i sms , whi ch occ u r  i n  respons e to 

org a n i c  wa s t e  d i scharg e s .  Th e commu nity va r i e s  in  s t ru c ture 

f rom th i n  fi lms and p l umo s e  frond s i n  rapid flowi ng wat e r  to 
-: 

l ong f i lamentous g rowth s a t  more mode rate veloc i t i e s . I t s  

colour  may va ry wide ly f rom wh i t e  to brown , p i nk o r  ora nge 

( Cu rt i s , 1 9 69 ; Gray , 1 9 82 ) . 

Synonomou s te rms for s ewage fung us found in  th e l i t e r a t u r e  a re 

" ab swa s s e r·-pl i z "  ( T i eg s , 1 9 3 9 ) ,  s l ime i n festat ion ( Ha r r i son a nd 

Heuk e l ek ian , 19 58 ) a nd "het e rot roph i c  b iocoeno s i s "  ( Wuhrmann , 

1 9 54 ) .  As the commun i t y  g rows attached to stones i t  can be 

c l a s s ed as ep i l i thon a nd where i t  g rows a t t a ched to macrophytes 

o r  a lgae i t  can be c la s s ed as  epiphyton . Sewa g e  fungus 
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commu n i t i e s  ha ve a ls o  been re f e r red to as per iph yton ( Capb l a ncq 
a nd Ca s s a n ,  1 9 7 9 ) , a t e rm u s u a l l y  used to des c r ib e  a lga l 
c ommuni t i e s  a t ta ched to a l l  t ype s o f  bottom s uppo r t s  i n  s t r eams 
( Hynes , 1 9 7 0 ) . 

O f  3 0  s ewag e  fungus outbr'eak s e xamined from New Z ea la nd s treams 
2 2  were dom inated by the f i lamentou s  bacte r i a  S p h a e r o t i l u s 

n a t a n s K ut z i ng , 1 9 3 3  , f i ve b y  z oog lo e a l  bac t e r ia , two by bo th 
the s e  organ i sms a nd o ne by B e g g  i a  t o a  sp·. ( Coope r ,  1 9 8 3 ) . The 
data p r e s e nted i n  Tab l e  2 . 5 show tha t  trie·s e were a l so the mos t  
f requent dominant organisms i n  s ewage f ungus growth s a t  1 7 8 

s it e s  s u rveyed i n  the U n i t ed Ki ngdom ( Curt i s  and Ha r r i ng ton , 
1 9 7 1 ) .  True f ungi , sta lked protozoans and a lg a e  were a l s o  
o c ca s iona l l y dom i na nt or eo-dom i nant i n  sewage f u ng u s  i n  t h e  UK 
s u rvey . L e p t o m i t u s l a ct e u s  was ra r e l y  dominant i n  th i s  s u r v ey 
b u t  appea r s  to have b e e n  an i mporta nt component o f  s ewage 
f u ng u s  in  th e  l a rge r European r i vers ( Butch e r , 1 9 3 2 ; Ca rpen t e r , 
1 9 70 )  espec i a l ly a t  a c i d  pH va l u es ( L i ebmann , 1 9 5 1 ; Va l l i n , 

1 9 5 8 ) . 

Th i s  shows tha t a numbe r  of  d i f fe re n t  bac t e r i a , fung i , proto zoa 
a n d  even a lg a e  ca n be dom i nant or eo-dom i na n t  in s ewag e f u n g u s  
c ommun i t i e s . Th is va r i a b l e  nat u r e  mak es s ewage fung u s  a very 
d i f f i c u l t  ent i t y  to de f i ne . Howe v e r  s tu d i es in New Z ea l a nd a nd 
th e Un i t e d  K i ngdom have shown the mos t  i mporta n t  mat r i x  for m i ng 
s ewage f u ng u s  orga n i sms to be the bac t e r i a  S p h a e r o t i l u s  n a t a n s 

a n d  Z o o g l o e a  sp • .  ( C u rt i s  and Ha r r i ngton , 1 9 7 1 ; Coop e r , 1 9 8 3 ) .  

The s tr u c t ura l s t r ength o f  s .  n a t a n s i s  provided by both the 
sh ea th or t r i chom e ,  wh i ch s u r ro u nd s  the cha i ns o f  ce l l s ano 
a t t a ches to tHe bottom s ub s t r a t e  by a ho l d  fa s t  ( Ph a up ,  1 9 6 8 ) , 
a nd the caps u l e  or s l ime layer s u r ro und i ng the shea th . Ac i d  
hyd r o l ys i s  o f  the sheath y i e lded r educ i ng suga rs ( 3 6 % o f  dry 
w e i ght ) ,  amino s ugars ( 1 1 %  of d ry w e i ght ) ,  prot e i n ( 2 7 %  of dry 
weight ) a nd l ip i d  ( 5 . 2 % of dry w e i ght ) ( Romano a nd Pe l oqu i n ,  
1 9 6 3 ) .  The s l ime l ay e r  i s  po l y s a c cha r id e  i n  nat u re conta i n i n g  
f u c o s e , g l u co s e ,  ga l a c tos e ,  a nd g l u c u ron i c  a c i d  ( Ga ud y  and 
Wol f e , 1 9 6 2 ) .  S im i l a r  bacte r i a l  p o l ysa ccha r ide mat r i c e s  
( termed th e g l ycoca l yx ) have been shown t o  prov i d e  the mea ns o f  
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Tab l e  2 . 5  

O c c u r r e n c e  o f  t h e  Mo s t  C ommon Con s t i t ue n t s  o f  S ewage Fungus i n  a U . K .  S u r v ey 

( Ad a p t e d  f r om C u r t i s  and H a r r i n g t on , 1 9 7 1 )  

( Th e  d a t a  a r e  exp r e s s e d  a s  a p_e r cen t a g e  o f  t h e  1 7 8 s i t e s  s amp l e s )  

Dom i n a n t  o r  A b un d a n t  I n f r e q u e n t  P r e s e n t  ,.'( 
e o - d o m i n a n t *  % o f  s i  t as 

B a c t e r i a : Zoog l o e a  s pp . 5 8 . 5  3 0 . 2  3 . 8  9 2 . 5  

SEha e r o t i l u s  n a t an s  5 2 . 1  1 9 . 5  1 7 . 6  8 9 . 2  

F l av o b a c t e r i um s p p . 3 .  1 1 1 . 3 2 5 . 8  4 0 . 2  

Beggi a t o a  a l b a  6 . 3  6 . 9  1 4 . 5  2 7 . 7  --

A lga e : D i a t om s  4 . 4  1 5 . 1  2 0 . 7  4 0 . 2  

S t ige o c l on i um t enue 3 .  1 5 . 7  1 . 9  1 0 . 7  ---

Pro t o z o a : C a r c h e s i um po lypin um 6 . 3  5 . 7  4 . 4  1 6 . 4  

Fungi : Ge o t r i ch um c and i dum 4 . 4  2 . 5 0 . 6  7 . 5  

Lept om i t u s  1 a c t e u s  3 .  1 0 . 6  3 .  7 

Fu s a r i um aguaed u c t um 1 . 9  1 . 9  

if Th i s  c o l umn t o t a l s  more t h a n  1 00% b e c a u s e  o f  e o - d ominan c e . 

·: 
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a t tachm e n t  o f  mos t  bacte r ia t o  s o l i d  s ubs t ra t e s  ( Co s t e r t o n  e t  

a l. ,  1 9 78 ) . 

The oth e r  predom i na n t  orga n i s m  i n  s ewage f un g u s , z o o g l o e a  sp • .  , 

a l so prod u c e s  a po l ysaccha r i d e  e x tra -ce l l u la r  s l i me i n  whi ch 
the s ing l e  c e l l s  a re embedded . 

The domi n a n t  mat r i x- form ing o rga n i s ms g i ve coh e s i o n  to a 
d i verse comm un i ty o f  epiphyt i c , non- f i lame ntous bact e r i a , 
p roto zoa a nd d i atoms . High e r  o rgan i s ms such a s  rot i f e r s , 
nematod e s , i ns e ct l arvae a nd a nne l id wo rms a r e  a l s o  found 
a s s oc i ated w i th th e s l ime . 

As the r iv e r  f lows downs t r ea m  f rom a d i s cha r g e  the a c t i v i t y  o f  
the hetero t rophs prog r�s s i ve ly reduce the orga n i c  cont ent o f  
the wat e r . Thus the cond i t i on s  become i ncrea s i n g l y  l e s s  
favou rab l e  f o r  th e hete rot roph s  a nd a trans i t io n  to an 
� uto t roph i c  commun i ty occu r s  ( F i g . 2 . 7 ) ( S ect i on s  2 . 3 . 4 . 2 ,  
2 . 3 . 4 . 3 ) . 

T h i s  shows tha t a cont i nuum e x i s t s  betwe e n  photo t roph ic a n d  
h e t e rot ro�1 i c  dom i na t e d  commu n i t i e s . Sewage f ungus is  
the r e fore not a c l ea r  cut , d e f i neab l e  e n t ity b u t  rath e r  a m 1 x  d 
b e nth i c  commun i ty towa r d s  the h e t e r o t roph i c  e n d  o f  th i s  
c ont i n uum . 

The pos it ion o f  benth i c  commu n i t i es on th i s  con t in u u m  may be 
d e t e r m i ned both qua l it a t i ve l y  a n d  q u a n t i t a t ive l y .  Qua l i ta t i ve 
d e t e rm i nat ion� foc us o n  the mac r o scop i c  appea r a n ce o f  the 
a s s embl a g e  ( Wuh rma nn , 1 9 74 , S ect i o n  3 . 3 . 2 )  wh i l e the 
quan t i tat ive a s s e s s ment s use the ra t i o  of tota l b iomas s  to 
photosynth e t i c  p igment . Examp l e s  a r e  g i ven in Table 2 . 6 .  
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TABLE 2 . 6  Quant itat i ve Indices  De s cr ib i ng a Community ' s  

P o s i t ion on the Hete rot roph i c-Autot roph i c  Cont i nuum . 

Index 

Aut ot roph i c  I ndex 
( A I ) 

Cal cu l at i on 

Ash -f ree d ry wei ght 
Ch l orophy l l a 

P /H rat i o  ( P /H )  Absor bance at 663 nm of met h anol 
ext ract 

Ash -f ree d ry wei ght 

Refe rence 

W ebe r ( 1 97 3 )  

W u h rmann ( 1 97 4 ) 

Troph i c  I ndex C h l o rophy l l  a -de r i ved o rgan i c  c a r bon C l a r k  et al . 

Hete rot roph i c  I ndex 
( H I ) 

As h -free d ry we i ght -der i ved orga n i c 
c a rbon 

ATP-der i v ed organ i c c a rbon 
ch l o rophyl l a 

( 1 97  9 )  

Ho rner and 
Wel eh ( 1 98 1 ) 

The AI  va l u e  is pre ferab l e  t o  the P / H  ratio bec a u s e  i t  d i s t i n ­
g u i shes be tween ch loroph y l l  a a nd its d eg rada tion prod u c ts rt nd 
un l ike the Troph ic I ndex doe s not i nvo l ve a s s ump t ions rega rd i ng 

the ra t i os o f  o rgan i c  ca rbo n to ch l or ophy l l  a a nd a sh - free d ry 

weight . A I  va l u e s  for pure a lga l c u l t u res vary from 5 0  to l OO 

( Cooper and W i l hm ,  1 9 7 5 ) wh ereas for s ewag e  fungus much hi gh e r  

va l ues o ccur . F o r  e xamp l e , Sp h a e r o t i l u s n a t a n s dom i na t ed 

s limes d eve l op i ng i n  the pol l uted r iv e r  Agout , France , had A I  

va lues  rang ing from 3 0 0  t o  2 5 00 0  d u r i ng the c ou r s e  o f  o n e  year 

of  s t udy ( Capbla ncq and Ca s sa n , 1 9 79a ) . 

Howev e r  h igh a sh f ree d ry weigh t  va l ues can a l so r e s u l t  from 

s amp l e s  conta i n ing s igni f i cant amounts o f  non- viab l e  s e t t l ed 

detr i t u s  ( C lark e t  a l .,  1 9 79 ) or s ed iment s with a h i gh c lay 

cont e nt ( Dank e rs and Laane , 1 9 83 ) . Thu s AI va l u e s  obta i ned 

f rom s uch samp l e s  must b e  v i ewed cr i t i ca l l y . The s e  prob l em s  

may be ove rcome by us i ng the HI  va lue of AT P-d e r iv ed orga n i c  

carbon t o  ch lorophy l l  a i f  the equ ipment a nd t ime req u i red for 

ATP a na l ys is a re ava i lab l e . 
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The ra t ios o f  photosyn th e t i c  oxygen production t o  respi ratory 

oxygen con s umption ( P / R  v a l ues ) a ls o  provide a potent i a l  means 

o f  quan t i f i ca t i o n  o f  a commun ity ' s  pos i t i on on the 

heterotroph i c-a utotroph i c  cont i nuum ( Tr aaen , 1 9 7 5 ) . By 

d e f i n i t i on heterotroph i c  commun i t i e s  s u ch as s ewag e  fungus have 

P /R va l ues l e s s  than 1 w�ereas a utot roph ic communi t i e s  have 

va l ue s  great er than 1 ( Odum , 1 9 5 6 ) .  

Howev e r  there a r e  d i f f i c u l t i e s  with th i s  de f in i t ion beca u s e  

photo s yn thet i c  o xygen prod uct ion i s  strorrg l y  i n f l uenced by 

i nc id e n t  l ight . Thu s  a g iven community may have a P : R  val ue of  

more than one on a s unny day and l e s s  than one  on a c loudy or 

t u rb i d  day . 

Th i s  shows that th e d e s c r ipt ion o f  a benthi c commun i t y  a s  

s ewag e  fungus i s  imprec i s e  and c a n  be m i s l ea d i ng . A c l ea r e r  

u nders tand i ng o f  the pos i t ion of  the commun ity o n  th e hete ro­

t roph i c-autotroph i c  cont i nuum i s  provided by the description o f  

th e overa l l  mac ros cop i c  abundance o f  th e heterotroph i c  and 

autot roph i c  component s of  th e commun ity and microscopic 

e xami na t ion of  the growth s . Quant i ta t i v e  d e s c ription u s i ng th e 

A utot roph i c  Index a nd the measureme nt o f  func tiona l 

cha ra c t er i s t i c s  such as P/ R  values  a l so aid d e s cr ipt ion . 

Howeve r  re ference to envi ronmenta l cond i t ions , especia l l y 

l i ght , i s  impor tant for i nt erp retat i on o f  the functiona l 

pa rameters . 

2 . 3 . 2  O R GA N I C  S U B � T R A T E S  UT I L I S E D  B Y  S EW A GE F UN G US 

The s ewage fungu s  mat r i x  forming organi sms requi re ca rbon for 

g rowth a nd a s·: a n  energy s ou rce . s .  na t a n s has been shown to 

be capab l e  of  g rowth on a va r i ety o f  l ow mo l ec u l a r  we i ght 

ca rbohydrat es , a l coho l s  a nd orga n i c  acids  i n  bat ch c u l ture  

( Table  2 . 7 ) . Th e obs e rvat ion of  no growth respons e  to l a c to s e  

r eport ed by S tok es ( 1 9 5 4 ) i s  anoma l ous i n  tha t i t  con t ra d i c t s  

t h e  f i nd i ngs o f  Linde ( 1 9 1 3 )  and S cheurn ing a nd Hohn l ( 1 9 5 6 ) 

a nd th e frequent obs e r va t ion tha t  dairy facto ry d i scha rg e s , i n  

wh i ch l actose  i s  the predominant ca rbohyd ra t e  ( Pa inter , 1 9 7 1 ) ,  

c a u s e  s ewage fungus g rowths i n  rivers  i n  New Zea l and ( Coope r ,  

1 9 83 ) and E i re ( Gray and C la rke 1 9 84 ) . 



. TABLE 2 .  7 Ca rbon Sources for S p h a e r o t i l u s n a t a n s 

( Ba t ch E xper iment s ) 

Key : + g rowth on e n e r g y  s o urce 
- no growth on e n e rgy sour ce 

C a rbon  So u rce 

A) C a rbohydrat e s : 
Gl ucose , g a l actose , 
m al tose , s uc rose 

fructo se 

1 actose 

1 actose 
xyl o se ,  
xyl ose , r i b ose 
arab i nose , r h amnose 

ce l l ob i ose 

st arch , i n ul i n  

dext r i n ,  c e l l ul o s e , g um 
arab i c  

ma l  t odex t r i  n 
man nose 

JD.____Al�_9�o I s :  
e t h a n o l , b u t a n o l , y l yc e r u l  

mann i to l , s o rb i to l 

meth anol 

C) Organ i c ac i ds :  
Succ i  n i c , f u_n a r i c , b utyr i c  
l act i c ,  py r uv i c ,  acet i c  

ma l i c ,  pro pi on i c ,  m al on i c  
t a r t a r i c ,  oxa l ate 
8 hydroxy b utyr i c  
c i t r i c  
as part i c ,  g l ut am i c  

a s  pa r a y  i ne 
t h reon i ne , tyro s i ne 
g l yc i ne ,  cyst i ne 
meth i on i n e 

Growt h  
Res ponse 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 
+ 

+ 
+ 
+ 

+ 

+ 

+ 

Re ference 

( L ackey and Watt i e  1 940; 
St okes 1 954; L i n de 1 91 3 ; 
Sheu r i n g_ and Hohn l 1 956 ) 
( Sc he u r i  n g  and Hohn l  1 956 ; 
M ul der and van V een 1 963 ) 
( Sc he u r i  n g  a n d  Hohn l  1 956; 
L i n de 1 91 3 )  
( St o kes 1 954 ) 
( Stokes 1 954 ) 
( Sc he u r i  n g  and Hohn l 1 956 )  
( Sc he ur i  n g  and Hohn l  1 956; 
St okes 1 954 )  

( Sc h e u r i  ng and Hoh n 1 1 956 ; 
( L a c key and Watt i e  1 940 ) 
( Se he u r i n g an d Ho h n 1 1 9 56;  
L i n de 1 91 3  
( L i n de 1 9 1 3 )  

( Roberts 1 9 78 )  
( Ph a u p  1 968) 

( � t o k e s  l %4; l lo hn  l 1 % S ;  
Sche u r i n g a n d  H o h n l  1 956 )  
( Stokes 1 954; Hohn 1 1 955 ;  
Sc he u r i ng and Hohn l  1 956 )  
( Hohn l  1 95 5 , Sc heu r i n g  an d 
Ho hn l 1 956 ) 

( Stokes 1 954 ) 
( Stokes 1 954 , Sc he u r i n g  and 
Ho hn l  1 956 ) 
( Sc he ur i n g  an d Hoh n l  1 956 ) 
( Sc he u r i n g an d Ho h n l  1 956 ) 
( Mu l  de r an d v an V een 1 96 3 )  
( Mu l  d e r  and v an V ee n  1 96 3 )  
( Mu l  de r a n d  v an V een 1 963 ; 
Sc he u r i  ng and Hohn l  1 956 )  
( Sc he u r i  n y  an d Ho hn l  1 956 )  
( Sc he u r i  n g  a n d  Hohn l  1 95 6 )  
( Sc he r u i n g  and Ho h n l  1 956 )  
( P h a u p  1 96 8 )  
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Wuh rmann ( 1 9 74 )  compa red the spe c i f i c  uptake rat es for 

i nd i vidua l s u gars a nd amino a c i d s  from a mi x ture fed to bo re 

wat er in outdoor chann e l s  cont a i n i ng heavy s .  n a t a n s dominated 

s ewage fungus . Of the suga rs added s uc ros e ,  g lucose a nd 

fructose were tak e n  up at s imi l a r  rat e s  wherea s th e upt ak e  o f  

g a l actose wa s much s l owe t . Of  th e amino acids a sparta t e , 

g l u tamate , l eu c i n e  and g l ycine were removed more read i ly tha n 

l y s i ne and h i s t id ine when added a t  s im i lar conc en t ra t i on s . 

Cys t i ne was not r emoved at a l l . 

Cont inuous c u l t u r e  e xper iments have shown that  at  a g lucose 

concent ra t ion of  1 0  g . m- 3 the growth rate o f  s .  n a t a n s  i n  pure 

cu l ture is h a l f its ma x ima l va l u e  for unl imit ed s ubst ra t e  ( Lau 
e t  a l . ,  1 9 84 ) . 

Th e ca rbohydrates a nd a l cohol s  shown to be ut i l i sed by Z o o g l o e a  

r a m i g e r a are l i s t ed i n  Tab l e  2 . 8 . Th is orga n i sm i s  ab le t o  

d e ni t r i fy ( Wi l l iams a nd Unz , 1 9 8 3 ) and ca n u s e  tyros ine  a s  i t s 

s o l e  source o f  carbon and n i t rogen i f  vitam in s 1 2  i s  prov ided 

( C rabt ree a nd McCoy , 1 9 74 ) . 

TABLE 2 . 8  Carbohydrates and Al cohols  u t i l i s ed by Z o o g l o e a 

r a m i g e r a  ( Crabt ree and McCoy , 1 9 74 ) 

Ca rbohydrat e s : 

xylose 

fructos e 

g l ucose 

sorbos e 

A l coho l s : 

ethanol 

g l ycerol 

mannose 

a J;ab inose 

galactose 

s uc rose 

sorbitol 

rhamnose 

fuco s e  

ma ltose 

s a l i c i n  

l a ctose 

t reha los e 

ce l lobio s e  

manni t o l  ino s i t o l  

L e p t o m i t u s l a ct e u s  c a n  uti l i s e  acetate and mos t  low mo l e c u l a r  

weight f a t t y  acids  b u t  n o t  s ug ars ( S cha de , 1 940 ; Burnett , 

1 9 6 8 ) . Butcher ( 1 9 3 2 ) s ta t e s  tha t  L .  l a ct e u s  tends t o  grow at 

l owe r concentrat ions of  orga n i c  e f f l uent than s .  n a t a n s  and for 
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th i s  rea son t en d s  t o  b e  mor e f requ ent i n  the l a r g e r  Eu ropean 
r i ve r s  whe r e  g r ea t er d i l u t ions a re pos s ib l e  tha n in  r i ve r s  in  
the UK . 

B e gg i a t oa a l b a Vauch e r , 1 80 3 ; Trevi s a n , 1 84 5  i s  a 
f i l amentou s bac ter ium but 'u n l ik e  s .  n a t a n s ha s no sheath and i s  
mo t i l e , e xh ib i t ing bend i ng and f le x i ng and g l i d i ng mot i l i ty 
( Leadbet te r , 1 9 74 ) . I t s  metabo l i sm i s  m i xotroph i c  with both 
hydrogen s u l ph id e  a nd orga n i c  n u t r i e nt s  being o x i d i s ed . Hence 
B e gg i a t oa i s  typ i ca l ly found in r iv e r s  r e'cei v i n g  was tes 
cont a i n i ng s u lph ide ( Li ebma n n , 1 9 5 1 ) .  The fo l lowi n g  orga n i c  
compounds ca n a ct as s o l e  ca rbo n  source for metabo l i sm a nd 
g rowth : eth a no l  a nd the o rga n i c  a c i d s  a c e t a t e , f uma ra t e , 
l a c t a t e , ma l a t e , pyr uva t e , a nd s ucc i na te ( Me z z i no e t  a l , 1 9 84 ) . 

G rowth was not obta i n ed u s i ng g l u cos e ,  g l yce ro l , a spa rag i n e , 
a. spa r t n. t e , g l u t "l. mi'l. t e , c i t t:" F� t t� , forma t. e  o r  g l yco x y l a t e  wh i l s t  
on l y one s t ra i n  grew weal� l y  o n  i s oc i t r.=t t e  a s  s o l e ca rlJ o n  

so u rc e . None o f  th e s t ra i ns tes ted by th e s e  a u tho r s  cou ld 
hyd ro l y s e  g e la t i n ,  s t a r ch or ca s e i n  but a l l  s tra i n s  w e r e  ab l e  
t o  g row us i n g  n i t r.ate , n i t r i t e ,  a. mmon i a  o r  ca s a m i no a c i d s  Ft s  

s o l e  n i t r og e n  s o u rce . 

2 • 3 . 3 E X T R A C E L L U L A R  P O L Y S AC C H A R I D E M A T R I X  

I n  add i t io n  to i t s r o l e  i n  s ub s t r a t e  t t a chme nt a n d  p r o v i d i n0 
cohes ion to the s ewag e  fung u s  comm u n i t y ( Cos t e rton e t  a l , 1 9 7 8 ;  

G e e s ey ,  1 9 84 ) , the .e x trace l l u l a r  po l y s a c cha r ide ma tr i ce s  
p rod uced by s .  na t a ns and Z oo g l o e a  ra m i g e ra appea r 

f o l lowing n u t r i t i ona l f u n c t i on s : 
to h a ve the 

( i )  

( i i ) 

·! 
F o o d  R e s e r v e : 'I'he obse rva t ion tha t th e th i ck ne s :; o E 
the mat r i x  o f  s .  n a t a ns va r i e s  w i th the orga n i c  
n u t r i e nt s upp l y  ( Phaup , 1 9 6 8 )  i nd ic a t e s  tha t  i t  may 
a c t  as an e x tra ce l l u l a r  food reserve . 
A d s o  r p t i v e s u r f a  ce : 1'h e rna t r i x o f  Z o o g 1 o e a  r a m i g c r d 

h a s  been shown to ads orb d i s s o lved o rga n i c  mat te r ,  
s uch a s  ami no a c i d s , ( Du ga n  e t  a l., 1 9 7 1 ) a nd meta l l i c 
i o n s  a nd can a cc um u l a t e  s ig n i f i ca n t  conc e n t ra t io n s  
o f  h e a vy me ta l s  ( Gr a y &: C l a.rke , 1 9 8 4 ) .  
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( i i i ) E x t r a cel l u l a r E n z y m e  A t t a ch me n t S i t e :  I t  has been 
s u gg e s t ed tha t bacte r ia l  e xt ra ce l l u l a r  s l ime l a y e r s  
a i d the uptake o f  o r ga n ic compounds by c on s e r v ing 
a nd conce n t r a t i ng e xt r a c e l l u la r  en zyme s ( Co s t e r t on 
e t  a l., 1 9  78 ; rr:.onn a nd Ga nde r , 1 9  79 ) . The s e  e nzym e s  
c l ea ve l a rge o r ga n i c  compou nd s  prod u c i n g  compo und s 
s ma l l  enough to be tak e n  up into the ba ct e r ia l  ce l l s . 

Through the s e  mecha n i s ms th e e x t r a ce l l u la r  p o l y s a c ch a r i d e  

ma t r i c es p rol1 uced b y  th e t wo mos t common s ewa ge f u n g u s  
orga ni sms app e a r t o  grea t ly enha nce the ab i l i t y  o f  the s e  
orga n i sms t o  g row i n  hab i ta t s  whe r e  organic compound s a r e  
p re s e n t  i n  low conc e n t ra t i o n s  and a re o f t e n  p re s e n t  on l y  
i n t e r m i t t 8 n t l y . 

2 . 3 . 4 F A C TO R S  C O N T R O L L I N G G R OW T H  

2 . 3 . 4 . 1 I n t ro d u c t ion 

Fo r s ewa ge f u n g u s  to d e ve l op a metabo l i s ah l e  o t ga n i �  

s ub s t ra t e  m u s t  he p r e s e nt i n  a s u f f i c i e n t  c o n c e n t ra t i o n  fo r th e 
g rowth r a t e  o f  o ne o f  th e ma t r i x  fo r- mi n CJ  o r-ga n i s m s t o  e x c _ c d  
i t s l o s s  ra te . 

Los s e s  occ u r  <] ue t o  r> red a t i o n a nd s loughinCJ d u e  t o  cu r- r e n t  

abra s ion a ct i ng o n  i t s  own a n �  i n  on ce r t  w i th the � e� th o f  t h e  
c e l l s  wh i ch ma i n t a i n  th e f i l a men t s  a t t a ch me n t  to th e s ub s t ra te 
a nd 81e deg radat ion o f  Dte e x t ra c e l l u la r  s l ime .  

Th i s  i mp l i e s  tha t the re must be a th r esho ld amo u n t  o f  o r-ga n i c  
mate r ia l  requ t red for s ewag e  f un g u s  b ioma s s  t o  be 
macroscopica l l y obs e r vab l e . Howev e r  a number o f  o th e r  fac t o r- s  

a re i n vo l ved i n  eterm i n i n g  th i s  thre sho l d . ·� es e a r-e r ev i ewed 

in the fo l lowi ng sect ion . 

2 . 3 . 4 . 2  Degrada b l e  Orga n i c  Mate r i a l s  
Mo s t  e ff l uents that promote s ewage f u n g u s  g rowth a r e  

compr i s e d  o f  a wide range o f  o rga n i c  con s t i t u e n t s  ( s e e  S e c t i on s  
2 . 2 . 3  to 2 . 2 . 5 )  s o  tha t t h e  mea s u rement o f  the con c e n t ra t ion o f  
o rga n i c  mat e r i a l  i s  u s ua l l y ca r r i ed out u s i ng comp r eh en s i ve 
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mea s u r e s  rath e r  tha n a na l y s e s  for spe c i f i c  c ompone n t s . Th e  

mos t common m ea s u r ement pa r ame t e r s  u s ed i n  s t u d i e s  o f  sewag e  

f u n g u s  g rowth a re the S day B i ochem i ca l Oxygen Dema nd ( BOO
S

) '  

th e Chem i ca l O x ygen Demand ( COD ) o r  the Tota l o r  D i s s o lved 

O r g a n i c  C a rbon ( TOC o r  OOC ) t e s t s . 

A n  i nt e n s i v e  s u rvey o f  1 7 8 s i t e s  i n  th e UK , be l o w  dome s t i c , 

i n d u s t r i a l  a n d  a g r i c u l t u ra l  d i s ch a r g e s , i nd i ca t e d  tha t h ea vy 
s ewa g e  f u n g u s  g ro·wth wa s a s s oc i a t ed w i th wat e r s  ha v i ng 

- 3  BOO S c once n t r a t i ons o f  S t o  3 0  g . m  and DOC ( G FC f i l t e r e d ) 

c o n c e n t ra t i o n s  o f  6 to 3 0  g . m- 3 ( C u r t i s  a nd Ha r r i n g ton , 1 9 7 1 ) . 

- 3  G r owth s w 8 r e  not u s ua l a t  l e s s  th a n  S g . m B O O S  o r  l e s s  tha n 6 

g . m - 3ooc and where growths occu r r ed they tended t o  be l i gh t  o r 

mod e ra t e  i n  e x t ent . The con c e n t r a t ion o f  tota l s o l ub l e  

c a rbohydra t e , mea s u red a s  g l u co s e  equ i va l e n t s ,  r a n g e d  f rom l e s s  
- 3  th a n  1 . 1  t o  3 0  g . m a t  s i t e s  wh e r e  s ewa g e  f u ngu s oc c u r r e d . 

J i owe v c r  a t  th e m..1 j or i t y o f  s i t e s the w.1 t e r  c o n t<1 i n et1 l .  l - 8 .  0 

g . m- 3 o f  s o l ub l e  cn rbohydra t e s , w i th a l a rge p r opo r t i o n  i n  t h e  
- 3  l . l - 3 . 0  g . m ra nge . 

Ob s e r v a t i o n s  o f  s ewa ge f u n g us g rowth a t  th e u9s t r eam �nd o f 
o u tcioo r cha n ne l s  fect s e t t l e d  dome s t i c  s ewa g e  showe d a s i m i ln. r  
p a t t e r n  o f  r e s po n s e  to BOO S ( F i g . 2 . 8 )  ( f rom E i che nbe r g e r , 

1 9  7 S ) . 

T h e s e  re s u l t s  a r e  i n  a g r eement w i th tho s e  o f  Z i mmer ma n ( 1 9 6 1 ) 

who obta i n ed g row th o f  s . n a t a ns domi n a t e d  s ewag e  f u n g u s  i n  the 

s ame cha nn e l  s y s t em wh e n  s e t t l e d  dome s t i c  s ewa g e  wa s d i l u t ed t o  
- 3  g i ve a Boo 5 o f  S . 5 - 6 . S  g . m a t  a c u r re n t  ve loc i ty o f  0 . 2 

- 1  " 0 • • m .  s Grow th d 1. d  not occur a t t1n s loi'l. d J. ng wh e n  the c u r r e n t  
- 1  0 0 

ve l o c i t y  wa s reduced to 0 . 0 5 m . s  In con t ra s t , 1. n c r ea s 1. ng 

th e c u r re n t  v e loc i ty t o  0 . 8  m . s - l a l lowed the g rowth o f  a s .  

n a t a ns dom i na t e d  comm u n i t y  
- 3  1 . 6 - 1 . 8  g . m BOD 5 . 

- 3  
a t  3 . 3 - 3 . S  g . m BOD

5 b u t  no t a t  

Th e s e  data show tha t the th re s ho l d  organ i c  s ub s t ra t e 

concent ra t io n  for th e d e ve l opment o f  s ewa ge f u n g u s  va r i e s  w it h  

cu r re n t  v e l o c i t y  ( S e c t ion 2 . 3 . 4 . S ) . 
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However d i f ferent e f f l ue nts cont a i n  vary i ng proport i on s  o f  the 

e a s i l y  a s s imila ted l ow mol e c u l a r  wei gh t  compounds and the 

c omprehens i v e  BOD 5 , COD and DOC t e s t s  a r e  unab l e  to d i s ti ng u i sh 

s u ch e f f e ct s . Although th e BOD5 t e s t  does di s t i n g u i sh between 

d egradabl e  and reca l c it rant orga n i c s  it doe s not d i s t i ng u i sh 

between r ead i ly and modera t e l y  d egrada b l e  orga n i c s . Th us  

equi va l e n t  BOD5 concentra t ion s , ach i eved by d i l ut ion o f  pr ima ry 

t reated a nd biolog i ca l l y treated s ewa ge , d id not produce  

comparab l e  a s sociat i ons of m i croorgani sms when fed  to  outdoor 

channe l s . Wi th pr ima ry trea t ed s ewag e  { n�rea s i ng the BOD 5 from 

2 -2 . 5  g . m- 3 to  between 4 a nd 6 g . m- 3 c a u s ed a sh i ft i n  the 

communi t y  s tructure from phototroph i c  domina t ion to  a h e te ro­

t roph i c  domi nated S ph a e r o t i l u s  commun i t y  ( Wuhrmann , 1 9 5 4 ) . By 

cont ra s t  wh en th e dome s t i c  s ewag e  rec e i ved bio log i ca l 

t reatment , by the l ow rat e  a c t i va t ed s l udge proc e s s , 

BOD 5 l ev e l s  a s  h i gh as  1 3  g . m- 3 d i d  not resu l t  i n  Sph a e r o t i l u s  

dominance  ( Wuh rmann , 1 9 54 ) . Th i s  s uggested tha t  th e bio log ica l 

tr ea tment produced qua l i t a t ive as  we l l  as  quant i tat i ve changes 

in the compo s i t ion of the s ewage and that comprehe n s i v e  

measures  s uch as  BOD5 a n d  Tot a l  Organ i c  Ca rbon ( TOC ) cou l d  not 

d i s t i ng u i sh the se . 

On th e oth e r  hand some i nd u s t r i a l wa stes  conta i n  h i gher 

p roport ions of  ea s i l y  a s s imi lated organic s than s ewag e  and 

produce sewa g e  fungus growth at much lower BOD 5 leve l s . Pu lp 

a nd paper mi l l s  frequent l y  produce e f f luent s w i th s i gni ficant  

amount s of  l ow mo l ecu l a r  we ight carbohydra t e s , pa rt i cu la r ly 

g l ucose ( Robe rt s , 1 9 7 8 ;  G i l l espie a nd McKen z i e , 1 9 81 ) .  An 
- 3 i ncrea s e  i n  the i n- river BOD 5 o f  o n l y  0 . 7  g . m from one paper 

mi l l  produced h ea vy s ewa ge fungus g rowth ( Hughes , 1 9 69 ) a nd 

s imi l a r ly s ew�g e  fungus o ccu rred i n  the lowe r Co l umbi a  River a t  
locat i ons where pulp a nd paper m i l l  e f f luent increa s ed the 

- 3 
BOD 5 by 0 . 4  g . m on average ( Co rma ck and Amberg , 1 9 59 ) . 

Stud i e s  o f  pape r m i l l  e f f l uents by Roberts ( 1 9 7 8 )  i ndi cate tha t 

th e l ow mo l e cu l a r we i ght componen t s  of  th i s  wa s t e  wat e r  a r e  the 

mo st  important in promot i ng s ewag e  fungus growth . He found 

tha t gl uco se add i t ion in the rang e  of 0 . 5 to 10 g . m- 3 
( i . e . , 

- 3 
approximately 0 . 5 - 1 0  g . m BOD 5 ) produced s im i l a r  bioma s s  of S .  
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n a t a n s  dom i na ted sewage fungus growth a t  the beg i n n i ng o f  a 5 . 4 
m l ong once- th rough l abora tory channe l s  a ft e r  two week s . 
However the s e  res u l ts we re obt a i ned i n  the abs e n c e  o f  l ight 
( Webb , 1 9 82 ) and ther e fo r e  do not r e l a t e  d i re c t l y  to the s t ream 
s it uat ion ( S ect ion 2 . 3 . 4 . 3 ) . 

The add i t io n  o f  s u f f i c i e n t  s u c rose t o  bor ewa t e r  to prod uce 
concen t ra t ions o f  3 . 0  a nd 1 . 5  g . s ucros e . m- 3 ( i . e . , 
BOD 5 app r o x i ma t e l y  3 and 1 . 5  g . m- 3 respec t i ve l y ) p rod u c ed s .  

n a t a n s growths i n  the f i r s t  3 0  m o f  outdoor cha n n e l s  ( Ede lma nn 
a n d  Wuh rma n n , 1 9 78 ) . I n  the cha nn e l  r e c e i v i ng 1 . 5 g . s ucros e 
m - 3 f i l amentous phototrophs a l so deve l oped a nd a fter 8 to 1 8  
days the r a t io of  da i ly photosynth e t i c  o xyge n  p rod u c t ion to 
tota l r e s p i rat ion ( P / R )  wa s 1 . 0  compa reQ to 0 . 5  in the mor e  
h igh ly loa d e d  channe l .  

No deta i l e d  s tu d i e s  have b e e n  publ i shed re la t i ng spec i f i ca l l y 
t o  the e f fe c t s  of  s l a ugh t e r -hou s e  or da i r y  fac t o ry wa s t es o n  
s ewage fung us growth . 

Th i s  review s ugge s t s  tha t s ewage fungus  cont ro l mea s u r e s  ba s e d  
on compreh ens i v e  orga n i c  mate r ia l  pa rame t e r  s u ch a s  so o 5 , C O D  
or TOC a r e  u n l ik e l y  t o  b e  s u c c e s s fu l  u n l e s s  u s e<i with r e f e r e n ce 
to a spec i f ic t ype o f  was tewa t er . Severa l s t u d i e s  ha ve 
i n d i ca t e d  tha t the l ow mo l e c u l a r  we i ght org a n i c  compo unds a re 
p r ima r i l y  respons ib l e  for p romot i ng s ewage fungus growth . 
The s e  c a n  b e  part it i o ned by u lt r a f i l t rn t ion u s i ng memb ra n e s  
w i th appropr ia te mo l e c u la r  we i ght c u t -o f fs ( W i la nde r , 1 9 7 2 ; 
Add i e  e t  a l. ,  1 9 7 3 ; Og ura , 1 9 74 ;  G l oo r  e t  a l. ,  1 9 81 ) .  The u s e  
o f  th i s  t ech n i que i n  comb i nat i on with the mea s u r ement o f  
orga n i c  mate r ia l  c oncentr a t i o n  by one o f  the c omprehens i v e  
t e s t s  ma y pro v i d e  a more re l ia b l e  g e n e ra l i s en m e th on for 
con t ro l l i ng s ewage g rowth . Howe ve r it is c l ea r that fac to r s  
oth e r  tha n the conc e n t ra t ion of o rga n i c ma t e r ia l s  . l s o  a f f e c t  
s ewa g e  f u ng u s  growth . 

2 . 3 . 4 . 3 S o l a r Rad ia t ion 
The ra t io of photot rophs to h e t e ro t roph s  in the 

benth i c  col\1mu n i t i e s  of outdoor channe l s  fed domes t ic s ewag e  has 
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been shown to va ry accord i ng to the rat i o  of chernica l e ne r gy 

i nput ( E s , k ca l )  to solar  energy i nput ( EL , kca l ) ( Wuhrmann , 

1 9 7 4 ) . The hete rot rophs ( ma i n ly s .  n a t a ns )  rap i d l y  overg rew 

the phototrophs at  Es / EL rat i os of  2 5 - 3 0 ,  at temperatures 1 2  to 

l 6 ° C ,  or 1 0 ,  at t emperatures of l e s s  tha n  1 0 ° C . At 

Es / EL va l ues of  l e s s  tha n 5 th e het e rotroph s \ver e  not 

macros cop i ca l l y v is ua l ly obs e rvable .  �h i s  re la t ionsh ip is a l so 

e xpected to be a f fected by the na ture of chem i ca l energy i nput 

in  terms of its a va i labi l i ty to the heterot rophs ( Wuh rmann , 

1 9 74 , Sect ions 2 . 3 . 2  a nd 2 . 3 . 4 . 2 ) . 

Sola r rad i a t ion ef fects on s ewa ge fungus cou l d  be both d i r e c t , 
by inh i b i t ing the g rowth of  heterot roph s , and i nd i re c t , by 

i ncreas i ng the wat er tempera tur e ( S e ct i on 2 . 3 . 4 . 7 )  and 

prov i d i ng the energy for the growth of  pho totroph i c  spe c i e s . 

S i nce f i l amentous a lgae p rov i d e  an e xc e l l e nt s uppo rt for s .  

n a t a n s growth ( Ed e lmann a nd Wuh rma nn , 1 9 7 8 ) , compet i t ion 

between s ewa ge fu ng us a nd the s e  photot rophs for benth i c  

attachme n t  s ites i s  not l ik e l y  to l imit sewa g e  fungus growth . 

However whe n  the compet ing phototroph s a re u n i c e l l u la r  spec i e s  

th e i r  occupa t ion o f  a va i l ab l e  benth i c  a t tachment s i tes  may 
l imit the het e rotroph deve lopment . An i ncrea s e  i n  the 

phototroph i c  component of a s ewa ge fung us commun i ty wi l l  a l t e r  
i t s  e f fec t s  o n  wat e r  qua l i ty , for e xample b y  a f fe c t i ng th e 

commun ity ' s dayt ime oxyg e n  c ons umpt ion ra te ( S ect ion 2 . 3 . 5 ) .  

The ozone layer , present i n  the Ea rth ' s  atmosphe re p rov i d es a n  

e f fec t i v e  ba rrier  t o  h igh energ y ,  u ltra-violet  ( UV )  rad ia t io n  

with wav e l e ngth s l ess than ahout 3 0 0  nm ( Jagger , 1 9 6 7 ) . 

Howeve r , nea r-u 1 t r a v i o l e t  r a d i a t ion ( 3 0 0 - 4 0 0  nm ) re;:ct ches  th e 
Ear th ' s su r fi�e a nd i s  capabl e  o f  k i l l i ng ba c te r ia l ce l l s  by a 
va r i e ty of  a c t ions i nc l ud i ng dama g e  to e nzymes i nvo l ved i n  D NA 

repa i r , e f fe c ts on membra n e  tra nspo r t  and me t bo l i c sys t ems , 

i nduc t i. J n  o f  ')rowth d e l a y  a n<.l ddma�P  t:o c e l l memb ra nes  ( Ke l l a nd 

e t  a l . , 1 9 8 3 ) . Vi o l e t  a nc1 b l ue 1 igh t ( 3 80 - 4 80 nm ) has a l so 

shown to i nh ibit some bac t e r ia ( Mu l le r -Neug l uck a nd Enge l ,  

1 9 6 1 ) ,  and be nth i c  a lgae ( Anto i ne a nd Benson-Evans , 1 9 8 3 ) ,  but 

is  genera l l y of l es s er i mpor ta nce tha n  the h i gh e r  en ergy UV 

wave l e n g th s . 
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L i gh t  i nh i b i t i on i s  more p ronounced on non-p i gmented tha n  
p i gment ed bac t e r ia ( Rhe i nh e i me r , 1 9 80 ) . T h i s  p robabl y r es u l t s  
f rom p i gments p rov i d i ng prot ec t i on b y  absorb i ng harm f u l  

wave l e ng th s  be fore the y  caus e ce l l u la r  damage .  

S ola r radiat i o n  va r i es s ea sona l l y at the tempe r a t e  l a t i tude s . 
For e xamp l e  nea r Pa lme r s ton No rth ( la t i tude 4 0 ° 2 l ' S )  th e 
a ve r age day t i me to ta l rad i a t i o n  va r i e d  f rom 1 7 5 W . m- 2 i n  Ju l y  
1 9 83 t o  4 0 0  W .  m - 2  i

.
n De cembe r  1 9 8 3 ( Bash er , 1 9 83 ; McNaugh to n ,  

1 9 84 )  and nea r-u lt ra v i o l e t  ( UV )  wa ve l eng t11s ( o f 3 00 - 3 8 0 nm ) 
comp r i se 5 to 6% o f  th i s  rad iat ion on ave r ag e i n  New Z ea la n d  
( Bash e r ,  1 9 83 ) . Howe v e r  th e sho r t e s t wave l e ng th s  i n  the nea r 
u l t r a v io l e t  range appa re nt l y  show a n  even g re� t e r  a n n u a l 
va r i a t i on . UV radia t i on o f  l es s  tha n 3 1 3 . 2  nm ra nged f rom 0 . 3 

- 2  2 w . m  at m idday i n  c lea r weath e r  i n  w i nt e r  to 1 . 8 W . m- i n  
m i d - s u�ner i n  Wash i ngton DC ( la t i t u d e  3 8 ° 5 6 . 5 ' N )  ( Cob l ent z a nd 

S ta i r , l 9 4 4 ) • Thu s  s o l a r  rad i a t i on i nh ib i t ion cou l d  be 
e xpec ted to r e s u l t  i n  s ea s ona l cha nges i n  sewage f u n g u s  growth 
and d i f fe re n t  growth ra tes in sha d ed and expos ed a re � s . 

s .  na t a ns -domi na t e d  s ewage fungus has been obs e rved to he 
re s t r i c ted to sh or te r r iver rea ch e s  b e l ow orga n i c  d i s ch a rg es 
du r i ng s umme r tha n  d u r i ng w i n t e r i n  a number o f  f i e l d s t u d i e s  
( B utche r ,  1 9 3 2 ; Cawl ey , 1 9 5 8 ;  Ambe rg and C o rma ck , 1 9 5 9 ; 

McKeown , 1 9 6 3 , Ph aup a nd Ga n non , 1 9 6 7 ) a nd o u tdoor chan ne l 
s tud ies ( E i ch e nberger a nd Wuhrma nn , 1 9 6 6 ) . Th es e re s u l t s 
i nd i c., t e  tha t  d u r i ng s umme r par t i a l  i nh i b i t i o n  o f  g rowth d u e  to 
s o l a r  rad i a t ion may res u l t  in a h i ghe r  orga n i c  s ubs t r a t e  
c o n c e n t ra t i o n  bei ng r equ i red for s .  na t a ns growth . Howeve r th e 
fo l lowi ng mech a n i sms may a l s o  be i nvo l ved l n  p rod uc i ng the 
s ea s ona l  va r i a t ions i '1 th e reach l ength o c c u p i ect b y  s . na t a n s : 
( .i ) sea s onrt l  v r'l r i a t L o n <::; i ·1 i. n v o. r 1. t-> b r� t e  <J t·a z. i ng ( O rme co<1 e t  

a I. , 1 9 6 6 ) 

( ii ) more r ap i d  re 1nova l o f  orga n i c s  f rom the water co l umn a l: 
h i gh e r  r i ve r  tempera t u res res t r i c t i ng the a rea with s u i tab l e  

orga n i c  conce n t ra t i on s  for s e ·Ja g e  fu nc:J u s  rl e v e l opment ( Ca w l ey ,  
1 9 5 8 ) . 

Mor e convi nc i ng evidence o f s o l a r  rad ia t i o n  reduc i ng s .  n a t a ns 
g r owth rate was p rovided by f u rth e r  obs e r va t i on s  i n  0 . 1 5  to 0 . 2  
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m d e ep outdoor cha nne l s . s .  n a t a ns b ioma s s  at  the beg i nn i ng o f  

th e channe l s  f e d  d i l uted s ewage wa s l e s s dense  dur i ng s umne r  

tha n  d u r i n g  w i nt e r  ( F ig  2 . 6 ) ( E i ch enbe rger a nd Wuhrmann , 1 9 6 6 ; 

E i ch e nberger , 1 9 7 5 ) a nd wa s more d en s e  i n  shaded tha n e xposed 

a r ea s ,  a lthough the latter  e f f ect wa s not qua n t i f i ed 

( E i ch e nberger , 1 9 7 5 ) . 

The heterot roph i c  g rowth rate d ur i ng th e f i rst  1 4  t o  2 0  days 

i nc ubat ion at  the beg i n n i ng of th e s e  channe l s  f ed 1 2 %  sewa ge at 
. - 2 - 1 d � f f e rent se� s ons was 5 . 6  gAFDW . m  . d  

ca l . cm- 2 . d - l tota l s u r face rad i a t ion 

at 6 5  to 1 5 0  

6 5- 1 5 0  w . m- 2 average 

for 1 2  hou r s  s un l i ght ) but dec r ea s ed to approx imately 

3 gAFDW . m-2 . d- 1 at 3 2 ·0 t o  4 7 0  c a l . cm-2 · . d- 1 t o t a l  s u r face rad i at ion 
- 2  

3 1 0  to 4 5 5  w . m  average for 1 2  hours s un l i ght ) 

( E i chenberge r , 1 9 7 5 ) . 

The r es u l ts o f  a laboratory s t udy provide fu rther evidence tha t 

s o l a r  rad iat ion can i nh ib i t  s .  n a t a ns . Th is  showed tha t the 

growth and r e sp i rat ion o f  s .  n a t a ns were inh i b i t ed by 1 2 0 

w . m- 2 o f  a rt i f i c i a l rad ia t ion , p rov id ed by a h i gh pre s s ure 

mer c u ry l amp ( 7 5 0W )  ( Fa vre , 19 7 5 ) . Th i s  inh i b i t ion was 

ent i r e l y  re�e r s ib le , provid i ng the t ime of i r ra d i a t i o n  d id n o t  
e xc e ed 2 1;2 - 3 hou r s  a nd the ce l l s were in  a med i u m  p e rm i t t i ng 

prote i n  synthes is . 'I'he range o f  i nh i b i t i ng wave l engths 

e x t e nded , w i th de c l i n i ng e ff i c i e ncy , f ro10 about 305  nm to 5 4 0  

n m  with p a r t i a l  i nh ib i t ion  dis�ppea r i ng at abo u t  1 4  w . m- 2 . 

'I'he n u t r i e n t  s t a t 1 1 S  o f  th e g r-ov; th n t ' 1 i ll n  rt l :;o i n f l •Jence s th e 

e f f ec t s  o f  l i ght ( Favre , 1 9 7 5 ) . I n  a med ium con ta i n i n g  

i no rganic n it roge n 1 l i ght o f  wave le ngth s f rom 3 0 5  nm to 5 4 0  nm 
·: 

i nh ib ited s .  na t a ns resp i ra t i o n  wh e r ea s i n  a n  o r ga n i c  n i t rogen 

med. ia the i nh ib ito ry ba nd.  on t y  e x b � n<1e d  f rom 3 0 5  nm t 420  n rn . 

Th i s  wa s a t t r ibuted t o  the organ ic n i trogen med i um t_ nab l i ng 

mo r e  e f f i c i e n t  repa i r  o f  damage caused by l igh t a nd mor e  rap i d  

c e l l u la r  r ep l i cat i o n . 

D i f f i c u l t i es i n  app l y ing Fav r e ' s res u lt s  i n  the f i e l d � r i s e  d u e  

to the d is co nt i n uous spec t rum o f  h igh pres s u r e  me r c u ry lamps 

s u ch as tha t used in h i s  work ( F ig . 2 . 9 )  compa red w i th the 
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cont i nuous solar  spectrum i n  nature ( F i g . 2 . 1 0 ) . Some photo­

r eact i va t i o n  mechani sms , ( e . g . , the enzymes c l eav i ng thym i n e  

d ime rs produced i n  DNA by U V  radiat ion ) a re i nd u c ed b y  v i s i b l e 

l ight rad i a t ion ( 40 0 - 700 nm ) ( P e l c za r  e t  a l , 1 9 7 7 ) . It  i s  

po s s ib l e  tha t  th e h i gh pre s u r e  mercury lamp ' s spect rum has 

r e l a t i v e l y  h igher l e ve l s ' of  the harmfu l wave l ength s  tha n  

s un l i ght b u t  conta i n s  l ower l e ve l s  of th e wa ve l engths requ i red 

for th e rea c t i va t ion syst ems . 

The compa r i son of th e l e v e l  o f  a rt i f i c i a l rad ia t ion , a t  wh i ch 

F avre ( 1 9 7 5 ) obs erved irrevers ibl e i nh i b i t ion o f  s .  n a t a n s 

( 1 2 0  w . m- 2 ) w i th the solar  rad i a t ion l e v e l s ,  a t  wh ich growth 

occu rred i n  the outdoor cha nne l s  ( 4 5 5  w . m- 2 ) ( E i chenberger , 

1 9 7 5 ) s uggests  that the rad i a t i on prod uced by the lamps i s  more 

h a rm fu l  per unit of tot a l  rad i at ion tha n  na t u ra l s o l a r  

rad iat i o n . 

The abs orpt i on of  the mo s t  damag i ng wave l engths  by d i s so l ved 

a nd s uspended ma te r i a l s  in nat ura l  s t reams may reduce l i ght  

e ffects in  nat ure . Although short wa ve l eng th rad iation ( < 5 5 0  

nm ) penetrates l m o f  d i s t i l l ed wa ter with nea r ly 1 00 %  

t ransmi s s i on ( Ruttne r , 1 9 6 3 ) ,  i n  nat ura l wa ter  d i s s o l ved and 

s u spe nded organic  ma teria l s  ab sorb rad i a t ion such tha t  the peak 

t ra nsmi s s i on genera l ly oc curs in the green reg ion ( 4 80- 5 5 0  nm ) 

a nd t ransparency dec reas es rap id ly towa rds th e longer a nd 

shor ter wa ve l engths  ( F ig . 2 . 1 1 )  ( Hutch i n son , 1 9 5 7 ) . Th i s  

s uggests th at i f  l ight j_nh ih i t i o n  J S  t n  i mportant factor i n  th e 

Manawatu R i ver growth of  s . n a t a n s  sho u ld be more l u x u r i a nt 

w i th increas i ng depth at a g i ven river  cro s s - s e c t ion , whe re a l l 

other re l e vant va riables a re con s ta nt , beca u s e  l i ght decrea s e s 

w i th depth . 

I n  summa r y , ou tdoor channe l a nd l abora tory experiments i nd i cate 

that solar radiat i on may be a n  important fa ctor a f fec ting the 

growth of at l ea s t  one important " sewag e  fung u s " spec i e s . 

Howeve r the d i f ferences betwee n  the rad iat ion spectrum of the 

l ights used in the labora tory e xperiment s  a nd na tura l l i ght 

ca s ts doubt upon the re levance  of th e l atter r e s u l ts in nature . 
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T e ch ni c a l  d i f f i c u l t i e s  i n  mea s u r i ng th e harmfu l ra diat ion 

wav e l engths and d i ffic u l t i es in  d i s t i ng u i sh i ng betwe e n  the 

e f fects  of  increased growth of  phototrophs a nd rad iat ion 

i nh i b i t ion on s ewage fung us commun i t y  structure suggest tha t it 

may be impra c t i c ab l e  to conc l u s iv e l y  demonstrate rad i a t i on 

i nh ib i t ion i n  th e f i e l d . '  On the oth er hand , i t  shou l d  b e  

pos s ib l e to mea s u re the i ntegrated e f fects o f  s o l a r  rad i a t i on 

by obs erving benth i c  commun ity stru cture at d i f fe rent depths at 

a g i ve n  r i ver c ross- s e c t i on . Al so , where nea r- s u r fa c e  g rowth 

of  s ewage fungus  oc curs , i t  shou l d  b e  po� s i b l e  to quant i fy 

radiat ion l e v e l s  at  wh i ch tota l i nh ibi t ion does not occur i n  

nature . 

2 . 3 . 4 . 4  Nut r i e n t s  

I n  addi t i on to a source of  ca rbon , s ewage fung us 

orga ni sms req u i r e  n i trogen , phosphorus and a ra nge of  mi cro­

n u t r i ents for growth . .  Pure  cul t ure s tud ies w i th s .  n a t a n s have 
. + + ++ ++ shown a ba s a l  s a lt req u 1 r ement for Na , K , Ca  , Mg , 

so4
- a nd Cl - ( La ckey a nd Wa tt i e ,  1 94 0 ) but adequate s upp l i e s of 

th e s e  for growth wou l d  be e xpe cted to occur in nat ura l wa t e r  

( Hyn e s ,  1 9 70 ) . Mo st amino a c i d s  can  s erve a s  th e s o l e  n i t rogen 

source for -s . n a t a n s ( Mu l d e r  and van Vee n , 1 9 6 3 ) ,  Z o og l o e a  

( Crabtree & McCoy , 1 9 7 4 ) , B eg g i a t o a  a l b a ( Me z z ino e t  a l. , 1 9 84 ) 

a nd L ep t o m i t u s l a ct e u s ( S chade , 1940 ; Burnett , 1 9 6 8 ) . Th e 

l a t t e r  spec i es cannot ut i l i z e  i norga n ic n i trogen s ou rces  

( S cha de , 1940 ; Burnett 1 9 68 ) but ammon ia  a nd n i t ra t e  can s e rve 

as n i t rogen sources for B e gg i a t oa a l ba ( Me z z i no et  a l., 1 9 84 ) 

a nd for s .  n a t a ns , . prov i d ed meth io n i n e  i s  pres ent ( Stokes , 

1 9 54 ; Mu l d er & van Veen , 1 9 6 3 ; Ok r e nd a nd Dondero , 1 9 64 ; Dias  

e t  a l. ,  1 9 68 ) . Z o og l o e a  can u t i l i ze ammonia prov ided v i tami n 

B 1 2  a nd b iotih a re pres e n t  ( C rabtree & McCoy , 1 9 7 4 ) , but no 

data  on i ts u s e  of n i tra t e  have been s i ghted . 

S t u d i e s  o f  Sp h a c r o t i l u s growth i n  indoor cha n ne l s  fed 

d e ch l o r i nated tap wa ter conta i n ing g l ucose , ammonia ca l n i t roge n  

a nd phosphate phosphor u s  showed tha t  opt imum growth occ ur r ed a t  

a BOD 5 : N : P  rat i o  o f  1 00 : 5 : 1  ( Ph i l l ips , 1 9 6 0 ) . Th i s  i s  i n  

a g r e ement with th e ra t io recommended for bio log i ca l wa s t ewa t e r  

t rea tment ( Bene f i e l d  & Randa l l , 19 80 ) . Th u s  i f  the BOD 5 : N  
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ratio i s  greater than 2 0 : 1  o r  the BOD 5 : P  rat i o  i s  g rea ter  than 

1 00 : 1 then nutrient  l im i ta t i on o f  the rate  of  g rowth wou ld  be  

e xpected . However there may be  s u f f i c ient nut r i e nt to  a l low 

some g rowth . 

No stud i e s  showi ng nitrogen l im i t a t ion of s ewag e  fungus g rowth 

have been pub l i shed . No e v i d ence of  n i trog en l im i ta t i on wa s 

obs erved in  the U . K .  sewage fungus su rvey and a l though s ewage 

fungus wa s usua l ly a s socia t e d  with h i gh ammon i a c a l  n itrogen 
. - 3 concentrat 1ons { >  0 . 5  g . m ) ,  i t  wa s conc l ud ed tha t the 

n i t rogen supp l y  i n  unpo l l uted wat ers was genera l l y a dequat e to 

support g rowth ( C urti s & Ha r r i ngton , 1 9 7 1 ) .  

Phosphoru s  has onl y  ra r e l y  been fou nd to l im i t  g rowth o f  s ewage 

fung us . In  th e U . K . survey g rowth oc curred ove r a range o f  
- 3 phosphat e concent rations from l e s s  tha n  2 0  mgP . m  to g rea te r 

than 5 gP . m- 3 ( Cu r t i s  .& Ha r r i ng ton , 1 9 7 1 ) .  Phosphoru s 

l imita t i on of  s ewa g e  fungus growth i n  outdoor cha nn e l s  wa s 

obs erved however when 1 0  g . m- 3 o f  sucrose wa s a dd ed to wa ter  
- 3 - 3 conta i n i ng 50 - 2 0 0  mgN . m  a nd < 1 - 3 mgP04P . m  ( Ormerod e t  a L ,  

- 3 1 9 66 ) . He re th e addit ion o f  up to 0 . 5  mgNH4 -N . m  d i d  not 

cha nge the - g rowth rate but a dd i ng as l ittle  as 2 
- 3 . mgP04- P . m  1 nc re a s ed the g rowth and changed th e compo s i t ion o f  

th e community from one domi na ted by s .  na t a n s and Z o o y l o e a  t o  

one dom i na t ed by the fungi  F u s a r i u m a q u a ed u ct u u m .  

I t  has been s ugge s t ed that phosphorus l imitat i on may a l so have 

l imited s .  n a t a n s growth i n  the lowe r Co l umbi a  R i v e r  duri ng 

s ummer ( Ambe rg a nd Cormack , 1 9 5 9 ) .  Th is river receives  pulp 

m i l l  e f f l uent , wh i ch i s  d e f i c i ent in  both N a nd P ,  and d u r i ng 

the summe r ,  when the phosphate conc entration ra ng e d  from 0 to 
- 3 3 0  mg . m  P ,  s .  n a t a ns wa s r epla ced by f i l amentous green a lg a e . 

However the BOD 5 concentra t i on was a l so lowe r d u r i ng th i s  

period a nd h igh l ight a n d  t empe ra ture  l eve l s  may a l so have 

a i ded a lg a l  g rowth ( s ection 2 . 3 . 4 . 3 ) . Re cent s tud i e s  compa r i ng 

the abi l it i es of  l ake a lga l a nd bac t e r i a l  popu l a t i ons to remove 

phosphor u s  ( Curr i e  a nd Ka l f f ,  1 9 84 )  s uggest tha t  i t  i s  u n l ike l y  

that the a l ga e  cou ld  out - compet e the bacte r i a  fo r phosphorus i f  

a dequa t e  organ i c  materia l wa s pres ent . 
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2 . 3 . 4 . 5 .  C u rrent Ve loc i ty 
C u r r e n t  a i d s  s ewag e  fungus g rowth by rep l e n i sh i ng the 

o xygen a nd n u t r i en t  s upp l y  i n  the ove r l y i ng wat e r  a nd 
s uppo rt i ng th e attach ed f lo e s  i n  the wat e r  co l umn , the r eby 
i nc r ea s i ng the e xpos ed s u r f a c e  a rea . However at h i gh c u r r e n t  
ve loc i t i e s  f r i c t iona l forces c a u s e  s ewa g e  f u n g us t o  be 
d i s lodged a nd r es t r i c t s  g rowth to a th i n  b io f i lm . 

The range o f  opt i mum c u r r e n t  v e l o c i t i es reported i n  the 
l i t e ra t u r e  for s .  n a  t a ns -dominated comm u ni t i. e s  i s  p r e s en t e c1  i n  
Tab l e  2 . 9 .  

TABL E 2 . 9 : Opt i mum Cu r rent Ve l oc i t i e s for Sewage Fu ngu s g rowth .  

Ve l oc i ty Ra nge Si t u at i on P redom i n ant O r g a n i sms 
( m . s - 1 ) 

Refe rences 

0 . 1 8 -0 . 45 Ch anne l St u d i es s .  natans Ph a u p  & Gannon ( 1 96 7 ) 

s .  natans Am berg & Connac k ( 1 95 9 ) 0 . 1 2 -0 . 60 

0 . 1 6 -0 . 60 

R i v e r  obse rvat i on s  
Ri v e r  obs e rv at i on s , 
1 76 U . K .  s i t es 

s .  nata ns a nd Cu rt i s  & H a r r i n g t on 
Zoogloea ( 1 9 7 1 ) 

0 .  2 -0 . 8  _ C hanne l St ud i es S .  natans Z irnmerman , ( 1 96 1 ) 

At low v e l o c i t i e s the a t t a ch ed f i l a men t o u s  s ewa g e  f u n g u s  
• o r g a n i sms a r e  not  s uppo r t ed i n  t h e  wat e r  co l umn a nd l oo s e  the i r  

compe t i t i ve a d va ntage ove r s i ng l e- c e l l ed spec i e s r es u l t i ng i n  a 

commun i ty sh i ft f rom f i l amentous to s i ng le -c e l l e<i forms . Th i s  
- 1 sh i f t  wa s obs e r ved to occ u r  be l ow 0 . 1 2 m . s hy Amh e r g  & 

Co rma ck ( 1 9 5 9 ) . Th u s  zoog l oea l ba ct e r ia te rH1 to be p r e va l e n t  
i n  s ewage f u ng u s  a t  l ower ve loc i t i e s  tha n  s .  n a t a ns ( C u r t is , 
1 9 69 ) • Le p t om i t u s  l a ct e u s  shows a s imi la r respons e to c u r r e n t  
ve loc i t y  t o  s .  na t a n s  ( W uh rma n n , 1 9 6 4 ) . 

A t  ea ch ve loc i t y  w i th i n  the opt ima l range , p ro v ided s t ab l e  
g rowth cond i t i ons oc cu r ,  a n  equ i l ib r i um bioma s s  co ncen t r a t i o n  
i s  eve n tua l ly e s t ab l i sh e d  a t  wh i ch b i omas s  g a i n s  b y  grow th a re 
e q ua l l e d  by l o s s e s  d u e  to s lough i n g  a nd preda t i o n . An abrupt 
i nc r ea s e  in c u r r e n t  ve loc i ty o f t e n  r es u l t s  in e x c e s s i ve 
s lough i ng fo l lowed by the e s tab l i shment of a n ew g rowth 
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equ i l ibr i um a t  the new h i gh e r  ve l oc i ty ( Ambe rg & Corma ck , 

1 9 5 9 ) . 

C u r r e nt veloc ity i s  a l so important i n  det e rmining th e amount o f  

g rowth i n  re spons e  t o  a g iven concentra t i on o f  orga n i c  

mat e r ia l . Equa l growth occurred i n  channe l s  f e d  1 . 2 5 ,  2 . 5  and 

3 . 75 gBoo 5
. m- 3 of spent sul phi te so l i ds l iquor ( pu l p  mi l l  

e f f l uent ) i f  the current wa s va r i ed so  tha t a l l  chann e l s  

r e c e i ved the same orga n i c  l oa d i ng i . e . ,  g Boo 5 . s - l ( Ambe rg a nd 

Cormack , 1 9 5 9 ) .  Z i mme rman ' s obs e rvations ( 1 9 6 1 ) ( s ect ion 

2 . 3 . 4 . 2 )  a l so show that c u r r ent  ve locity can compen s a t e  for the 

e f fect of r ed uced orga n i c  conce n t rat ion on Sph a e ro t i l u s  g rowth 
. - 3 t o  a c erta�n  degree . Howeve r a d d i ng 5 . 5 - 6 . 5  gBOD 5 . m  o f  

dome s t i c  s ewage at  0 . 2 m . s - 1 cu r rent ve l o c i ty ( l oad ing = 1 . 2  

g B OD5 . s- 1 ) produced S p h a e r o t i l u s  dom i na t ed g rowth whe reas a 
- 3 obta i n ed by add i ng 1 . 6- 1 . 8 gBOD 5 . m  at  0 . 8 s im i l a r  l oa d ing 

- 1 ( . m . s  loa d � ng - 1 . = 1 . 4  gBOD 5 . s  ) d � d  not . Th i s  i n d i ca tes that  

the i n t e r a c t ion betwe en c urrent ve l oc ity , orga n i c  concentrat ion 

a nd growth is mor e  comp l e x  than Amberg & Co rmack ' s  ( 1 9 5 9 ) 

r es u l t s  suggest . 

C u r rent ve l oc i ty may a l s o i n t e ra ct with preda t i on i n  a f fec t i ng 

s ewag e  fungus  g rowth i n  some s i tuations . Increa s i ng the 

c u r rent ve l oc i ty i n  outdoor cha nne l s  fed d i l uted paper mi l l  

e f f luent f rom 0 . 0 5 m . s - l to 0 . 2 m . s- l r eported l y  i ncrea s ed th e 

b i oma s s  o f  Spha e r o t i l u s - domi na t ed s ewag e  fungus ( Or me rod e t  a L , 

1 9 6 6 ) . The s e h i gher ve l oc i t i es were thought to ha ve d i s l odged 

g ra z i ng c r u s ta ceans whi ch , a l ong w i th ch i ronom i d  larva e , we re 

be l i eved to have d e c ima t ed the g rowth at 0 . 0 5 m . s- 1 . 

2 .  3 .  4 .  6 P r ed
.
at i on 

Th e act i v i t y  of g ra z i ng invert ebrates e f fect s the 

s ta nd i ng c rop of s ewa ge fungus by remov i ng i nge s t ed bioma s s  and 

by enha nc i ng detachment a nd l os s  as d r i ft . Gra z e r s  a s s o c ia ted 

w i th s ewage fungus rang e f rom minute c i l i a t e  protoz oans to 

rot i fers , nematod e s , a nne l id s  and ma c r o- invertebrates s u ch a s  

i ns ect  l a rvae and mol l uscs  ( Cu rt i s  a nd Curds , 1 9 7 1 ; Gray , 

1 9 82 ) .  L i t t l e  i s  k nown rega r d i ng the spe c i es ut i l i sa t i o n  o f  

the s e  gra z e r s  but cons iderat i on o f  the s i z e o f  the o r ga n i sms 
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i n vol ved s ugges t s  that the ma cro- i n ve r tebrates a r e  the ma i n  

grazers o f  the ensh eathed f i l amentous bact e r i a  a nd fung i 

where a s  the sma l l e r  organ i sms feed on  the extra ce l l u l a r  

polys a c charide mat r i x ,  non- f i l amentous bacte r ia and a s sociat ed 

orga n i s ms . 

No s tu d i e s  o n  the e f fects o f  p r e da t i o n  on s ewa ge fungus bioma s s  

have been reported but s tudies  o f  photo troph i c  p e r iphyton 

commun i t i. e s  in e xper imentc:1. l cha nne l s  have shown tha t  loss o f  

b ioma s s  'i S  d r i f t  i s  i nc re n. s e d by mo l l u s c s ·  ( S ur m e r  .'i nd �1 c i n t i r e ,  

1 9 82 ) a nd 9rthoc lrt.d Ch i ro nom i d  l a r va e  ( E i chenb e rger  a nd 

S ch la t t e r , 1 9 7 7 ) .  Cha nne l s  inc l ud i ng mo l l u s c s  had up to 3 0 %  

l e s s  bioma s s  tha n  thos e w i thou t  ( S umne r  a nd M c i n t i re ,  1 9 82 ) a n d  
O r th o c l ad l a rvae d ens i t i e s o f  more than abo u t  3 cm- 2 

p r od u ced 

5 - 7  fo ld i ncrea s e s  in d r i f t  compa red to cha n n e l s with u e n s i t. i e s  
o f l - 3 cm- 2 

( J H chenbe rger a nd Sch latter , 1 9 7 7 ) . 

These e f fe c t s may be l e s s  s e vere i n  na t u r.:t l  s i t u a t i o n s  wh c rr'  
the i nver tebra te popu l a t i o n s  may b e  con t ro l .l e <l by h i <Jh e r 
o rga n i s ms b u t  the re s u l t s  demons tra te the pot e n t i a l for 
preda t ion to a f f e c t  benth i c  commu n i ty deve lopme n t . 

2 . 3 . 4 . 7 T empe ra t u re 

Tempera t u r e a f f e c t s  s ewa g e  f u n g u s  b i oma s s  d i r e c t ly by 
a l t e r i ng the g row th a nd metabo l i c  ra tes o f  th e ma t r i x  orga n i s ms 
and i nd i rec t l y  by a l t e r i ng thos e  o f  the organ i s ms graz i n<J o n  
the cornmu ni t y  a nd the a u totroph ic spec ies  wh i ch tnay compete  E o  r 
bot tom space o n  th e s tr eam bed . S e a s ona l t empe ra t u r e 

va r i a t i o n s  a l s o c o i n c i d e  w i th va r iat ions i n  oth e r impor ta nt 

e c o l o g i ca l  frt. c tors such as l ight a nd gra z e r s  l i fe cyc l es mak i ng 

the e l u c ida t i'On o f  temp era ture  e f fects from f ie ld data 

d i f f i c u l t . 

Pure  c u l t u re s t ud i e s ha ve shown that s .  na t a n s grows f rom about 

5 ° C to 3 5 ° C ,  with opt i mum growth occu r r i ng between 2 0  and 2 5 ° C 

( Mu l d e r  a nd va n Ve en , 1 9 74 ;  Phaup , 1 9 6 8 ) . M o s t s t ra i ns o f  

Z oo g l o ea ra m i g e r a  grow i n  pure c u l t ure be twe e n  9 a nd 3 7 ° C  with 

an opt i mum a t  2 8 ° C ,  a l though some s tra i ns may g row at lowe r 

tempera t u res  ( Unz  and Don d e r o , 1 9 6 7 ) . The opt i mum tempera t u re  
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r eported for L e p t om i t u s  l a c.t e u s  i s  much lower a t  8 ° C  ( Z ehender 

a nd Boek , 1 9 64 ) . 

A n umber o f  cha nnel  s t ud i es have shown tha t  s ewage fungus 

growth rate i ncrea s e s  w i th t emperatu re over the range 4 ° C  to 

2 4 ° C  ( MOT , 1 9 70 ;  Ambe rg ' a nd Cormack , 1 9 5 9 ; Orme rod e t  a l. , 

1 9 6 6 ) ,  with a doub l i ng o f  g rowth rate r epor ted for a l 0 ° C  r i s e  

i n  b�mperc:1. t u r e  ( O rme rocl e t  a l . , 1 9 66 ) . Neve r th e l e s s  th e 

u l t i ma t e  b ioma s s  i s  o ft en the s a me or g rea t e r  a t  lower 

t empe ra t u re s  i f  the s tu d i e s  we re con t i nu ed for long enough 

( MOT I 1 9  70 ) . S i mi l a r  obs e r va t i on s  have bee n ma de i n  s t ud i e s  o f  
s l i me de ve lopmen t on tr i ck l i n g f i l t e r s  ( Sheph a rd a nd Hawkes , 

1 9  7 6 ) . 

The n e t  e f fect o f  tempe ra t ure on the metabo l i c  a nd g rowth ra tes 

on s ewage fungus appa rent l y  ma ni f e s t s  i t s e l f in  growths 

occ upy i ng longe r  s t retches of r iver in winter  tha n  in s u mme r 

( Bu t ch e r ,  1 9 3 2 ) a lthough sola r rad i a t ion i nh i b i t ion may a l s o  be 

i nvo l ved in produc i ng th i s  e f fec t ( S ect ion 2 . 3 . 4 . 3 ) . Add i t ion 
. - 3  

o f  app roxlma t e ly 4 g . m BOD
5 o f  pu lp mi l l  e f f l uent  t o  the 

A l tamaha R i ver , Geor g ia , conta i n i n g  a ba ckg rou nd Boo 5 o f  

approx ima tely 1 g . m
- 3  BOD 5 , r es u l ted i n  Sph a e r o t i l u s growth f o r  

about 1 5  mi l es  be l ow th e o u t fa l l  d u r i ng winte r ,  whe n  the wa t e r 
temp e r n. t u re wa s about l 0 ° C . Du r i ng s umme r , whe n  the 

t empera t u r e  app roa ches 3 0 ° C , the added so o 5  wa s removed very 

rap i d ly a nd g rowth recede•'!  to w i th i n  2 00 m of th e out fa l l  

( Cawley , 1 9 5 8 ) . 'l'h e e f fec t s  o f  t empe ra t u re on me taho l i s m o f  
s ewage fungus i s  d i s c u s s ed further i n  S e c t ion 2 . 3 . 5 . 

2 . 3 . 4 . 8  � 

I n  p�r e  c u l t u re s .  na t a n s a nd Z o o g l o e a  ra m i g e r a  g r ow 
be s t  n ea r  pH 7 ( La ckey a nd Wat t i e , 1 940 ; Un z and Dond e ro ,  
1 9 6 7 ) bu t s .  n a t a n s growth has been obs e r ved f rom pil 6 ( Lackey 

and Watt i e , 1 9 40 ) to 10 ( S tokes , 1 9 5 4 ) . 

Fungi  genera l ly pre fe r  a more acid i c  pH ( Gaudy a nd Gaudy , 1 9 80 ) 

a nd L .  l a ct e u s  grows a t  pH 4 . 3  to 7 . 5 w i th the opt i mum range 

betwee n  5 . 4  a nd 6 . 0  ( Scha de , 1 9 40 ; Zehe nder a n d  Boek , 1 9 64 ) . 
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Th i s  suggests  tha t ,  i f  a n  a dequa te  s upp l y  o f  orga n i c s  1 s  

p r e s ent and o ther envi ronmenta l cond i t ions favou r  s ewag e fungus 

d e ve lopment , mi l d l y  a c i d  pH cond i t ions w i l l favour funga l 

g rowth wh i l s t  neut ra l to m i l d l y  a lka l i ne cond i t i ons wi l l  favou r 

ba cter i a l  g rowth . Th i s  p� t t e r n  has been obs e rved i n  th e f i e l d  

( O rme rod e t  a l. , 1 9 66 ) and i n  l aboratory conti nuous c u l t u r e  

e xper iments ( Di a s  e t  a L , 1 9 6 8 ) . 

2 . 3 . 4 . 9  O x ygen 

Pure  c u l tu r e  s tudies  have shown �hat s .  n a t a n s , z . 
r a m i g e ra , B . a l b a  and L .  l a ct e u s  are a l l  s t r i c t  a erobes ( Lack ey 

a n d  Wa t t i e , 1 940 ; Schad e ,  1 94 0 ; Unz and Donde ro ,  1 9 6 7 ;  

M e z z i no e t  a l. ,  1 9 84 ) . s .  n a t a n s g rowth rate wa s reportedly not 

a f fected by the d i s s o l ved oxygen conce ntra t i on a t  l e v e l s  as l ow 

a s  0 . 1 g . m- 3 when grown i n  s u sp ens ion ( La u  e t  a l ., 1 9 84 ) . 

Howeve r ,  l a boratory s t ud ie s  o f  f i xed biolog ica l f i lm sys t ems 

h a ve shown that oxyg en di f fus ion into th i ck s l ime growth can 

l imit th e d epth with i n  th e s l ime to wh i ch a e robi c  metabol i sm 

o c c u r s  ( Wi l l iamson a nd McCa rty , 1 9 76 ) . Whether g rowth i s  

l imited b y  o xygen ( e l e c t ron acceptor ) o r  the orga n i c  s ub s t ra te 

( e l e c t ron donor ) d epend s  upon th e i r  r e l a t i ve concentrat ions i n  

th e over l y i ng wa t e r , th ei r r at e s  o f  d i ffus ion i nt o  th e s l ime 

l aye r and the ra t i o i n  wh ich they u. r e  r eq u i r ed for growth . 

Theore t i c a l  cons iderat ions , mad e  a s s uming two th i rd s  o f  t h e  

g l ucos e i s  i ncorporat e d  i n  new ce l l s  a nd one th i rd o x id i s ed , 

i nd i cate  tha t  oxygen doe s not l imit  b io f i l m  g rowth u s ing 

g l uco s e  u n l e s s  the concent ra t i on ra t io of g l ucos e to o xygen i s  

g reater  tha n  9 ( Wi l l i amson a nd McCa r ty , 19 7 6 ) . Th i s  imp l i e s  

that d i s so l ved oxyg e n  wi l l  l im i t  s ewage fungus g rowth a t  wa t e r  

c o l umn concentra t ions  l es s  t h a n  appr o x imate ly 1 g . m- 3 where  the 

orga n i c  subst rate concent ra t ion i s  eq u i va l ent to 9 g 
- 3 g l u co s e . m  . 

Wh en i n s u f f i c ient o xygen i s  ava i labl e for comp l e t e  o x i da t ion o f  

s ubs t ra t e s  t o  wat e r  a nd co2 , s o l ub l e  orga n i c  i nt e rmed i a tes a r e  

formed ( Ho ehn a n d  Ray ,  1 9 73 ) . The s e  may d i f fu s e  i nt o  the mor e  

a erob i c  l aye r s  of  the s l ime a nd b e  o x i d ised or d i f f u s e  out of 

the s l im e . Howeve r th i s  i s  l ik e l y  t o  resu l t  i n  a reduction i n  

the g rowth rate i n  respon s e  to  a g i ve n  substrate  conce n tr a t i on . 
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The a va i l ab l e  e v i d e n c e  s u gg e s t s , howeve r ,  tha t the d i s s o l ved 

o xygen c o n c e n t rn t ion is u n l ik e ly to l i m i t  s ewa ge f u ng u s  g rowth 

i n  r i v e r s  e xcept  a t  u nu s ua l ly low d i s s o l ved oxygen and h i gh 

o r ga n i c  s ub s t ra te conc e nt ra t i o n s . 

2 • 3 .  5 E F F E C T S  O F  S EW A G E  F U N G U S  O N  O X Y G E N D Y N AM I C S 

D i s s o l ved o xygen i s  o f  p r ima r y  impo r t a n c e  i n  th e ma i n t e na nce o f  

a hea l thy s t ream commun i t y . I t  i s  g e n e r a l ly a c c ep t ed tha t  the 

m i n i mum a c c ep t a b l e  conc en t ra t i on i s  5 g o-2 . rn  - 3 
( T ra i n , 1 9  79 ) 

a nd th e D c l a s s i f i c a t ion o f  D1e Ma nawa t u  Ri ve � u nd e r  th e Wa t e r  

a nd So i l  C o n s e r va t i o n  Ac t 1 9 6 � requ i r e s tha t  th i s  l ev e l  be 

ma i n ta i ned . 

Th e d i s s o l ved oxyge n  cont e n t  o f  a s t re a m  re s u l t s  f rom the 

ba l a nce o f  oxygen i nput  a nd r e�nova l p roce s s e s  . 1 nd a t mosph e r i <.:: 

r e a e ra t io n  ( F i g u re 2 . 1 2 ) . 

O xygen i np u t  occu r s  by ph oto s y n the t i c  o xygen prod u c t ion by 
phot ot roph s s u sp e n d e d  in t h e  wa t e r  c o l umn a nd a t tached to t h e  
b e d . I n  s i mp l e t e rms th i s  proc e s s  ca n b e  s u mma r i s ed by the 
e q u a t i o n : 

S o l a r  ene rgy 

( 2 . 2 )  

O x yg en r emova l r es u l t s  f rom the resp i ra t ion o f  aqua t i c  

o r ga n i s ms ( photot rophs a n d  h e t e ro t r oph s ) a nd the chem i ca l  

o x ida t io n  o f  reduced s ubs t ra t e s . Resp i rat ion i s  e s s e n t ia l l y 

the rever s e  o f  equa t ion ( 2 . 2 ) . 
·: 

Depend i ng on the d i f ference between th e d i s s o l ved oxygen 

co nce n t ra t ion in the wat e r  a nd the o xygen s a t u ra t i on 

conce n t ra t i o n  a t  the r i ve r  t empe ra t u r e , oxygen is  los t or 

ga i ned at va rying ra t e s  f rom the a tmosphere by r e a e ra t i o n . Th e 

r a t e  o f  r ea e ra t ion ( k
2

) c a n  be d e t e r m i ned u s i ng gas  t ra c e r  

tech n iq u e s  or ca l c u la t ed us ing fo rmu l a e  bas ed on t h e  a v e r a g e  

d epth a nd v e l oc i ty o f  the r i v e r  ( W i l cock , 1 9 82 ) . 



F i g u r e  2 . 1 2 :  A R e p r e s e n t a t i on o f  t h e  Ma j o r  Sou r c e s  a nd S i nk s  

o f  Oxygen i n  t h e  Ma n aw at u  R i ve r be l ow t h e  

E f f l u e n t  D i s ch a r g e s  ( a f t e r  F r e ema n , l 9 8 3 ) .  

A i r  r e a e r a t i o n  
Wa t e r  

Phytop l a n k t o n  ( r e s p i ra t i on & p h ot o s yn . )  

P l a n kt on i c  h e te r o t roph s ( r e s p i r a t i o n ) 

DO _�) 
i n  

Ben t h i c  commun i t y  

p h o t ot r o p h s 

( r e s p . & p h o t o s yn . )  

h e t e rc t roph s ( re s p . ) 

DO o u t  = DO i n - +  G r o s s  P h o t o s yn t he t i c  o2 Prod u c t i on 

- Re s p i ra t i on � Atmo s p he r i c  Rea e ra t i on 

DO S o u r ce s : Phytop l a n k t o n  

Ben t h i c  phot o t r o p h s  

Rea e ra t i on 

DO S i n k s : P h y t o p l a n k t o n  

P l a n k t o n i c  h e t e r o t r op h s  

B e nt h i c p h o to t r op h s  

B e n t h 1c h e t e rot r o p h s  

R ea e ra t i on 
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Thus the proces s e s  a f fe c t i ng i n-r i ve r  o xygen can be s u mma r i s ed 
in the equa t io n : 

6. 0 2 = P - R + k 2 ( c s - C )  
6t 

= photot roph i c p ro•1 uct i o n  ( g  
= commun i ty r e s p i ra t ion ( g  

- 3  - 1 o2 . m  . h r ) 
- 3  - 1  o2 . m  . h r ) 

= s a t u ra t io n  o xyge n conc e n t r a t ion a t  r i ve r 
- 3  t empe r a t u r e  ( g  o 2 . m  ) 

- 3 = oxygen con c e n t rat ion ( g  o2 . w ) 
= a tmosph e r i c  r eaera t i on rate ( h r - 1 ) 

t = t ime i nt e r v a l  ( h r ) 

( 2 . 3 ) 

Wh e r e  s ewage f u n g u s  occ u rs the r e sp i rat ion o f  the p rima ry 
h e t e ro t roph s ( ba c t e r i a , f u ng i ) a nd a s soc iated h i gh er o r ga n i s ms 
p r edomi nates ca u s i n g  rapi d  oxygen r emova l . Th i s  e f fe c t  is 
p a r t i c u l a r l y  marked at n i gh t  when th e photos ynthet i c  o xygen 
p rod uct ion by a ny photot rophs as soc i at ed.  w i th the s ew<1ge f u n cJ U <; 
a nd ups t r eam o f  th e p o l l u t ed a rea c ea s e s  wh i l s t  the 
photot roph i c  r e s p i ra t io n  cont i nues . 

I n  the Manawa t u  R i ver very rap id n i gh t -t ime o xygen dep l e t i o n  
h a s  been obs e r veu o ve r  r e a ches be l ow the was t e  d is cha r g e s  
conta i n i ng s ewag e  fungus ( C u r r i e ,  1 9 7 7 ,  1 9 7 8 , 1 9 80 ; F r e ema n ,  
1 9 8 3 ) . Th i s  p rob l em i s  pa r t i c u l a r l y  a c u te d u r i ng the s u mme r 
wh en l ow f lows and h igh tempe r a t u r e s  co i n c i d e  c a u s i n g  i n c re n. s e d  
a c t i v i t y  o f  benth i c  o rga n i s ms . Du r i ng the <la y  the a c t i v i ty o f  
p ro l i f i c  a lga l g ro�ths i n  the r i v e r  o f f s ets the s ewage f ung u s  
r e s p i ra t ion but a t  n i gh t  very low d i s s o l ved o xygen cond i t i o n s  
h a v e  s ome t imes d e v e l oped ( F ig . 2 . 4 )  cau s ing f i sh k i l l s  
( C u r r i e , 1 9 7 8., ( Se ct ion 2 . 2 . 1 . 2 ) . 

The commu n i ty resp i ra t io n  rates ( ba s ed o n  me s u reme nts made i n  
the da rk ) o f  s ome s ewage fungus a nd photot roph i c  b e n t h i c  

commu n i t i e s  a re l is ted i n  Tab l e  2 . 1 0 .  No qua n t i ta t i v e  
compa r i sons o f  the b ioma s s  spec i f i c r esp i ra t ion ra t es o f  
n a t u ra l h e t e r ot roph i c  commu n i t i e s  a nd photot roph i c  commun i t i e s  
u nd e r  s im i l a r  cond i t i ons h a v e  been s igh t e d  i n  the l it e ra tu re . 
Howe v e r  the spec i f i c r e sp i ra t ion r a t e s  o f  s ewag e  f u n g u s  i n  a 



TABLE 2 . 1 0 Benth i c  Commun i ty Re s pi r at i o n R a t e s  

Comm un i ty 

Sewage fungus 

Sewage fungus and 
m ac r o phytes 

Sewage fungus 
P/R = . 0 1 

Sewage fungu s 
P/R = . 008 

Extens i v e Cl adophora 

Exten s i v e  a l g al 
pe r i  phyton 

Al ga l pe r i  phyton 

Al gae/Ma c rophytes 

Al ga l pe r i  phyton 

Sparse Macro phytes 

Al ga l  pe r i phyton  

40 -60 bel ow dai ry o ut fa l l 

58 

35 -53 

29 

20 

1 0 -20 

5- 1 7  

6 . 7 -1 5 . 4  

a v  7 . 3  

2 -1 0  

1 -4 

W a i t o a  R . , NZ . 

e ffl ue nt channe l 

R . La r k , En gl a n d .  

W h i t e R . , I n di a n a 

R .  I v el 

above da i ry out fa l l 
W a i to a  R . , NZ 

above di scharge s 
Manaw a t u  R .  

R .  I ve l  

Tr uckee R .  

Fort Ri ve r ,  
Mass a c h usett s 

Labo rato ry St ream 
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Re fe rences 

Hi c key ( 1 982 ) 

Curt i s  ( 1 97 2 )  

Butc he r  e t  al . 
( 1 930 )  

Den h am ( 1 938 ) 

Edwa rds and Owens 

( 1 962 ) 

H i c key ( 1 982 ) 

F reeman ( 1 983 )  

Edwards and owens 

( 1 96 2 )  

O ' Conne l l a n d  
Thoma s  ( 1 96 5 )  

F i s h e r  an d 
Ca r pent e r  ( 1 9 76 )  

Mc i nt i re a nd 
Ph i n ney ( 1 96 5 )  
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r iv e r  a veraged 3 8 . 6 mg o 2 . g  dry we i gh t  . h  a t  a mean 
d i s s o l ve d  o xyge n  concent rat i on o f  7 g . m- 3 a nd t empe ra t u r e s  of 
2 1 . 7  to 2 4 . 0 ° C ( MOT , 1 96 6 ) wh erea s th e spe c i f i c r e sp i ra t i on 
r a t e s  for mac rophytes mea s u red i n  th e laboratory at 2 0 ° C  ranged 

- 1 - 1  f rom l t o  2 . 2  mgo2 . g  dry we i ght . h  ( Owens a nd Mar i s , 1 9 6 4 ) . 
Thes e data and tho s e  i n  Tab l e  2 . 1 0 i nd i cate tha t  the 
r e sp i rat i on rates o f  nat ura l heterotroph i c  commu n i t i e s  a re 
cons i d e ra b ly h ighe r  tha n  tho s e  o f  e ve n  extens i ve photot roph i c  
p e riphyt on and ma c rophyt e  commun i t i e s . 

S ince the s ewage fungus organi sms requ i re d i s s o l ved orga n i c  
mat e r i a l s  for growth and r e s p i rat ion th e conc e nt rat i on o f  th es e 
wou l d  be e xpect ed to a f fect the respi r a t ion rat e . However 
short- t e r m  va r i a t i ons ( in t e r ms o f  hou r s ) i n  o rg a n i c 
concent ra t ions a r e  observed t o  have l i t t l e e f f ect on s ewage 
fungus res p irat ion r a t e s  ( Capb lancq a nd Cas s a n ,  l 9 79 b ;  
1 9 8 2 ) .  

H i ckey , 

T emp�r a t u r e  i s  a l so e xpected t o  a f fe c t  s ewa ge fungus 
r e sp i ra t i on ma rked l y .  M i crob i a l rea c t i o n  ra t e s  typ i ca l l y 
doub l e  for each l 0 ° C  r i se ( o 1 0  = 2 )  ( Mande l s t am and McQu i l l en ,  
1 9 7 3 ) . How e v e r  the two a va i lab l e  s t ud i e s  report a wide ra n g e  
o f  o1 0  va l u e s . Ana l ys i s  of  we i ght spec i f i c  r e sp i ra t i on r a t e s  
for s ewa ge fungus f rom the R i v e r  Agout i ncuba ted a t  l 0 ° C ,  l 5 ° C  
a nd 2 0 ° C  gav e  o1 0  va l u es o f  1 . 3 5 and 1 . 7  for s ewag e  fungus 
a ft e r  2 and 4 week s d eve l opment respect i ve l y ( Capb l a ncq a nd 
C a s sa n , l 9 7 9b ) . By cont ra s t , s ea sona l v a r i a t i ons i n  
r e sp i rat ion rat e s  o f  s ewage f u ngus i n  the R i ve r  C u lm s ug g e s t  a 
o 1 0  of  2 . 0  ( Boyl e  and Scott , 1 9 84 ) as wa s obs e rved for s ewage 
f u ng us growth ( Orme rod e t  a l. , 1 9 6 6 ) ( s ee S e c t ion 2 . 3 . 4 . 7 ) .  

� 
H owev e r  s ea s ona l d i f fe r ences i n  bioma s s  a nd d i s s o l ved orga n i c  
concentrat ions were not a l l owed for i n  Boy l e  & S c o t t ' s  ( 1 9 84 )  
s t udy . 

The re s u l t s  o f  labo rat ory b i o f i lm stud i e s  sugg es t tha t s ewag e  
fu ngus growth wi l l  on l y  b e  l i m i t e d  b y  d is so lved o xygen at  low 
concent rat i on and h i gh organi c  s ub s t ra t e  concen t r a t ions 
( s e c t i on 2 . 3 . 4 . 9 ) . No a ccount h a s  been �� �en of d i re c t  e ff e c t  
o f  o x ygen concent rat io n  o n  the r a t e  of  o x ygen d ep l e t i on i n  th e 
r i v e r  d is s o l v ed oxyg en mod e l s  s i ghted i n  the l it er a t u re ( e . g . , 



S t ree t e r  a nd Ph e lps , 1 9 2 5 ;  Dobb ins , 1 9 64 ; Damaskos & 

Papadopoulos , 1 9 8 3 ) . 
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However i n  s i t u  mea s u rements  o f  the resp i ra t i on rates  o f  d e n s e  

s ewage fungus commun i t i e s , made u s i ng a resp i ratory chamber , 

i ndicate  tha t  th e d i s s o l ved oxygen concentra t ion i s  important 

in contro l l i ng the s e  ( Hi ckey,  1 9 8 2 ) . Du r i ng a n  obse rva t i on 

over a one hour per iod th e resp i ra t i on rate of  g rowth s be low a 

d a i ry factory o u t fa l l  dec l i ned from 5 0  g02 . m- 2 . d- l ( at DO 8 . 8 
- 3 , - 2 - 1 - 3 , to 7 . 5  g . m to  2 7  g0

2 . m  . d  ( at DO = � to 5 g . m a nd 
- 2 - 1 - 2 - 1 

f i na l l y  to 1 2  go
2 . m  . d  ( at DO = 4 g0

2
. m  . d  ) .  S im i l a r l y ,  

i nc rea s ing the chamber current v e l o c i t y  ( a nd thu s  the 

t u rbu l ence ) prod u ced a l a rge i ncrea s e  in the s ewage fung u s  

respi rat ion rate . Th e s e  cha nges we r e  appa r en t l y  d ue to the 

chang e s  in oxyg en conce n t ra t ion i n  the med ia  a nd th e ra t e  of  

d i ffu s ion i nto the s ewag e  fungus s i nce add i t i on of s u ff i c i ent 

g l uco s e  to increa s e  the chamber concentrat ion by 20 g 

g l ucos e . m- 3 had no e f fect on the respi rat ion rate e xc ep t  i n  one 

i nve s t i gat ion of  a f resh g rowth on an a r t i f i c i a l  s ubs t r a t e . 

Th e respi rat ion rates  of  phototroph i c  spec i e s  are known to be 

a f fected by- the d i s s o l ved oxygen con c e ntrat i ons . The rates  of  

four  aqua t i c  mac rophytes were  fou nd to  decre a s e  loga r i thmica l l y 

w i th d e crea s i ng d i s s ol ved oxyg e n  with in the e xper imenta l l im i t s  
- 3 . 

( 
. 

) o f  1 7  to 1 . 2  g . m d 1 s so l ved oxygen Owens & Ma r 1 s , 1 9 6 4  , 

wh i l s t  a lga l per iphyton commun it i e s  showed a curvi l i n ea r  

r educt ion i n  respons e  t o  dec l i n i ng d i s s o l ved oxygen ( Mc i n t i re , 

1 9 66 ) . Th i s  sugges.t s that the respon s e  of s ewag e  fung u s  

r e sp i ra t ion t o  the d is s o l ved oxygen concent ra t ion may va ry w i th 

c u rrent ve loc ity a nd the r e lat ive con t r ibut i on and nature  o f  

photot roph ic spe c i e s t o  the tota l b i oma s s . 

I n  co n c l u s ion , s ewa ge fungus has bee n  shown to  have a l a rge 

e f fect on oxyg en remova l in s t reams but the re lat ionsh ip 

between the biomas s  and oxygen remova l  a nd the a f fe c t s  of 

phys i ca l  and wat e r  qua l i ty factors and commu nity compos i t ion on 

th i s  r equ ire  furth e r  res ea rch be for e  r e l iab l e  mode l s  for oxygen 

dep l e t i on o f  r ivers  domina t ed by s ewage fung u s  ca n be 

formu l a t ed . 
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2 • 3 .  6 E F F E C T S  O F  S EW AG E  F U N G U S  O N  O R G A N I C  S E L F - P U R I F I C A T I O N  

Stream organic s e l f-pur i f ica t ion ca n b e  de f i ned a s  th e remova l 

o f  d i s s o l ved or pa r t ic u l� te orga n i c  ma t e r ia l f r om f low i ng wa t e r  

( Wuhrma n n , 1 9 64 ) . Event ua l ly s e l f-pu r i f ication reduces th e 

concentrat ion o f  d i s s o l ved orga n i c s  to a l e ve l whe r e  g rowth o f  

h e t e ro t rophs i s  n o  l onge r fa voured ( s ee f i g . 2 . 7  a nd sect ion 

2 . 3 . 4 . 2 ) . Thu s  a n  u nde r s ta nd i ng of th i s  proces s is es s en t i a l 

f o r  pred i c t ion o f  th e e x tent o f  s ewa ge fungus deve l opment i n  

r e spon s e  to a g i v e n  d i s charge . 

S e l f -p u r i f i ca t ion occurs as  a res u l t  o f  th e fo l l ow i ng 

p roce s s e s : bio log i c a l  o x i dat ion , bioa d s orp t i on , phys i c a l 

adsorp t i o n , s edime n t a t i on a nd vo la t i l izat ion ( K i t t re l l  & 

Koch t i t sk y , 1 9 4 7 ; Ve l z ,  1 9 70 ;  Wuh rma n n , 1 9 74 ;  Bharga va , 

1 9 8 3 ) . The rates o f  the s e  p roc e s s es a re de t e rm i ned by the 

p r e s e nce o f  attach e d  and s u sp ended m i cro-orga n i s ms , 

t empe r a tu r e , channe l morpho l ogy , c u r r e n t  ve l oc i ty , t u rb u l en ce , 

a nd the na t u re a nd concent ra t ion of the orga n i c  ma t e r ia l 

p r e s ent i n  the wat e r  col umn ( Wuhrma n n , 1 9 74 ;  Wr igh t  & 

M cDon n e  1 1 ,  1 9  79 ; T r u  l ea r & Cha ra ck l i s ,  1 9 8 2 ) . 

Whe r e  s ewa ge fungus occu rs the dense conce n t r a t i o n  of 

h e t e rotroph ic microorgan i s ms w i th the i r  assoc i a t ed 

e x tr�ce l l u l a r  po lysa ccha r i de ma t r i x  enh a nces th e bio l o g i c a l 

o x i d a t ion a nd bioa d s o rp t i o n  proc e s s e s  a nd very rap i d  remo va l o f  
d i s s o lved o rga nic po l l u ta n ts i s  obs e r ved ( Ve l z ,  1 9 70 ;  

Wuh rma n n ,  1 9 74 ) . However th i s  remova l o f  d i s s o l ve d  orga n i c s  

a l s o  res u l t s i n  t h e  accumu la t i o n  o f  de n s e  growth s o f  bioma s s  o n  
·: 

the r iv e r  bed wh ich then con t r ibute  cons iderab l e  amou nts o f  
pa r t i cu 1 a t e  orga n i c  mat e r i a l  t o  the wa t e r  co l umn due to 

shea r i ng a nd s lough i ng o f  the h iomas s .  Typ i ca l ae rob i c  

h e t e rot roph y i e lds a re i n  the ra nge 0 . 4  to 0 . 6  o n  a ca l o r i c  o r  

o rga n i c  ca rbon ba s is , depe ndi ng o n  the ca rbon a nd n i t rog e n 

s ou r ces ( W uh rmann , 1 9 74 ;  Bryers & Cha ra ck l i s ,  1 9 8 2 ) . Thu s  for 

e a ch g ram o f  o rga n i c  carbon removed f r om the wat e r  

app ro x i ma t e l y  0 . 5 g o f  orga n i c  carbon i s  prod uced as new 

b i oma s s . S lough i ng l os s es o f  th i s  bioma s s  produ ces m i c ros cop i c  
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a nd ma croscop i c  d r i ft res u l t i ng i n  a e s thet i c  degrada t i on o f  the 

wa t e r  and p robl ems as s oc i ated w i th the c logg ing o f  f i sh i ng nets  

and wat e r  intakes . Th e resuspende d  organ i c  mat e ri a l  tends to  

s e t t l e  out  in  low c u rrent ve loc i ty zones whe r e  its  d ecay 

creat es furth e r  oxygen dep l e t i on . 

S i nc e  the c l a s s i c s t ud i e s o f  S t re e t er and Ph e lps ( 1 9 2 5 )  orga n i c  

s e l f-pur i f i ca t i on i n  r i ve rs has u s ua l l y been d e s c ribed u s i ng a 

f i rs t  order decay cons tant k 1 de f i ned a s :� 

ln Lo 
L 

whe r e  k
1 = r ea ch f i r s t  order decay constant 

t = rea ch trave l t ime 

( 2 .  4 )  

Lo , L  = orga n i c  mat e r i a l  conc e nt ra t i ons a t  upper a nd lower 

e xt r emes o f . the r ea ch respect i ve l y  

Th i s  a s s umes that the ra t e  o f  remova l o f  Boo 5 i s  proport iona l 

to  i t s  concent rat ion . 

Va l u e s  o f  kl for Boo 5 remova l f rom s t r eams con ta i n i ng s ewage 

f u ng us g rowth s ( Table 2 . 1 1 )  l i e  a t  the top o f  o r  a bove th e 

ra nge of 0 . 02 to  0 . 2 l . h r- l r eport e d  i n  a gene ra l s u r vey o f  data 

for st reams ( Ha rremoe s ,  1 9 8 2 ) . Va l ues for k 1 a s  h i gh as  0 . 44 

h r- l have be e n  recorded i n  the Ma nawa t u  River  over sho r t  

r ea ches with h ea vy sewage fungus g rowth ( Cu r r i e  & Ruthe r ford , 

1 9 82 ) . 

·: 
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TABLE 2.11 : Se l f-pu ri fi cat i on Rat e s  of R i vers Contai n i ng  Sewage Fu ngu s. 

0 rgani c Sou rce 

Sewage & Dai ry 

Da i ry 

Meat works & Dai ry 

& Sewage 

Pape r  Mi  1 1  

Fi rst O rder BOD5 Decay 
-1 ) 

Const ant { k1.h r 

0.44 

Locat i on 

Manawat u  R 

0.37 W a i t oa R ,  N 

0.17 Man awatu R. 

0.16 R Cu l m , UK 

Reference 

Cu rri e & Rutherford 

Hi c key ( 1 982 ) 

Cu rri  e & Rutherford 

Boyl e & Scott {1 984 ) 

( 1 982 :  

( 1 982 : 

Sewage & I n du st ri a l  0.10 St ream , USA Ki tt rel l & Kocht i t  zky 

{1 947 ) 

However the mea s u rement of  organic s e l f-puri fica t ion u s ing the 

remova l o f  organics from the wat e r  co l umn without reference to 

the river ' s  hydra u l ic radi u �  cha ract e r i s �ics ca n be m i s l ea d ing 

a nd th i s  comp l ica t e s  compar i s on between d i f ferent r ive r s . For 

the s ame rate of  benth ic organic uptake pe r unit  sur face a rea , 

mor e  rapi d  dep letion of organ ics in the wat e r  co l umn ( k 1 ) wi l l  

be  obs erved i n  sha l low rivers tha n  deeper ones . 

Wuhrmann ( 1 9 64 )  d e s cribed three a l t e rnative mea s ur e s  o f  s e l f­

p u r i f icat: ion : 

( 1 )  Amount of  s e l f-p u r i f icat ion - mass o f  organic s ub s tra t e  

removed . t ime- 1 • 

( 2 )  Rate  of  s e l f-puri f ica t ion = mas s  of  organic s ub s t ra t e  

removed . un i t  volume- 1 . t ime- 1 • ( or mas s  removed . un i t  

s u r face a re a . - 1 . time- 1 ) 

( 3 )  Sp eci fic e l imina t ion rat e = mass of org a n ic subst rate 

r emoved . un i t  bioma s s
- 1 . time- 1 • 

H i s  outdoor cha nn e l  s tud ies ( Wuhrmann 1964 , 1 9 74 ;  Wuhrma nn e t  

a l , 1 9 6 6 ) have c l ea r ly shown the importance o f  het e ro trophic 

mi croorgan i sms and the concentrat ion and nat u r e  o f  the orga nic 

mate rial  on the speci fic e l imina t ion rate of  organic s ub s trat e s  

( F ig . 2 . 1 3 ,  Section 2 . 3 . 2 ) .  
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P / H  � 1 2  he t e r o t rophs 
dom i n a n t , p h o t o t roph� 
d i s ap p e ar i n g  . 

P / H  � 3 6  p ho t o t r o p h i c  
commu n i t y ,  he t e r o t r oph� 
n o t  v i s i b le . 

X X 

5 6 

f i gu r e  2 . 1 3 :  C o r r e l a t i o n  o f  s u c r o s e  c o n c e n t r a t i o n  1 n  r i v e r  

w a t e r  w i t h  t h e s pe c i f i c e l i m i n a t i o n  r a t u  S e o f  t h e b i oma s s 

a t  v a r i o u s  l e v e l s  o f  he t c r o t r o p h y ( P / H  i n d Q x ) .  R e s u l t s  o f  

i n d i v j d u a l  c h a l l l l \ ' l l .  ' ::; t . s  cJ t .  u 0 l e:  0 2 - 1 J U I 1 " , • :> - • 1 1 1 . :::; , :..; L' <.l S O I 1 : '--
r =  a p p r o x . l O O C ( l ' r o m W u h r md l l l l  l' L .:t l. l iJ b G ) .  

Th e da t a  p r e s e n t e d  i n  Ta b l e  2 . 1 2 a l s o i nd i ca t e tha t th e o r ga n i c  
s ub s t ra t e c o n c e n t ra t i o n  i n f l u e n c e s  th e o rg a ni c r e mova l r a t e . 

Th i s  p r obab l y r e s u l t s f r om the h i g h e r  orga n i c  s ub s t ra t e  

c o n c e n t r a t i o n s  p rod u c i ng mo r e  h e t e r o t r oph i c  c o tnmu n i t i e s 

( Ed e lma nn  a nr1 ·wuh r man n , 1 9 7 8 )  a n d grea t e r  pe n e t r a t i o n  o f  th e 
o rga n i c s ub s t r.'l t e  i n t o  th e s ewa g e  f u n g u s g ro w th s , i nc r ea s i n g 

the b ioma s s  spe c i f i c upt ak e . 



Tab l e  2 . 1 2 :  

I n i t i a l Su c rose 

C oncent rat i on 

( g . rn -3 ) 

5 . 0 

5 . 0 

3 . 0  

1 . 5  
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Sewage Fun g u s  Sucrose Remova l Ra t es : Outdoor 

Cha nnel Stud i e s 

Rern ov a l  Bi orn a s s  

Rate Concent rat i on Re ference 

( g  C .rn -2 . d - 1 ) ( g AF DW .rn -2 ) 

2 . 5 5 1 7  a d a pted f rom Traaen  et al . 

( 1 972 ) 

1 .  7 5  5 ad apt ed f rom Traaen et a .L  

( 1 97 2 ) 

o .  94 & 1 . 1 5 NO adapted from Ede l m a n n  and  

�J u h  nn ann  ( 1 978 ) 

0 . 6 7  & 0 . 5 8 NO adapted from EJ e l rn a n n  and  

W u h rm a n n  ( 1 97 8 )  

Labo r a to ry s t ud i e s  o f  b io l og i c a l f i lm s y s t e m s  ( S a n d e r s , 1 9 6 6 ; 

La Mo i: ta , 1 9  7 6 ) demo n s  t r .1 b� < l  tha t the a r e a l o r g a n i c  r. e t n o v a  l 

r a t e  wa s d i re c t l y  propo r t i o na l to t h e  f i l m th i c k n e s s  up t o n. 

c r i t i c n. l v a l u e c o r r e spond i n g to the d epth o f  pe n e t ra t i o n  o f  th e 

s ub s t r-n t e i n to th e f L L m .  B e y o n<J th i s  t h i c k n e s s  no i n c r e <:i s •� i n  

u p 1:a.ke , ) C C ! l r r e d  w i th i nc c: : rl �> L n <J h i oma s r; d e v � l opm e n t .  

c r i t i c n. l E i l m t h i ck n e G s va l u e s  ( a s med s u r- e tl u s i n :J  a s t a g e d  

m i c ro s cop e ) 'Ja r i e d  f rom 1 0 . 2 t o  1 6 . 0  um , at i n f l ue n t  
- 3 

c o n c e n t r r> t i o n s o f 2 . 2  to 5 . 2  g g l u c o s e . m  , to 6 5 . L •.1 m a t  2 00 
- 3  g l u cosc . m  . 

S ewag e  f u ng u s  c omm un i t i e s  wh i ch had d e v e l oped o n  a r t i f i c ia l  
s ub s t r a t e s  i n  a po l l ut ed r i ve r  had much h iCJhe r s p e c i f i c g l u c o s e  

uptake r a t e s  a u r i ng the e a r l y  s t  g e s  o f  <J rowth ( Capb la nc q a n< 1  
C a s s a n , l 9 79 b ) . Nhe n  th e s e  were i nc uha t e c1 f o r  t h r e e  h o u r s  i n  
wa t e r  c on ta i n i ng 2 0  g g l uco s e  . m  - 3 , t h e  s ev e n  • 'l a y  g rowth s 

( b i oma s s = 3 g AF DW . m
- 2

) had a spec i f i c  g l ucos e upt ak e r a t e  o f  
1 . 9 mg . g l ucos e g AFDw-1 . h r - 1  whe reas  the ra te  for the 1 4  to 2 8  

day g rowth s ( b i oma s s = 1 4  to 2 0  g AFDW . m- 2  respec t i ve l y )  wa s 

app r o x i m a t e l y  0 . 5 mg g l u co s e . g AFDW - l . d- 1 . 

However s ewa ge fungus c�nmun i t ies  on na t u r a l  subst rate s o ft e n  

deve lop a s  f ro nd s  o r  l ong s t r eame r s  w i th a l a r g e r  e xpos ed 
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s u rface a rea for contact with the over- f lowing wat e r  than a 

s imi l a r  biomas s  growing a s  a th i ck fi lm or mat . Th i s  wo u l d  be 

e xpec t ed to i ncrea s e  th e ma s s  trans fer i nto the s l i me a nd 

s uggests  tha t  the bioma s s  at wh i ch th e ma x imum organic  uptak e 

occurs may be s igni f i cantly  higher for s u ch s ewage fungus 

g rowth s . 

Th i s  review shows tha t  th e e f fect o f  s ewage fungus or orga n i c  

s e l f-puri f i cat ion i s  comp l e x  a n d  that th ere i s  a n e e d  for 

furth e r  resea rch be for e re l iable mode l s  c� n be  developed to 

pred i ct the d i s t ance be low a d i s ch a rge with i n  wh i ch the orga n i c  

sub s t rate  concentrat i on s  wi l l  b e  s u i table  for s ewage fung us 

growth . 

2 . 4  GENERAL CONCLUS I ONS OF THE L I T E RATURE REVIEW 

2 . 4 . 1  S U M M A R Y O F  T H E M A I N  P O I N T S  O F  T H E R EV  J EW 

Th e s a l i ent conc l us ions o f  the rev i ew can be noted a s  fo l l ows : 

( i )  Sewa ge fu ngus growt h i s  w i d  sp read i n  rivers rece i v i ng 
organ i c  wa stes  th roughout t�e wor l d . I t s  g rowth d epends upon a 

la rge n umber o f  int e ra ct ing factors a f fect ing the deve lopment 

of the ma t r i x  orga ni sms . 

( i i )  s .  n a t � n s usua l ly dom i na tes  the g rowth i n ew Z ea la nd 

s t 1 eams but a ra nge of  other ba c t e r i a  and fungi ma y be  pre s e nt 

or , occa s iona l l y ,  predomi na nt . 

( i i )  Th e phys i ca l  cha ra cter i s t i cs of  the Ma nawatu R i v e r  mak e  

i t  s u i table fo·r s ewa g e  fung us deve l opment p rov ided that an  

adequa te amount of  s u i t ab l e  orga n i c  mat e r i a l  i s  p res ent . 

( iv )  Of  the th ree ma i n  types of  d i s charge to  th e Ma nawa t u  

R i ve r  o n l y  one , pr imary-t rea ted , domes t i c  s ewa ge , h a s  been 

s t udied  for its  e f fects  on s ewage fungus deve lopment . The 

oth e r  two ma i n  d i scha rge types are important sourc e s  of  orga n i c  



7 0  

po l l u t io n  i n  New Z ea land r iv e r s . The th ree d i s cha r g e s  have 

q u i t e d i f fe re n t  compos i t i on s a nd a re l ik e l y  to have d i f f e r e n t  

e f f e c t s  o n  sewage fungus g rowth for eq u i va l e n t  o rg a n i c  l oad i n g s 

a s  mea s u red by comprehens i v e  pa ramet e r s  such a s  BOO S , COD a nd 

TOC . 

( v ) Sewa g e  f ungus has s i g n i f i ca n t .i mpa c t s  o n  wa t e r  qua l i t y 

i n  the Manawa t u  R i v er a ff e c t i ng d i s s o l ved o x y g en , o rga n i c 

concent r a t i o ns a nd a e s th e t i c va l ues . However d e ta i l e d  s t u d i e s  

o n  th e r e l a t i o n sh ip betw e e n  sewa g e  fungus ·· bioma s s  a nd th e wa t e r  

qua l i t y  e ffec ts a r e lack i ng , e spec i a l ly f i e l d  s t ud i e s . 

( v i ) Al g a l  g rowth i n  th e Manawat u R i v er up s t r e am o f  the wa s t e  

d i s cha rges ha s been stu d i ed i n  deta i l  but l i t t l e  i s  k nown o f  

the e f fe c t s  o f  th e d i s cha rg es o n  a l g a l  growth o r  th e 

co nt r ibu t io n t o  th e wa t e r  qua l i ty p rob l ems o f  a lga l g ro w t h  

b e l ow the d i s cha r <J e s . 

( v i i ) 13eC ·t U S e  o f  the s e< J u e n t i '\ l rna n n e 1� i n  wh i ch the c f f l  u e n t: s  
tl t:" •3 t1 i s -:: hd r g e u  t )  the · :::� n "'Hva t u  R i ·J � r  n n l y  U t e  e f f e c t s  <) f the 

P N C C  d. i s  :ha r g e  c .·u1 b e  ::; t u ! i e d : ,- L s ,:.. l n. l ion  i n  th e c i ·.Je r . 
Howev e r th e ·  s e q u e n t i a l  a dd it i on o f  the wa s t e  wa t e r s  t o  th e 
r i v e r  a n d  s e l f-pu r i f i ca t i on p roc e s s e s  p rovide a r a n g e  o f  wa t e r  

q ua l L t y c o n, 1 i t i o n s  a t  c l i f f: e r e n l s i t e s w i th L n t h e  s t: u rl y  r e 1 c l t  ··t l .  
wh i ch be n lh Le ·� O H1 1 '1 u n i ty c 1 e v e l o1) rne n l  C ·'l r t  b e  i n v t:.� ,;; L i <J d !: � 1 •  

( v i i i ) Mo s t  d e ta i l en s t uti i e s o f  s e wage f u n g u s  h a ve b e e n  
co nd uc t e <l i n  i ndoo r  o r  o u tdoor e xpe r irnentn. l ch ii. n n e l s wh e r e  

e n v i ronrne n til l va r i ab l e s  c a n  be con t ro l l ecL 

2 • 4 .  2 TO P I C S � W A R R A N T I N G I N V E S T I G AT I O N  

I t  wa s co nc l un ed from the l i t e ra t u r e  r e v i ew tha t the fo l lowi n 3  

top i c s  r e la t i ng t o  sewa g e  f u ng us  and wat e r  q ua L t y Wr r r a n t e d  

i nv e s t i gat io n i n  th i s  s t udy : 

( i ) The us e f u l ne s s  o f  l im i t i ng the i n- r i v e r  BOO S to S 

g . m  - 3 a s  a s ewag e  fungus  c ontro l mea s Lt re a nd the r e l at i onsh ip 

b e tw e e n  g e n e ra l i s eti orga n i c  conc e n t ra t ion pa rame t e r s a nd sewage 

fu ng u s  g rowth . 
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( i i ) The a f fe c t s  o f  th e th r e e  ma i n  d i s charg e s  o n  s ewa ge 

f u ngus g rowth be fo r e  a nd a ft e r  t reatment to meet the i r  new 

wa t e r  r igh t cond i t ions . 

( i i i ) Th e e f f e c t s  o f  s ewa ge f u n g u s  o n  s e l f-pur i f i ca t io n  a nd 

o x ygen dynamic s a nd the in f l u e nce o f  tempera t u r e , d i s s o l ved 

o xygen and organic s ub s t ra t e  c on c e n t ra t i ons on the s e e f fe c t s . 

( i V )  The e f fe c t s  o f  phototroph i c  popu la tions o n  s e l f-

p u r i f i c a ti o n  and oxygen dyna m i c s . 

( V )  Th e e f f e c t s  o f  l ight on s ewag e  f ungus g rowth i n  na t u re . 

( v i )  The e f fe c t s  o f  c ur re n t  v e l oc i t y  on sewage f u n J US g r owth 

i n the Manawa t u  R i v e r . 

( v i i ) Th e r e l a t i onshi p be tween b e n th i c i't n d  s u s pe n d ed s ewa g e  

f u n g u s  b i oma s s . 

·: 



CHAPT E R  3 I 

M A T l R I A L S  A N U  M l T H U U S  

3 . 1  [ NTRODUCT [ O N  

7 2  

T h e  t op i c s  wa r ra n t i ng i n v e s t i ga t i on ( S e c t i on 2 . 4 . 2 )  we r e  

s t u u i e <i i n  th e Ma n a wa t u  R i v e r  s t u d y  r ea ch ( F i g . 1 . 2 ) a n d i n  

l a ho r r:t t o ry ch a n n e l s .  As fa r a s  pos s i b l e th e sn mp l i n g a n rl 
o. n<t 1 y t i c .=t  l t e ch n i r] t l e s  u s ed i n  bo th typ e s  o f  s t u c'l y  we r e  

s t <t n<1a r <l i s e d  t o  A Ul compa r i s o n o f  th e re s Lrl. t s  ob t a i n e c'l i n  t h e  

t wo s y s t ems . 

1 . 2  r� E N T fH C  C O M M ! J N I T Y  A N I\ T. Y S T S  A N D  S /\ M P l. f NG S ' l'/\'P E G r r: S  

3 . 2 . 1  Q U A L I T A T I V E A N A L Y S E S  A N D  S A M P L I N G S T R A T E G I E S 

3 . 2 . 1 . 1  M i �£����i c E x a m i n �t i r�� 

E p i l i t h o n  s n mp l e s  c o l l e c t e d f r o m  n r t t 1 1 r a l  n r  ;:J r t L F i.. c i o � l  
s u bs t r.=t t e s  ( S e c t i o n 3 . 2 . 2 )  were s to r e d  o n  i c e  i n  bot t l e s  
c o n t a i n i n g r i ve r w a t e r . Wh e n  the de l a y b e tw e e n  c o l l e c t ion a n<J 
e x•un i na t i o n  e x c e ed e cl. o n e  c'!ay th e s a mp l e s  w e r e  p r e s e r v e d  by 

a dd i t i..r:m o f  s u f f i c i e n t  fo r ma l i n t o  g i ve a f i na l  c o n ce n t r-:=t t i o n 
o f  1 0 %  ( V /V ) . 

T h e  s a :np l e s  \ve re e xa m i n e d. a t  6 00 x  m11. g n i f i c.=t t i o n  u s i n J  a ph i1 s e  
c o n t rA s t  m i c r o s cop e ( L e i t 7.  O r th o l u x , B r n s t Le i t z ,  W e t.:. z l d r ,  
Ge rmd ny ) . The 1na i n  h e l: e r o t r oph i c  c ompo n e n t .� w e r e  i d e n t i  f i ·� d  t') 

s p e c i e s  l e v e l wh e r t� pos s i b l e  u s i.. n -3  the k e y s •t nd rna n u;1 J.: : ;  r:> [  
C ook e ( 1 9 6 3 ) ,  B i k e l hoo m ( 1 9 7 5 ) ,  E i k e l hoom a nc'l va n D u i  j s e n  ( 1 9 8 1  
i1 ncl  1 r r y ( L 9 8 2 ) .  Th e 1 'l om L n a n t  me i o fn u ni1 1.ve r e  i d P n t i. f i ecl  t < )  
(J e n t l s  L e v c l q �· L n J  L h t-;  rna n 1 1 .� 1 l s  0 f  r•1,1 r t-_ i n  ( L 9 G f3 ) a n l I : i.. K. e l hc ) OI I 
d f1 . ]  1/ d ' I  i \  I I . j S C.;! 1 \  ( I ') f )  j ) , 1 � I t. 1 \  " !  ; � .-/ ' I \ I I l l  I ] , \  I \  I_ • 1 ' '1 > _ ) I �- J�J l ' , ;  

we re U l e n t i.. f- i.. e d  t < )  ! J r) l l ll s  L e v e l u s i n g the t lan t l<l 1 s  o f  F oy e tl 
( 1 9 79 ) ,  P 1 l m e r  ( 1 9 80 )  a nd P r i d mo r e  n n1'1 l l e w i t t  ( l 9 8 2 ) . 

T h e  oc c u r r e n c e !; .1 n r l  r e l a t i.. v e  n b u n d d n c e s  o f  th e va r i fJ l i S  s pe c i e s  
o r- q e n e r .1. w e r e  r e co rc l eJ o n  Ft s L 'i n t'l ·'l rrl commu n i t y a na l y s i s  s h e e t 

( Appe ntl i x  A ) . 



7 3  

3 . 2 . 1 . 2  Macroscop i c  Exam i na t i o n  

The ma c r o s cop i c  appea rance o f  the be n th i c  commu n i t i e s  

wa s d e s c r ibed u s i ng a phototroph i c /heterotroph i c  d omi nance 

s c a le adapted f r om Wuhrman n  ( 1 9 5 4 ) and he terotrophic and 

pho t o t r ophic abundance s c a les  ( Appe ndix B ) . For t he 

purpos e s  o f  t h i s  t he s i s  bacter ia and fun g i were r e f e r re d  
t o  as he t e rot r op hs . 

3 . 2 . 2  BIOMA S S  SAMPL I NG 

3 . 2 . 2 . 1  Benth i c  B i oma s s  

Th e fragi l e  na t u re o f  s ewa g e  fungus g rowth makes 

q u a nt i t at i ve s a mp l ing o f  g r ow t h s  a dh e r i ng to the n a t u r a l 

s ub s t ra t e  d i f f i c u l t . E v e n  i f  a n  a r ea o f  a bed i s  i so l a t e d  f rom 

c u r r e n t  e f f e c t s  with i n  a s amp l i ng chamber , s i g n i f i ca n t  l os s es 

c a n  r e s u lt f rom the f l oes d i s i nt e g ra t i ng a s  the s tones a re 

up l i f t ed . 'I'he s e  p rob l em s  become i n c r ea s i ng l y  a c u t e  a s  th e 

g r owth s age . 

To overcome th i s  prob l e m  the fo l l ow i ng techn i q u e , wh i ch 

e x p l o i t s  the g rowth s f ra g i l e nat u r e , wa s deve l op ed . 

i )  A 0 . 4  m l ong cy l i nd r i ca l  s amp l i ng chambe r ,  ma de f r om 

ga l va n i s e d  i ron , wa s u s e d  to i s o l a t e a 0 . 049 m
2 a rea o f  

r i ve rbed . 

i i )  Th e vo l ume with i n  th e chamb e r  ( Vc 
= 1 0  t o  1 7  1 )  wa s 

ca l c u l a t ed f rom mea s u rement s o f  the wat e r  d epth wi th i n  th e 

ch ambe r .  

i i i ) Th e s tones  a nc l  ch· l r'.b e r  cc- : J L c n t s wet e s t i r r ed v i gorous l y  

for appr o x ima t e l y  one m i n u t e  wi th a s t ick . Th i s  d is l odged 

nea r l y a l l  the attach e d  g rowth a nd d i s t u rbed it h omogeneou s l y 

w i th i n  the wa t e r  i n  th e ch ambe r . 

i v )  A two l it r e  s ub- s amp l e  ( Vs ) o f  the chamb e r ' s  con t e n t s  

wa s c o l l e ct ed a nd a l l owed t o  se t t l e  f o r  1 5  m i nu t es a ft e r  wh i ch 

t im e  the s upe rna tant was  poured o f f  and the s e t t l ed mat e r i a l  
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( S A )  wa s c o l l e c t e d  a nd s to r e d  i n  o n e  o r  two 1 2 0 m l  p o l ye thy l e n e  

c o n ta i ne r s  on i c e  f o r b i oma s s  mea s u r eme n t . 

v ) I mm e d i a t e l y  a f t e r  r e�nova l o f  th e 2 l s ub - samp l e  the 

cha mbe r wa s removed a l l o w i n g  the r em a i n i ng s u spe nded ma t e r ia l 

to be ca r r i ed downs t r e a m .' Th e s t one s w i th i n  the s amp l e d a r e<:�. 
w e re e x am i ned a nd ,  i f s ig n 1 f i ca nt a mo u n t s  o f  bi oma s s  r ema i n e d. 

a t t � ch e d , th e s e  we r e  c o l l e c t e d  a nd t h e i r  b i oma s s ( S B )  r emo ved 

u s i n g  r ubbe r g lo ve s  a nd a s t i f f  s c r ubb i n g b r u s h . Th e bi oma s s 

( S B )  was mea s u re d  a s  a sh - f r e e  d ry we i gh t  -( A F DW ) ( S e c t i o n  

3 . 2 . 3 . 1 ) . 

The t o t� l b ioma s s  wa s th en cR l c u l a t ed u s i n g  the fo r mu l a :  

'T'ota l b i oma s s  
- 2  

( gl\ F DW . m . )  

= 

Vc 

( ( SA x Vs ) + S B )  
J .  f) .:; ') ( 3 . l ) 

A numb e r  o f  meas u r e me n t s  u nd e r. a c a n g e o f  co nd i t i o n s  sh owed 

( 3 . l ) . 

Wh e r e  the b i oma s s r: c ) n s i s t t-:! d  o f  f i l � m e ·1 t0 1 1 �> · l l cJ rt P- o r  "\ d c r r)ph y c_ � ::; 
the s il mp l L ng ch;-1 mb e r.  wa s !> i mp l y  u s e d  Lo i_ s () l . l t e  rt c l P f i. n :-' < 1  :) t" " ·-i  

o f  r i ve t· l)ec] f rom wh i c h  a. l l  t h e  a t t -1. cl t e c l  h i o  nd t> !> w..1 s r •� l ilu v c • l  b.f 
up l i f t i n g the roc k s  a n d  d i s l odg i n g  Lhe i r  ep i l i t h o n  o t- by 

uproo t i ng th e ma c r ophy t es . 

Th e s e  t e c h n i q"U e s  � l lowed the qua n t i t� t i v e  rn c:-.-u:; l l r el n C il t- () f I: h e" 
be n th i c  b i oma s s  bu t d. i f f i c u l t i e s  a ro s e  i n  COI \lpa r i n g  t h e  rl t- e . t 1  
h en th i c b i oma s s  g rowth r a te s a t  <1 i f f e re n t  s i t e s w i th i n  the 
s tu dy r e a ch d u e  to the va r i a t i o n  i n  s u r fa c e  � re<:�. p rovi ded by 

the bot t om s ubst r a t e . At s i t es A to D ( F i g .  1 . 2 )  th i s  

p redom i na n t l y  cons i s t e d  o f  4 to 8 c m  ma x i mum l e n g th pebb l e  a n d  

cobb l e  b u t  a t  s i t e  F p ebb l e s  o f  l t o  4 c m  ma x i mum l e ng th we r e  
p r e d om i n a n t  ( S ec t i o n 4 .  2 )  . 
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T o  ove rcome th i s  prob le m  a nd r e du c e th e t i me r eq u i r e d  fo r 

b i oma s s  samp l i ng ,  th e r ou t i ne q ua n t i ta t i v e  mea s u rement o f  

be nth i c  b ioma s s  g r ow th r a t e s  a t  s i te s  w i th d i f f e re n t wa t e r  

q ua l i ty ch a ra ct e r i s t i c s  wa s ca r r i e d  ou t u s i n g  a rt i f i c i a l  

s ub s t ra t e s ( S e ct i o n  3 . 2 . 2 . 2 ) . By con t ra s t ,  th e t e ch n i q u e  

d e s c r ibed i n  th i s s e c t i o n  wa s u s ed.  t o  mea s l l r e  t h e  be n th i c  
b i oma s s  i n  the f o l lo w i n g s i t u a t i o n s : 

i )  At po i n t s  w i th i n  r ea ch e s  ove r whi ch o x y g e n  dynam i c s a nd 

s e l f-pu r i f i ca t i o n  we r e  s t u d i eo u s in g  two s t a t i o n  t e ch n ­

n i q u e s  ( S ect i o n s  3 . 6 . 5 a nd 3 . 6 . 6 )  
i i ) At s i t e s  wh e r e  chambe r s t ud i e s we r e  u nu e t:" t a k e n  

( Se c t i o n s  3 . 6 . 2 a nd 3 . 6 . 3 )  

i i i ) 

3 .  2 .  2 .  2 

At a ra n ge o f  b i oma s s  c o n c e n t ra t i o ns wh e r e  q u a l i t a t i v e  

ma c ro s c op i c  h i oma s s a s s e s s 111 e n t  ( S e c t i o n  3 . 2 . 1 . 2 ) h a o  
rJ ec n u n d e r t a k c�n . Tl) e s e  da t 1.  \v e r e  u s ec 1  to co c t:" e l a t e  L h e  

q ua l i. ta t i ve a nd g u a n t i ta t i v P  b i oma s s  11 ea s u r e m e n i: 

Th e u s e  c) f .1. r t i f i c i a l  s u bs t r a t e s  f o r  rueas u r i n :J b i om a s :; 
d e ve l orrne n t  c1 l l ows r.-ip i d  s <1 mp l i ng w i th m i n ima l s l o u gh i ng lo s s r� s  
r1 n c 1  s i 1np l i f  L e s  th e comp a r i s o n  o f  g rowth r a t  s b e t w e e n  s i t e s  
w i  �.-h d .i f f e re n t n a  t n ril l s n1 J s  t r.1. t e s . 

A r t i f i c i a l s u b s t r "l t e s  u sed i n  p r e v i o u s  s t u d i e s o f  s ewa ge f u ng u s  

i n  l 1 1 d e : g l a s s  s l i cles  ( Bu t ch e r ,  1 9 3 2 ;  Bo t t  n n d  B rock , 1 9 7 0 ) , 

l e n g t h s  o f  ya r n ( McKeown , 1 9 6 3 ; Ph aup a n d  Ga n no n , 1 9 6 7 ) , w i r � 

m e s h  ( Robe r t s , 1 9 7 8 ) , P VC pl a t e s  ( C u r l i s  e t  a l. ,  1 9 7 1 ) ,  I ) VC 

p l a t e s  on f l o a t i ng cyl i nde r s  ( C apb l a n cq and C a s s a n , l 9 7 9 ( a ) ) ,  

g la z eo t i l e ( � e uke l ek ia n  a no C ros by , 1 9 5 6 ) , u n g l a z e d  t i l e  

( \Vi l s o n e t  a l. , 1 9 60 ;  Orme rocl. e t  a l. ,  1 9 6 6 ; Cu r t i s  e t  a l . ,  l 9 7 l ) 

a nu co n c r e t e  n nd asbes t o s - c eme nt ( He uk e l ek i a n  a nd C rosby , 

1 9 5 6 ) . 

S ub s t ra t e s  w i th rough s u r fa c e s  g i ve bet t e r  i n i t i a l g rowth o f  

Sp h a e r o t i l u s  na t a n s b u t  s u r fa c e  t e x t u r e  does not a f f e c t f u nga l 

a t tA chme n t  ( C u r t i s  e t  a l. ,  1 9 7 1 ) . 
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I n i t i a l t r ia l s w e r e  condu c t e d  compa r i n g  l ength s o f  b ra i d ed 

n y l o n  rope , f l a t  p la t e s  o f  PVC , pe r spe x and a sbe s t o s - c eme n t  

p egged i nto the r i ve r  bed a n d  f la t  con c re t e  p l a t e s  p l a ce d  o n t o  

the bed . Th e s e  showed tha t  the pegg ed s ubs t r a te s , whi ch 

p ro t r u d e d  a bove th e leve r ;f the r i v e r  bed , t e n d e d  to 

a c c u mu l a t e  f l oat i n g  ma t e r ia l s  con f u s i ng the g rowth mea s u r em e n t s  

wh e re a s  th e conc r e t e  p l a t e s  d i d  not . Th e los s ra t e  o f  th e 

pegged s ub s t r a t e s  was a l s o g re a t e r  d u e  to the p e g s  wo rk i n g  

loos e . Ne ed f or  a t ta chme n t  to th e bed a l�o ma d e  th e u s e  o f  

th e s e  s ubs t ra t e s  mo r e  labo r i o u s  than th e u s e  o f  th e c on c r e t e  

p l a t e s . 

For the s e  reasons th e con c r e t e  p la t e s  we re ch os en for u s e  i n  

the g rowth e xp e r ime n t s . Compar i s on o f  s ewa ge f u n g u s  

d e v e lopm ent o n  th e upper s u r fa c e s  o f  th e s e  a nd f l a t  s t o n e s  

a f t e r  4 t o  5 d a y s  showed tl l c  bvo s u r fn c e s  to b e  ve r y  s i m i l a r i n  
t wo t r i a l s  ( S e ct i on 4 . 3 ) . llowe v e r  i t  was n e c e s s .:1 r y to p la c e  

th e new l y -made con c r e t e p l a t e s  i n  ru n n i ng tapwa t e r  for 

appro x ima t e ly one week p r i o r  to u s e t o  l ea ch s u r fa c e  l ime a n d 
ch em ica l s  f rom th e s ubs t ra t e s  b e f o r e  u s e . Be twe e n e xre r i me n t s  
th e p l a t e s  w e r e  thorough l y s c r ubbe d  a nd soake d  i n  d i l u t e  

hypoch l o r i t e  s o l u t i o n  ( O rme rod e t  a l , 1 9 6 6 ) . 

3 . 2 . 2 . 3  S u sp e nd e d  B ioma s s  

( a )  T o t a l  S u s p e n d e d  B i oma s s : Th i s  wa s med s u r e d  by f i l t e r i ng l 
or 2 two l i ·t r e  samp l e s  o f  r i ve r wa t e r  th rough p r e- comb u s  ted , 70  

mm d i ame t e r ,  G F / C  f i l t e r s  ( Whatman C o rpora t i on , Sp r i ng f i e l d 

M i l l ,  Kent , Eng l a n d ) a nd mea s u r i ng th e bioma s s  a s  AFDW ( S e c t i o n  

3 .  2 .  3 . 1 ) . Th� s e  f i l t e rs c o l l e c t  a l l  pa r t i c l e s  o f  g r eA t e r th -1 n  
abo u t  l urn d i ame t e r  ( She l do n , 1 9 7 2 ) . 

( b )  P a r t i cu l a t e  B O D
5

: Th i s  wa s d e t e rmi ned f rom the t o t a l 5 

d a y  b i och em i cn l o x ygen dema nd ( BOD 5 ) a nd  th e  G F / C  f i l t ra b l e  
800 5 a na l y s e s  ( S e c t ion 3 . 3 . 3 . 2 )  u s i ng the equat ion : 

Pa r t i c u l a t e  soo 5  ( g . m- 3
) :::: 

( 3 . 2 ) 

( c )  C o a rs e S u spe n d e d  O r g a n i c Ma t e r i a l : Th i s  wa s c o l l ec t e d  by 

h o l d i ng a 0 . 1 5 m d iamete r  mesh net w i th 1 . 7  mm ape r t u r e s  in the 



7 7  

c u r rent for a s u f f i cient t ime t o  f i l t e r  approx imate ly  1 m3 o f  

wate r . The vo l ume fi ltered was estimated b y  not i ng the 

fi l t r a t i o n  per iod and mea s u r i ng the c u rrent veloc ity at the ne t 

h e i ght u s i ng a pigmy c u r rent met er  ( OTT Kepton meter ) .  Th e 

bioma s s  co l l ected on the ' net wa s mea s u red us i ng both AFDW a nd 

s ett l e d  vo l ume . 

3 . 2 . 3  B I O M A S S  M E A S U R E M E N T  

3 . 2 . 3 . 1 Tota l B ioma s s  

The tota l biomas s  was mea s u red as a sh f r e e  d ry we i ght 

( AFDW )  ( APHA ,  1 9 80 ) and s e t t l e d  vo lume . The latter mea s u remen t 

wa s made i n  the gra duated samp l e  con ta i ners u s e d  for co l l e c t ion 

or a fter 1 0  minutes sett l i ng i n  an app ropr iate meas u r ing 

cy l i nder . 

3 . 2 . 3 . 2  Photosynthe t i c  P igments 

The photosynthet i c  p i gment content of the bioma s s  

sampl e s  wa s ana lysed by one o f  the fo l lowing two methods . 

( i ) E 6 6 3 : Du r i ng the 19 8 2 - 8 3  s eason r i ver e xp e r iments th e 

photosynth e t i c  p i gment content wa s occa s iona l l y a s s es s ed u s i ng 

the re l a t ive ly crude method o f  Wuh rma nn ( 1 9 74 ) .  The p igme n t  

wa s e x tra cten from a bout 1 g o f  wet we i ght o f  b ioma s s  i n  5 0  m l  
o f  1 00 %  methano l , i n  the da rk , a t  2 0 ° C , for 2 4  hou r s . After  

c e n t r i fuga t ion a t  � 00 g for 2 0  minu t e s  th e a b s o rba n c e  o f  the 

s uperna tant wa s mea s ured at  wavel ength s of 6 6 3  and 7 5 0  nm in a n  

H i tach i  Mode l 1 0 1  Spect rophotome t er . The la t t e r  mea s u rement 

wa s s ubtra c t eu f rom the forme r to cor rect for turb i d i ty ( A PHA , 

1 9 80 ) and the res u l t  nt  p i <,jme n t  conc en t ration  e xpre.:>s etl  u s  

E 6 6 3  p e r  u n i t s u r face  a r e a  samp l en . 

( i i )  C h l o r oph y l l a a nd P h a e o ph y t i n  a :  The p l a t e  b ioma ss 

samp l e s  co l l ected during the labo ratory channe l  e xper iments 

( S ect i on 3 . 7 . 9 ) , the r i ver e xper iments i n  the 1 9 8 3 / 84 f i e ld 

s eason and benth ic  b i oma s s  samp l e s  co l l e cted from the r i ve r 

chamber s tu d i e s  ( S ect i on 3 . 6 . 3 )  were a na lysed for ch lorophyl l  a 

a nd phaeophyt in a u s i ng the spectrophotometr i c  method o f  APHA 
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( 1 9 8 0 ) ,  based o n  the me thod o f  Lor e n ze n  ( 1 9 6 7 ) .  P i gment 

e x t ra ct ion i n  9 0% ( V/V ) a cetone was a id ed by d i s rupt i n g  the 

ce l l s  by free z i ng th e samp l e s be for e ana lys i s  a nd ,  wh ere 

s i gni f i cant amounts of f i l a mentous a lgae we re present , by 

ma cerat ion in a t i s s u e  gt i nder p r i o r  to extract ion . The 

e x tract  absorbances wer e  measured i n  a Pye U n i cam 

Spect rophotomet e r  ( Mode l S P 6- 5 5 0 ) . 

3 . 2 . 3 . 3  Autot roph ic and P /H I nd i c e s  

Th e va l ues of  tota l bioma s s  and photosynth e t i c  p igment 

content of  the samp l e s  were used to ca l cu late the autotroph i c  

index ( A I ) or P /H index  va l ues ( S ec t ion 2 . 3 . 1 ) .  

3 . 3  R IVER WATER AND EFFLU ENT SAMPL I NG STRATEG I ES AND ANALYSES  

3 . 3 . 1  S AM P L I N G S T R A T E G I E S 

3 . 3 . 1 . 1  Ri ver Wa ter Samp l i ng 

Samples  of r i ve r  wate r  wer e co l l ected to i nve s t i ga t e  

the e f f ects of  wa t e r  qua l i ty on benth ic  communi ty deve lopmen t  

( S ect ion 3 . 5 ) , oxygen dyna mics  and s e l f-pu r i f i ca t ion ( Se ct ion 

3 . 6 ) . The samp l i ng s trategy wa s comp l icated by th e fo l l owi n g  

factor s : 

( i ) Th e diurna l d is charge patt e r n  of  t h e  P NCC a nd BCWS 

e f f l uents 

( i i )  Th e week l y  d i s cha rge patt ern o f  the BCWS e f f l uent . 

( i i i ) The va r ia b i �ity o f  the MCDC d i s cha rge both d u r i ng and 

betwe en days . 

The co l lect ion o f  2 4  hou r compo s i t e  s amples  be low the 

d i s cha rges  wa s the r e fore requi red to a ccurat e l y  a s s e s s  the 

wat e r  q ua l i ty . Be l ow the BCWS d i s cha rge va r iat ion between the 

weekdays  and week end s wou ld  a lso need i nve stiga t ion i f  

e xper iments lasted longer than the wo rk i ng week . 

Only  one automa t i c  samp l e r  ( Manning S 4040 , Scott s  Va l ley , 

Ca l i fornia ) was a va i lab l e  du r i ng the 19 82 /83 s ea so n ,  wh i le two 

we re u s e d  dur i ng the 1 9 83 / 84 s ea son ( Manning S 4040 and Ma nn i ng 

S 4400 -A 2 ) .  The s e  were usua l ly emp loyed a t  s i tes D ,  E o r E / F . 
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The samplers  were f it ted with 2 5  m long hos es  to enabl e th e 

col l ect ion o f  water  f rom the mai n  ri ver current . I n  order t o  

p revent the hose i n l e t  being s mothered by deb r i s  col lecti n g  on 

i t s  support i ng stake thi s  was located downs t ream of a de f l ect or 

( fi g . 3 . 1 ) .  Samples  were col l ect ed at 1 5 minute inte rva l s  and 

s tored on ice in bot t l e s  'with in the samp l er ba se . 

D ur i ng the ea r l y  part o f  the 1 9 8 3 /84 s ea son a number of  samp l e s  

co l l ected with the automat ic samplers w e r e  found t o  have a n  

unexpected ly h igh concentration of organi� materia l .  Th i s  was 

eventua l ly found to have been cau sed by l each ing o f  organ ics 

from th e " Ny l e x "  hos es  ( mode l OV002 , Ny l e x  N . Z . Ltd , Auck land ) 

u s ed with the sampl ers . The contaminat ion wa s init i a l l y  

removed b y  r i ns ing wi th a di lute H 2so4 /K2 cr2 o 7 solut ion but 

contamina t ion recurred one week later . The s e  hos es  were th en 

r ep laced with non-toxic PVC hoses ( Fe l t e x  Rubbe r Compa ny , 

Cata logue Number 3 4 1 2 0 ! 3 ,  Auck l and ) and hoses s upp lied  by 

Manning Envi r onmenta l Corporation wh ich were found to be 

con s i s tent ly free from leachable orga nics . 

Wh ere the au t oma t i c  sampl ers wer e not used , grab samples  were 

co l l ected in aci d-clea ned two l i t re , p l a s t ic s amp l e  bot t l es and 

s tored on ice unt i l  returned to the labor atory ( with in 5 hou r s  

o f  col l ect ion ) .  

The samp l i ng s ites  were a l l  loca t ed at poi nt s  wh ere the 

e f f l u ents were known t o  be fu l ly mi x ed with the r i ver wat e r  

( G i l l i land , 1 9 82 ) and coi ncided with th e s i tes used in the 

s t udies  of be nth ic bioma c s  deve l opment . 

3 . 3 . 1 . 2  E f f l Qent Sampl i ng 

E ff l uent s ampl es were co l lected for ana lys i s  for 

organic ma t e r i a l  and /o r  nut r i ent content a s  out l i ned be low :  

( i ) P NC C  E f f l u e n t : The samp l es were col l ect ed at the ove rf low 

from the pr imary t reatment system ,  l oca t ed approxima t e l y  0 . 5  

k i l omet r e s  from the r i v er out fa l l . E ithe r grab s amples  were 



> 
C u r r e n t  f. l ow 

d e f le c t i n g  
we d ge 

< 0·6 m ---==a� 

8 0  

J----DO / T  probe 

1------s t ake 

F igure 3 . 1 :  Draw ing of Debr is De f lect ing Wedge at R iver 
Samp l ing · Stat ion . .  · 



8 1  

c o l l ected o r  a Mann i ng a utoma t i c  sampler  ( Mode l  8 44 0 0  or 

S 40 4 0-A 3 ) wa s u s ed to co l l ect  s amples  a t  fi fteen  minute 

i n t er va l s t o  make hou r l y  compos i t es . E f f luent f l ow dat a  

( Ande rson , 1 9 83 ) were u s ed to make a f low-re l a t ed , twenty- four 

hou r ,  compos i te samp l e  from the d i s c re t e  hou r ly samp l es . 

( i i )  M CDC E f f l u e n t : The e f f luent was s amp l ed a t  the 

company ' s  e f f l uent. sampl i ng stat ion at the r i ve r  o u t fa l l  by 

MCDC s ta ff . Flow-re lated , twenty- four hou r ,  compos ite  samp l e s  

we r e  col le ct ed u s ing a Mas t e r f l e x  pump-head ( No .  7 0 1 5 - 2 0  

C o l e - Pa lmer I nternationa l , Ch i cago , USA ) s et t o  samp l e  a fter 

e v ery ten c ubic met res o f  e f fl uent wa s d i s cha rged a s  re corded 

on a Mann i ng u l t rasoni c f l ow mea s ur i n g  device ( Ma nn i ng Model  

UTX 2 1 00 , S cotts Va l l ey , C a l i fornia ) .  Th e s amp l e s  were s tored 

d u r i ng c ol l e c t ion i n  a r e f rigera tor a t  4 ° C a nd then tran s f e rr e d  

to 1 2 0 ml polyethy l ene con ta iners  a n d  frozen unt i l  a na lys i s . 

The samples  for lactose ana lys is  wer e  s tored for up to fou r  

months a nd th e samp l e s  for n i t rogen a n d  phosphorus ana l ys i s  

were  s tored for up t o  s i x  months . 

( i i i ) B C WS E f f l u e n t : The on l y  e ff l uent samp l e s  a na l ysed we r e  

tho s e  u s ed i n  th e laboratory channe l experiments  ( S ect ion 3 . 7 . 7  
and 5 . 5  ) . The s e  were mi xed samples  col l ected ove r i n t e rva l s  
o f  th i rty t o  fi fty minutes between 1 045  a nd 1 1 5 0  AM from the 

out f low cha n n e l  of  the pr ima ry s ed imentat ion tank s . The s e  

tanks were l oc at ed approximate ly two k i l omet r e s  from th e r i v e r  

o u t fa l l . Th e samples  were e i th e r  ana lysed fresh or f rozen i n  

twenty l i t r e  p la s t i c  conta i n e r s  a nd s to red up to one mon th 

p ri o r  t o  ana l ys i s . 

3 . 3 . 2  O R GA N i e  M AT E R I A L A N A L Y S I S  

3 . 3 . 2 . 1  I nt roduct i on 

The water s amp l e s  col l e cted d u r i ng the growth 

experiments i n  the 1 9 8 2 / 83 season were a na lys ed by a va r i ety o f  

method s i n ord er  to n. s s es [, Lhe rre th od s ' s u i t ab i l it y  as s ewag e 

f u ng us cont rol paramet e rs . I n  the s el f-pu ri f i ca t i on s t u d i e s  

t h e  BOD5 w a s  u s ed as t h e  organi c  mea s u r ement parameter t o  

enable compar i son w i t h  t h e  r e su l ts o f  previous s t ud i e s  i n  the 
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Manawatu R i ver a nd mo s t  oth e r  po l l u ted wate r  s e l f-pu r i f icat ion 

s t ud i e s . 

3 . 3 . 2 . 2 5 day B i ochemica l Oxygen Demand ( BO O r. ) ' ::> 

( a )  I nt roduct ion : 

Th i s  mea s u re of orga n i c  mat e r i a l  concent ra t ion i s  w i d e l y  

used by wat e r  managemen t a u thor i t i e s  f o r  ana lys i s  o f  wat ers and 

wa s t ewat e r s . The t e s t  i s  a bioassay mea s u r i ng th e oxygen 

cons umed i n the ox idat ion of  the read i ly degra dab l e  orga n i c s  in  

a water samp l e  to ca rbon d io x ide p lus wa ter by s eed m i c ro­

organi sms w i th i n  an a i r -t ight 2 0 0- 3 0 0  ml bot t l e  conta i n i ng 

a mple  nut r i e nts and he l d  i n  the dark a t 2 0 ° C  for 5 day s . Wh e r e  

t h e  samp l e  conta i ns s ign i f icant amou nts of  prot e i n  o r  r educed 

i norga n i c  n i t rogen , n i t r i f i ca t ion may a l so e xe r t  a n  oxygen 

d emand . N i t r i f i ca ti o n  can be s uppre s s ed by a dd i t ion o f  

i nh ib i tor s , i n  wh i ch case th e r es u l t  i s  te rmed the ca rbona ceous 

BOD 5 ( c BOD 5 ) ( APHA , 1 9 80 ) . 

The BOD 5 can be fu rth e r  d i v ided i nto the s u spended and 

d i s so l ved f ract ions by f i l t rat ion a nd a d d i t i o n  o f  a s e e d  o f  

k nown BOD 5 t� the f i l t e red samp l e  p r ior t o  incuba t ion . 

The tes t has a numbe r of inhe rent drawba cks due  to the natu ra l 

v a r ia t ions i n  the mic rob ia l  seed pre s ent , the l a rge d i l ut i ons 

requ i red for ana ly s i s  of s t rong wa stewa t ers , caus i ng l ow 

p rec i s ion , and th e 5 day de lay i nvo l ve d . 

Th e va r ia t ion i n  s eed can be overcome to an e x tent by the u s e  

o f  the same s eed i n  a l l  samp l e s  tes t ed o n  a g iven day and by 
·: 

t e s t i ng the seed w i th a g luco s e / g l u tama t e  sta nda rd ( APHA , 

1 9  8 0 ) . 

( b )  Ana l yt i ca l Procedure : 

BOD 5 wa s u s ua l l y ana lysed accord i ng to the method o f  APHA 

( 1 9 7 5 ) without a dd i t i on of a n i t r i f i ca t ion inh ib itor . Where  

n i t r i f ic a t i on inh ib i t i on wa s ca r r i e d  out  thi s  was  achi e ved b y  
a d d i t ion of 1 0  mg 2 -ch loro- 6- ( tr i cholorome thy l ) pyr i d i ne ( TCMP ) 

p e r  l i t r e  o f  di l u t i o n  wa ter a nd the r e su l t s  report e d  a s  c BOD 5 
( APHA , 1 9 80 ) . Al l samp l e s  were a na lys ed in  d up l icate o r  
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tripl i c a t e . Th e i n i t ia l a nd f i na l d i s so lved oxygen 

concentrations were a na lysed  u s i ng s t irring d i s s o l ved oxygen 

( DO )  probes  ( mode l S 7 2 0 , Ye l low Spr i n g s  Interna tiona l ( YS I ) 

I ns t rument Compa ny , Ye l low Spri ngs , Ohio ) . The s e  were 

ca l ibrat ed in wat er saturated  a i r . At the end o f  the ' 

i ncuba t i on the p robe wa s ca l ibrat ed i n  a i r  a nd checked aga i n s t  

d i st i l l ed water  contai n i ng 0 . 2  ml . l O O  ml- l 
o f  2 %  

HgC1 2 i nc ubated with the s amples . I t  was a s s umed that the 

oxygen content of  thi s  samp l e  shoul d  be �ncha nged be fore and 

a ft e r  i nc ubat ion . To e l iminate th e r isk of the los s of  the 

bott l e s ' water s ea l s  due to evaporat ion , the BOD bot t l e s  tops 

were covered with " pa ra f i lm "  ( Smith e t  a l. ,  1 9 82 ) and to , a vo i d  

nutri ent l imita t io n , a l l  river water  s amples were d i l ut ed by at  

l ea s t  2 S % with s t a nda rd di l u t ion wat e r . 

The f i l t rable  BOOS ( fBOO s ) was det ermi ned by ana l ys i ng th e test  

samp l e  a fter  f i l tration through a pre-washed , 7 0  mm diamet e r  

GF/C f i l te r  pape r .  Th ese  f i lt er papers  have a nomina l pore 

s iz e  of  1 pm ( Sh e l don , 1 9 7 2 ) , wherea s d i s so lved nut r i ents are 

norma l l y  determined a s  thos e pas s i ng through a 0 . 4 S urn pore 

s i ze f i l t e r  ( Go ldberg e t  a l. ,  1 9 S 2 ) . However t r i a l s  showed that 

th ere was  no s igni f i ca nt di fference ( P  = 0 . 29 )  between the 

BOOS of l aboratory chann e l  water , w i th a tota l BOOs of 3 . 0  + 
- 3 . O . S g . m , when rep l 1 cate s ampl es were analysed a fter  

f i ltrat ion by each t echn iq u e . The BOD S of f iv e  GF/C fi lt ered 

chann e l  e ff l uent samp l es wa s 1 . 7 2 + 0 . 09 gm- 3 ( x  + s )  compa red 

w i th l . S S + 0 . 29  g . m- 3 ( x  + s )  for f i ve , 0 . 4S ?m pore- s i z e  

membrane , f i lte red . s ampl e s  o f  the same water . 

The u s e  o f  the GF/C f i lters had th e added advantage of  a l l owing 

the co l le c t ion of s u f f ic i ent samp l e  for tripl i ca t e  a na l y s i s  

us ing a s i ng l e  f i l te r  a nd a l lowing mor e  rapid f i l tra t ion tha n 

the ce l l u l o s e-a ceta t e ,  0 . 1\ S  p m  f i l le r s t e s ted ( M i l l ipore 

Corporation , Bed ford , Ma s sach usetl s , USA ) . 

I n  the c a s e  o f  r i ve r  or channe l wat e r  samples  0 . 7  to 1 . 0  l i t res 

of water we re f i ltered under a low vac uum pre s s u r e  ( <  200 mm 
H g ) prov ided by a ha n d  p u mp . I n  the ca s e  of wa s t ewa ter samp l e s  

approx i ma t e l y  0 . 2 l itres were f i lt ered u nder a h i gher vacuum o f  

S O O  mm H g  prov ided by a n  e l ec t r i c  pump . The f i l tered samp l e s  
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were d i l uted to a n  approp r i a t e  concentra t i o n  w i th d i l u tion 

wa ter conta i n ing s u f f i c i e nt s e e d  to exert  a BOD 5 of  0 . 3  to 0 . 8  
- 3  

gm Th e BOD 5 and fBO D 5  o f  the s ec d e <'l  s amp l e s  we re ca l c u l a t e <'!  

a ccord i ng t o  APHA ( 1 9 7 5 )
: 

A var i ety of  s eed ma te r i a ls were u s ed d u r i ng the s tudy 

i nc l ud i ng r i ver wa ter , l aboratory,  cha nnel e f f l uent  and s e t t l ed 

dome s t i c  s ewa ge . A l l  per formed sat is fac tor i ly whe n  t e s ted w i th 

the g l ucos e / g l utama t e  sta ndard ( APHA , 1 9 80 ) . 

3 . 3 . 2 . 3  Chemica l Oxygen D ema nd ( COD ) 

I n  the COD tes t the orga n i c  mate ria l pre sent i s  

o x i d i s ed i n  a boi l i ng mi xture of  pota s s ium d ichroma t e  and 

s u lphu r i c  a c i d  conta i n ing s i lve r s u lphate as cata l ys t . The COD 

i s  determ i n e d  e ithe r  by t i tr a t ion of the exc e s s  d i ch roma te w i th 

f e r rou s ammo n i um s u lphate ( APHA , 1 9 80 ) or by mea s u r i n g  the 

absorbance o f  the d ig e s ted s amp l e s  due to Ch rom i um I I I  a t  6 0 0  
nm ( J i rka and  Carte r 1 9 75 ) . 

The t e s t  con d i t ions promote th e ox idat ion o f  nea r ly a l l  o r ga n i c  
compounds (Moore e t  a l , 1 9 5 1 ) a nd has the adva nta<Je tha t the 

tota l a na lys i s  can be comp l e ted w i th i n  about 3 hou rs . 

I n  th i s  s tudy wastewater  samp l e s  wer e  ana lysed for COD and /or 

f i l trab l e  COD ( fCOD = G F / C  f i l t rable ) a nd/ or d i s s o l ved COD ( dCOD 

= 0 . 4 5p m pore s i ze memb ra ne f i l t rable ) u s i ng th e method of  

J i rk a  a nd Ca rter ( � 9 7 4 ) .  Th ree  to e ight rep l i ca t e , 2 ml , 

wa s t ewa t e r  s amp les wer e  a na ly s e d , d epend i ng on  the a n t i c ipat e d  

samp l e  var i a t ion . 
� 

3 . 3 . 2 . 4  Lactose 

The l actose content o f  MCDC e f f l uent samples  wa s 

ana l ysed u s i ng a YS I Mode l 2 7  sugar a na lyser ( YS I , 1 9 7 8 ) .  

3 . 3 . 2 . 5  U l t r a f i l t ra t i on 

The concent rat ion of  l ow mo lecu l ar we i gh t  orga n i c  

compounds i n  the three ma i n  wa s t ewaters  d i s cha r g i ng t o  the 

Manawatu R i v e r  study r e ach was inves t i gated by mea s u r ing the 

BOD s and/or COD of the samples  be fore and f l lowi ng 
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u lt ra f i l tration u s i ng " d i a f l o "  membranes ( Am i con Corporat ion , 

L e x i n gton , r1as s . I USA ) . After pre - fi l t ration th rough pre -

wash e d , 0 . 4 5 urn membra· e f i l ters , the samp l e s  were fi ltered 

th rough a 7 6  mm d i ame t e r  YM 2 membra n e  w i th i n  a s t i rred c e l l  

( Ami con t1od e l  4 0 2 ) a t  a. pc ) <> i L i v e  f i l i: r n t i o n  p re s s ure o f  3 1 0 kN . m- 2  
u s i ng compres s ed a i r . The s e  membranes have a nom i na l  mo l ecu l a r  

we igh t  cut -o f f  of  1 0 0 0  da l tons so  tha t the orga n i c s  pas s i ng 

through them can be cons i d e red l ow mol e cu lar weigh t . Mos t  of 

the organic compounds k nown t o  s t imu l a te ··th e g rowth of the 

s e Na g e  fungus ma t r i x  orga n i sms ( S e c t ion 2 . 3 . 4 . 2 )  fa l l  into th is  

category . 

Th e u lt ra f i l tra t i on membra nes we re prepa red by soak ing i n  

d i s t i l l e d  wat e r  f o r  a t  l ea s t  1 hour wi th s ev e ra l water  cha nges 

and by f i l t e r i ng app rox ima t e ly 3 00 ml o f  Mi l l iQ qua l i ty wat e r  

( M i l l ipore Corpora t ion ) p r i or t o  the add ition o f  t h e  f i r s t  

wa s tewater  samp l e .  Between samp l e s  the f i l t e r s  wer e  r i nsed 

w i th Mi l l iQ qua l i ty wa t e r  a nd th e f i rst 10 ml  of new samp l e  

f i l t ra t e  co l l e c t e d  was d i s ca rded i n  order t o  prevent 

conta m i na t ion of the new f i l t ra t e  w i th wa t e r  f rom the 

proceed ing one rema i n i ng i n  the porous fi l t e r  s upport 

( W i l a nde r , l 9 7 2 ) .  

3 . 3 . 3  N U T R I E N T  A N A L Y S I S  

3 . 3 . 3 . 1  I ntrodu c t i on 

N u t r i e nt �na lyses  were u nd e rtaken pr ima r i ly to check 
. 

tha t heterot roph i c  growth rates we re no t be i n g  l im ited by low 

n i t rogen or phosphorus concent rat ions i n  re l at ion t o  the 

ava i l a b l e  car�on ( S ection 2 . 3 . 4 . 4 ) . S i nce the predom i nant 

matr i x  orga n i sms can u t i l i s e  both i norganic  a nd orga n i c  

nutr i ents  ( Se ct ion 2 . 3 . 4 . 4 ) ,  the wa ter  samples  c o l lected dur ing 

va rious  cha nne l a nd r iver exper iments we re ana lysed for the i r  

tota l d i s so lved n i t rogen ( T DN )  a nd tota l d i s s o l ved phosphorus 

( TDP ) content s . I n  a dd i t ion some samples  we re  a l so  ana lysed 

for d i s s o l ved rea c t ive phosphor us ( DRP ) , tota l n it rogen ( TN )  

and to ta l phosphorus ( T P ) . 

3 . 3 . 3 . 2  Tota l Ni trogen a nd Tota l Phosphorus 
Samp l e s  for nut r i ent analys is  were f i l t e r ed th rough 
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p r ewa shed f i l t e r s , a s  r equ i red , a nd f r o z e n  i n  po l yethy l en e  

conta i ners ( Go l t e rman e t  a l , 1 9 7 8 )  f o r  up to e i gh t  months p r i o r  

to a na l ys i s . 

The tota l n i t roge n a nd tota l pho sphor u s  dete rmi nat i o n s  we r e  

c a r r i ed out u s i ng the method o f  Va l d e r rama ( 1 9 81 ) u n t i l the 

beg i nn i ng of the 1 9 83 / 84  f ie l d s ea s on when th e s imi la r , but 

mor e  thorough l y  tes t ed , m t:: thod o f  Eb i n a  e t  a l . ( 1 9 8 3 ) was 

a dopt ed . Both proced u r e s  i n v o l v e  s i mu lt�neou s , h i gh 

t emper a t u r e  o x i da t ion o f  n i t roge n a nd phosphor u s  c ompounds to 

n i tr at e and ph osph a t e  respect i ve l y  by pota s s ium per s u lpha t e . 

The o x i d a t i o n  occ u r s  in  two s tag e s : 

( i )  Nitroge n compou n d s  a re o x i d i s ed to n i t ra t e i n  the 

i n i t i a l ly a lka l ine me d i um . As th e d ig e s t i on p ro c e e d s  the 

r e s u l t i ng b i s u l phate i ons cou ntera c t  the e f fect o f  the s od i um 

hyd r o x i d e  in  the o x i d i s i ng reage n t  a nd l owe r th e pH o f  the 

med i um a l l ow i ng : 

( i i )  D i g e s t i o n  o f  phosph o r u s  conta i n i ng compo u n d s  to 

phos phat e . Subsamp l e s  were neutra l i s ed a nd a na l ysed fo r DRP , 

u s i ng the method o f  S m i t h  e t  a l . ( 1 9 8 2 ) , bas ed on tha t o f  M u rp h y  

a nd R i l �y ( 1 9 6 2 ) ,  and n i t r a t e , u s i ng two -..:a dmium/ c oppe r 

red u ct i�') n  co l umn s ( Sm i th e t  a l. , 1 9 82 ) .  W::t s t e wa t e -r  s a rnp J e s  wc r P  
d i l u t ed with d i s t i l l ed , d e i o n i s ed w a t e r  to e ns u re tha t th e 

s amp l e  COD u t i l i s ed l e s s  tha n  1 0 % o f  th e added K 2 s 2o 8 ( Nydah l , 

1 9 7 8 ) . 

The d ig e s t ion y i e l d s  were check e d  by ana lys i s  o f  

orthophosphos er i ne- · ( NH2 . CH ( COOH ) . c 2o .  P0 3H 2 ) s t a ndards w i th ea ch 

r u n . The e f f i c i e nc e s o f  the n i t ra t e reduction co l umns a n d  

r e a g e n t s  were.: che cked r egu l a r l y  w i th n i t rate a n d  phos pha t e  

s ta n d a rd s . Th e r es u lt s  o f  the d i g e s t i o n  yi e l d ch ecks a r e  

p r e s ented i n  Tab l e  3 . 1 .  
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TABLE 3 . 1 :  Ni trogen and Phosphorus D i g es t i on Yi e lds 

Nutr i ent % Yi e l d  Conce n t ra t ion n 
- 3  ( x  + s )  ( rniJ . m  ) -

Phosphorus 1 0 0 . 6  + 7 . 5 1 000  1 1  

Phosphor u s  1 0 1  + 2 l OO 2 

N it rogen 96 + 1 3  4 5 2  1 4  

3 . 3 . 3 . 3  D i sso l ved React ive  Phosphorus  ( D RP ) 
Th i s  ana lys i s  was ca r r ied out u s ing the method o f  

S mith e t  a l .  ( 1 9 82 ) .  The h e xa no l  extra c t i on modi f icat ion wa s 

u s ed i n  the ana ly s i s  o f  the s ampl e s  col l ected at  s ite A dur i ng 

the 1 9 8 3 / 8 4  sea son . 

3 . 4  MEASU REMENT OF PHYS ICAL CHARACTER I S T I CS OF THE R IVER 

3 . 4 . 1  R E A C H  C H A R A C T E R I S T I C S  

Th e phys ica l  cha ra ct e r i s t ic s  o f  the va r ious r-each e s  were 

i mportant for ca l c u l a t ion o f  the r i ve r r e s p i ra t ion and 

photosynth e t i c  rates  by s in g l e  a nd two- s ta t ion ana lys e s  

( S ec t i ons 3 . 6 . 4  a n d  3 . 6 . 5 )  a nd for the ca lcu la t ion of i n- r i ver 

s e l f-pur i f i cation between s i tes  ( sect ion 3 . 6 . 6 ) . Th e 

characte r i s t i c s  were mea s u red a s  fo l lows : 

( a ) R i ve r  Wi d t h . .Th i s  wa s i n i t i a l ly mea s ured a t  
. 

r epre s e n ta t i ve locat i ons at s i tes  A ,  D and DE  w ith a l i ne . 

S take s  were th en pos i tioned to determine changes w ith cha ng i ng 

f lows . ·• 

( b )  R i ve r Fl ow . Th i s  wa s mea s ured cont i nuou s ly at  a pe rma nent 

gaugi ng s i t e  2 k i lome t r e s  ups tream o f  S i t e  A ( F ig . 1 . 2 }  by the 

MRWB . The gauge rat i ng c urve ( i . e . , th e r e l a t ionship betwe e n  

the gauge h e i ght a nd r iver f l ow )  was che cked week l y .  

( c )  R e a ch C u r r e n t  Ve l o ci t y . U s ing the f low data obta ined f rom 

( b ) , the reach average ve loc ity ( u )  wa s ca lcu lated  us ing one of 

two method s : 
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( i )  Linear interpolation between u value recorded in dye 

studies conducted at flows of 1 5 . 6  m
3

. s-1
, 2 0 . 0 

m
3

. s-l 
( Wilcock , 1984 ( a ) ) and 2 6 . 3 m

3
. s-l 

( Rutherford and 

Currie , 1979) 

( ii )  Where the flow was outside the ranges for which u 

could be calc ulated by interpolation , the value was 

calculated using the current velocity data for the flow 

closest to the flow in  question and equation ( 2 . 1 ) ( section 

2 . 2 . 1 . 1 ) relating u to dis charge , derived from the Manning 

,Equation . 

The reach travel t ime was then calculated by dividing the 

reach length by the reach mean veloc ity . 

Comparis on of the average veloc it ies predicted at a flow of 15 . 6  

m
3 . s-l u s ing the data obta ined at a 2 6 . 3 m

3 . s -l flow ( C u rrie and 

Rutherford , 1982 ) in equation ( 2 . 1 ) w ith those observed at 1 5 . 6  

m
3

. s-l showed that the predi cted velocities were on average 17% 

greater than those observed (Wilcock , 1984 ( c ) ) .  However the 

predicted values were j ust within the experimental uncertainty o f  

the measured values ( +  17% )  suggesting that equat ion ( 3 . 1 )  

provides a reas onable method for calculating average velocit ies 

in the Ma nawatu R i ver (Wilcock , 1 984 ( c ) ) .  

( d ) A ve rage D e p t h : The average depth ( h )  was calculated using 

data from ( a )  - ( c ) using the following equation ( Hyne s , 197 0 ) : 

h = 

where 0 = average 

w = average 

u = average 

w . u  

3 -1 ) flow ( m  . s  

width ( m )  

-1 ) velocity ( m . s 

( 3 . 6 )  

( e )  R ea ch R ea e ra t i o n : Reach reaeration coef ficients ( k2{ 20 }  
were 

determined under calm wind conditions ,  by the methyl chloride gas 

tracer technique , for reaches between site C and F ( Fig . 1 . 2 )  at 

a flow o f  1 5 . 6· m
3

. s-1 ( Wilcock , 1 984 ( a ) ) .  These values were used 

in two station respiration and productivity analyses 
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for th e s e  reaches for f l ows from 1 5  to 2 0  
3 - 1 m . s  The Manawa t u  

R iver k 2 va l ue s  d e t ermi ned , by the g a s  tracer t e chnique , were 

on average 1 . 4  t imes those c a l cu l at e d  from the hydrau l i c  rad i u s  

data us i ng the O ' C onnor a nd Dobbins ( 1 9 58 ) equa t i on ( S e ct ion 

2 . 2 . 1 . 1 ) . Thus th e k 2 ( 2 0 )  va lues ( i . e . ,  k2 va l u e s  at 2 0 ° C )  for 

reaches ups t ream o f  s it e  ,c · a nd be low thi s  s it e  at  f l ows i n  

e xcess  o f  2 0  m3 . s - l were ca l cu l at e d  b y  mu l t ip l y i ng , by 1 . 4 , the 

va lues  pred i cted by the v a l ues pred i c t ed by the equa t i on of  

O ' Connor and Dobb i ns ( 1 9 5 8 ) : 

k ) 0 . 5 - 1 . 5  ( b  /d - 1 ) 2 ( 2 0 = 3 . 7 34 u h a s e  � ay ( 3 . 7 )  

where u and h wer e  ca l cu lated a s  out l ined i n  ( c )  a nd ( d )  above·. 

These  k 2 ( 2 0 )  v a l u e s  were corre cted for  the a ve ra ge temperature 

for th e i n t erva l over wh i ch oxygen cha nges were mea s u red u s i ng 

the equ a t i on of E lmore and West ( 1 96 1 ) :  
T - 2 0  k

2 ( T )  = k 2 ( 2 0 ) ( 1 . 0 2 4 1 ) 

where T = a ve rage t emp� ra tu re for the int erva l ( ° C ) . 

( 3 .  8 )  

W i nd can ma rkedly i ncrea s e  the reaerat ion r a t e  ( E l der a nd 

G l oyna , 1 9 69 ) . Thu s  the mea s u rement of respi ra t i on a nd 

prod uc t i v ity by d i u rna l curve ana lys i s  wa s l im i t ed to occa s ions 

when there  wa s l i t t l e  or no wind or w i nd from d i rect ions wh i ch 

d i d  not resu l t  i n  s ur face waves on th e river ( i . e . , nor thwe s t ,  

ea s t  or south-ea s t  wi nds ) .  

3 . 4 . 2  I N T E R S I T E S U B S T R A T E  C O M P A R I SO N  

The d i s t r ibut i on o f  s tone s i z es over the study rea ch wa s 
2 i nves t i ga t ed . F i v e  0 . 09 m areas wer e randomly s e l ected a s  

s ites  A ,  D ,  E ,  EF , F and F d  ( F i g . 1 . 2 ) . Al l s t ones  grea ter  

tha n  1 cm maximum l ength fou nd l y i ng on the s u r fa c e  w i th i n  each 

samp l e  a rea were mea s ured for th e i r  ma x imum l ength and counted 

i nto a speci f i c  s i z e  c l a s s . Th i s  prov ided a ba s i s for 

compa r i ng th e s i z e  d i s t r ibut ion of s tones at the s i tes . 

3 • 4 .  3 R IV E R  B E  0 R 0 U GH N E S S 

The e f f e c t  o f  bed roughne s s  on the avai lable s u r fa c e  a rea per 

unit  flat a rea o f  bed was i nv es t i ga t ed a t  s i te s  C a nd D u s i ng a 

mod i f i ca t ion of  the method o f  Puncoch a r  ( 1 9 7 7 ) . F ive a rea s o f  
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0 . 02 1  m2 w e re randomly chos e n  b y  throwi ng a quadrat onto the 

r i ver bed at the water ' s  edge . Al l the expos ed surfa c e s  wi th i n  

e a ch quadrat a rea we re cove red with a l umin i um foi l . The 

e xpos ed s u rface area was then est imated from the weight of  the 

foi l . 

3 . 4 . 4  SO L A R R A D I A T I O N  

Sola r rad i a t ion data were obtained from var ious sources  duri ng 

th e cour s e  of th i s  study . 

( a )  D a i l y  I n t eg r a l s  ( Wa t t  h o u rs . m
2 

o r  M e ga j o u l e s  ( mJ 
- 2  • m ) : 

The tot a l  s ur face radiat ion wa s mea s u re d  cont i nuou s l y  by the 

M i n i s t ry o f  Agricu l ture a nd F i sheri es ( MAF ) a t  T i r i t ea , 

appro x ima t e l y  3 k i l ometres wes t  of  the Manawat u  R i ve r  s tudy 

a rea , or by NZ Meteorolog i c a l  Service a t  Ohakea , approx imat e l y  

2 5  ki lomet res  north o f  the study area . 

( b ) D a i l y  I n t e g ra l s ( U n d e rwa t e r P A R ) :  The unde rwater 

photosynth e t i ca l l y avai l ab l e  radiat ion ( PAR , E i ns te ins . m- 2 . d- l ) 

was meas ured  cont i nuous ly at a depth o f  0 . 3 m i n  the Ma nawa tu 

R i ver a t  s i-t e A ( Fi g . 1 . 2 )  on 3 9  days during th e s umme r  of 

1 9 82 / 8 3  ( Fr eeman , 1 9 83 ) . 

( c ) I n s ta ntaneous m easurements of  the tota l s u rface rad iat i on 
- 2 , . ( ( W . m were made us 1ng a L I -COR met er Mod e l  L I  1 858 , L I -COR , 

I nc .  L i ncol n ,  Nebra ska , USA ) . 

( d )  I ns t a n t a ne o u s  P A R : S u r face  and u nder water i nstantane ous 

m ea s u r ement s  of PAR were made u s i ng a L I -COR met e r  ( L I - 1 85 8 ) . 

The quantum s�nsor wa s adapt ed for underwater u s e  by s ea l i n g  i n  

c l ea r  plas t i c  tubi ng . Th i s  reduced the s en s i t i vity by 5 %  and 

was a l l owed for i n  the res u lt s . Th i s  equipment wa s k i n d l y  

l oaned b y  the Ag ronomy Dept . ,  Ma s s ey Uni ver s i ty . 

The vert i ca l  extinction coe f f i c i e nt ( k  ) of the r ive r water wa s e 
d et e rmined from meas u rements o f  PAR at 1 0  cm depth interva l s  

through the wat er col umn . The s e  data we re p lotted on l og­

n o rmal graph paper and the k
e value d e termi ned f rom the l in e  of 
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best f i t  through the data us i ng equation ( 3 . 9 )  be l ow :  

l n i 1 - l n i 2 
z 2 - z l 

= 
( 3 . 9 )  

where I 1 a nd I 2 are the PAR a t  depths z 1  and z 2  respect i ve l y .  

Thes e va l ues we re ca l c u l a t ed over a range of  obs e rved t urbidity 

a nd c loud cover condit i on s . The PAR at d i f feren t  depths can be 

ca l cu lated knowing the s u r face  PAR or s ubsurface PAR a t  a 

d i f ferent depth u s i ng equa t i o n  ( 3 . 1 0 )  be low : 

= 

where I z 
, I 2  = PAR at depths z 1 , and z 2 respect i ve ly .  

1 2 

3 . 4 . 5  D I S S O LV E O  O X Y G E N  A N D T E M P E R A T U R E  

( 3 . 1 0 )  

D i s s o l ved oxygen and temperature wer e  mea sured  u s i ng Ye l l ow 

Spri ng s  I nterna t i onal ( YS I ) probe s ( Mode l s  5 7 2 0 , 5 7 3 9 ) attached 

to e i th e r  hand h e l d  mete r s  ( YS I  Mod e l  5 7 )  or recordi ng mon i tors 

( YS I  Mode l 5 6 ) a fter i n i t i a l  tr i a l s  showed s a t i s factory 

agreement with Wi nk ler d i s sol ved oxyg en mea s u rement ( APHA , 

1 9 80 ) and t empera ture rea d i ngs ma de with a previou s l y  

cal ibrated mer c u ry-in- g l a s s  th ermometer . 

C a l ibrat ion o f  the moni tor s was conducted i n  moi s t  a i r . I n  the 

two station stud i es , the p robes at each stat i on were a l so 

checked aga i ns t  each oth e r  i n  wat e r  i n  the l aboratory be fore 

a nd a ft e r  each r un . 

Where ins trum�n t  dri ft occurred thi s  wa s al lowed for by 

a s s uming a l inear  i ncrea s e  i n  dri ft  ove r the i nt e rval between 

c a l ibrat i on che ck s  and a d j ust i ng the observed va l ue s  

a ccord i ng l y . 

The a cc umu lat ion o f  floati ng debr i s  a round the p robe wa s 

p revented by p l a c ing a de f lect i ng wedge ups t r eam o f  the s t ak e  

to wh i ch the probe was attached ( Fi g . 3 . 1 ) .  Ca r e  wa s taken t o  

e n s u re that non- shaking oxygen prob e s  were p l aced fa r enou gh 



beh i nd the de f l ecto r so tha t the c u r rent ve loc i ty ove r the 
- 1 

oxygen membrane was a t  l eas t 0 . 4  m . s  

92 

B e low th e wa s t e  d i s ch a rg�s shak i ng o xygen probes wer e  u s e d  to 

p revent m L c rob i a  1 o ve nJ o w t h  o f the oxygen membrane s  wh i ch wa s 

fou nd to c au s e  a r t i f i ca l ly l ow va l u es . 

3 . ?  INVES T I GAT I ONS OF THE EFFECTS OF WATER QUAL I TY AND SOME 

PHYS I CAL FACTORS ON BENTH I C  COMMUNI T I ES 

3 . 5 . 1  W A T E R  Q U A L I T Y E F F E C T S 

The e f fec t s  of wa te r qua l ity on s ewag e  fungus g rowth were  

s t udied by e xam i n i ng the benth i c  b ioma s s , us i ng the mi cros cop i c  

a nd mac roscop i c  v i s ua l  t ech n iques ( S ect ions 3 . 2 . 1 ) ,  a nd by 

measur ing the rat es of  growth on con c r e t e  subs trates  ( sect ion 

3 . 2 . 2 . 2 ) at s it e s  of di ffe r i ng wat e r  qua l i ty . Th i s  wa s 

a s s e ssed f rom a na l y s is  of  grab and/or compos i te wat e r  samp l e s  

( sect ion 3 . 3 . 1 . 1 ) ,  and the wa s t e  d i s charge data p rov ided b y  the 

MRWB and d i s cha rge r s . 

Dur ing the growth e xper i ments 2 5 p lates  wi th a s u r fa c e n. r ea o f  

1 5 0 cm2 we r e  p laced a t  each o f  up t o  s i x  s ites  a t  loc a t i ons 

with the mos t  s im i l a r  current a nd depth cha ract e r i s t ic s  

a va i labl e .  The c u r r e nt ve loc ity was mea sured 5 0  mm above the 

s u r face o f  the p la t e s  u s i ng a n  Ott pygmy cu r re nt me ter . F i ve 

p la tes wer e  removed at each s i te at i nt e rva l s  th roughout the 

b ioma s s  d eve l9pmen t  usua l ly commen c i ng at day 3 or 4 .  The 

biomass  a ttached to the upper  hor i zonta l s u r face  was s c raped 

o f f  with a rubber g love and , i f  nece s sa ry ,  a s c r ubbi ng brush . 

O n  some occa s i ons the bioma s s  attached to the unde r s ides  of  th e 

p lates was a l so s ampl ed . The samp l e s  were s tored o n  ice i n  the 

dark u nt i l  a na l yses  wer e  commen c ed , with i n  8 hou r s  o f  

col lect ion . Subsamples  for ch l orophyl l ana lys i s  were frozen in 

the da rk and a na ly s ed with i n  l month of co l l e c t i o n . 

U s ua l ly the e xperiment was t e rminated when r iver  f low 

condit ions  cha nged to the e xt e n t  tha t  u nusua l b i oma s s  l o s s e s  
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occu r red and/o r  wat e r  qua l ity con d i t ions wer e  s ig n i f i ca n t ly 

a lt e r ed . 

3 . 5 . 2  SO L AR R A D I A T I O N  E F F E C T S  

( i )  Suspended P late Growth Expe r iment 

Art i f i c ia l s ubs trates  were u s ed to i nve s t igate the e f fects  

o f  solar  rad i a t i on on  sewage fun g u s  growth i n  a n  e xper ime nt a t  

s i te D betwee n  2 9 / 1 1 /83 a n d  2 / 1 2 / 8 3 . F iV� concrete  p l a t e s  wer e  

c l amped hor i zo nta l ly i n  a rack ( Fi g . 3 . 2 )  whi ch held  them 0 . 3 m 

o f f  the r i ve r  bed a nd 0 . 4 5 m be l ow the water s u r fa c e  so  that 

the c urren t ve l o c i ty at the e xpos ed upper and shaded lowe r 

s u r fa ce s  wa s the same ( 0 . 3 m . s- 1 ) .  

A f t e r  3 days i n c ubat i on the bioma s s  on the upper a nd l owe r 

s u r fa c e s  of the p l a t e s . wa s  samp l ed and  a na lysed for tota l 

b ioma s s  and ch l o rophy l l  a content ( s ect ion 3 . 2 . 3 . 2 ) . I t  wa s 

a s s umed tha t  a l l oth e r  i mpor ta nt va r ia b l e s  a f fect i ng s ewage 

fungus  deve lopment were the same on both s ides  of the p lates  s o  

tha t a ny d i fferences  obs e rved between th e upper  a nd l ower 

s u r fa ce growth r e s u l ted f rom the d i fferent solar rad i a t ion 

r e g i mes . 

( i i )  B ioma s s  Ob servat ions 

The ef fect of  solar rad i a t i on on s ewage fungus growth wa s 

a l so  inve s t igated by a s s e s s i ng the near -s u r face g rowth at  s i te 

C ,  u s i ng th e v i s ua l. a s s e s sment t echn i qu e s  ( s ection 3 . 2 . 1 . 2 ) ,  

du r i ng per iods o f  stable  flow and s et t l e d  weather dur i ng 

Janua ry 1 9 84 .  

3 . 5 . 3  C U R R E N T  V E L O C I T Y E F F E C T S  O N  S EW AG E  F U N G U S  

( i )  P late Growth Experiment 

Th e e ffect of c urrent ve loc i t y  on g rowth rate wa s 

i nve s t igated by mea s u r i ng th e b i oma s s  on the upper s u r fa c e s  of  

4 to 5 p l a te s  i n c ubated a t  s i te C for  5 days to  2 8 / 2 /84 a t  

s im i l ar depths a t  each o f  the fo l l ow i ng current ve loc i ty ranges  

( mea s u red 50  mm above the plates ) :  
-1 0 . 1 7  - 0 . 1 5 m . s  



0 . 4 5 m 

F igu re 3 . 2 :  Rack used t o  S upport Concre t e  P l a t e s  

Ho r i z o n t a l l y  i n  t he W a t e r  C o l umn . 

9 4  



0 . 2 7 - 0 . 1 9 

0 . 4 6 - 0 . 44 

0 . 5 7 - 0 . 3 6 

- 1 m . s  
- 1 m . s  
- 1  m . s 

( i i )  Bed B i oma s s  Obs e rva�ions 

Va r i a t i o ns in the natura l bioma s s  were ob s e rved a t  
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d i ff erent c u rrent ve loc i t i e s  a t  one s i te  a ft e r  p e r iod s o f  

s table f lows . The b i oma s s  wa s a s s es sed u s ing the mac ros cop ic  

v i s u a l  t e ch n iques ( s e ct ion 3 . 2 . 1 . 2 )  and  by m i c ro s cop i c  

e xamina t i on ( s ect ion 3 . 2 . 1 . 1 )  a t  current ve loc i t i e s , mea s u red 

50  mm off the  bed , ranging from 0 . 1 2 to  0 . 6 2 m . s -
1

, at s it e  c 

on 1 1 / 1 / 84 , and f rom 0 . 2 2  to  1 . 1 6 m . s - 1 , at s i t e  C u  i n  the MCDC 

m i x i ng zone on 1 / 3 / 84 . 

3 . 6  R IVER OXYGEN DYNAMICS AND SELF -PUR I F ICAT ION 

3 . 6 . 1 I N T R O D U C T I O N 

The e f fects o f  s ewag e  fung us and  oth e r  benth i c  commun i t ie s  we r e 
i n ve s t i ga t ed i n  the Ma nawa t u  R i ver u s i n g  three tech n iq u e s . 

( i ) Ch ambe r s t n tl i · � '' ·  
( i i ) S i n  g l e  s t a 1:". i o n  o x  y g �� n c u r  "e d n a l y s i :3 a t s i t e A . 

( i i i )  Two s ta t i on o xyg e n  c u r v e  a na ly s i s  be low the wa s te 

d i s cha rge s . 

Tr, c ,., ,? thod s u s ed w e r e  bas e d. on thos e o f  O ' Conne l l  a nd Thomas 

Two types o f  chamber were u s e d  to s tudy the e f fect s o f  s ewage 

f ungus and oth e r  benth i c communi t i e s  on oxygen p roduct ion a n d  
remova l a nd the interact ions betwee n  the s e  p roce s s e s  and othe r 

e nvi ronmenta l va r iabl es . 

3 . 6 . 2  BO Y L E  A N D  S C O T T  C H AM B E R  

Du r i ng the 1 9 8 2 / 83 s ea son an opaqu e  cyl i ndrica l chamb e r  k i nd l y  

g iven by Dr J D Boy l e  o f  Exe t e r  Unive r s i ty ,  UK , was u s e d  ( F ig . 

3 . 3 ) . Th i s  was mod i f ied by subs t it u t i ng the or i g i na l  2 vo lt 

s i ngle spee d  mo tor ( Johnson No . 1 7 0 )  d r i v i ng the i mpe l l e r  with 

a 6 vo l t , 6 speed , geared moto r  ( Ma r x  Scha l tget r i ebe Richa rd ) 
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ope ra t e d  a t  1 80 rpm . Thi s  mod i f i ca t ion wa s made a ft e r  it  wa s 

found that the o r ig i na l  motor drained i t s  bat teries  rapid l y  

cau s in g  the impe l l e r  st i r r i ng speed to dec l i ne a ft e r  about 3 

hours u s e . 

The chamber was submerged i n  the r i ver a nd connected to e i th e r  

a sea l e d  bas e  i n  whi ch s tones were p la ced ( Fi g .  3 . 3 [ b ] ) or a n  

open c y l i ndrica l bas e  whi ch had previous ly bee n  dug into the 

r i verbed ( F i g . 3 . 3 [ a ] ) ,  a nd l e ft to deve �op a s i t e- typical  

bioma s s . 

The d i s solved oxygen concent rat ion a nd t emperature we re 

cont i n uous ly moni tored for a per iod of at l ea s t  45 minutes by a 

YS I probe ( Mode l  5 7 3 9 ) connected to a YSI Mode l 5 6  recordi ng 

meter s et at a chart speed of  1 0  cm . h r- 1 . Th e i n i t ia l  tota l 

r e spi rat ion rate i n  the rhamhe r was ca l c u l at e d  from the s lope 

of the asymptot e to the i ni t i a l  d i s s o l ved oxygen v s . time 

curve . Th e resp iration ra te occurr i ng i n  th e wa ter  col umn 

( WCR ) wa s ca l c u l ated by e i th e r : 

( i )  1\'lea s u r i ng the rate o f  cha nge i n  d i s s o l ved o xyg en i n  th e 

chamb e r  w i th the sea led ba s e  attached but without st ones 

i n c l ud ed . 

( i i )  Mea s u r i ng th e ra te o f  change o f  d issolved o x ygen o f  

unsti rred r i ver water in  3 00 m l  BOD bot t l es i ncubated i n  th e 

dark a t  the r i ve r  t empe ra ture for l to 2 hou r s . Di s s o l ved 

oxygen mea s u r ements were made at th e beg i nn i ng a nd end of th e 

i ncuba t i on us ing a s t irred BOD probe ( YS I , Mode l 5 7 2 0 ) and a 

YS I Mode l 5 7  met er . ' 

The s e  stud i e s �showed that the water column resp i ra t i on wa s 

neg l i g ib l e  compa red to the benth i c  respirat i o n  ( s ec t ion 5 . 2 ) 

a nd i t s  e f fects on oxygen dep l et i on i n  th e chambe rs cou l d  be 

i g nored wh en ca l culating the benth i c  resp i rat ion rate ( BR ) . 

Th i s  was calculated us ing the formu la : 

1 0 0 0 0  

B R  = X 
t SA 

wh e re Vc = chamber vol ume ( 2 . 66 l )  

Vs = volum e  o f  s tones where s ea led bas e  conta i n i ng 



(I) Respt ra.eter tn rtver. 

Electric 110tor 

YS I 00/T e l ec trode 

Y S I  56 

0 

ll----Bitter tes 

0 · 1 5  m 

( b )  Se• l ed chantber bottom 
for s u s pended � up ta ke 
and se l f - puri f i �a t i on 
s tud i e s .  

(}1 5 m 

(}1Sm 

(}22 m  

Figure 3 . 3 :  Boyle and Scot t Resp irometer . 
-t 
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s tones u s ed ( Vs = 0 where bur i ed base u sed ) ( 1 ) 

c 1 , c2 = i n i t ia l a nd fina l DO for per iod s t u d i e d  ( mg . l - 1
) 

SA = c ros s- sect iona l a rea o f  the chamber bas e  ( cm2 ) 

The da i ly BR was ca l cu l a t ed by m u l t ip l y i ng the hou r l y  ra t e  by 

2 4 . 

The benth i c  bioma s s  a t tached t o  s tones e �c los ed with i n  the 

s e a l ed chamb e r  base  wa s removed by s crap ing u s i n g  rubbe r g love s 

and  a. s c rubb i ng b r u sh . 'T'11 e br' t1th i c  b ioma s s  wi th i n  th e b u r i e d  

ba s e  a rea wa s e s t ima t ed by s amp l i ng ad j ace n t  a reas w i th s imi l a r  

bioma s s  u s i ng the chamb e r  samp l i ng t echn ique ( s ec t io n  3 . 2 . 3 . 1 ) . 

The s e  mea s u reme n t s  we re  u s ed to c a l c u l a t e  the bioma s s  spec i f i c  

d i s s o l ved oxygen remova l ra t e s . The benth i c  hioma s s  wa s a l s o  
a s s e s s e d  u s i ng th e tech n iques for qua l i t a t i ve a na l ys i s  o f  

communi ty compos i t ion ( S ec t ion 3 . 2 . 1 ) . 

The ef f e c t  o f  orga n i c  mat e r i a l  o n  the resp i ra t ion ra t e s  was 

i nves t i ga t ed by analys i ng , for BOO S and fBOD s , wat e r  samp l e s  

co l l e c t ed whe n  t h e  chamb e r  wa s f i r s t  a t t ach ed to t h e  ba s e  

( s e c t ion 3 . 3 . 2 . 2 ) . Orga n ic s e l f-pur i f icat ion wa s d e t e rm i ne <� by 
a l so ana lys i ng the BOOS and fBOD s o f  the chamber  wat e r  a t  the 

e nd of the e xper imen t .  

3 . 6 . 3  F R E E M A N  C H AM B E R S  

3 . 6 . 3 . 1  I nt rodu c t ion 

Dur i ng the 1 9 8 3 /84 s e 1. s on two c lea r ,  perspe x chambe r s  -11 

emp loyi ng u n i d i rectiona l ,  laminar f low were used ( F i g . 3 . 4 , 

p la t e  3 . 1 ) .  These  we re constructed by Dr  M C  Freema n a nd Mr P 

Shaw of the B iotechnology Dep t . ,  Mas sey Un ivers i ty . Compa r i son 

o f  th is chamber w i th the Boyl e  chamber showed tha t , at  l ea s t  

for the re la t iv e ly low bioma ss leve l s  studied , the two chambers 

gave s imi lar re s u l t s  w i th respec t  to resp ira t i on and s e l f­

pu r i f i ca t ion r a t e s  ( s ec t ion S ) . 

The f low w i th i n  the Freeman chambers was provided by a 

submers ibl e ,  c en t r i fuga l bi lge pump ( Bi lge Capta i n ,  1 2  V ,  TM 
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B P -40 , Ta iwan Magnet i cs Co . Ltd ) powered by a heavy duty motor 

veh i c l e  battery , adapted so that a potent i a l  of 6 or 8 vo l t s  

cou l d  b e  used . Th i s  gave a l eve l of tu rbu l e nce above the 

s ubs t ra t e  { a s a s s 0 s s e� by ep i l i thon moveme n t s ) s im i l a r  to tha t 

occurring nea r the bed a t  the ep i l i thon co l l e ct io n  s i te s , whe r e  

th e c u r rent ve locity , 5 0  n� above th e bed , va r i ed from 0 . 3 t o  
- 1 

0 . 5 m . s  

3 . 6 . 3 . 2  E xpe r ime n ta l Proced u re 

The fo l lowi ng p rocedures were used i n  a l l  e xper iments : 

( i ) Th e chamber was f i l led with wat er from the ma i n  river f low 

a nd immersed to a depth of 0 . 2 0 to 0 . 2 5 m .  

( i i )  A 2 1 water samp l e  was a l so co l l e cted from the river when 

the chamber wa s f i l l e d . Th is  was s tored on i c e  i n  the da rk 

unt i l  retu rned to the l aboratory up to four hou rs l a ter . 

( i i i ) Stones with atta ched epi l i thon were c a r e fu l ly pla ced i n  
the chambe r .  When rnac rophy t e s  were s tud i e d  the s e  we re 

care ful ly uprooted a nd h e l d  i n  the chamber by c l ips attached to 
th e p lant ' s  roots and a we i gh t . 

( i v )  W i th the YS I d i s s o l ved oxygen a nd tempe rature ( DO/T )  

p robe i n  p l� c e  i n  the chambe r ' s  recyc l e  arm a nd with the l i rt 
ope n , the re cyc l i ng f low wa s i n i t ia ted a nd a l l  a i r bubb l e s  

removed . 

( v )  After the l i d was attached and screwed down t i gh t l y ,  the 

recyc l e  pump wa s turned on . 

( vi )  The chamb er was cove red with a b la ck but y l  rubber shee t 

a nd the temperatur� a n d  the rate of cha nge of oxygen i n  the 

darkened chamber recorded on a YS I 5 6  record er at a cha rt speed 

of 10 cm . hr- 1 . 
.. 

( v i i ) After a t  l ea s t  3 0  minutes or the time tak e n  for a l 

gm- 3 drop i n  DO to occur , the cove r wa s removed a nd the ra te 

o f  cha nge o f  oxygen conce ntra t ion mea s u red i n  the l i ght fo r 

appro x i mat e ly 3 0  minute s .  

( v i i i ) The re cyc l e  pump wa s swi t ched o f f  a nd the chambe r a nd 

contents removed from the r iver . 

( i x )  On mos t  occas ions the water  with i n  the chamber wa s 

s amp l ed and s tored on i c e  i n  the da rk unt i l r etu rned to the 

l aboratory , up to four hours later ( Se ct ion 3 . 6 . 3 . 5 

( x )  The s tones were removed i nd i vi d ua l l y a nd the i r  epi l ithon 

MASSEY U NIVERSI TY 
LIBRARY 



KEY : ( 1 ) 2  media rec i rcu l a t i on 1 i n e  

(2 ) 2  00/T i nsert 

( 3 ) =  0 r i ngs 

( 4 ) :  removab l e  l i d 

( 5 ) :  a i r remova l  ports 

( 6 ) :  300um s ta i n l es s  mes h 

( 7 ) : i nject i on septum 

( 8 ) :  submers ab l e  cen tri fugal pump 

( 9 ) •  Jm connecti on to battery 

1 0 0  

F igure 3 . 4 :  Pe rspex Re sp irat ory Chamber Con s t ru c t ed by 
.. 

M . C . Freeman . 
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P l a t e  3 . 1 : Two Freeman Chambers i n  Use Meas ur i n g  

Ep i l ithon P ho t o s ynthe s is a n d  Resp irat ion ( covered 

c hamber ) at S i t e  C ,  1 2 / 1 / 84 . 
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3 . 6 . 3 . 5 S e l f-pu r i f i ca t ion 

The e f fect of the epi l i thon on s e l f -pur i f i c a t ion wa s 

i nves t i gated d u r i ng mos t  expe r iment s by ana ly s i n g  the wat er 

samp l e s  c o l l e c  e d  from th e ri ver a s  the chamber wa s f i l l ed and 

f rom with i n  the chamber a t  the e nd o f  the expe r ime nt for BOD 5 , 

f BOD 5 , TDN a nd TDP ( se ct 1ons 3 . 3 . 2  and 3 . 3 . 3 ) . Th e BOD5 a nd 

f BOD 5 ana lyses  were commenced with i n  four hour s  of col le c t i on 

a n d  th e samp l e s  for nutr i ent  a na lys i s  were f i l tered a nd frozen 

for later a na lys i s  ( up to  8 months a ft e r  co l l e c t i on ) . 

Thes e i n i t i a l  a nd f i na l  concentra t i on s  were u s ed to ca l c u l a t e  

th e a rea spec i fi c  s e l f-pu r i f i ca t i on rat e s , a s s uming that the 

wa t e r  col umn r emova l wa s negl i g ib l e , u s i ng equation ( 3 . 1 6 ) :  

NUR = 
( Vc - Vs ) ( C 1 - c

2
) 

x 
t 

1 0 0 0 0  

S A  
- 2  - 1

) ( g . m . h r ( 3 . 1 6 ) 

wh e r e  NUR = nutr i e nt uptake rat e  or organic mat eria l uptak e 

rate 

c
1 

= i ni t ia l concentrat ion 

c 2 = f i na l  concentrat ion 

Vc , Vs ,  t , SA as de f i ned in  equat ion ( 3 . 1 2 ) . 

D i vi d i ng th e s e  va lues by th e b iomass  conc ent ra t i on va l ues 

y i e lded the b i oma s s  spe c i £1c  remova l  ra te s . 

The e f fects o f  orga n i c  mat er ia l and n ut r i ent add i t i o n  on BR , 

BGPR a nd s e l f-pu ri fi cat ion were i nve s t i gated on s i x  occas ions 

b y  i n j ec t i ng s u f f i c i ent  MCDC wa s t ewa t e r , to  ra i s e  th e i n i t i a l 

COD o f  one o f k two chambers run concurrently with s imi l a r  
- 3 

( 
- 3  

b i oma s s es by approxi mat e ly 7 . 7 g . m = 5 g . m BOD
5 ) .  

The i n i t ia l  orga n i c  a nd n ut r i ent concentrat ion s i n  the chamber 

a ft e r  wa s t e  wat er i n j ec t i on we re det ermined by ana l y s i s  o f  the 

2 l itre river  water s amp l e , col l ect ed a s  the chamber wa s 

f i l l e d , to wh i ch s u f f i c ient MCDC e f f l u ent was added to g i ve the 

s am e  i ni t i a l  concent ra t ion as i n  the chamber . The f i na l  

c oncentra tions were det ermi ned by a na ly s is of the chamber water 

at the end o f  the e xperiment . 
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B e low the wa s t e  d i s charges gra d i e nt s  occurred i n  orga n i c  

mat e r i a l  con ce n t rat ion a n d  benth i c  commun i t i es s o  that two s ta ­

t i on a na lys i s  wa s requi red for the mea s u rement o f  the i n- r i ver 

r e spi rat ion a nd oxygen production rates ov er g iven reaches . 

The method s emp loyed were s imilar  t o  thos e u s e d  i n  the s i ng l e  

s tation a na l ys i s  ( s ection 3 . 6 . 4 ) ,  e xcept tha t  the changes i n  

oxyg e n  mea sured were thos e  occurr i ng between two s ites . 

The factors gove rning the oxygen concentrat ion over a r ea ch o f  

i nterest  where n o  s i gni fi cant accrual occurs from th e catchment 

a r e  depicted i n  th e fol lowing ma ss -ba lance : 

G P  - R 
t 

( Cs - C l) { CS - C 2 ) 
3 1 + --=---- ) ( g0 2 m - t - ) 

( 2 2 
( 3 . 1 8 )  

where  c 1 and c 2 = DO concentrati ons ( gm- 3 ) a t  th e ups t r eam and 

downst ream s it es r e spect ive l y  ( se ct ion 

3 . 4 . 5 )  

t = the tra ve l  t ime between the two s i t es 

( s ection 3 . 4 . 1 )  

Cs = a s de fi ned i n  equat ion ( 3 . 1 7 )  

R = reach r espi rat ion ( g0 2 . m- 3 ) 

G P  = reach gros s photo synth etic oxygen product ion 
- 3 ( g0 2 . m  ) 

Thi s  equat ion was so lved for GP- R at  hourly  interva l s . The 

mean reach resp i rat ion ( r )  was det e rm ined by ca l c u lating the 

mean o f  the GP- R va lues over the reach for the hour s o f  

d a rkne s s ,  whep GP  i s  zero , and con verted to a da i ly rat e  ( R R = 
- 3  - 1 ) 

g 0 2ro .  . d  by mu lt ipl y i ng by 2 4 / t .  Th e rea ch gross  oxygen 

produc tion ( GP )  wa s c a l c u lated a t  hourly interva l s  from the 

daytime data by subst itut i ng r for R i n  equat i on ( 3 . 1 8 ) . 

When f ewe r than f i ve hours GP data were mi s s i ng from the 

twe nt y - fou r  ho u r  peri od th a m i s s i ng va l ues were es  i mated by 

c on s i d e ra t ion o f  the trend obs erved over the rest  of the i nter­

va l . Th e da i l y  gros s oxygen product ion rat e  ( GP R  = 
-3 -1  

g 0 2
. m . d  ) was calcul ated by mu l t iplying the mean of  the 



th e 



c oncurr ent l y  with the oxygen a nd t empe rat ur e  mea s u rements . 
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The orga n i c  s e l f-pur i f i ca t i on over various  r i ve r  r ea ches wa s 

s ucces s fu l ly stud i ed on nine  occas ions by ana l y s i s  of compos i t e  

s ampl es col l ected a t  two station s  a t  the upper a nd lower e xt re­

mes o f  th e reach . S evera l add it iona l attempt s  to u s e  th i s  

t ech nique were thwa rt ed b y  equipment ma l funct ion and samp l e  

contam i na t i on res ult i ng from th e u s e  o f  uns u itable sampl ing 

hoses  ( s ec t i on 3 . 3 . 1 . 1 ) .  

Automat i c  s amplers  ( s ect ion 3 . 3 . 1 . 1 )  were u s e d  to co l l ect 

s ample s  a t  1 5  m i nu t e  inte rva ls and mak e hou r l y  composites  for 

p e ri od s  o f  up to 24 hours . On one occa s i on e a ch hou r ly com­

pos i t e  samp l e  wa s ana l y s ed for organ i c  content but on a l l  oth e r  

o c ca s i on s  the samp les at each stat ion tha t  orr esponded t o  the 

s ame parcel  of wate r ,  as determi ned from trave l t ime ca lcu la­

t ions ( s ect ion 3 . 4 . 1 ) , were  compos i ted before a na l ys i s . 

Two studies  of BOD 5 remova l ra t e s  were cond ucted over r i v e r  

reaches rec e i ving was t e  d i s cha rges ( A  t o  B n. nd B to C ,  F i g . 

1 . 2 )  • I n  the s e  ca s es the d i s charger r ecorded the e f f l uent f low 

rates ( Qe )  a nd col lected f l ow-r e l a ted compos i t e  samples  for the 

t ime i nte rva l s  corre spondi n g  to the downstream r i ve r sampl i n g  

p e r iod s . '1'h e a n < d y 3 i s o f  th t=> : <;  c� f f l n e n t  s ""' rnn 1 cs  n. ll owf'd th e 
ca l c u la t ion of the average orga n i c  ma ter ia l s  loa d ing rates 

( LR ) . Samp J es were col l ected i n  the r i ve r  above each outfa l l  

a nd at the e nd of �a ch rea ch . I n  order to c a l c u la t e  the r ea ch 

s e l f-pu r i f i cat ion in  th i s  s i tuat ion i t  was n e c e s s a r y  to a s s ume 

that the e f f luent  .:1 nd r i ver wat e r  WPre fu l l y  m i x ed immediat e l y  

b e low the ou tla l l . Th i s  a s s umpt ion ca u s e s  a s l ight under­

e s t imat ion of  th e s el f-pur i ficat ion rat es . 'rhu s  the  i n i t i a l  

BOD5 j us t  be low the o u t fa l l  ( i . e . , a t  the beg i nning o f  th e 

reach ) wa s c a lcu la ted u s i ng the equat ion ( 3 . 20 )  

wh ere s
l '  

Q ,  

- 3  LR 
s

1 ( gm ) = S u  + 
Q + Qe 

S u  = BOD S j us t  be low and 
- 3 respec t i ve l y  ( g . m  ) 

( 3 . 2 0 )  

j u s t  above the out fa l l  

LR eff l uent Boo 5 l oa d ing 
- 1  = rate ( g . s ) 

Qe = r iver a nd e f f lu e n t  f low rates ( m3 . s- 1 ) 



k 

c 

= 
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A cont i nuous f low , rec i rcu lat i ng channel  system , s im i l a r  t o  

that of  Curt i s  e t  a l . ( 1 9 7 1 ) ,  was chosen for u s e . Thi s  type o f  

system has advantages over conti nuous l y  mixed reactor s ys t ems 

u s ed by some a u thors i n  sewa':]e fungus s tudies ( Di a s  and 

H e uk e l ek i an· 1 9 6  7 ;  Dia s  e t  al . ,  1 96 8 ;  Yoshikawa a nd Takig uch i , 

1 9 79 )  i n  tha t  rea l i s t ic current ve locity and l i gh t i ng 

cond it ions can be provided and readi l y  quant i f i ed . The 

recircu latory chann e l s  have much lower wa ste feed a nd wat e r  

requi rements tha n  once- through conti nuous f low syst ems wi th 

s imi lar cro s s- s ect iona l areas ( T r a a e n  e t  a l . ,  1 9 7 2 ) and a l l ow 

the s imulat ion of  the benthic growth condit ions at a wide range 

of dis tances below an out fa l l  by a l t ering the channel  HRT 

( s ect ion 7 . 3 . 5 ) .  Di f f icu l t i es e x i s t  in app lyi ng the res ults  of 

th e s e  cont i n uous l y  mixed sys tems to the r i ver  where th e f l ow 

reg ime i s  e s s en t i a l  pl ug- f l ow ( Ruther ford e t  a l. ,  1 9 8 2 ) . 

However th is  problem can be large ly overcome ( sect ion 7 . 3 . 5 ) . 

O f  the th ree mai n  d i scharges to the Ma nawatu R ive r s tudy a rea , 

th e MCDC a nd BCWS e f f l u ent s wer e  chos en for s tudy i n  the 

l a boratory channe l  systems for the fo l low i ng r ea s on s : 

( i ) Unl ike th e PNCC e f f l uent , n e ither o f  the s e  d i s charges 

cou ld  be s tD d i ed for the i r  ef fect s on epi l i thic d eve l opment in 

i so l at ion in the Manawatu River . 

( i i )  There wa s less  k nown about the e f fects of  thes e  e f f luents 

tha n  about those of  primary trea t ed domes tic s ewag e  ( sect i on 

2 . 3 . 4 . 2 ) . 

( i i i ) Field  obs erva t i on s  in th i s  s tudy a nd previous studies  

i nd icated tha t  th e�e e ff l uents were of  greater importance i n  

p romoting s ewage f ngu s  growth i n  the Ma nawa t u  River tha n  the 

PNCC e f fl uent . 

( iv )  The h i g�er conce ntra t i on o f  o rganic mat e r i a l  i n  the s e  

e f f l u ents tha n  i n  the PNCC e f f l uent red uced the vol umes o f  

the s e  was t ewa t e rs requ i r ed t o  be fed t o  the cha nne l s . 

3 . 7 . 2 C H A N N E L  C O N S T R UC T I O N  

Two recircu l a t ing channel syst ems were constructed o f  2.78 m 

l engths o f  " Stormcloud " P . V . C .  guttering ( AH I  P l a s t ic 

E xtens ions , Auck l and ) joined a t  each end to g i ve a t ota l l ength 



1 •bo,...ater 1 n f1 .-
2 •acti vated carbon dechl or1nator 
3 •header tank 
4 •hea ting tl eaent 
5 •borwattr feed 
6 •recf rcul ati ng centri fugal pu.p 
7 •reci rcuhtory n .. control val ve 
8 •overfl ow w.f r 
9 •channel effluent l i ne 
10 •then�i stor 
1 1  •fl uorescent l i ghts 
12 •l i ght control swi tch 
13 •screw cl aiiiP 
14 -was tewater feed 

f lS ) • pe ri stal t f c  �tering pu.p 
16 ) •ma gnet i c  sti rrer 
1 7 ) • po ly s tyrene cool i ng chamber t l 8 ) •ch i l led,  mi xed was tewater 
1 9 ) •g l yco l -fi l l ed PVC pads 
2 0 ) •cotton-wool d i ffus �n barrier 

( 2 1 )  • the rmostat 
( 22 ) •ba l l cock water-level contro l l er 

1 1 1  

F igure 3 . 5 : S c hema t i c  D i a g r am of L abo r a t o r y  R � r. i r c u l a t o ry ChQnne l .  



Plate 3 . 2 :  Laboratory Channe ls in Operat ion . 
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o f  5 . 56 m ( F ig .  3 . 5 ,  P l a t e  3 . 2 ) .  Th ese  were l ined w i th 
2 

removab l e  concre t e  plates o f  about 1 0 0  cm sur face a rea which , 

a long with the cha nne l wa l l s ,  provided the s u r face for 

epi l ithon growth . The wate r  height above the pla t e s  was s et at  

approximate l y  37  mm by the a d j ustabl e  out let . 1�e width at  the 
I 

s urface was 1 05 mm a nd the wetted per imeter 1 65 mm . At th i s  

water d epth the channe l h e l d  approx imat e ly 1 8  l it r e s  of wat e r  

a nd the tota l s u r face area for g rowth , i nclu d i ng that i n  the 

t ubi ng , was 0 . 94 2  m2 (Wetted Surface Area : Vo l ume rat i o  = 52 
2 ' - 3 m . m  ) • 

R eci rcu lator y  wat e r  f low was provided by a centr i fuga l p mp ( H  

E Shack lock Ltd , Washing  Mach i ne Pump part No . 3 88344 ) a t  each 

e nd of  the cha nne l .  Thes e  were each capable o f  d e l ivering  40  

l itres  per mi nute of wat e r  a nd provi ded a cur rent vel ocity of  

0 . 2 to 0 . 25 m . s - 1 in  th e chann e l  beyond the turbu lent zone 

w i th i n  0 . 4  m of the reci rcu latory pump inflow . At th i s  

ve loci ty a n  e l ement of wat e r  wou ld circu it the cha nne l  

approxima t e ly 2 . 5  t imes a m i nut e . Reci rculat i ng l iquid  flow 

wa s con t ro l led  manua l ly by a va lve located a t  the d e l ivery s ide 

of  the pump . Current ve l ocity wa s determined by mea s u r i ng the 

t ime of  trav e l a long the cha nne l l ength of s uspended mat e r ia l . 

3 . 7 . 3  L I G H T I N G 

Light was provided by two 45 or 60 watt coo l -wh ite f l uorescent 

tubes hung in s er i es above the midd l e  of  each channe l l ength . 

The spectra l e ne rgy. di s t r ibution of  the s e  l ight s ' output ( F i g . 

3 . 6 )  d i ffers somew at from that o f  s un l ight but energy is  

prov ided ove r a range of wave l e ngth s  with in the 

photosyntheti ta l ly act i ve region a nd output of  near -u l t ra v i o l et 

ene rgy i s  low . 

The l ights  were ad jus t e d  to g i ve approxima t e l y  65 u E . m- 2 . s - l o f  

photosynthetica l ly ava i lable  radiat ion ( PAR ) meas u r ed 

u nd e rwate r  2 0  mm above the concre t e  substra t e s . Th e 

photoperiod of  1 2  hour s / day wa s contro l l ed by a t imer switch . 

Thus  th e dai ly i nput o f  PAR was 2 . 81 E . m- 2 . d- l Us i ng data for 

cont i nuou s ly mea s u red PAR at 0 . 3  m d epth in the Ma nawa t u  River 

at  s it e  A ( F ig .  1 . 2 )  on 3 9  days d u ring the s ummer o f  1 9 8 2- 1 9 83 
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600 

400 

200 

Figu re 3 . 6 :  Spect ra l O u t put o f  a Coo l W h i te F l u o re s cen t L amp 
( ba sed on 40 W T 1 2  l amp} ( a fter J a gg e r ,  1 9 6 7 ) . 
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( Freeman , 1 9 8 3 ) a nd app ly i ng a typ i ca l  c l ear water ve rt i ca l  

e x ti nct i on coe f f i c i ent of 1 . 2 , the channel  l i ght l eve l i s  

equi va l ent  to that occur r i n g  a t  1 . 0  m depth on a n  overca s t  

summer ' s  day . Th i s  method g ives a n  average da i ly PAR i nput at 

1 . 0 m during th i s  per iod of 6 E . m- 2 . d- l ( range 

2 . 9 - l 2 . 2 E . m- 2 . d - 1 ) .  App ryi ng th e ext i nct ion coe f f i c i ent of  1 . 2  

to PAR data co l le ct ed at th e surfa c e  on a c l e a r  day i n  w i nt e r  

( 2 1 / 7 / 8 3 ) ,  the channe l da i l y  PAR i npu t i s  equ i va lent to that 

occurr i n g  at 0 . 9  m in th e r i ver under the s e  cond it ions . 

3 . 7 . 4 O X Y G E N  

Due t o  the h i gh reaeration occurr i ng i n  the cha nne l s  ( k
2 ( 2 0 ) = 

- 1  5 . 6  hr ) ,  resu l t i ng from the i r  sha l l ownes s ,  h i gh current 

ve loc i t y  and sur face d i s turbance ca u s ed by th e rec i rc u l a t i ng 

pumps , s i gn i f i ca nt oxygen dep l et ion d id not occ u r . Cont i nuou s 

record i ng of  d i s s o l ved . oxygen duri ng e xperiments when 3 . 8  
- 3 3 g . m a nd 6 . 5 g . m- COD MCDC e f f l uent were a dded showed th e 

d i s sol ved oxygen wa s always between 6 and 8 . 6 g . m- 3 . 

3 . 7 . 5 T E M P E R A T U R E 

The wat er t emperature wa s control l ed at 2 0  + l ° C i n  th e 

cha nne l s  by a the rmi stor i n  one cha nnel connect ed v i a  a 

t emperature contro l l er ( Ph i l l ips W i t romat ) to e i ther a 

s ubme r s ible  h ea t i ng e l ement in  the borewater h eader tank or to 

th e cha nne l room ' s refri ge ra t i on and hea t ing u n i t s . 

3 . 7 . 6 BO R EW A T E R  D E C H L O R I N A T I O N  A N D  F L OW - R A T E  C O N T R O L 

The bor ewater ·1 supp ly to th e channe l s  was dech l or i nated by 

pas s i ng th rou gh one of  two activated carbon f i l ter s y s t ems : 

( i ) Aquapore Mode l AP1 1 7 ,  5 mi cron ( MCDC e xper iment s , 1 9 83 ) 

( i i )  A fi l t e r  o f  length 0 . 8  m and d i ame ter 0 . 1 5 m packed with 

2 0  x 4 0  mesh " Fi l t rasorb " ca rbon ( BCWS expe r im ent s ,  1 9 84 ) . 

Thi s  f i l te r  wa s bas ed on one of the systems t e s t ed for 

dech lo r i na t ion by S e egert a nd Brook s ( 1 9 7 8 ) . 

M ethod ( i )  reduced the tota l a va i l a b l e  ch lor i ne , mea s u r ed by 

the d i e thyl -p-phenyl ene d iami ne ( DP D )  method ( APHA , 1 9 80 ) ,  from 
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CHAPTER 4 .  
S OM E  P H Y S I C A L  FAC T O R S A F F EC T I N G S EW A G E  F U N G U S  G RO W T H  

4 . 1  I NT RODUCT ION 

1 2 0  

The r e s ea rch descr ibed i rr  th i s  chapter  a s ses s ed the e f fects o f  

various phys ica l factors on the growth o f  s ewage fungus . 

I ni t i a l ly ,  th e nat u re of  the substra t e  to whi ch growths we re 

a ttach e d  wa s i nves t igated  and growth rates on nat ura l a nd 

a r t i f i c i a l  s ubs t ra t es ( conc rete  plates ) 'w·ere compared to a s s e s s  

the app l i cabi l ity o f  a rt i fi c ia l  s ubs t r a t e s  t o  r i ver  s tudi e s . 

S ubsequent l y ,  the e ffect s o f  current ve l oci ty a nd l ight 

i n t en s i t y  on sewag e  fungus g rowth s i n  the Manawat u  Ri ve r we re  

s tudied . 

4 . 2  NATU RAL SUBSTRATES COLON I S ED BY SEWAGE FUNGUS 

Sewage f unguL wa s observed to grow atta ched to a ny s table 

s ub s t ra t e  pres ent in the r i ver . Th e s e  i n c l uded natura l s tone s 

( p lates  4 . 1  a nd 4 . 4 ) , l og s  ( p late 4 . 2 ) ,  a l g a l  f i laments ( p l a t e s  

4 . 3 ,  4 . 5  and 4 . 6 ) a nd the macrophyte P o t a mo g e t o n  cr i sp u s .  

However , qua l i tat i ve obs er vat ions i nd icated that f i laments o f  

the a l gae C l a doph o r a  gl o m e ra t a  prov i d e  a bet ter attachment 

s ur fa ce than th e l eaves of  P .  cr i sp u s . 

The res u l t s  of  the inters i t e  s ubs tra t e  compa r i son , pre s ented i n  

F ig u re 4 . 1 , show that the s i ze ra nges of the s tone s mak i n g  up 

the r i v e r  bed s u r f a�e were s imi lar  a t  s i t es A to E ( F i g  1 . 2 ) . 

B etwe e n  S i t es E and Fd ( l ocated 0 . 5  km down s tream of  s it e  F 

( F i g  1 . 2 ) ) there was a progr e s s i ve reduct ion i n  the n umber of  

s tones in  the � la r g e r  size  c la s s es . At s it e  Fd the river bed 

s ub s t ra t e s  con s i s t ed of  coa r se sand amongs t wh i ch a sma l l  

amount o f  f ine g ra ve l occur red . Th is unstabl e  bed mater i a l  wa s 

not obs e rved to a l low s ewage fungus d eve lopment beyond s trands 

of 5 to 1 0  mm l e ngth . 

The obs e rved red u c t ion i n  the s i ze of  the bed mat e r i a l  be low 

S it e  E where the bed s lope dec l ines ( Sect ion 2 . 2 . 1 . 1 )  is i n  

a greeme nt with the gene ra l r u l e  tha t  s ubstra t e  s iz e  decr e a s e s  

w ith bed s lope ( Hynes , 1 9 70 ) . 
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Plate 4 . 1 : Sewage Fungus Covering Bed at S ite  C on 
3 1 / 3 / 8 2 . ( heterotroph abundance leve l= 6 ;  p ho t otroph 
abundance leve l = C ) 

Plate 4 . 2 : Sewage Fungus Growing on a S ubmerged Log at 
S it e  C ,  3 1 / 3 / 8 2 . 



c 

Plate 4 . 3 : Micro-p hotograph o f  C . g l omera ta s trand 
Showing At t ached Growt h of S . na tan s and t he Per i t r i chous 
Protoz oan Opercu laria s pp . ( br ight- f ie ld ;  mag = 1 5 0x ) . 

Plate 4 . 4 : Sewage Fungus Grow t h  on t he Natural Bed 
and on  Concrete Plates Af ter Seven Days I ncubat ion 
at S i t e  F ,  2 1 / 1 0 / 8 2 ( he terotroph abundan c e = S ;  
phot otrop h  abundance=B ) .  



Plat e 4 . 5 :  Sewage Fun gus Growth at a Current Ve loc i t y  
of  0 . 2�s - 1 at  S it e  C ,  1 1 / 1 / 84 ( heterot roph 
abundance leve l= 6 ;  phototroph abundan ce leve l = E } .  

Plate 4 . 6 :  Prol if ic S . na t a n s-dominat ed Sewage Fun gus 
Over-grow in g  C l a d o p h o P a Filame n t s  Near t he Wat e r  
Surface at  S it e  C ,  1 1 / 1 / 84 .  



1 2 1 
� 
rLl 
0:: 
� 

N 6 0  
E m 

cr. 
0 + I  

0 IX 

z U"l 
S I TE A H " • = 

:r z 
E-< 4 0  
H 3: rLl 

(J 
U) z 
rLl � 
z 0:: 
0 
E-< rLl 
U) N 

2 0  H 
c... U) 
0 

:r 
0: u 
rLl � 
ro rLl 
::;: 
::::> z 
z H 

0 

0 1--2 4 6 1 0  1 2  1 4  

STONE LENGTH RANGES ( cm ) 

8 0  

z e = S I TE D H 

� 
rLl 
0:: 
� 

N 6 0  0 = S I TE E 

E 
cr. 
0 U"l 

" 
0 z 

z 
H m 
:X: 

4 0  E-< + I  
H 
3: IX 

U) 
rLl rLl 
z (J 
0 z 
E-< <!; 
U) 0: 

2 0  
c... rLl 
0 N 

H 
0: U) 
rLl 
ro :r 
::;: u 
::::> <!; 
z rLl 

0 

1--2 4 6 8 1 0  1 2  1 4  

STONE LENGTH RANGES ( cm )  

m 

+ I  0 S I TE E F  
N 

E IX 6 0  

cr. U"l 
0 " 

z 
0 

z rLl 
H (J 
:r z 
E-< <!; � 0  
H 0: ·( 3: 

rLl 
U) N 
rLl H 
z Vl 
0 
E-< :r 
Vl u 

<( 2 0  
u.. rLl 
0 

z 
0:: H 
u.l 
ro <( 
::;: w 
::::> 0:: 
z <( 

0 

0 

STONE LENGTH RANGES ( cm )  

F i g u r e  4 . 1 :  C ompa r i s o n  o f  S t o ne S i z e  Ra n g e s  a t  Se l e c t ed S i t e s  o n  t h e  
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Th e s  

e t.o 

i s ub s  

1 i 

1 2 2  

S i t e  E a r e  

o f  e d  

s u r f a ce a r e a  f o r  e o  l i  p e r  s q u a r e  m e t r e  o f  

r b e d . Th i s  comp l i c a t e s  th e compa r i s o n  o f  a r e a l 

d a ta f rom d i f f  r e n t  s i t  s n d  wa s pa r t  f e 

u s e  o f  a rt f 1 s ub s t  e l i nve s i g a 

o f  wa t e r  qua l i  a n d  i c a l f a c t o  s ew a g e  

r a t e s  ( S e c t  3 . 2 . 2 . 2 ) . 

4 . 3  S EWAGE F UNGUS G ROWTH RAT E S  

S UB S rr RAT E S  

Th e r a t e s  o f  s d ev e l  o n  th e u pp e r  s u r fa c e s  

s 

f o r  t h e  

f e c t s  

g ro wth 

c o n c r e t e  p la t e s  and n a t u r a l  r ton e s  w e r e  c ompa r ed o n  two 

o c c a s  Th e  c o nd i t i  e r e n t e d 

i n  T ab l e  4 . 1  th e r e s  t s  a r e  n T ab l e  ' 2 . 

I n  s c e i nk 

s 

s .  n a t a n s s F a v o r .i m 

c ommon o n  b o th th e na t u r a l  a n d  a rt i f i c  1 s ub s t ra t e s  a n d  n o  

q u a l i t a t i v e d i f f e r e n c es w e r  ob s e r v e d  i n  the commu n i t i e s  f r om 

e a ch s ub s t ra t e 

Th e r e  was no s ta t i s t i c a l y  s i f  ea f t - t e s t  , P < 

• 5 )  b e t w e e n  the o n  th e n a t u ra l  s to n e s  a n d  c o n c r e t e  

p l a t e s a t  S i t e  

p la t e s  w a s  s 

Howe v  

C b u t  a t  S i te D the 

i f i ca 

th e 

y g r ea t e r  ( t ­

r i s on 

t e s  p ro v  a t  l e a  

a s  th o s e o f  na t 

s to ne s . 

s u r fa c e s  

s e wa g e  

th e r e  e c on c r e t e  s ub s t ra t e s , t re a  

( 3 , 2 . 2  2 1 t o  

a ft e r  s 

e 

o n  th e c o n c r e t e  

p 0 . 0 o n  

a s u r fac e f o r  

s t o n e s a nd 

i n  S e c t i on 

o n  c on c r e t  

e 
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Tab l e 4 . 1  Cond i t i ons Du r i ng Compa r i sons o f  Nat u ra l  a nd Art i fi c i a l  Su bst rate 

Paramete r s  V a l ues 

R i v e r  F l ow (m3 . s -1 ; x � s )  
C u r rent Ve l oc i ty ( m . s -1 ) 

D e pt h  ( m )  

Tem pe ratu re ( °C )  

D i s s o l ved Oxygen ( g .m-3 ) 

Tot a l  Su rface Rad i at i on : *  
o a i  l y  �n pur 
(MJ .m - . d - ) (x � s )  . ( -2 ) D ayt 1 me Av e rage W .m 

1 4 - 1 9  October 
S i te C 

42 .:!:. 5 

0 . 4  

0 . 4  

10-12 

10-1 1 . 5  

1 8 . 5  � 4 . 3  

4 1 7  

1 1 . 8** 
NO 

* 
** 
*** 

at O h a l<ea 27 km NW of St u dy Area 
g rab  s amp l e  0930 h r  15 October  1 982 
24 hou r compos i te s am p l e  7 -8 December 1 982 

1 982 6 -10 Decem be r 1 982 
S i te  D 

40 .:!:. 8 

0 . 35 

0 . 4  

1 7 -1 9  

7 . 5 -9 

25 . 7 .:!:. 6 . 5  

485 

9 . 0*** 
6 . 0*** 

TA BLE 4 . 2 Growt h on Nat u ra l  and Arti f i c i a l  Su bst rat e s  i n  Man awatu Ri ver 
( F i gu re 1 .  2 ) 

.. 

Sampl i ng Per i od Number of Ave rage Bi oma s s  ( gAF DW .m -2 ) ( x .:!:. S )  S i t e  ( 1 982 ) Sam p l es 
( n )  St ones Concrete P l ates 

c 14- 19 October 4 5 . 8 .:!:. 2 . 2  5 .  85 .:!:. l .  9 
D 6 -10 December 5 5 . 6 .:!:. 0 . 9  6 . 5  .:!:. 0 . 2  



4 . 4  CURRENT VELOC ITY EFFECTS ON S EWAGE FUNGUS 

4 .  4 . 1  B E N  I C  B I O M A S S  O B S E R V A T I O N S  

1 2 4  

The e f f e c t  o f  c u rr e nt ve l o c  o n  s ewag e  s s  was 

i nv e s t  

Manawat u  

by v ua l 

a ft e r  

s e s s m e n t  o f  the 

o d s  o f  re l a t  

s s  i n  t h e  

s t ab l e  

S i t e s  C a n d  C u  ( F i g . 1 . 2 )  o n  1 1  Jan ua r y  1 9 84 a nd 1 Ma r 

t i ve S i n c e  the i on s  t o  the two 

1 9 84 

i nve s t  we r e  v e ry s l a r  ( Tab l e  4 . 3 ) ,  t h e  r e s u l t s  a r e  

s en 

con s i s t  

e r  i n  u r e  4 . 2 .  On e a ch o c c a  

o f  s .  n a t a n s domi ed s 

s t ra n d s  o the f lame s r e e n  a 

g 

e o r a  

the 

ver 

g l ome t ' 

a t  

The s t  a l s t ra n d s  a n  e xc e  l e n t  s for the 

s .  n a t a n s f i l a m e nt s  1 n g  3 t o  5 0  cm 

d e ve over ima l c u r r e n t  v e l o c  
- 1  m . s  ( P la t e s  4 . 5  and 4 . 6 ) , a s  meas r e d  5 0  

At v e l o c  o f  l e s s  - 1  0 . 1 5 m . s  s ewag e  

s t o  

f 0 2 t o  . 4 5  

s 

d e ve Above 0 . 4 5 m . s - l the s ewag e  f u ng u s  was p rogr e s s i  

r ed u c e d  t o  s a n d  the commun b e came a 

d omi na t ed . At 0 . 6 3 m . s - l s ewa g e  f u  s g rowth was l 

f i lms a nd sho r t  p lumo s e  f ro n d s  o f  1 1 - 3  cm a nd 

1 .  6 m . s  to g rowth s o f  1 1 - 2  cm ( P a t e  4 . 7 ) . 

s t  f ronds o c c u r r e d  o n  the d ow n s  s id e s  o f  

whe re z o n e s  o f  g re a t  

o c c  

4 . 4 . 2  s 

e f e e t  

s ,  

G E  U G 

t 

u l t  , 

s u r  

) . 

G R  

f 

i n  i 

c u r r  ve l o c  

A T E  E E I T 

9 
e rva l r e  s 

4 .  3 ,  r e  e t o  

c o nc r e t e  c e d  

r e e  c u r re nt v e  s a t  l ocat 

m e t r e s  o f  e a ch othe r .  f o r t u n a t e  , l oca i s ed 

1 

to 

l .  0 8  and 

Th e 

s tone s  
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Plate 4 . 7 : Short Sewage Fungus Fronds Attached t o  a 
S t one Col lected at a Current Ve loc ity of l . l 6m . s - l 

at Si t e C u  on 1 / 3 / 8 4 . 



1 2 5 

TABLE 4 . 3  Cond i t i o n s  P r i o r  t o  Obse rvat i on o f  the E ffect s o f  Cu r rent 
Ve l oc i ty on B i omas s  

P a rameter s  Va l u e s  
O bservat i on ( 1 ) 

on 1 1 / 1 /84 
Observat i o n ( 2 )  

on 1 /3/84 

S i te 

R i verf l ow (m3 . s - 1 ) 

I nterva l s i n ce  l ast 
s pate ( d ay s )  

I nterva l  s i nce 3i ve r  fl ow 
exceeded 20 m . s - 1 ( d ay s )  

Temperatu re ( °C )  

BOD 5 du ri n g  �rev i ou s  8* d ays ( g .m - ) 

Tot a l  Su rface Radi a t i on 
d u r i ng prev i ou s  8 day s : ** 

c Cu 

1 5 . 1  1 6 . 8  

1 4  1 6  

8 8 

16 -20 1 9-22 

5 . 5  5 . 6 

D a i l y  I n pu t  ( MJ .m-2 . d - 1 ) 24 . 7 .:!:  4 . 9  23 . 1  � 2 . 6 
( x  � S )  2 Dayt i me Ave rage (W .m- ) 458 486 

* ave ra ge GOD5 at s i t e  c a l cu l ated f rom waste d i s ch a rge  a n d  r i ver f l ow d at a  
( i l l i l a nd , 1 984 ) u s i n g  t h e  fi rst o rder B00 5 decay equ at i o n ( Sect i on 
2 . 3 . 5 ) : 

w h e re C 
Co 
k 1 a s sumi n g  
i ) 

i i ) 

i i i ) 

i V )  

C = Co · e- kt 

= B OO i n  ri ver after t i me t 
= i rJ#i t i a l B00 5 at out fal l a s sumi ng i mmed i ate mi x i n g  
= BOD5 decay rate 

k 1 ( P NCC-MCDC ) = 0 . 0 7 . h r - 1 ( average fo r 29/2 /84 - 1 /3/84 , 
( Sect i on � . 3 . 2 . 1 )  

k 1 (MCDC -Cu ) = 0 . 1 5 7 . h r - ( a verage fo r 2 9/2 /84 - 1 /3/84 , 
( Sect i on � . 3 . 2 . 1 ) 

k 1 ( MCDC -C )  = 0 . 1 5 7 . h r- ( average fo r 2 9/ 2 /84 - 1 /3 /84 , 
( Sect i on � . 3 . 2 . 1 )  

BOD5 above PNCC = 0 . 7  g .m - and 1 . 4 g .m-3 pr i o r  t o  1 1 / 1 /84 
1 /3/84 respect i ve l y  (measu red 7 / 1 /84 and 
2 9/2/84 respect i ve ly ) . 

** measu red at Ti ri t ea 8 km east o f  st udy a rea . 

( 4 . 1 ) 

and 
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ve l o c  wa s 

129 

t a l  f low 

0 5 7  

t e r n  a t  th e loca t i on whe re th e 
- 1  m . s ca u s  th e ve l o c i  t o  d e c  n e  t o  0 . 3 6 - 1  d r i ng 

th e 5 i n t e r va l . Due t o  th i l a r g e  r a n g e  o f  

v e loc i t i e s  the b ioma s s  d a t a  f r om the s e  e s  a r e  n o t  p r e s en t e d  

i n  r e  4 . 3 .  

A l a r g e  i nc re a s e  i n  

i n c r e a s e  i n  ave r a g e  ve 

1 s s  

f rom 0 . 2 2 

e rs a c e  red w i  
- 1  - 1  . s  t o  0 . 4 5 m . s  

.• 
( F  4 .  3 )  • wa s on s ua l l y appa r e nt at th e 

t wo h e r  ve l oc i t i e s . 
- 1  0 . 5 7 t o  0 . 3 6 m . s d u  

Th e p la t e s  s ub j e c t e d  t o  v e l  t i e s  f rom 

ng the r deve s ewage 

s s l a  t o  tha t  o n  th e l a t e s  a t  0 . 4 5  - 1  At m .  s 

0 .  2 2  m .  s - 1  th e con s i s t e d  o f  d e t r  

s na i l s . P h y s a a cu t was r th e mos t  abu nd a n t  s na i l b u t  

G y r a u l u s co r i n n a  and P o t a m o y r g u s  n t  s o c cu r r e d . 

The fo rme r two spec s be to the p i 
s e r i ve i ch conta 

to o r ga n i c  po l l u t i on in t'1o r th Ame r i  

a n t i  

1 9  

i 
-- 3 g . 

r u m  i s  

a n d  i s  

i a 

( 

- 2  
0 cm p 

a g enera s ca v e ng e r  

l e  o f  i nt a i i 

0 
9 5 )  • 

v e  

. s  1 ) 0 t o  5 l s  o c c u r r e d  r 

G r a z  s na i l  h a s  b e e  shown t o  

r a t e s  a t  l o w  s na i l  d e n s  e s  

. 6 

a 

i s 

9 7 4 . P .  

Town s 

. 2  

. 4 5 

e ep i l  a ga 

( 1 2 0 s n a i l s . m- 2 ) ,  th i s  

f e et n g  a t t r  e d  t o  the s na i l s  r e l ea s i ng bound n u t r  

e 1 9 7 2  . Howe v e r  t s 1 the 

s na i  a t  cu r r e nt v e l oc i t i  

( 8 7 0  s na i l s . 2 i r  g ra z i ng may have 

to th e i n  ep i l i t.hon deve 

f 3 .  - l  w a s  r e c o r d e d  for 

p • a n t i c 
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1 3 0  

t h  th e i l s on t 0 . 2 2 • s 
- 1 

( 

- ) c a n  b e  c a l c u la t ed t o  c o n s u m e  2 . 1  g 

. 8 
- 2  

l i th o n  d u r i n g  th e 5 i nt e r va l u nd e r  t h e  r i v e r  
c ond i t  ( a s s  tha t  th e g ra z i ng r a te o 1 0 = 2 1 g 
= 1 g s n a  1 we ) • > s ug g e s t  

s na i l  de n s  w i th i nc r ea s i ng c u r r e  

0 . 4 5  m . s - l 
cou ld a cc ou n t  for 

i n  s l  b i oma s s  obs e rv e d . 

The s e  r e s u l ts a nd s ng s 

i 
v e l o c  f rom 0 . 2 2 to 

e ly 2 0 %  of th e 

e c t  2 . 3 . 4 . 5  s ti e 

o f  

s e  

tha t i n c r e a s the c u r r e n t  v e l o c i above t h e  a v e ra 0 . 2 2 
m . s - 1 may h a ve r e s u  t e d  i n  i nc re a s e d  

th r e e  m e cha i 

o f  s ewa g e  

( i )  r e a s i ng th e 
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i i )  

o x yge 
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g r a  i s 1 
O rme t a 1 . , 6 

t h e  r i i s  
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th � s i l s 
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the l 

g z i ng 
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1 3 1  

s s  a dh e r i ng to p la t e s  t ed f o r  1 3  u n d e r  

r e lat ly u n i form cond ( Tabl e 4 . 5 )  wa s mea s u re d  

i a t e l y  be f o r e , a n d  th i 

( Tab l e  4 . 6 ) . 

a ft e r ,  the o n s e t  o f  a 

W i n  th i s  th i m i n u t e  p e r i od the r i ve r  f low i nc ea s ed f r om 
- 1  4 8  t o  1 4 2  . s  ( Wa t s on , 1 9 84 ) , the wa t e r  l e ve l  i nc re a s ed 

0 . 5  m nd th e ave rage  c u r r e n t  ve loc i f the p la t e  ncuba t i o n  

- 1  s i t e  i y 

. 7 
• 7 

n e t  

fter the ons e t  o f  tb e spa t e  a nd 

S i t e  C on 4 9 8 2  

ve 

e .  

t t o  the s s s  samp i the r r eve l ros e 

e v e n t ua 

T h e  

r . 4 

r i  e i n  f low ( 

r i  

a 

nt 

on , 1 8 4 ) . 

3 

S • n a  n s  

r 

r f 

i a  ( l a t e  4 . 8  . i s  r e  l e c ted i 

i 

s ng s 

s v a l u e  

s 

t e s  a ft e r  the rr 

in c u  ve loc i ea e s  

s e  s 

Th e r e s u l t s  o f  a n t  a t  S i t e  C f rom 2 D e c embe r  

1 9 8 3  t o  6 J a n u a ry 1 9 84 e the het e rot 

c u rr e n t  tha n  the m o r e  e s  

7 . 1 0 ( S ect_ 7 .  2 .  6 .  2 )  shmvs fo F 

sma l l  s the a v e r a g e  AI va l u e  o f  the 

at S i te c f rom 4 9 0  on 7 De c emb e r  1 9  

a re d 

numb e r  

s s  o n  s ub s t ra t e s  

to 2 2 7  o n  2 2  

D e ce mb e r  1 9 8 3 . A f t e r a o f  stab l e  f l ows the average A I  

t 



4 . 5  
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P late 4 . 8 :  Ep i l i t hon on Art i f icial S ubs t rates at 

S it e C on 2 0 / 9 / 8 2  after Thirt een Days I ncubat ion 

( heterot roph abundance leve l =4 ;  phototroph 

abundance leve l= D ) . 



va l ue increased to 4 7 7  on 6 Janu a ry 1 9 84 . S imi l a r  t r e nds 

occ u r r e d  at  S it e  B d u r i ng the same i nt erva l ( F igure  7 . 1 0 ) . 

1 3 3. 

The e f fects of  a spa t e  on epi l i thon resp i rat ion a r e  d i � cus s ed 

i n  S ec t ion 5 . 2 . 2 . 2 . The e f fect o f  r iver f low on P o t a m o g e t o n  

cr i s p u s  deve lopment i s  di s cus sed i n  s ec t ion 7 . 2 . 5 . 

4 . 4 . 4  D I S C U S S I O N 

The r e s u l ts o f  the bed bioma ss obs erva tions a nd the p la t e  

g row th e xper iment sugges t tha t  a c r i t i ca l  current ve l o c i ty 

e x is ts be l ow wh i ch s ewage fungus does not deve lop . The p la t e 

g rowth e xper iment indicated that for deve lopment on bare 

s u r fa c e s , unde r e xperimenta l cond i t ions , thi s  ve locity wa s 

between 0 . 2 2 m . s -l  a nd 0 . 44 m . s- l { mea s u red 5 0 mm above the 

p l ate s ) .  By cont ra s t ,  the r i ve r  bed b i omas s  observa t ions 

i nd icate tha t  where  f i � amentous a lgae have been abl e  to become 

e s t ab l i shed ( pos s ibly du ri ng p e r i ods of higher cu rrent 

ve l o c i ty ) , providing a very large s u rface for het e rot roph 

a t t a chment i n  the wate r  co l umn , the c r i t i ca l  ve loc i t y  i s  

between 0 . 1 8  and 0 . 2 2 m . s - l a nd t h e  opt ima l ra nge i s  from abo ut 
0 . 2  to 0 . 4 5 - m s  - l for s imi l a r  wat e r  qua l i ty cond i t ions to  thos e 

d u r i ng the b iomas s obs e rva t i ons . 

'l'h e lowe r c r i t i ca l  v e loc ity wh ere th e a l gae occur probab l y  

r e s u l t s f rom th e s e  p rov id ing an  a tta chmen t  s i te  above th e 

"bo unda ry laye r "  low ve loc i ty region tha t  e x is ts l to 3 mm 
above the s ub s t r a t e  su r fa c e  { H ynes , 1 9 7 0 ) . Above th e boundary 

layer , wh i ch i s  reduced in th i ck ne s s  w i th i nc r ea s i ng c u rrent 

ve l oc it y ,  th e c l l r rent  ve l o c i ty i ncrea s es rap id l y and 

e f fe c t i ve ly increa s e s  the nut r ient s upp ly and the shea r s t re s s  

on the g ra z ing s na i ls , pos s ibly l im i t i ng the i r  abundance .  

C l e a r l y ,  i f  the g ra z ing ra te  i s  reduced the rat e  of  b iomas s 

d eve lopment wi l l  be increa s ed . 

The s e  c r i t i ca l va lues for s ewa g e  fung u s  deve lopment are  

s omewhat h i gher than thos e r epo rted by previous a uthors 

( S e ct ion 2 . 3 . 4 . 5 )  a nd may r e f l e ct the low orga n i c  l ev e l s  of the 

wat e r  at  th e s t udy s it e s  and/or the graz ing p re s s u re d u e  t o  the 

s na i l s  i n  the p la t e  e xp e r iment s i n  th i s  s t udy . 



1 3 4  

The obs ervation  o f  s ewag e  fungus g rowth a t  a bed c u rrent ve1o-
- 1 . c i ty of 1 . 1 6 m . s e xt ends the ran ge ove r wh 1 ch growth s have 

been observed above the previou s  ma x i mum of  0 . 9  m . s - l report ed 

by Curt i s  a nd Ha r r i ngton ( 1 9 7 1 ) .  However the pres e nce o f  th e 

f i l amentous a lgae c .  g l o m e r a t a  among s t  the ass emb lage may ha ve 

fac i l i tated the s ewage fungus g rowth a t  the h igh e s t ve loc i t i e s . 

A lthough the a e s thet i c  degrada t i on due to sewage fungus was 

reduced at cu r rent ve loc i t ies  above 0 . 6 m . s- 1
, the orga n i c  

mat e r i a l  a nd o xyge n  uptake ra te by the s e  lowe r biomas s es may 

s t i l l  be s ign i f i cant s i nce th in  f i lms have been shown to have 

h i gh we ight spec i f i c  a c t i v i t i e s  ( Se c t i on 2 . 3 . 6 ;  Capbl a ncq and 

C a s s a n , 1 9 79 [ b ] ) .  

4 . 5  GROWTH I NHI B I T ION BY SOLAR RADIAT I ON 

4 . 5 . 1  B E D  B I O M A S S  O B S E R V A T I O N S  

B e nth i c  bioma s s  wa s obs erved a t  depth s  f rom a few c e nt imet res 

to 0 . 5 m at S i te C ( F ig . 1 . 2 ) on 11 January 1 9 84 . Luxuriant 

g rowths of s .  na t a ns dominated s ewa ge fungus were obs erved on 

both s tones a nd s trands of  C l a do p h o r a  with in  a few c ent i met res  

o f  the wat e r  s u r face  ( P late 4 . 5 )  and  no  qua l i ta t i v e , v i s u a l  

cha nges i n  s ewa ge fung us bioma s s  wer e  obs erved w i t h  i ncreas i n g  

d epth . 

The cond i t ions a t  the obs erva t i on s it e  ove r the week p r i or to 

l l  Ja nuary 1 9 84 are s umma r i s ed i n  Tab l e  4 . 7 .  

The growths j us t  be low the wat e r  s u r fa ce wou l d  b e  s ub j e cted to 

s o l a r  rad i a t ion l e ve l s very c lo s e  to the s u r face radi a t i on 

va l ues g i ve n  ·i n  Tab l e  4 . 7 .  Unde r  the s e  cond i t ions s .  n a t a n s is 

not prevented from forming heavy growths . Th i s  wa s despite  the 

a verage s u r face tota l rad iat ion du r i ng the 1 5  day- l i gh t  hours 

b e i ng 3 to 4 t imes h igher tha n  the leve ls , produced by h igh 

p r e s s ure me rcury lamps , whi ch i nh ib i t ed s .  n a t a ns g rowth and 

respi ra t i on irrevers ibly a ft e r  th ree hou rs e xpos ure  i n  the 

l aboratory ( Favr e , 1 9 7 5 ) ( Se ct ion 2 . 3 . 4 . 3 ) . Howeve r  the s e  

obs e rvat ions d o  not e l iminate the pos s ibi l i ty that the s e  leve l s  

o f  s o l a r  radiat ion reduced the heterot roph i c  growth r a t e  t o  



TABLE 4 . 7  Cond i t i ons a t  S i te C 4/1 1 /84 - 1 1 / 1 /84 

Pa r am ete r s  Va l ue s  

R i v e r  f l ow (m3 . s -1 ) 

Tot a l  Su rface Rad i at i on* : 

i )  I n put ( MJ .m -2 . d - 1 ) 

i i ) Dayt i m e  ave rage ( W .m -2 ) 

i i i ) Ca l cu l at ed dayt i m e  ave rage near UV 
rad i at i on** ( 300 -380 nm ) (W .m -2 ) 

i v ) Ca l cu l at ed average �ayt i me 
PAR*** ( .r' E .m -2 . s -1 ) 

D i s s o l ved oxy gen ( g .m -3 ) 

Tem peratu re ( °C )  

C a l cu l ated ave rage BOD5 **** ( g .m -3 ) 

* Measu red at Ti r i tea 8 km east 

** Ca l cu l ated a s s um i n g  t hat near 
( Ba she r ,  1 984 ) 

o f  S i te C 

uv rad i at i on 

X .:!:_ S 

1 6 . 1 .:!:. 0 . 9  

24 . 8 ..: 4 . 9  

458 ..: 90 

25 

930 

N . D .  

N . D .  

4 . 8  

= 5 • 5% of t ot a 1 

1 3 5  

ran g e  

1 5 . 1 - 1 7 . 3  

1 8 . 7 -32 . 8  

350 -6 1 0  

1 9-34 

7 1 0 - 1 240 

5 - 10 

1 7 -20 

N . D .  

rad i a t i on 

*** Ca l cu l ated a s s um i n g  uE .m -2 . s -1 PAR = 2 . 03 W .m -2 TR , f rom n ume rou s 

**** 

i ) 

i i ) 

su rface observat i on s  

C a l cu l ated from average r i v e r  f l ow and waste d i scharge dat a  u s i n g  t he 
f i rst o rder decay e qu at i on ( 4 . 1 )  ( Sect i on 4 . 3 . 1 )  and a s s um i n g : 

k 1 ( P NCC -B )  = 0 . 07 . h r-1 ( ave rage for reach PNCC - B 29/2 - 1 /3 /84 , Sect i or 
5 . 2 . 2 . 1 )  

k 1 ( MC DC -D )  = 0 . 1 5 7 . h r- 1 ( av e r a ge for reach MCDC -Cu , 29/2 /83 , Sect i on 
5 . 3 . 2 . 1 )  

i i i ) BOO 5 above PNCC = 0 . 7  g .m-3 (measu red grab s amp l e on 7 /1 /84 ) 



TAB L E  4 . 8  Cond i t i o n s  Du r i n g  P l ate G rowth Exper i ment , S i t e D ,  
29/1 1 /8 3-2 / 1 2/83 

P a ramete rs Va l u es 

R i v e r  fl ow ( m3 . s - 1 ) 

Tot a l  Dept h at Si t e  ( m ) 

Depth of pl ate 1 evel ( m )  

Cu r rent vel oci ty at pl ate l evel ( m . s -1 ) 

Temperat u re 29/ 1 1 /83-30/ 1 1 /83 ( °C )  

0 . 0 .  29/1 1 /83 -30/ 1 1 /83 ( g .m -3 ) 

Ca l c u l at ed ave rage BOOs* ( g .m-3 ) 

Mea su red BOOs 1 230 -0230 h r  30/1 1 /83 
( g .m -3 ) 

Tot a l  Su rface Rad i at i on** 

i ) Da i l y  i n put ( MJ .m-2 . d -1 , x � S )  

i i )  Dayt i me ave rage (w .m-2 ) 

i i i )  Cal cu l ated average dayt i me PAR*** 
( u E .m-2 . s -1 ) 

* * * * 
i v ) Ca l cu l at ed ave rage d ayt i me PAR at 

p l at e  depth ( 0 . 52 m ) ( u E .m-2 . s -1 ) 

U p st ream d i sch a rges operat i n g  BCW S ,  MCDC and PNCC 

1 8 . 4 -2 S . 8  

0 . 7 S -0 . 9  

0 . 4 5 -0 . 6  

0 . 26-0 . 30 

1 4 . 2 - 16 . 2  

8 . 3 5-1 1 . 7  

7 . 8  

S . 3  

22 . 9  � 4 . 4  

45 1 

91 5 

490 
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* Cal cu l ated f rom waste d i scharge and r i v e r  f l ow data u s i n g  t h e  fi rst 
o rder decay o pe rat i on ( 4 . 1 )  ( Se ct i on 4 . 3 . 2 }  and assum i n g :  

i )  

i i ) 

i i i ) 

* *  

*** 

* *** 

k 1 ( reach PNCC-B )  = 0 . 0 7 . h r -1 ( a ve rage fo r 2 9 . 2 . 84 - 1 /3 /84 ,  
Sect i on 5 . 3 . 2 . 1 )  

k 1 ( reach MCDC-D ) = 0 . 1 5 7 . h r -1 ( ave rage fo r MCDC-Cu on 29/2 /84 , 
Sect i on 5 . 3 . 2 . 1 )  

BOOs above PNCC = 0 . 2  g .m-3 ( g rab sampl e 30/ 1 1 /83 ) 

Measu red at T i r i tea , 8 km east of  st udy s i t e .  

As sum i n g  PAR ( u E .m-2 . s -1 ) = 2 . 0 3  TR (w .m-2 ) ,  der i ved empi r i c a l l y  from 

numerou s observat i on s  made u nd e r  a range of c l oud cond i t i on s . 

Assumi n g  the vert i c a l  ext i nct i on coeff i c i ent fo r PAR ( k e ) = 1 . 2 ( va l u e  
measu red at Si te D o n  2 1 / 1 1 /83 ) . 
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some extent . To i nve s t igate sub- l etha l e f fects a g rowth 

e xp e riment on concrete plates  was conducted . 

4 . 5 . 2  P L A T E  G ROW T H  E X P E R I M E N T  

I n  order to  i nves t i ga t e  the e ff e c t s  of  natura l solar rad i a t ion 

on s ewage fung u s  g rowth ra te in a river , bioma s s  deve lopment 

wa s compared on the i l l uminated upper s u r faces a nd shaded lowe r 

su r faces  o f  concrete plates  he l d  hori zont
.
a l l y i n  th e midd le of 

the water co l umn in a s upport i ng rack . Th e e xperiment was 

cond ucted ove r th ree days from 29 November 1 9 83 to 2 De cember 

1 9 8 3  at S i t e D ( F ig . 1 . 2 ) . The cond i t ions d ur i ng the 

expe r iment are summa r i s ed i n  Tabl e  4 . 8  a nd the res u l t s  of  the 

ep i l i thon a na lyses are pres ented i n  Tab l e  4 . 9 .  

TABLE 4 . 9 :  Sewage Fungus Growth , S i t e  D ,  2 9 / 1 1 / 8 3- 2 / 1 2 / 8 3  

Pa r ameter s  Upper Su rf aces 
( x  � s )  

AF()..J ( g .m -2 ) 5 . 2 7 + 1 . 6 1  
C h l o rophyl l a (mg .m -2 ) 9 . 7  + 1 . 1 
A I  v a l ue s 666 + 5 -

Set t l ed v o l ume 0 . 045 + 0 . 0 16 
( m  1 . cm -2 ) 

Re l at i v e hete rot roph s* S > F = z 
a b u nd ance 

* = whe re s 
z 

= Sphaerot i l us natans ; 

= Zoogloea spp . 

t -t est 
Lowe r Su r faces Si g n i  f i  cance 

( n )  + ( x  - s )  ( n )  l eve l ( p )  

5 2 .  85 + 0 .  46 s 0 . 032 
2 1 . 4 + 0 . 8  2 0 . 0 7 3  
2 2490 + 1 040 2 n . s .  
5 0 . 049 + 0 . 0 1 5  5 n . s .  

S > F > Z 

F = Fl avoba ct eri um s p p ; 

The data i n  Tab l e  4 . 9  show that there  wa s no s i gn i f i cant 

d i f ferenc e between the bioma s s  s et t l ed vo l ume va lues  on the 

e xpos ed a nd shaded s i des of the plates  but that  AFDW and 

ch lorophy l l  a va lues were s igni f i ?ant l y  higher on the upp e r  

s u r fa ce . The heterotroph i c  communi ty s truc ture was s im i l a r  on 

both the i l l uminat ed a nd shaded sur fa ce s . Photot rophs 
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( d i a toms ) were more abundant on the upper surfa c e  resu l t i ng i n  

l ower A I  val ue s . 

The h igher bioma s s , mea s u red as  AFDW , on the upper s u r f a c e s  

c a n n o t  be enti r e ly accoun ted for b y  the i ncrea sed a lga l b i omas s 

pres e nt . As s u m i ng tha t  81e ch lorophy l l  a rep r e s e nts  l to 2 %  o f  

a lg a l  b i oma s s  ( C ooper and W i lhm , 1 9 7 5 ) ,  the a lg a l  bioma s s  only  
- 2 

accou nts for 0 . 4 to  0 . 8  g AFDW . m  of  the averag e  o f  2 . 4 

g . AF DW . m- 2 o f  add i t iona l bioma s s  not ed on the upper tha n  the 

lo�e r  su rfaces . Vi sua l a nd m i c ro s copi c e�aminat ion showed mo r e  

det r i tus to be present among s t  the upper surface bi oma s s  a nd 

th i s  may have con t r ibuted to the i nc reased  AFDW . Thi s  sugges ts 

tha t  a bette r  approa ch may have been to have compared the 

growth on the upper s u r faces of  two s et s  of p la t e s , one o f  

wh i ch wa s beneath a shade above the wat e r  s u rface . Th i s  was 

con s i dered but dec ided aga i nst  due to l ike l y  prob lems with 

vanda l i sm o f  such obviou s appa rat u s  l e ft i n  the f i e l d  and the 

fa i r l y  con c l us i ve res u l t s  obta i neo i n  th i s  e xpe r ime nt with 

respect to s e t t led vo lume va lues , wh i ch are much l e s s  e f fe c ted 

by s et t led det r i t u s  tha n  are A FDW va l ues . 

The s e  res u l ts do not sugges t a ny s ig n i f i ca nt i nh ib i t i o n  o f  the 

g rowth o f  sewage f ung us under the l ight cond it i ons exper i e nced 

i n  th is  expe r i men t . No reduct ion in  the tota l bioma s s  ( as AFDW 

or s et t l ed vol ume ) was observed u nder cond i t ions of  near  

ma x i mum summer i l lum i na t ion at a dep th o f  0 . 4 5 to  0 . 6  m when 

compa red w i th the b i oma s s  wh i ch d eve l oped s imu l t aneou s ly at 

a lmos t  zero l ight . _ S i nce the ave rage d aytime su r fa c e  to ta l 

r a d i a t ion dur i ng the experiment was abou t 1 0 %  g rea t e r  tha n the 

average recorded dur i ng December 1 9 8 3 , when rad iat i on va l u e s  

were max ima l ,  · a nd s i nce the p l a t e s  were held a t  a h e i gh t  

0 . 2- 0 . 5  m above the a ve rage r i ver bed l e ve l  during f l ows 

between 1 3  a nd 30 m3 . s - 1 , the res u l t s  s ugge s t  tha t  s o l a r  

rad i a t ion i nh ib i t ion of benth i c  h et e rotroph i c  g rowth i s  not 

i mpo r tant i n  the Ma nawat u  river a t  a ny t ime dur i n g  the year . 

4 . 5 . 3 D I S C U S S I O N 

Th e bioma s s  obs e rvat ions a nd p la t e  g rowth e xper iments do not 
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s uppo r t - the hypoth e s i s  that s o l a r  rad i a t ion 

has a n  import a nt inh ibi tory e f f e c t  on s .  na t a ns deve lopment i n  

natu r e  ( E i ch e nberg e r , 1 9 7 5 ; Favr e , 19 7 5 ) . One pos s ib l e  

exp l a na t i on for Fa vre ' s  obs erva t i ons o f  tota l i nhibit ion of s . 
n a t a ns at  radiat ion leve rs of a round 1 2 0 W . m-2 , we l l  be l ow the 

ma x imum s u r fa ce rad i a t ion in the Manawatu Rive r , is  that  th is  

res u l t ed from an  experime n t a l  a rt i fact due to the d i s cont i nuous 

spe c t rum o f  the h i gh pres s u re me r c ury lamps u s ed in his s tudy 

( F i g . 2 . 9 ) . Th is  spect r um may have conta-ined l eve ls  of 

dama ging nea r-u lt ravi o l e t  radi a t i on but been lack i ng in some o f  

the wave l e ngths pres ent in th e solar  spec t rum req u i red for 

act i vat ion of the ce l l s ' photo- repa i r  mecha n i sms . 

The res u l t s  o f  the plate  growth e xper ime nt a l s o  con f l i ct with 

obs e rva t ions o f  the e f fects o f  s ea sona l va r i a t i ons i n  s u r fa c e  

tota l radiation on s .  �a t a ns growth i n  0 . 1 5  to 0 . 2  m deep 

outdoor channe ls  fed dome s t i c  s ewa ge ( E ichenbe rge r , 1 9 7 5 ; 

S ec t ion 2 . 3 . 4 . 3 ) .  

Exp e r iment s i n  wh ich i n s ec t icide wa s added to the s e  cha nne l 

s ys t ems sho.wed tha t  the gra z i ng o f  O r thoc lad Ch i ronomids has a 
very mark ed e f fect on the atta ch ed b i oma s s  i n  the cha nne l s  fed 

2 %  dome s t i c  s ewage ( Wuh rma nn , 1 9 74 ) . Thus s ea sona l va r i a t ions 

in the gra z e r  numbers a nd act i v i ty cou ld res u l t  in s ea s ona l 

va r i a t ions i n  the heterotroph i c  abunda nce i n  the channe l s  

receiv ing mo re  di lute s ewage . However , si nce the Or thoc lads 

did not occ ur in t�e channe l receiv i ng 1 2 % s ewa ge ( Wuh rmann , 

1 9 74 ) ,  th i s  cannot e xpl a i n the observat ion o f  reduced g rowth 

rat e s  at the beg i nn i ng of the cha nne l rece i v i ng th is  i n f l ow 

dur i ng pe r iod·s wh en the da i ly s u r fa c e  total  radiat ion i nput wa s 

1 4  to  4 1 %  l ower than the average va l u e  recorded d ur i ng the 

p l a t e  growth experiment ( E ich enbe rg e r , 1 9 7 5 ; Section 2 . 3 . 4 . 3 ) .  

Th i s  sugge s ts tha t ,  u n l e s s  some unk nown sea s ona l e f fect was 

invo lved in  the cha nne l s tudy re s u l t s , the contra s t i ng r e s u l t s 

o f  the e f fects  of s i mi l a r  surface  tota l radiat ion leve l s  on 

het e rot roph growth rates may have res u l t ed f rom qua l i t a t ive 

and/or qua nt i tat ive d i f ferences in the rad iat i on reach i n g  the 

growth s u r fa c e s  in the two studies . 



1 4 0  

Neverth e l e s s , the res u l ts o f  the b ioma s s  obs ervat i ons show tha t  

in the Ma nawat u  R i ver solar  rad i a t ion doe s not i nh ibi t the 

deve l opment o f  luxuriant sewage fungus near th e wat e r  s u r face 

d u r i ng summer . Fu rthe rmore , th e res u lt s  of th e p l a t e  g rowth 

e xp e r iments i nd icate  tha t summer s o l a r  radi a t i on l eve ls do not 

ca u s e  any reduction i n  sewage fungus growth rate on s ub s t rates  

s u sp ended 0 . 2  to 0 . 5  m above the ave rage r i ver-bed l e ve l  a t  
3 - 1 typ i ca l  summe r  f lows of between 1 3  a nd 3 0  m . s  . 
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C H A PT E R  5 ,  
E F F E C T S  O F  B E N T H I C  C OM M U N I T I E S O N  S T REAM O XY G E N  DY N A M I C S  

5 . 1  I NTRODUCT ION 

B e n th i c  communit i e s  have 'been shown to  have l arge e ffects  on 

s tream oxygen dynami c s  in ma ny r i vers i nc l ud i ng the Manawatu 

( s e ct ions 2 . 2 . 1 . 2 a nd 2 . 3 . 5 ) ,  whe re they have been i mpl i cated 

as  an important facto r p rodu c i ng low dis sol ved oxyg e n  

c orid i t ions l ea d i ng t o  f i sh k i l l s  ( C u rr i e ,� 1 9 8 0 ) . Thu s  a better 

understanding o f  th e relati onsh ips between th e factors i nvo l ved 

wou l d  be mos t  u s e f u l  for the management of th e r i ve r  to 

ma i nta i n  the statutory d i s s olved oxyg en requi rement ( S e ct ion 

2 . 1 )  and a void f i sh k i l l s . 

Th i s  chapt e r  pre s ents the r e s u l t s  o f  i nve st igat ions o f  the 

f a c tors a f f e c t i ng the �esp i rat i on a nd photosynthet i c  o xygen 

p roduct ion rat es o f  benth i c  communi t i es in the Ma nawa t u  Rive r 

a nd i n  l aboratory cha nne l s . 

The a ims o f  th e i nve s tigations were : 

( i ) To quant i fy the re lat ionships between the benth i c  

r e spira t i on rate ( BR )  a nd g ros s photosynthet i c  produc t i on rate 

( BGPR } a nd the envi ronmenta l va riab l e s  name ly : bioma s s , 

c ommu n i ty compo s i t ion , tempe ratu r e , BOD 5 con c entration , 

d i s so lved o xygen concent rat ion a nd l igh t .  

( i i )  To use  these  data to produce mod e l s  o f  the fa ctor s 

a f fect i ng these  proce s s e s  tha t wou l d  be use fu l for ma na gement 

p u rpos e s . 

( i i i )  To a s s e s s  the re l a t i ve importanc e o f  benth i c  and 

s u spended bioma s s  respira t i on in the Manawa tu Rive r .  

( i v )  To d e f i ne th e nuisance l eve l o f  benth i c  b ioma s s  wh i ch 

wou l d  res u l t  in dep l e t i on o f  the r i ve r  d i s s o l ved o xygen to  l e s s  

than the 5 g . m-3 mi n imum con centrat ion permi t t ed b y  t h e  D 

c la s s i f i cat i on ( S ect i on 2 . 1 ) .  
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I n- r iver stud i e s  were undertak e n  u s i ng BOD bott l e s , i n  s i t u  

respi ratory chambe r s  and two s t a t i on techniques ( S e c t ions 3 . 6 . 2  

to 3 . 6 . 5 ) . The oxygen remova l a nd product ion o f  epi l i thon 

deve loping i n  l aboratory a rti f ic i a l  channe ls  we re  s tud ied u s i ng 

respiratory chambe rs  ( S ect ion 3 . 7 . 1 0 ) . 

5 . 2  SUSPENDED B IOMAS S  EFFECTS ON OXYGEN REMOVAL 

The re spi rat i on rate of the b i omas s  su spended in  the wat e r  

c o l umn wa s inve s t igated over pe r iods o f  1· . 2 to 4 hou rs i n  

e xperiments us ing a s t i r red Boy l e  r e sp i rometer o r  quies cent BOD 

bot t l e s ( S e ct i on 3 . 6 . 2  ) . I n  

b i omas s  resp i ra t ion averaged 

the s e  e xpe riment s th e s u spended 
- 3  - 1 on l y  0 . 0 6 g o2 . m  . h  ( = 1 . 4  g 

- 3 -1 o 2 . m  . d  ) but ranged from 0 t o  O . l 8  cJ - 3 - 1  O ?. . ru . h  ( Ta b l e  5 . 1 ) .  

'I·h e average i n i t i a l  respi rat ion ra te , ca lcu l a t ed f rom 

BOD 5 progr e s s ion s tudies , of s a mp l e s  co l l ected between s it e s  D 

a n d  E ( Fig  1 .  2 )  w<=t s j us t. w i. l-.( l i_ n th e ra nge o f  va l ue s  obs erved i n  
- 3  - l  . 

th i s  s t udy at  0 . 1 7  g o2 . m  . h  . ( fh ck ey and Ruthe r ford , 1 9 83 ) .  

C ompa r i s on o f  the . ' <:! · 1 -". i . rl. w i_ l .� t  i -.1\ (-� r: (�:'i •l l t s  of the i n  s i t u  

chambe r benth ic  respirat ion s tudi e s  { S e ct ion 5 . 3 )  a nd who l e  

r i ver s tudi e s  ( S ection 5 . 4 )  i nd i cates  that a t  mod e ra t e  t o  h i gh 

b e nth ic bioma s s  leve l s  the s u spended bi oma s s  respi ration has 

o n ly a ve ry mi nor a f fect on tot a l  o xygen remova l .  

5 . 3  I N  SI T U  CHAMBER STUDI ES I N  THE MANAWATU R I VER 

5 . 3 . 1  I N T RO D U C T I O N 

Subme r s ib l e  resp i ra tory chambers  ( S e ct ions 3 . 6 . 2 and  3 . 6 . 3 )  

we re used t o  s tudy i n  sit�  i n  the Manawa tu Ri v e r  th e e ffec t s  on 

r iver d i s s o lved o xygen dynam i c s  o f  benth ic comm un i t i e s  and th e 

i ntera c t i o n s  o f  benth ic proc e s s e s  wi th phys i ca l  a nd wa t e r  

q ua l ity factors . The biom a s s  with i n  the chambe rs a nd th e 

phy s i ca l a nd wat er qua l i ty condi t ions during the expe rimen t s  

could be contro l led and qua n t i f ied ( S ection s  3 . 6 . 2  a n d  3 . 6 . 3 ) .  

Thus  the s e  s tudi es a l lowed c o l l ec t ion of data s u itab l e  for 

construc t ion o f  mathema t i ca l mode l s  for pred i ct ion o f  ben th i c  

r e spi rat i on a nd g ro s s  photosy n th e t i c  oxygen prod u c t ion rate s . 



TABLE 5 . 1  W at e r  Co l umn Re sp i rat i o n Rates , Ma nawat u R i v e r  

Date 

0 7 / 1 2/82 
1 6 / 1 2/82 
06/0 1 /83 

1 8/02/83 
0 2 /0 3/83 

0 4 /0 3 /83 

0 4 /0 3 /83 

0 7 /0 3 /8 3  

0 7 /0 3/83 

1 1 /04/83 

1 2 /04/83 

2 3 / 1 1 /83 

1 6 / 1 2 /83 

- + X - S 

2 4  X X 

S i te 
( F i g  1 . 2 )  

D 
0 
0 
E 
A 
B 
c 
0 
EF 
0 
c 
D 
D 

Re s pi rat i on Rate 
Spec i fi c  

Res p i r at i on Rate 
( -3 - 1 ) g02 .m . h r  

0 . 1 8 

0 . 0 7 

0 . 0 9  
0 

0 
0 

0 

0 . 0 8  

0 . 1 7  

0 . 0 5 
0 . 0 7 

0 . 0 3  

0 . 03 

0 . 0 6  .: . 06 

-3 - 1 1 _. 44 g0 2 .m . d  

( -1 - 1 ) g02 . gAFDW . h r  

0 . 0 6 3  

0 . 0 1 6  

0 . 0 16 
0 
0 

0 

0 

NO 
NO 
NO 
NO 

0 . 0 1 2 
0 . 036 

+ 0 . 0 16 - . 0 1 6  

-1 - 1 0 . 384 g0 2 .gAFOW . d 
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Appar at u s  

Boyl e Re sp i romete r  
Boy l e Re sp i romete r  
Boy l e  Re sp i romete r  
Boyl e Re sp i romete r 
BOO Bot t l es 
BOO Bot t l e s  
BOO  Bot t  1 es 
BOO Bott l e s 
BOO Bott  1 es 
BOO Bot t 1 es 
BO O  Bot t l e s 

BOO Bot t l e s  
BOO Bot t 1 e s  
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The fol l owing e xperiments were u nd ertaken : 

( i )  study o f  the act ivity o f  epi l i thon deve lop i ng on 

conc rete art i fi c i a l  s ubstrat e s  ( S ection 3 . 2 . 2 . 2 )  at regul a r  

i nt e rva l s  d u r ing i ncubat ion at s it e  D i n  the Ma nawa t u  Ri ve r  

( F i g  1 . 2 )  a t  the beginning o f  the 1 9 8 3 / 84 s umme r  period . 

( i i )  Concurrent s tu d i e� in two Fr eeman chambers ( S ec t i on 
3 . 6 . 3 )  o f  the a c t i v i ty o f  epi l i thon attached t o  nat ural s tone s 
u nd e r  r iver con d i t i ons of t emperatu re , i nitia l wa t e r  qua l i ty 
and l i ght a nd a fter a lt era t ion of  one o f  the s e  va riables  
( S ec t i on s  3 . 6 . 3 . 5  to 3 . 6 . 3 . 7 ) .  

( i i i ) Studies  of t he respirat ion of ep i l ithon on nat u r a l  

s ubs t rates us ing the Boyle chamber ( Sect ion 3 . 6 . 2 ) .  

The data col lected i n  these  exp e r iments is  summa r i s ed i n  

Append ices  C ,  D and E .  

I n the r ive r s tudi es the resu l t s wer e  obtained f rom s i n g l e  

mea s u r ement s  e xc ept on 1 1 /4 / 8 3 , wh en dupl i cate respirat i on 

meas urements were made u s i ng the Boyl e  chamber . On thi s 

occas ion the s ta ndard deviat ion of the mean wa s 5 . 5 % .  

S imi larly during the ea rly s tag e s  o f  th e laboratory cha nne l 

experiment s-, when the bioma s s  wa s s imi lar  th roughout th e 

channe l s , the s tandard deviat ions  we re genera l ly l e s s  tha n 1 0 %  

o f  the i r  respect i ve mean area l respi ration and gro s s  

photosynth e t i c  rat e s  ( S ect ion 5 . 5 . 2  a nd 5 . 5 . 3  ) ,  determined 

f rom dup l icate meas u rements us ing the Freeman chambers . Th i s  

s ugge sts that th e chamber mea su reme nt s gave reasonably prec i s e  

meas uremen t s  of th� r espirat i o n  and gros s photosynth e t i c  rat e s .  

The resp i ra t i on and g ross  photos ynthes i s  of b i oma s s  suspended 

i n  the wat e r  col umn were not a l lowed for i n  ca l c u l a t ing the 

benth i c  rates from the chamber meas u rement s ( S ections 3 . 6 . 2  a nd 

3 . 6 . 3 )  s ince the s uspended biomas s  activity had a ne g l i g ib l e  
o n  

e f fect k the rates mea s ured due t o  the high bed s u r face a rea t o  

wa t e r  col umn vo lume ratio of the chambers ( S ec t ion 6 . 2 . 2 ) .  At 

the ma ximum obs erved s uspended bioma s s  resp i ra t i on rat e  of 4 . 3 

g o2 . m- 3 . d- l  ( S e c t ion 5 . 2 ) ,  thi s onl y repr es ents 0 . 6 to  7 . 2 % o f  

th e tota l chamber resp i rat i on r a t e  over the range o f  mea s ured 

va lues . Th i s  s ugge s t s  that negle c t i ng this  portion o f  the 
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t ota l chamber respi ra t ion cou l d  have resu lted in ove r ­

e s t imat i on o f  the benth i c  respi rat i on b y  up to 7 . 2 % for the 

l owe s t  benth ic  resp i rati on rate mea s u red i f  the ma x i mum 

s u spended b i omas s  r espi rat ion rate occurred . However i n  most 

ca s e s  the o ve r� s timat ion wou l d  be l e s s  than 2 % . 

S u spended b ioma s s  gro s s  photosynthes i s  wa s a s s umed to  have a 

s im i la r  neg l i gible e ffect . River  wa t e r  i ncubated i n  the l i ght 

a t  s ite  D for  four hours  on  2 2 / 2 / 8 3  showed no change i n  

d i � sol ved o xyg en sugges t i ng that aq ua t i c  �roduc t ion wa s sma l l  

( H i ck ey and Ruth er ford , 1 9 83 ) . 

F o r  th e p u rpo s e s  o f  data ana ly s i s ,  those commu n i t i e s  i n  wh i ch 

the he t e rot roph ic  abu ndanc e s ca l e  va lue (Append i x  B )  wa s 4 ,  5 

o r  6 were c la s s ed a s  s ewage f ungus whe r eas a l l  the o ther bed 

c ommuni t i e s  were c las s ed as  phototroph i c . Howeve r ,  most o f  the 

s ewage fungus commu n i t i e s  conta ined a s igni f i ca nt a l ga l  

c omponent , a s  i s  r e f l ected i n  th e i r  A I  va lues ( Appen d i c e s  C and 

E )  • 

The photot roph i c  communi ties  s tudied were  a l ga l  exc ept on 1 2  

M a r ch 1 9 84 wh en the ma crophyt e  P o t o mog e t o n cr i s p u s  wa s compared 

w i th the a l gae C l a doph o r a  g l o m e r a t a  for its e f fects  on o xygen 

dynami cs at s it e  EF . 

The i nt e ra ct ions o f  th e va r iou s phys ica l and wat e r  qua l i ty 

p a rame t e r s  w i th the benth ic communi t i es e f f ects  on oxygen 

d ynam i c s  wa s ana lysed by the fol lowi ng technique s :  

( i ) Li near  regress ion ana ly s i s  o f  the i nteractions be tween 

variab l e s  and the r e spiration a nd gross photos ynthe t i c  rates  

obta i ned from s tu d i es i n  whi ch the phys ica l  wat er qua l ity 

characteri s t i c s  of the r iver water  in the chambe r were not 

a l te red e xper imenta l l y . Th i s  technique produced empi r i ca l  

mathema t i ca l  models  with potentia l u s ef ulne s s  in wat e r  

mana gement . 

( i i )  Compa ri son of th e benth i c  commun it i es e f fe ct s  on o xygen 

dynamic s with and without e xp e r imenta l  alt erat ion o f  
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l i ght and/or tempera t u re and/or wat e r  qua l i ty cond i t i on s . 

5 . 3 . 2  P L A T E  B I O M A S S  S T U D I E S A T  S I T E D 

The respi rat ion and g ross  photosynth et i c  oxygen product ion o f  

ep i l ithon d eve l oping on concrete p l a t e s  wa s i nve s t i ga t ed u s i ng 

the i n  s i t u  chambers ( Section 3 . 6 . 3 . 3 )  during two s tudies  at 

s i t e  D at the begi nning o f  the summer growth period i n  November 

a nd De cemb e r  1 9 8 3 . The aims of the e xperiments wer e  to 

i nvestigate : 

( i )  the relat ionships betwe en epi l ithon bioma s s  and i ts 

e f fects on s t ream o xygen dynami c s  

( i i )  the cha nges  i n  epi l i th i c  commun i ty type dur i ng growth 

be l ow the wa s t ewat e r  d i s charge s .  

The e f fects  o f  organic  wa s t e  a dd i t ion on epi l i thon d e ve l opment 

d u r i ng th e latter experiment a re d i s c u s s ed in Sect i on 7 . 2 . 6 . 2 . 

The resu l t s  o f  the two exper iment s are  pres ented i n  F i gures 5 . 1  

a nd 5 . 2  and Append i x  C .  

Ep i l ithon ·dev e l oped and inc rea s ed i n  a ct ivity rap i d l y  under 

the cond i t i on s  e x i s t i ng duri ng the i ncubation ( F i g s  5 . 1  and 

5 . 2 )  but the re wa s a genera l dec l i ne in both the w e i ght 

spec i f ic be nth i c  respiration rate ( WSBR ) and th e ch lorophy l l  a 

s p ec i fi c  benth i c  gross production rat e  ( chla . SBGPR ) with 

i n c reas i ng bi oma s s . Howeve r two e xcept ions to th i s  patt ern 

o c curred . A l ow WSBR va lue  wa s recorded on 1 8/ 1 1 / 83 ( F i g  5 . 1 )  

a nd the d e c rease i n  bioma s s  be tween 1 0  and 1 6 / 1 2 / 83 , res u l t i ng 

f r om a sma l l  spate on 1 1 / 1 2 / 8 3 , d i d  not res u lt in i nc re a s ed 

W S B R  or ch l a . S BGPR val ues ( F i g  5 . 2 ) . The forme r a noma l y  

r e s u lted f rom the l a rge amount o f  det r i tus a nd s i l t  whi ch 

s ett led on the plate  s u r faces  betwe en 1 5  a nd 1 8/ 1 1 / 8 3  caus ing 

e l eva t ed AFDW va l u e s . The s ec ond a noma ly p robably r es u l t e d  

f rom the combined e ffects o f  i nc r ea sed cu r rent ve locity caus ing 

p r e fe rent i a l  s lough i ng of the heterotrophs ( S e ct ions 4 . 3 . 3  and 

7 . 2 . 6 . 2 )  a nd the reduct ion o f  the a l ga l resp i rat ion i n  respons e 

t o  lowe r a ve ra ge l ight condi t ions ( B oa rdman , 1 9 7 7 )  i n  the 

t urbid condit ions d uring and f o l lowing the spat e . 



40 N 
I E 
3 ..... 0 30 "'0 1 -2 LL ...-- . <{ I 

en 3 
Vl 0 

LL Vl <! <! 20- OB ::L 0"1 
0 N 0 a::l 0"1 
LJ 
:::c 10 a: 0·4 
...._ CD 
z: Vl 
w 3 a::l 11 1 1  0 � 0 0 

o :: B e n t h i c  20 
Resp !rat i on ( B R )  

x =  B e n th i c G ross 
P r o d  ucti o r(BGffi1 0 -
( 0 -2 d -1 ) g 2· m • 

015  20 
NOV 

X 

------X 

25 
DATE  

30 5 
DEC  

9 

1 4  7 

400 

300 
o = C h lorophy l l  a 

Speci fi c B G  PR 
200 ( g02. g C h La-:1 d -1 ) 

x = C h lo roph y l l  a 
( m  g .m-Z ) 

100 

0 

2· 0 600 
1 · 5 •=Autotrophi c 
D=P/R 1 - 0  400 lndex (A I )  

0-5 200 
o · 0 

F i gure 5 . 1 :  Re s u l ts  of  Me as ureme n t s  o f  Ep i l i t hon 
Growt h and Act ivity on Concrete P lates  at S i t e  D ,  
1 5 / 1 1 / 8 3  t o  8 / 1 2 / 8 3 . 



1 4 8  

N"' 4fJ 400 

' e:  ..... 
"C' 

� ·  
3 I 

3 
0 0 
LL 30 

LL 
1 ·2 300 <{ 4: 01 

0" N o = Chloroph y ll a 
- 0 
V) en Spec i f i c B G P R  
V) a.:: 

200 
( g Oz. g C ht . a

1. d-1l 4: 20 0·8 L: CO 

0 u 
m LL x = C hl orophyll a 

u (mg .m-2 ) LJ w a.. 
:r: 1 0  Vl 0 ·4 100 
._ � 
z I I.::J 
w w m 3 

1 1 

0 
1 1  

0 0 0 • 

o = Be nthi c 20 2-0 
X 
w 

600 
0 

R es pirati on (B R )  z 

x : B e n th i c G ross 
o =P/R u 

400 :r: 
Pro duc t ion  1-0 a.. 

1 0  0 
( B G PR l 

0:: 

200 
� 0 

( g 02.m-� d-1 J  
� :::> <{ 

0 0 0 
11 
• 

2 4  1 8 1 6  

NOV DE C 

F igure 5 . 2 :  Re s u l t s  of Me as ureme n t s  of Ep i l i t ho n  Growt h 
and A c t iv i t y  at S ite D ,  2 1 / 1 1 / 8 3  t o  1 6 / 1 2 / 8 3 . 



1 4 9  

Ana l ys i s  o f  the comb i n ed data f rom the two e xp e riment s 

i n d icates s trong r e l a t ionships betwe en the WS BR a nd ch lorophyl l 

a speci f i c  BGPR and natural l oga rithm o f  the benth ic  bioma s s  

( a s AFDW ) a nd a l ga l  bioma s s  ( a s  ch lorophyl l a )  respec t i v e l y  

( F i g s  5 . 3  a nd 5 . 4 ) . Th i s  i s  d i s cu s s ed i n  Sect ion ( 5 .5 . 4 ) . 

Th e mu lt ip l e  regr e s s i on a na lyses o f  the facto r s  a ffecting  

th e BR  a nd BGPR were prevented by the s igni f i cant corre l a ti ons 

b e twe en th e t empe rature and both benth i c  bi oma s s  ( AFDW ) ( r  = 

0 . 840 ; P < . 0 2 )  a nd a l ga l b i oma s s  { ch l o rbphyl l  a )  ( r  = 0 . 89 6 ; 

P < . 0 1 ) . However these  da ta were u se d  for mul tip l e  regr e s s i on 

a na lys is  i n  comb i na t i on wi th natura l bed bioma s s  i n  S ec t ion 

( 5 . 3 . 5 ) . 

I n  both expe riment s there wa s a steady d�c l i ne i n  the 

au totroph i c  i nd ex va l ues a nd a genera l increa s e  i n  th e P/ R 

va l u e s  dur i ng the i n c ubation interva l  ( F igs 5 . 1 and 5 . 2 ) . Th i s  

i mp l i e s  that unde r the rive r c ond i tions , the s ub s t rates  were 

i ni t ia l ly colonised  by hete rotrophs but the r e l a t i ve abundance 

o f  phototrophs i nc reas ed with time . 

5 . 3 . 3 N A T U R A L  B E D S EW A G E  F U N G U S  R E S P I R A T I O N  

Th e be nth i c  respi rat ion rates ( B R )  o f  na tura l bed s ewage fungus 

c ommuni t i e s , defined as  thos e communi t i es in wh ich the 

ma cros cop i c  heterot roph abundance s ca l e  va lues were 4 ,  5 or 6 

( Append i x  B ) , we re  meas u red u s ing th e i n  s i t u  chambers ove r a 

r a nge of  bioma s s  leve l s  and condit ions ( Append i c e s  D a nd E ) . 

The r e s u l t s  o f  the s tudies i n  wh i ch th e ne i th e r  temperature nor 

wa s te-wate r conce n t ra t i on we re  a l te red exper imenta l ly indi cate 

tha t the benthic  bioma s s  ha s a large i nfluence on BR . 

Th i s  is  confi rmed by the pars imonious  mu l t ip l e  r eg r e s s ion 

equa t ion ( 5 . 3 ) ( Tabl e  5 . 2 )  whi ch shows that bioma s s  and 

t empera t u r e  ac count for 86 . 9 % o f  the va riat ion i n  benth i c  

r espiration . Al though the i n i t i a l  BOD5 wa s pos i t ively  

corre l a t ed with BR  a t  the 90%  con f idence leve l i t  d i d  not  have 

a s igni fi cant e ffect on the mu ltip l e  regre s s ion mod e l a t  the 

9 5 % l eve l ( t  va lue = 0 . 85 ) . Th i s  s uggests that the i n i t i a l  

BOD 5 has on ly a minor effect on B �  over the range o f  
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TABLE 5 .  2 Par s imonious Regre s s ion Equation De s c r ib i ng the 

E ffects  o f  Stat i s t ic a l ly S ignificant P redi c to r s  

( at the 9 5 %  leve l ) on the Benthic  Re spi r a t ion Rate ' 
o f  Natural  Bed Sewa g e  Fungus  Communi ti e s  

= - 1 3 . 3 + 0 . 1 5 1  BM + 1 . 0 7  T ( Equa tion 5 . 3 )  
- 2 - 1 = go 2 . m  . d  . 

= 8 6 . 9 % ( ad j usted for 9 degrees  of freedom ) ; 

s tandard d eviation o f  data about regre s s i on 

equat ion ( s )  = 2 . 2 8 

I mJ2ortance o f  Predictors 

P r ed ictor Co e f f i c ient St  dev of t ratio = 
Coe f fi c i e nt Coe f f / S . D . 

Con stant - 1 3 . 3  4 . 98 -2 . 7 7 

B M  0 . 1 5 0 . 0 2 6 . 6 9 

T 1 . 0 7  0 . 2 6 4 . 0 8 

Appl icat ion Ra nge of Regre s s ion Equat ion 

BM = 8 . 5  

T = 1 1 . 0  

- 2 10_6 g AFDW . m  

2 0 . 7 °C  

Range o f  Other Va r iables  Du r i ng Expe r iments 

I n i t i a l  BOD5 = 0 . 7  

I n i t i a l DO = 5 . 3  

- 3 7 . 3 g . m 

1 1  g . m- 3 

Pe rcentage 

Con t r ibut i on 

to ss reduct ion 

6 5 . 5 % 

24 . 1 % 
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concentrations and biomas s  va l u e s  i n  the s e  exper iments ( Tabl e  

5 . 2 ) .  Howev e r  the appa rent , u ne xpectedly, low i n f l uence o f  

i ni t i a l  BOD5 on s ewag e  fungus B R  may b e  partly d u e  to the 

pos i t i ve , though s ta t i s tical ly i ns igni f i cant ( at P = 0 . 1 ) ,  

correlation between the i niti a l  BOD5 a nd the benth i c  bioma s s  ( r  

= 0 . 5 1 2 ) . To con f i rm the stat i s ti ca l ly insigni f i cant  e f fects 

of initia l BOD 5 obs erved u s ing mul t ip l e  regre s s ion , 

s i multaneous chamber s tud i e s  wer e  made o f  s imi lar natu ra l river  

communi t i e s  with one chamber be i ng f i l led with r iv e r  wat e r  and 

another  wi th r i v e r  wa ter suppl emented with MCDC was t ewat e r  

( S ect ion 3 . 6 . 3 . 5 ) .  The s e  showed tha t  the average wei ght 

speci fic benth i c  resp i rat i on rate ( WSBR ) ,  mea s u red ove r 0 . 5h 

i n terva l s , was not a f fected by add i t i on of 6 . 7 g BOD 5 . m- 3 a t  a 

h i gh background l e ve l  ( 7 . 0  gBOD 5 . m- 3 ) nor by a minor i nc r ea s e  
- 3  - 3 o f  1 . 8  gBOD5 . m  a t  a backgrou n d  l eve l of  4 . 0  g . m ( Tabl e 

5 . 3 ) .  Howe v e r  a 3 6 %  increa s e  i n  a verage WSBR was obs e rved i n  

one experiment when the par t i c u la r ly l ow background r i ver 

BOD5 ( 1 . 2  g . m- 3 ) wa s i ncrea s e d  to  7 . 1  g . m-3 . Th e s e  l imited 

r e sults  sugge s t  that short -t erm va ria t ions i n  o rga n i c  

c oncentra t ion do not res u l t  in i nc r ea sed sewage fungus 

r espi rat ion u n l e s s  the ba ckg round organic mat e r i a l  

c oncentrat ion i s  s u ffi c i ently l ow to  cause th e communi t ie s ' 

r e s erves to  be come deple ted . The e ff ect o f  more prolonged 

BOD5 i nc r ea s e s  due to  wa s t e-wat er d i scha rge va riation s  on 

s ewage fungus r e spi ration rat e s  mea su red by the who l e  r i v e r , 

two station technique i s  d i s cu s se d  i n  S ection ( 5 . 4 . 3 ) .  

TABLE 5 . 3  E f fects o f  BOD5 Add i t io n  on Sewage Fungus 

Respira t ion Rat e  at Site C 

I In i t i a l  BOO r.:  
::> I Ave r a ge Wei g h t  Spec i f i c BUR 

Tempe ra ture I Be n th i c  I - 3  ( g . m  ) I ove r  0 .  5 h r ( g0 2 . g AFDW . d 
- 1 ) 

Date ( o c ) Bioma s s  I Back- Af te r I @ Ri ve r @ Ele va ted 

{ gAFDW . m- 2  Jl ground Add i tion I BOO S BOO S 
1 2/ 1 / 8 4 1 2 0 . 2  5 0- 5 5  I 7 . 3  1 4 . 0  0 . 3 6 0 . 3 6 

2 3/ 3 / 8 4  I .  1 7 . 5  2 2 - 2 4  I 1 . 2 7 . 1 0 . 3 1 6  0 . 4 3  

2 6 / 4 / 8 4  1 1 5  9 3 - 1 04 I 4 . 0  5 . 8 o .  1 88 o .  1 89 

Two experiments were conduct ed to  i nvestigate the i nd ependent 
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e ff e ct o f  t empe rature on the resp i rat ion and g ro s s  

photo synth e s i s  o f  commun i t i e s  w i th a s igni ficant h e terot roph i c  

component . Th e averag e we ight spec i f i c  rates o f  s im i l a r  

commun i t i e s  wer e  compared concurrent l y  in river wat e r  a t  th e 

ambi ent river  tempe ra t u r� a nd i n  river wat er whi ch had been 

ch i l l ed by 5 °C u s i ng g lycol - f i l l ed PVC pa ds ( S e ct i o n  3 . 6 . 3 . 7 ) .  

Th e s e  experiments gave confl i ct i ng r e s u l t s  ( Tabl e 5 . 4 ) . The 

a n t ic ipated reduct ion in average WSBR a t  the l owe r temperatu re 

wa s obs erved on 2 3 / 3 / 84 but not on 2 2 / 2 /84 . Th e a noma lous 

r e su l t  on 2 2 / 2 / 84 cannot be e xp l a i ned by d i f f e rent organi c  

concentr a t i ons i n  the two chamber s  s ince the s e  were fo und to  be 
- 3  th e s ame ( fBoD5 = 4 . 3  g . m  ) and , s i nc e  the i ni t ia l d i s s o lved 

o x ygen concentra t ion was not observed to have a s i g n i f i ca nt 

e ffect on th e respi rat i on rat e  i n  the other chamb e r  

e xpe riment s ,  the 1 . 2  ppm high e r  i nit ia l d i s s o l ved oxyg e n  

c oncent r a t i on a t  the l owe r t emperat ure i s  not l ik e ly to  have 

c ount ered the expected reduct ion i n  metabol ic  ra t e  due to the 

r edu ced t empe rature . Thus  th e anoma l y  rema i ns une xpla ined . 

TABLE 5 . 4 :  - Ef fects on Sewage F ungus Re spirat ion and Gross  

Ph otosynthes i s  o f  Ar t i f i c ia l  Lowe r ing o f  Wa ter  

Tempera t u re ; S i t e  C 

River We ight Speci f i c  BR* 

Date Temp ' - 1 - 1 ) ( gO 2 . gAFDW . d 

( 0 c )  @ River I @ River 

Temp I Temp - 5 ° C 

22 /2 / 84 1 8 . 0 0 . 1 8 I 0 . 1 8  

23/3/84 1 7 . 5  0 . 3 1 6 I 0 . 2 1 3  

We ight Spec i f ic  BGPR* 
- 1 - 1 ( g0 2 . gAFDW . d  ) 

@ River I @ River 

Temp I Temp - 5 ° C 

0 . 2 7 I 0 . 2 2  

ND I ND 

* Average va l u e s  recorded over 0 . 5 h r ,  not the ini t i a l ra tes 

5 .  3 .  4 N A T U R A L  B E D  P H O TO T RO P H I C  C O M M U N I T Y E F F E C T S 

S i x i n  s i t u  chamber stud i e s  o f  bed phototroph i c  communi t i e s  
were undert aken to  c ompa re the i r  e ffects  on benth ic  r espi rat ion 
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( BR )  with tho s e  o f  the hete rot roph domina ted s ewag e  fungus 

commun i t i e s . In  th i s  ana l ys i s  the photot roph i c  dom inated 

commun i t i e s  were defi ned as  tho s e  in wh i ch th e photot roph i c  

abunda nce sca le va l ue wa s E o r  F and the hete rot roph abundance 

l ev e l  less tha n  3 ( Appendix B ) . These commu n i t i e s  were a lga l , 

dominated by c .  g l o m e r a t a , e xcept in one ins tance , on 1 2 / 3 / 8 4  

a t  S ite  EF , when the a ct ivity o f  the ma crophyte P o t a mog e t o n 

cr i s p u s  wa s compa red with that o f  c .  gl o m e ra t a . 

Due to the sma l l  numb e r  o f  obs e r vations  o f  bed a lga l 

commun i t i es ' gros s photosynthetic  oxygen production ra tes 

( BGPR ) ( four ) the comb ined data from a l l  the epi l i thic 

commun i t i es wa s used to inv e s t i gate the rel a t ionships betwe en 

BGPR a nd a l g a l  bioma s s  and oth e r  fa ctors ( S e ct i on 5 . 3 . 5 ) .  

M u l t i p l e  regress ion a na ly s i s  o f  th e data from the a l ga l 

photot roph i c  domi nat e d  communi t i e s  in Appe nd i c e s  D and E showed 

tha t  t emperatur e had a s ig n i f icant e f fec t on the benth i c  

respi rat ion rate ( BR )  a t  the 9 5 %  l eve l ( F ig 5 . 5 )  whereas the 

b ioma s s  ( BM )  a nd i n i t i a l  BOD 5 did not . The l ack o f  any e f fect  

due  to bioma s s  re s u l t s  from th e na rrow rang e of benth i c  bioma s s  

va l u e s  o f  th e a lga l commun i t i es studied ( x  + s = 4 8  + 8 
- 2 ) gAFDW . m  . 

The t emperature coef f icient o f  1 . 84 i n  th e a lga l communi t i es ' 

r e sp i ration equation ( 5 . 4 )  i s  cons ide rably h igh e r  than the 

c oe f f i c ient of 1 . 0 7 obs e rved i n  the pa r s imon ious equat i on ( 5 . 1 )  

for the s ewage fungu s commu n i t i e s  ( Se ct ion 5 . 3 . 3 ) .  Al though 

the data s ets  u s ed to generate  the s e  equat i ons a r e  sma l l  th ey 

i nd icate that tempe rature has a strong e r  e ffect on a l ga l  tha n  

s ewag e  fungus commun i t ie s . Th i s  cou l d  b e  e xp l a i n ed by the 

h i gh e r  average tempe ratures r e s u l t i ng l arge l y  f rom h i gh e r  
I 

a ve rage rad i at ion i nputs . Thu s , a t  h i gh temperatu r e s  the a lga l 

a ct i v i ty i s  in crea s ed due to the stimula tory e f fect o f  h ighe r  

a verage l i ght leve l s  ( Da r l ey ,  1 9 82 ) i n  add it ion to the e f fe ct 

o f  temperature on c e l lu l a r  reaction rat es ( Se ct i on 2 . 3 . 4 . 7 ) . 

By contra s t  the heterot roph s ' act ivity is  on l y  enhanced by 

l atter  e f f ect of increa s e d  temperature . 
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The independent short-t erm e ff ects o f  was tewa t e r  a dd i t i on on 

a l ga l act ivity we r e  i nve s t i ga te d  in two chamber e xp e r iments .  

I n  each experiment one Freema n chamber was fi l l ed with river 

water  a nd another , conta in in g  a s imi l a r  benth i c  community , wa s 

f i l l ed wi th r iver water  supp lement ed wi th MCDC wa stewa ter 

( S ect ion 3 . 6 . 3 . 5 ) . Th ese  i nvestigation s  showed tha t  under the 

s t udy cond i t i ons , where the background concen tra tions of  

fBOD5 a nd nutrients  were re l a t iv e l y  h i gh ,  the was tewa te r  

a ddit i ons  ha d  n o  s i gnifi cant ef fect on the average we igh t  

spec i f i c  benth i c  r esp i rat ion rat e s  mea s u red ove r 0 . 5 hou r 

i nterva l s  or the weight spec i f i c  benth i c  gros s  produ c t ion rate 

mea su red over 0 . 4  hour interva l s  a ft e r  the i n i ti a l , 0 . 5 hour , 

dark incuba t ion period ( Tabl e 5 . 5 ) .  

Th e resp i ra t i on a nd gross photosynth e t ic oxyg en production 

rates of na tura l bed commun i t i e s domina t ed by th e a lg a e  

C l a d oph o ra g l o m e r a t a  and th e mac rophyt e P o t a mog e t o n cr i sp u s  

we re compared i n  chamber e xperimen t s  conducted a t  s it e  EF ( Fig  

1 . 2 )  on  1 2 / 3 / 84 .  The condit ions du r i ng the e xperime nts a r e  

s umma r i s e d  i n  Tab l e  5 . 6  a n d  the resu l ts a r e  pr� sented i n  Tabl e 

5 .  7 .  

Th e WS B R  o f  P .  cr i s p u s  is  much l ower than tha t  o f  c .  g l o m e ra t a  

( Table 5 . 7 ) . S im i l a r ly at  f u l l s un l ight th e WSBGPR aQd 

ch lorophyl l  a spe c i fic BGPR of P .  cr i sp u s  were respect i ve ly 

only 0 . 44 a nd 0 . 2 7 times that o f  c .  g l omera t a . Howeve r , the 

data in Figure 5 . 7  show tha t  a t  low l ight l eve ls the two 

species  spec i fi c  BGPR ' s  converg e . 

I t  i s  pos s i b l e  that the r e s u l t s  of  the macrophyte i nve s t igat ion 

could have been e ffected by storage and re- u t i l i sat i on o f  

oxygen in th e i r  i nterna l la cuna e caus ing a d e l a y  i n  th e change 

i n  th e d i s s o lved o xygen concent rat ion o f  the chamb er water 

( Co f f ey , 1 9 81 ) .  However th e imme d i a te respons e of  th e chamber 

oxygen concentrat ion obs e rv ed when the l i ght condi t i ons we re 

a l te red s uggests  tha t th i s  effect wa s not important . 

Th e WSBR obs e rved for P .  cr i s p u s  i n  the s e  e xp e riments was } 

2 . 5 to  4 . 3 t imes greater than the rates  obse rv ed ( pe r  g dry 



TABLE 5 . 5  E ffect o f  MCDC W astewate r  Addi t i on on Res pi r a t i on 
and Gross Pro d uc t i on Rates of Al ga l Comm un i t i es at 
Si te DE 

Pa r amete r  

Date 
Comm u n i ty Mac ro -
s copi c Appe a ra nce 

Tem perat u re ( ° C )  

I n i t i a l f BO D5 ( g .m -3 - + s )  , X -
t a) baagr·oar\d 
( b ) a ft e r  addi t i on 

I n i t i al TON {m� .m -3; X ± s )  
( a ) background 
( b ) a ft e r  addi t i on 

I n i t i al TOP {m�.m -3; - + s) X -
( a ) background 
( b ) a ft e r  addi t i on 

Ave rage Ben t h i c  Respi rati o n  Rate 
ove r 0 . 5  h ( g02 . gAFD.-J -I . d -1) 
( a ) bac k ground 
( b ) a ft e r  addi t i on 

Ben t h i c  Gro s s  Product i on Rate 
a ft e r  0 . 5  h i nc ub at i o n 
( g02 . gAFD.-J

-1 . d -1 ( 1 2 h r D : N ) ) 
( a ) background 
( b )  a fter addi t i on 

1 8/ 1 /84 
I I  I E  

1 7 . 5  

3 . 7 _i 0 . 3  
6 . 0 _i 0 . 7  

NO 
720 _i 1 50 

6 5 ! 7 
1 02 ! 8 

0 . 2 7  
0 . 2 7  

0 . 50 
0 . 4  7 

2/ 2/84 
2 I F  

23 . 5  

3 . 1 _i 0 
1 0 . 4 _i 0 . 1 5  

442 ! 1 1  
1 020 ! 1 1  

1 72 ! 1 1  
5 56 � 1 9  

0 . 50 
0 . 4 7  

0 . 70 
0 . 7 4 

1 5 7  
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TABLE 5 . 6  Expe r imental  Cond it ions Du r i ng Compar i s on o f  
B e nth i c  Alga l a nd Ma crophyt e Commu ni t i e s , S i t e  EF , 
1 2  Ma r ch 1 9 84 

Pa ramet er p .  er i s  p u s  c .  g l o m e r a t a  

Tot a l  B i oma s s  ( gAFDW . m - 2 ) 3 1  5 5 . 3  

Alga l B i oma s s  ( mg chl orophyl l  - 2  a . m ) 4 5 6  5 0 8  

Temp e ra ture ( 0 c )  20 . 2  2 1 . 2  

I n it i a l  BOD 5 
- 3 ( x  + s )  2 . 0 + 1 . 7 + 0 . 4  ( g . m ) - - 0 . 1  

I n i t i a l  DO ( g . m- 3 ) 7 . 8 7 . 0  

I n i t i a l  TDN ( mg . m- 3 ) ( x  + s )  505  + 1 5  64 2 + 3 - - -

I ni t i a l TDP ( mg . m- 3 ) { x  + s )  1 0 5  + 0 8 1  + 0 - - -

Tabl e 5 . 7  Com pa r i son of  the Re s pi rat i on a nd  Gro ss Photosynt het i c  Oxygen 
Pro duct i o n  Rates o f  t he Al gae c. gl omerata a n d  t h e  Mac ro phyte 
P �  crispus , Si te EF , 1 2  Ma rch 1 984 

Pa rameter 

( -2 -1 ) BR g02 .m . d  

W SBR ( g0 2AF !J..J -1 . d -1 ) 

-2 - 1 ) B GPR ( g0 2 .m . d  
( fu l l s u n l i ght ) * 

P ( 0 -1 -1 ) W SBG R g 2 . gAF !J..J . d  
( fu l l s un l i gh t ) * 

ch l  aSBGPR ( g0 2 . gc h l  a 
-1 . d -1 ) 

( fu l l s un l i gh t ) * 

p .  er i s  pus 

4 . 8  

0 . 1 5  

7 . 6  

0 . 2 5 

1 6 . 7  

Rat i o  o f  
c .  gl omera ta Rates 

1 4 . 6  . 33 

0 . 26 . 58 

31 . 3  . 2 4 

0 . 57 . 44 

62 . 2 7  

* ca l c ul ated fo r a 1 2  hour d ay , n i ght cyc l e as sum i n g const ant BGPR at 
meas u re d  rat e .  
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wei gh t ) for thr e e  ma crophytes  a t  2 0 ° C  i n  the l aboratory (Owens 

a nd Ma ri s , 1 9 64 ) . Th i s  pr obabl y  r e f lects ·the d i f fe rent 

expe r imenta l cond itons . 

' 
A l though the s e  r e s u l t s  show c l ea r l y  than c .  g l o m e r a t a  ha s a 

grea t e r  bioma s s  speci fic e ff ect on r iv e r  oxygen dynami cs than 

P .  cr i sp u s , th e mac rophyt e  can form much den s e r  growths . De nse  

swards  o f  P .  cr i s p u s  can g r ow to  r each the s u r fa c e  at  depth s o f  

0 . 3 t o  0 . 4  m i n  the Manawat u  R i ver . Th e bi oma s s  in  one such 
. I I - 2 swa rd a t  s 1t e  E F  on 1 2  3 8 4  wa s 420  gAFDW . m  whe r ea s  the 

ma ximum bioma s s  dens ity for c .  g l o m e ra t a  wa s a pp ro x imate l y  7 0  

gAFDW . m- 2 and the max imum obs erved du ring thi s  s t udy was 1 44 

gAFDW . m- 2 at  S i t e  DE on 2 1 2 1 84 .  

Thus  P .  cr i sp u s  swa rds cou l d  produce s imi lar o r  greater e ffects  

than c .  g l o m e r a t a  on r i v e r  o xygen dynam i cs due  to th e h i gher 

bioma s s  dens i t i e s  deve l oped . llowe v e r  the b ioma s s  spec i f i c  BR 

and BGPR o f  P .  cr i sp u s  in  these  dens e swa rd s  may be lowe r than 

obs erved at  the bioma s s  c oncentra t i on s  used  i n  th e chamber 

e xperim e nt due to the s e l f- sha d i ng a nd reduc t ion in curr ent 

vel oci ty with i n  the dense swa rd s .  La rg e r  respi ratory chambe r s  

( H i ckey , 1 9 8 2 ) or r e s p i r a t o r y  tunne l s  ( Jame s , 1 9 74 )  wo u l d  be 

r equ i red to s tudy th e respira t ion a nd photos yn th e t i c  oxygen 

produc t i on rates of the swards . Neverth e l e s s , th e much lowe r 

BGPR l i ght saturat ion l eve l obs erved for P .  cr i s p u s  tha n for c .  

g l o m e r a t a  ( f ig 5 . 7 )  s ug g e s t s  that  the former samp l e ,  whi ch wa s 

col le c t ed f rom a swa rd ,  wa s a cc l imat e d  to l ower incident l ight 

l ev e l s  than the l atter s ample  a lthough both were co l lected f rom 

loca t i on s  o f  s im i l a r  depth and c u r rent ve loc i t y  with i n  1 0  m of  

one  another . 

An a l t e rna t i v e  pos s ib le expl anat ion is  that  P .  cr i s p u s  ha s a 

low l i gh t  saturat ion thr e shold  a s  an a dapta t i on to a l low 

e xp l o i t a ti on o f  low l i gh t  hab i t at s . These  a l t e rna t i ve 

hypothe s e s  cou l d  be tested by chamber s tud i e s  on P .  

cr i sp u s samp l e s  from dens e swa rd s , wh ere the a verage l ight 

cond i t i ons are r educed d u e  to se l f-shad i ng , with samp l e s  from 

more  s pa rs e ly g rowi ng aggrega t i ons , where s e l f - shadi ng i s  

mi nima l .  
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The we i gh t  spec i fi c  respira tion rates o f  the s e  p redominant ly 

phototroph i c  communi t i e s  a re compared with thos e  obtai ned from 

s ewage fungus communi t i e s  u nd e r  s imi l a r  bioma s s  and t emperature 

cond i t ions in Tab l e  5 . 8 .  

Thi s  compa ri son shows that WSBR va l ue s  of  the s .  

n a t a n s dominat ed s ewage fun gus commu n i t i e s  were approximate l y  

2 . 6  a n d  1 . 5  t ime s grea t e r  tha n  thos e  of the predominant l y  

phototroph i c  ma crophyte a.nd a l ga l communi't i es r espec t i v el y . 

However th e h igh est  WSBR r ecorded i n  th i s  bioma s s  range ( 0 . 58 
-1  - 1  - 2 ) . to  0 . 6 7 g . o 2 . gAFDW . d  @ 4 6  to 49 gAFDW . m  was obta 1ned 

f rom a c .  g l ome ra t a  domi nat ed commu n i ty wi th a th in  f i l m  of  s .  

n a t a ns attached a t  s i t e  DE on 2 / 2 / 84 wh en the t empe ra ture wa s 

2 3 ° C . Un fortunately no obs ervat ions o f  th e WSBR o f  s ewage 

fungus commu n i t ies were made at th is  t emperatu re . Neverthe l es s  

th e s e  resu lts  s ugge s t  tha t  s imi la r bioma s s e s  o f  

s ewage fung u s  and a lgae with a thi n  heterot roph ic f i lm attached 

might be expe c t ed to have broad l y  s imi la r  n ight-t ime 

respira t ion rates during s umme r l owflow condit ions in the 

Manawatu River . 

5 . 3 . 5  A N A L Y S I S  O F  C O M B I N E D  C H AM B E R  D A T A  

Th e previous s ection ( 5 . 3 . 4 )  i nd i cated tha t  under summe r l ow­

f l ow cond i t ions in the Manawatu Ri ver s imi lar bioma s s e s  o f  

s ewage fungus  a nd o f  a lgae with thi n  het erotroph i c  fi lms 

a t t a ched have broad l y  s im i l a r  respiration ra t e s . Thus  in  thi s 

s e c tion th e data co l l e c ted in  the i nves t igat i on s  o f  a l ga l and 

s ewage fungus dom i nated commun it i e s  on natura l and ar ti ficia l 

s ub s t rates were ana lysed tog eth e r  i n  an attempt to p roduc e a 

genera l ly app l i cabl e mode l of  th e facto r s  a f f e c t i ng benth i c  

r e sp i ration rates ( BR )  from the l a rger combined data ba s e .  

Aga i n  only th e s tud i e s  in  wh i ch the cond it ions we re not a lt e red 

e xperimenta l l y were u s ed in the  stat i s t i ca l  a na lys i s . Th e da t a  

c o l l e c t ed from the macrophyte P .  cr i sp u s  wa s a l s o  e xc l uded f rom 

th i s  a na l ys i s  s i nce i t s  a ffects on BR a nd benth i c  gro s s  

photosynth e t i c  oxyg e n  produc t i on ( BGPR ) h a d  b e e n  shown t o  b e  

q u i t e  d i fferent from tho se o f  the epi l i thic  commun it i e s  

( S e ct ion 5 .  3 .  4 ) . 
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TABLE 5 . 8  Com pa r i son o f  W e i ght Spec i f i c Res pi r at i o n Rates o f  Mac ro phyt e , 
Al ga l and Sewage F un g us Comm un i t i es over a Tem pe rat u re Range 
o f  20 . 2  to 2 1 . 2° C  

Comm un i ty Ty pe 
Dom i n ant Organ i sm 

S i te 

Date 

Bi om a s s  ( AF flJ . m  -2 ) 

A I  

V i s u a l  Cl a s s i fi c at i on 
( A ppen di x B) 

I n i t i al BO D5 ( g .m -3 ) 

I n i t i al [)() ( g .m -3 ) 

Tem perat ure ( 0 c )  

( -1 -1 ) W SBR g02 . gAFD.-J . d  

Mac ro phyte 
P .  er is pus c. 

EF 

1 2/ 3/ 84 

3 1  

68 

O I E  

2 . 0  

7 . 8 

20 . 2  

0 . 1 5 

Al g ae Sewage fun g us Sewage fun g us 
gl omera ta s .  na tans s .  natans 

EF D c 

1 2 /3/84 8/ 1 2 /83 1 2/ 1 /84 

55 . 3  36 . 2  54 . 6 

1 00 ND 664 

O I E  5 I D  6 I C  

1 . 7 0 . 7 7 . 3  

7 . 0 1 1 . 0 5 . 3  

2 1 . 2  20 . 7  20 . 2 

0 . 26 0 . 38 0 . 3 93 
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The combi ned a lga l and s ewa ge fungus data  we r e a l so u s ed to  

invest iga t e  the relationships betwe en BGPR , a l ga l bioma s s  ( ABM , 

mea s u red as  ch lorophyl l a )  and other factors . 

The pars imonious mul tiple regre s s i on equat ion for BR ( Tabl e 

5 . 9 )  shows tha t the benth i c  b i omas s  ( B M )  and t emperat u r e  ( T ) 

have s tat i s tica l ly s igni f icant i n f luences on BR and together 

accou nt fbr 7 3 %  of th e va riat i on in BR obs e rved . Th e 

i nd i v id ua l  e ffects o f  th e s e  fa c tors are shown i n  Figure 5 . 6 . 

None  o f  the oth e r  factors tes t ed ( in i t i a l  BOD5 , Au tot rophic 

I nd e x  ( AI ) ,  and initial d i s s ol ved o xyg e n  ( DO ) ) were 

s ign i fi cant ly c orrel ated wi th BR ( Tab l e  5 . 1 0 ) , nor did any have 

s tat i s ti ca l ly s ig ni ficant e f fects on th e reg r e s s ion mode l of 

BR , at th e 9 5 %  con fidence leve l .  

Compar i son o f  the respi rat ion rate s  of the benth i c  communit i e s  

( Fi g  5 . 6 ) wi th those of the su spended bioma s s  ( Se ct ion 5 . 2 )  

shows that benthic  resp i ra t i on a lways has the dominant e f fect 

on o xyg en dynamics in th e Manawa tu Ri ver . 

Th e construction of mu l t ip l e  l inear regres s i on mode ls for the 

factors a f fect i ng the benth i c  gros s p roduct ion ra t e  u s i ng the 

resu l t s  o f  the experiments i n  wh i ch the l igh t condi t i ons we re 

not a lt e red experiment a l ly was expe cted to b e  compl icated due 

to the a nt i c ipated corre lat ion between the predi c tors l ight and 

t empe rat ure . These  we r e  fou nd to  be s ign i f i ca nt l y  corre lated 

( r  = 0 . 5 9 ,  P < 0 . 0 5 )  in th i s  data s et mak i ng it impos s ib l e  to 

d i s c e rn the i r  i nd ividua l e ffects . However exp e r iment s i n  wh ich 

the PAR at  th e depth o f  th e bioma s s  was varied i ndepe ndent ly , 

by p l a c i ng shades over the chambers ( S ection 3 . 6 . 3 . 6 ) , showe d 

that the i nc ident PAR has a s trong i n f l uence on BGPR , 

parti c u l a r ly a t  low l i ght levels  ( Fi gs 5 . 7- 5 . 9 ) . The res ul ts 

of the s e  exper iments suggest that an approx imat e l y  l i nea r 

i n c r ea s e  i n  BGPR occurs with increas i ng PAR up to appro x imate ly 
- 2  - 1 2 0 0  t o  3 00 uE . m  . s  . At l ight l e ve l s  grea ter  tha n the s e  the 

rate o f  increase i n  BGPR wi th increa s i ng l i ght was reduc ed . 

An e xperiment during mid-a ut umn , when the t emperature and 

rad iation input were l ow ( F ig 5 . 9 ) ,  ind i cated that the BGPR 
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TABLE 5 .  9 Pa r s imonious Regre s s i on Equation De s c r i b i ng the 
E ff e ct s  o f  S t a t i s t i ca l l y  S i gn i f i c ant Pred i c tors 
( at the 9 5 %  l evel ) on B e nth i c  Re sp i rat ion Ra te o f  
Epi l ithon o n  Na tu ra l a n d  Art i fi c ia l  Subst ra t e s  

B R  

U n i ts 

= - 1 8 . 9  + 1 . 4 1 T + 0 . 1 5 8  BM 

- 2 - 1  = go2 . m  . d  

( Equat i on 5 . 5 ) 

= 7 3 . 0 % ( ad j us t ed for 2 1  degrees o f  freedom ) ; 
s t a ndard dev iat ion o f  data about the regres s i on 
equation ( s )  = 3 . 6 3 

I mportance of P redictors 

P r ed i c tor Coe f f i c i e nt S t  d e v  o f  t ratio = 
C oe f fi c i ent Coe f f / S . D . 

Constant - 1 8 . 84 4 . 40 -4 . 3 0 
BM l .  4 1  0 . 2 4 5 . 9 3  
T 0 . 1 5 8  . 0 2 8  5 . 5 5 

Appl i cat ion Ra ng e of Regress ion Equa ti on 

T = l l . 0 

B M  = 4 . 8 

2 3 . 2 ° C 
- 2  1 06 gAFDW . m  

Range o f  Other Va riabl e s  Du ring E xperiment s 

I nit i a l  BOD5 
I ni t i a l  DO 
A I  

- 3 
= 0 . 7 7 . 0  g . m  

- 3 = 5 . 3  1 2 . 7  g . m  
= 85 - 3 6 3 7  

P e rcentage o f  
Sum o f  Square 

reduct ion 
accou nt ed for 

3 7 . 4 % 
3 7 . 8% 
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TABL E  5 . 1 0 

T 
BM 
I n i t i a l  BOD5 A I  
WSBR 
BGPR 
ch l a . sBGPR 
PAR 
ABM 
I n  i t  i a 1 DO 

�: 
BR 
T 
BM  
I n i t i a l  B005 
A I  
WSBR 
BGPR 

ch l a . sBGPR 
PAR 
ABM 

I n i t  i a 1 DO 

Co r re l at i o n Coeff i c i ent Mat r i x of Benth i c  Res p i r a t i on and Benth i c  Gros s P roduct i on R ates and some 
E n v i ronment a l  F actors ; comb i ned natu r a l and a r t i f i ca l  s u bs t rate dat a e xc l u d i n g  t ho se obt a i ned u nde r 
e xp e r i ment a l l y  a l t e red cond i t i ons . 

= 
= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

B R  T BM I n i t i a l  A I  
BOOS 

0 . 6 1 2  
0 . 568 -0 . 0 7 5  
0 . 36 2  0 . 033 0 . 2 7 8  

-0 . 285 -0 .0 33 -0 . 42 5  0 . 349 
0 . 054 0 . 4 16 -0 . 605 0 . 30 1  0 . 7 5 1  
0 . 732 0 . 7 30 0 . 402 0 . 1 4 5  -0 . 436 

-0 . 10 7  0 . 1 4 5  -0 . 52 2  -0 . 1 39 0 . 934 
0 . 266 0 . 586 -0 . 247 0 . 036 0 . 404 
0 . 358 0 . 0 5 1  0 . 7 94 0 . 0 5 7  -0 .644 

-0 . 36 7  -0 . 3 1 7  -0 . 2 50 -0 . 3 35 -0 .042 

Benth i c  Res p i rat i on R ate ( g02 . m-2 . d- 1 ) 
Temp e rat u re ( °C )  _ 2  B enth i c  b i oma s s  ( gAFDW . m  ) _ 3  8005 at t he beg i nn i n g of t he expe r i ment ( g . m ) 

WSBR BGPR 

0 . 1 60 
0 . 86 9  -0 . 220 
0 . 66 7  0 . 4 1 0  

-0 . 5 7 1  0 . 6 8 1  
0 . 07 0  -0 . 3 1 6  

Autot roph i c  I n dex _ 1  _ 1  We i ght s pec i f i c  bent h i c res p i rat i on rate ( g0 2 . gAFDW . d  ) 2 B enth i c  gross photosynthet i c  oxy gen p rodu c t i on rate ( g0 2 . m
- . d - 1 ) 

( ca l cu l ated for 1 2  h l i ght at l ev e l  du r i n g  �Ia s�rement . d- 1 ) 
BGPR/ch l orophy l l  a concent ra t i on ( g0 2 . gch l a  . d  ) 
Photosynt h et i c a l l y  a v a i l ab l e  rad i at i on at t he depth of  the b i oma s s  
A l g a l  b i oma s s  ( mg ch l o rophy l l a . m- 2 ) 
I n i t i a l  di s s o l ved oxy gen concent rat i on ( g .m- 3 ) 

C h l a . s BGPR PAR ABM 

0 . 6 7 5  
-0 . 608 -0 . 16 7  
-0 . 084 -0 . 1 1 5  -0 . 22 2  

f-' 0\ U1 
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C. g Zome r•a t<! 
Chl a . SBGPR 5 0  
( g02 . gCh l a-1. d-1) 

@ O=N= l 2 hr 4 0  

Fig 5 . 7 :  

3 0  

2 0  

1 0  
---o-------------o p, crispus 

2 5  5 0  7 5 
% Fu l l  .. Sun l ig h t  

C h lorophy l l a  Spec i f i c  BGPR versus % F u l l  S u n l ight , S i t e  
1 2/ 3 / 8 4  ( T= 2 0- 2 1 . 5 ° C ,  Tot a l  Rad i a t i on du r i ng previous 
days (; �: ± s )  = 1 5 . 9 ± 1 . 6  mJ . m-2. d-1) . 

EF , 
4 

B iomass and water qua l i ty g iven in Table 5 . 1 1 .  --- 1 B0c 
----u l J OC 

Ch l a . SBGPR 

7 0  

6 0  

5 0  

4 0  

3 0  

2 0  

1 0  

( g0 2  . gC h l a-1. d-1) 
@ O=N= l 2 h r  

Fig 5 .8 :  

Chl a . SBGPR 

photo t rophs = a l gae 

2 5  5 0  7 5  
% F u l l  

Ch lorophy l l a  Spec i f i c  BGPR versus % Fu l l  Sun l i g ht , S i te C ,  
2 2/2/8 4 ( To t a l  r ad i at i on d u r i ng previous f our days 
( x ± s )  = 2 0 . 6 ± 3 . 4  mJ . m-2. d-1) . 

B i omass =
3
6 1 9  mg . Ch l a . m- 2 • 

• 

2 0  0 

( g 0 2  . gC h l a- 1. d-1) 
@ O=N= l 2 hr • 0 

0 0 =  i ni tial fBOD5 = · L Og . m- 3 
biomass = 5 87 mg . C h l a . m- 2  

F i g  5 .9 :  

1 0  
pho t o t rophs = a l gae • = i n i t i a l  f80D5 = 5 . 6  g . m3 

biomass = 5 29 mg . Ch l a . �  

l O O  2 0 0  3 0 0  
PAR ( u E . m-2. s-1) 

Chlorophy l la Spec i f i c BGP R versus PAR , S i t e  C ,  2 6 / 4 / 8 4  
( T= l 5 ° C ,  T o t a l  rad i a t ion d u r ing previous four days ( ;�: ! £ ) 

= 1 1 . 5 ± 1 . 6 mJ . m2. a 1) . 
B iomass = 5 2 9  and 5 8 7  mg . Ch l a . m-2. 
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approache d  a s a t urat ion leve l , a t  appro ximate l y  3 00 

u E . m- 2 . s- l PAR , beyond whi ch furth e r  i ncrea s e s  i n  l ight di d not 

i ncrea s e  the BGPR . At the h i gh e r  leve l s  of temperatu re  and 

radiat ion input d u r i ng s ummer ( F igs  5 . 7  and 5 . 8 ) the BGPR o f  

the communities , oth er tna n P .  cr i s p u s  ( s ee S e c t ion 5 . 3 . 4 ) , 

appeared t o  i nc r ea s e  with increa s i ng l i ght to fu l l  s un l i gh t  

levels . However , due t o  the sma l l  numbe r o f  l i ght l e ve l s  

t e s ted , it wa s not po s s ib l e  t o  determine wheth e r  l igh t 

saturati on o f  BGPR wa s r ea ch ed in  a ny o f  'th e s e  s tud i e s . 

Neverth e l e s s  the r e s u l t s  s uggest that BGPR l igh t s a t u ra t i on 

l ev e l  o f  the a lg a e  i s  a ff ected by the t empera t u r e  and l igh t 

condit ions to wh i ch the community ha s been r e c en t l y  e xpos ed . 

Both the s e  facto r s  have previou s l y  been shown to have 

i ndependent e ffects  on th e BGPR s aturation l eve l in  l abor atory 

s tream s tudies  ( Mc lnti re a nd Ph inney , 1 9 6 5 ; Mcinti r e ,  1 9 75 ) . 

When the re s u l t s  o f  the shad ing expe r iments ( Fi g s 5 . 7- 5 . 9 )  were 

a l so i n c luded i n  BGPR mu l t ipl e regre s s ion equat ion data s e t th e 

corre l a t ion betwe en light a nd tempe r a ture wa s no long e r  

s igni f i ca nt ( at P = 0 . 0 5 ) a nd the i r  i ndividu a l  e ffects  could b e  

d i s c e rned ( Table 5 . 1 1 ) .  

The r e s u l ts of the shading exper ime n t  ( F igs 5 . 7 -5 . 9 )  indicated 

that a squa re root , rath e r  than a l i near  function , wou l d 

p rov id e  a bet t e r  mode l o f  th e e f f e c t s  o f  l ight on DGPR a nd th e 

p late g rowth studies resu l ts ( F ig 5 . 4 )  ind icated tha t  BGPR i s  

r e l ated t o  th e natura l logarithm o f  the benth i c  a l ga l bioma s s  

concentration ( ABM ) . I n c l uding the s e  funct ions in  th e 

regres s ion mode l o f  the e ffec t s  o f  ABM , l i ght ( a s  PAR ) and 

temperature on the BGPR improved th e r e l a t i onship betwe en the 

obs erved a nd predicted va l u es a nd y i e l ded the pars imonious 

equa t i on in  Tabl e  5 . 1 1 .  Th i s  shows that l ight and ABM account 

for mos t  of the va riat ion in BGPR obs erved with t emperature 

va r i a t ions hav i ng a minor influence ( not s ignif i cant a t  th e 9 5 %  

l ev e l ) .  

Although t he data s e t  wh ich generated this mode l inc luded a 

number of . e s t imate d  l i ght values  { Appendix E ) , t he mode l 

s hou l d  be u s e fu l  for predict ing the BGPR of e p i l ithon of 
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TABLE 5 . 1 1 Pars imonious Reg re s s ion Equation De s cr ib i ng the 

E f fect  o f  Light , Temperature and Alga l B i omas s  on 

the Benth ic Gros s Photosynthet i c  Oxyg en Prod uc tion 

Rat e ( BGPR ) ' 

BGPR = -2 . 7 1 + 0 . 06 3  )PA R + 0 . 0 2 2  T + 0 . 3 7 6 l n  ABM 

( Equation 5 . 6 ) 

Units  = - 2 - 1  go2 . m  . h  

r2 = 7 8 . 2 % ( ad j us ted for 24  degrees o f  freedom ) ; 

I mporta nce of 

s tandard d eviation of data about the equa t ion 

( s )  = 3 . 45 

Pred i c t or s  

P e r c entage o f  

P red ictor Coe f f i c i ent S t  d e v  o f  t rat i o  = S um o f  Squ a r e  

Coe f f ic ient Coe ff/S . D . 

Cons t a nt - 2 .  7 1  0 . 46 -5 . 9 2 
)PAR 0 . 0 6 3  0 . 0 0 8  7 . 76 

T 0 . 0 2 2  0 . 0 2 2  1 . 02  

ln  ABM 0 . 3 7 6  0 . 064 5 . 9 0 

Appl icat ion Ra nge of Reg r e s s ion Equation 

T = l l . 0 

PAR = 0 

ABM = 9 . 5 

2 3 . 2 ° C 

9 0 0  �E . m-2 . s -l ( at th e bed ) 

690 mg ch lorophy l l  a . m-2 

r ed u c t ion 

a ccou nted f or 

3 9 . 9 % 

9 . 3 % 

3 1 . 6 % 
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s treams where t he values of t he predi c t ors l ie within t he 

fairly broad bounds of t he mode l data s e t  ( Table 5 . 1 1 ) . 

Th e ch l orophyl l  a spe c i f i c  BGPR v a l ue s  of the unshaded bed 
- 1 - 1 bioma s s  samp l e s  o f  1 . 3  t o  1 0 . 5  g0 2 . gch la h ( Append i x  E )  

were grea t e r  tha n those obs erved i n  a s im i l a r  i n  s i t u  chamb e r  

s t u d y  of a lgae  i n  Po l i sh r ivers ( 0 . 6  to 1 . 8  g0 2 . g  ch l a- l . h- 1 ) 

( Bombowna , 1 9 7 2 ) but genera l l y  s i m i l a r  to tho s e  obs erved i n  a n  

Eng l i sh cha lk s t ream ( 2 . 7  to  5 . 6 5 g0 2 . g ch.la- l . h- l ) ( Ma rke r ,  

1 9 7 6 ) . However  the va l ues 

attached to  the a rt i fi c i a l 

recorded for th i n  epi l i thon 

sub s trates  ( 3 5 . 4 to  4 . 2 
- 1 - 1 g0 2 . gch l a  . h  for bioma s ses o f  9 . 5  

- 1  - 2 . 
to 1 5 6  

mg . ch l a  . m  respect1vely  ( Append i x  C ) ) were  often 

growths 

cons i derabl y h ighe r  tha n  the previous obs erva t ions . The h i gh 

va l ues of the a rt i ficia l s ubs t ra t e  growth may be p a r t l y  due to  

th e flat uppe r  growth s u r faces o f  �he subs trates provi ding 

unshad ed l igh t cond i t ions to a greater proport ion of the tot a l  

a lga l bioma s s  than wou l d  occur for s imi l a r  popu l a t ions o n  a 

rough cobb l e  bed . 

5 . 3 . 6 R E S Pi R A T I O N  R A T E  V A R I A T I O N S  D U R I N G I N  S I T U C H AM B E R  
E X P E R I M E N T S 

Th e d i s s o l v ed o xyg en versus t ime plot s obta ined dur i ng the i n  
s i t u  chamber e xperiments were  l i nea r for i nterva l s  d u r i ng wh i ch 

the change i n  d i s s o lved oxyg en concent ration wa s up to  
- 3 approximat e l y  1 . 5  g . m . Howeve r ,  when the re spi ra t ion ra t e  

wa s mea sured ( in the d a rk ) ove r a s u f f ic ient inte rva l f o r  th e 
- 3 d i s s o lved oxygen to d e c l ine by mor e  tha n  1 . 5  g . m , the s e  p l o t s  

were obs erve d  t o  b e  c u rvec'l ( F ig 5 . 1 0 ) . Th us  th e r e sp i ra t ion 

rates meas ured from th e p l ot s  decrea s ed wi th time . Th e 

cond i t ions  d u r i ng th e expe rimen t s  i n  wh i ch resp i ra t i on wa s 

mea su red for s u f f i c ient t ime fo r th i s  to b e  obs erved a r e  

p r e s ented i n  Ta ble 5 . 1 2 .  Th e cha nge i n  re spirat ion ra t e  dur ing 

the interva l wa s cal cu l ated from the tang e nt s  to th e d i s s o l ved 

oxygen vers u s  t ime p l ots . 

Changes i n  d i s so lved oxygen o r  d i s s o lved organic ma terial  

concent r a t i ons  ( fBOD 5 )  cou l d  c a u s e  the obs e r ved r eductions i n  
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r e sp i ration rates  ( Section 2 . 3 . 5 ) . Since  both dec l i ned wi th 

t ime dur ing mos t  o f  these  exp e r iment s it is di ffi c u l t  to 

d i s t i ng ui sh betwe en the i r  i nd ividual e f fect s on th e r e sp i ration 

rate . 

A t  s it e  C o n  1 2 / 1 /84 the respi rat i on rate was reduced by 1 6  to  

1 8% o f  the i n i t ia l  rate when the d i s so l ved oxyg en d ropped by 

approximate ly 2 . 5  g . m-3 from 5 . 0  and 5 . 4  g . m- 3  r espect i ve l y . 

I ncrea s i ng the init i a l  fBOD5 concent ration·, by add i t ion o f  MCDC 

wa stewat er , had no appreciab l e  e ffect  on thi s  d e c l ine . On the 

o ther  occa s ions , whe n  the d i s s o l ved oxyg en concentrat ions were 

h igh er , a dec rea s e  i n  respi rat ion rat e of approx imate l y  22 t o  
-3 3 2 %  occurred for a 2 . 5  g . m d rop i n  d i s so lved oxygen 

concentrat ion ( Tabl e 5 . 1 2 ) . However these  percent reduction s  

i n  the respi rat ion rates a r e  l ess than tho s e  obs er ved over 0 . 4  

hours i n  i n  situ chamber s tud i e s  o f  a s enes c ent s ewage fungus 

community in th e Wa i t oa River ( H i ck e y ,  1 9 83 ) wh e r e  a 4 6 %  

d ecreas e occur red fo r a 2 . 5  g . m- 3 drop in  disso lved oxygen . 

Th e a c t i v i ty o f  the a l ga l domi nat ed communi ty a t  S i t e  DE on 

2 / 2 / 84 d id not appr e c iab ly a l t er the fBOD 5 concentrat ion o f  the 

wat er in  th e chambe r with the l owe r i n i t ia l fBOD5 conce ntrat ion 

( Tabl e  5 . 1 2 ) . Th us , in th i s  ca s e ,  d i s s o l v ed oxygen l im itat ion 

appears to  be r espons ible  for th e r eduction s in respi ra t i on 

rate obs e rved ( 2 2 %  and 4 4 %  o f  the i ni t ia l  rate for 2 . 5  and 4 . 5 

g . m- 3 dec r ea s e s  i n  d i s so lved o xyg e n  respective l y ) . Increas i ng 

the i n i t i a l  fBOD5 by 7 . 4  g . m- 3 , by add i t ion of MCDC wa s t ewa ter , 

d i d  not a l t e r  the reduct ion i n  r e sp i ration rat e  ( 2 3 %  o f  the 
- 3 i n i t i a l  rat e )  a ft e r  a 2 . 5  g . m drop i n  d i s s o l ve d  oxygen but a 

s ma l l er r educt ion i n  resp i ration rat e ( 3 2% ) wa s obs e r ved for a 
- 3 4 . 3  g . m  d rop i n  d i s s olved o xyge n . 

Despite thi s  latter resu l t , thes e data support th e hypoth e s i s  

that the d i s s o lved oxygen concentration of  the ove r l y ing wat e r  

can l imit  the respi rat ion o f  a l ga l  dom i nated commun it ies . 

However  the va riat ions i n  re spira t i on rat e of s ewage fungus 

communi t i e s  during the pro longed chdmbe r  exp e r iments do not 

a l low the a s s e s sment of the e f fects  of d i s s o l ved oxygen s i nce 

th ese  cou l d  not be d i stingui shed f rom the e f fects  o f  reduct ion 

in the fBOD 5 conc entration d u r i n g  the s e  e xpe r i ment s .  



TAB L E  5 . 1 2 Cond i t i ons du r i n g  p ro l on ged ch ambe r s t ud i es 

S i t e  ( F i g 1 . 2 )  c c DE DE c c Cu Cu 

Date 1 2 /0 1 /84 1 2 /0 1 /84 02/02 /84 02/02 /84 22/02/84 22/02 /84 26 /04/84 26/04/84 

B i omas s  ( gAFDW . m-2 ) 54 . 6  49 .8 48 . 7  4 5 . 8  70 6 1 . 1  92 . 6  104 . 4  

A I  664 664 NO NO  323 282 1 58 1 9 7  

M a c ros cop i c Comm- 6 I E  6 I E  2 I F  2 I F 5 /6 1 E 5/6 I E  6 I E  6 I E  
u n i ty Des c r i pt i on 

Temperat u re ( oc ) 20 20 . 2  24 24 1 3 . 5  1 8  1 5  1 5 . 2  

T ot a l  du rat i o n o f  1 . 1 7  1 . 38 1 . 0 3  1 . 2 1 . 6 1 . 53 1 . 58 1 .  7 2  
e xper i ment ( h r )  

I n i t i a l  fBOD5 ( g . m-3 ) + 5 . 4  - . 5  + 1 1 . 2 - .4 + 10 . 5  - . 1  3 . 1  .:!:. 0 + 4 . 3 - 1 . 1  + 4 . 3 - . 1  + 4 . 0 - . 3  + 5 .6 - . 2  

fBOD5_ 3nd  exper i ment + + + + + + + + 2 . 1 - . 4  3 . 0 - . 2  7 . 5 - . 1  3 . 4  - . 2  3 . 9 - 1 . 0 3 . 6 - 1 . 2 2 . o  - .4 1 .  7 - . 4  
( g . m  ) 

I n i t i a l DO ( g . m- 3 ) 5 . 4  5 . 0 1 0 . 5  1 1  9 . 6 ; 8 . 7  9 . 3 1 0 . 3  

DO end d a rk ph a se  �f 3 . 0 2 . 5 6 . 2  6 . 5  7 . 6 6 . 3 6 . 6 6 . 6  
e xper i ment ( g0 2 .m- ) 

C h a n ge i n  DO ( g . m-3 ) 2 . 4  2 . 5  4 . 3 4 . 5 2 . 0 2 . 4  2 . 7  3 . 7  

% redu ct i on i n  res - 1 8  1 6  32 44 28 32 28 26 
p i rat i on rate du r i n g  1-' 

d a rk p h a s e  -...J N 

T reatment s None fBOD 5 fBOD 5 None T None None fBOD5 
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5 . 3 . 7  C O N C L U S I O N S  

In s i t u  chamber e xperiment s have shown that b e nthi c  commu ni t i e s  

may have la rge e ffects on s t ream oxyg e n  dynam i c s  and that 

s u spended bioma s s  ha s a compa ratively  minor i n f lu e nce . The 

e ffect s o f  benth i c  communi t i es on benthic r e sp i ra t i on ( BR )  a nd 

be nth i c  g ross  photosynth e t i c  oxygen p roduction  ( BGPR ) we re 

shown t o  be comp l e x  being i n f l u en c ed by a numbe r o f  factors . 

However 7 3 %  of  th e va r ia t ion i n  BR obs erved i n  the e xperiments 

cou l d  be accounted fo r by va r i a t i ons in the be n th i c  bioma s s  ( as  

AFDW ) an d  t emperatu re . 

A reduc t i on i n  the B R  o f  a lga l and s ewa ge fu ngus commun i t i es 

was obs e rved d u r i n g  pro long ed chambe r expe r im e nts , when 

BOD 5 a nd DO dec l i ned , a nd a dd i t i on of BOD5 d id i nc rease  the BR  

o f  het e rot roph ic dominat ed commu n i t i e s  at low background 

l e ve l s . However neither the i n i t i a l  DO nor the i n i t ia l  

BOD5 conc e nt rat i o n  had a s tatis t i ca l ly sign i f i cant e f fe ct ( at 

the 9 5 %  l eve l ) on the r e g r e s s ion mod e l  dev e loped for BR . 

Compa r i son o f  the WS BR va l u e s  o f  d i f f e rent type s o f  benth ic 

commun i t y , at s imi lar  bioma s s  l ev e l s  dur i ng s umme r l ow f l ow 

cond i t i on s , indicated that the va l ue s  fo r s ewage f ungus 

exce eded thos e o f  c .  g l o m e r a t a  domi nated a lga l commun i t i e s  

whi ch i n  turn wer e  great e r  than tho s e  of  the mac rophyt e P .  

cr i s p u s . However the WS BR va l u es of  a l ga l  dom i nated 

commun i t i es with th i n  heterotroph i c  fi lms at tached were s imi l a r  

t o  thos e e xpected fo r s ewa g e  fung us communi t i e s  under  

compa r ab l e  cond i t ions dur i ng summer l ow flows . 

The BR  o f  a lga l dominated commu n i t i e s  was more  st rong l y  

i n f lue n c ed by temperature  tha n  that o f  the s ewage fungus 

domi nat ed commun i t i es . Th i s  p·r oba b l y  res u l t s  from h igh 

temperatures  be ing due to h i gh rad ia tion i npu t wh ich e nhances 

the metabo l i c  act ivity o f  th e a lgae but not the h et e rotrophs . 

The m u l t iple  regr ess ion equa tions d e s c r ibing the BR of s ewage 

fungus commu ni t i e s  ( Equati on 5 . 1 )  and epi l i thon g enera l l y  
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( Equat i on 5 . 5 ) shoul d pro vi d e  use fu l models  o f  the factors 

a f fect i ng BR o f  sha l low s t reams with grave l bed s und e r  s imi l a r  

envi ronmental conditi ons t o  tho s e  encountered i n  thi s  s tudy . 

The BGPR va l u es o f  the benth i c  commu n i t i es were i nfl uenced by 

the a l g a l  bioma ss , l i ght and , to a le s s er e x t e n t , the 

t emperatu r e . Us ing the s e  pa ramet ers , 7 8 . 2 %  o f  the variat ion in  

the BGPR data  cou ld be a c counted for  i n  the regres s ion mode l 

( Equat i on 5 . 6 ) . Th is  model should be useful  i n  wa ter  

management for  pred i c t i ng the BGPR o f  a lga l- domi na ted s tr eams 

where the cond i t ions fal l with i n  the r e la t i v e l y  broad range 

covered in the i n  s i t u  chamber stud i e s . 

5 . 4 WHOLE RI VER OXYGEN DYNAM ICS  STUD I E S  

5 . 4 . 1  I N T R O D U C T I O N  

Th e e f fects o f  benthic  commun i t i e s  and env i r onmenta l fa ctors on 

r i ver d is s olved oxygen l e ve l s  we re a l so studied by ana lys is  o f  

cont i n uous  i n- r iver recordi ngs o f  d i s s o lved oxyg en a nd 

tempera ture over n ight o r  fu l l  day periods . 

D u r ing the 1 9 82 / 83 season two , two- stat ion s tu d i e s  were 

u ndertak e n  downs tream of th e was te d i s charge s .  During the 

1 9 83 / 84 s eason two- s tation s tudies  we re ca r r ied out down stream 

o f  the wa s te d i s cha rg e zone at  approx imately week l y  interva l s 

f rom the beg i n n i ng of the s table f l ows unt i l one week a ft e r  a 

ma j or fish k i l l  occu rred . Stud ies we re a l so under tak en with i n  

the wa ste d i s charge zone a n d  above the was t e  d i s charges . 

The r e s u l t s  obta i ned f rom be low the was te d i s cha rge zone were 

u s ed to  t es t  the l inear regres s ion mode � of benth ic  respi ra t i on 

rat e gene rat ed f rom the i n  s i t u  chamber stud ies ( S ect ion 5 . 3 )  

A computer  mod e l , des i gned to s imulate cond i tions in  the 

Manawatu River du ring summer low- f l ows , wa s used to . inve s t igate 

th e e ffects on night-t ime oxygen d epl et ion o f  va riat ions in the 

r espi rat ion rate , the rea erat ion rate , the t empe rature and the 

d is so l ved oxyg e n  concentration at suns e t . 
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5 . 4 . 2  O X Y G E N  D Y N AM I C S  A BO V E T H E W A S T E  D I S C H A R G E ZO N E  

Th e res u l t s  o f  f i ve , s in g l e  station , d i s solved o xygen and 

t emperature s t ud i es undertak en dur ing 1 9 84 a r e  pres ented in 

Tab l e  5 . 1 3 .  Th es e respirat ion and g ross photosynthes is  rates 

( S ect ion 3 . 6 . 4 )  a re low compa red with those observed under 

s im i la r  t empe rat u r e  and f low cond i ti ons dur ing the previ ous two 

summers  when resp i ration and gross  photos ynthe t i c  rat es o f  

approx imat e l y  5 to  l 7 go2 . m  - 2 . d- l and 5 t·o 1 3  
- 2 - 1 . ( ) g . m . d  r espe ct l vely we r e  re corded Freeman , 1 9 83 . Th e 

l owe r va l ue s  du r i ng the 1 9 8 3 / 84 s ea son appa r e n t l y  r e s u l t  from 

the lower a l g a l  b i omass pre s ent ( S ect ion 7 . 2 . 4 ) . 

Duri ng Ja nua ry and February 1 9 84 photot roph i c  g rowth at  s i te A 

cons is ted o f  a l ight diatom f i lm on the s tones with a 
- 2 ch lorophyl l a concent rat ion o f  approx imately 1 0  mg . m  A 

tota l b enth ic  b i oma s s  ( S e c t i on 3 . 2 . 2 . 1 )  of  2 8  + 1 2  
- 2 gAFDW . m  wa s mea s ured on 1 6/ 1 / 84 ( S e ct ion 7 . 2 . 4 )  but th i s  wa s 

l a rgely  due t o  s et t led det r i tus  and s i lt .  By cont ras t , at th e 

beginning o f  February 1 9 83 , when th e ma ximum respi rat i on rat es 

we re obs e rved , growth s of C l a d oph o r a  g l o m e r a t a  cove red most of 

th e r i ve rbed . Al gal  biomas s e s  o f  around 40-4 5  g d ry wei ght . m- 2 

we re recorded ( Freeman , 1 9 83 ) and the total bed b i oma s s  wa s 
- 2 approxi mat e l y  5 0  gAFDW . m  . 

5 . 4 . 3  O X Y G E N  D Y N A M I C S  W I TH I N T H E W A S T E  M I X I N G Z O N E S  

Th e re spi ration ra tes  recorded for reaches wi th i n  the waste  

mixing zone  ( Ta b l e  5 . 1 4 )  we re  app ro x imate l y  fou r to  t en t imes 

grea t e r  than thos e  obs e rved above the discharge zone at  S i t e A 

( Tab l e  5 . 1 3 , Sect ion 5 . 4 . 2 ) . Both the photot roph-domi na t ed 

commun i t i e s , between the PNCC d i s charge and S i t e  B ,  and the 

s ewage fungus communiti e s , betwe en the MCDC d i s cha rge and s i tes 

cue and D,  had h igh respi ra t i on rates . Th e s e  r e s u lted in rapid 

d i s so lved oxygen d ep l et ion at  n ight ( F ig 5 . 1 1 ) .  

Th e P / R  value  d e c rea sed a s  th e heterot roph s be came more 

dominant in th e benthic communi t i es ( Table 5 . 1 4 ) . The negat ive 



TABLE 5 . 1 3 Re spi rat ion and Gross Oxygen P rodu c t ion Ra tes  Ups t ream o f  Manawatu River Di s charg e s , 
1 98 4  

Date 

Respirat ion 
- 2 - 1 ( go 2 . m  . d  ) 

Gross  Oxygen Produ c t ion - 2 - 1  ( go2 . m  . d  ) 
P / R  

Phy s i ca l  Cond i t ions : 

R iv e r  F l ow ( m3 . s- 1 ) 
Average River Temp e rature  

( 0 c )  
Tot a l  Surface Radi a t i on 

- 2 - 1 ( MJ . m  • d ) * 

Chem i ca l  Cond it i ons : 

- 3 + * *  BOD5 ( g . m ) ( x - s )  
- 3 + * *  TDN ( mg . m ) ( x  - s )  
- 3  + * *  DRP ( mg . m ) ( x - s )  

B iomas s  Cond i t ions : 

H e t e rot roph Abu ndance * * *  
Phototroph Abundance * * *  

1 6 - 1 7 / 1  

3 . 9 

ND 

ND 

16 . 3  
1 7  

2 1 . 4  

+ 0 . 7 - 0 . 1  
2 8 1  + 1 4  

1 6  + 1 0  

0 
c 

2 4 - 2 5 / 1  

5 . 3  

4 . 0  

0 . 7 5 

1 4 . 8  
2 0 . 3  

2 6 . 8  

0 . 4 
2 9 1  
2 . 7  

� 0 . 3  
� 1 7  + 0 . 3  

0 
c 

* 
* *  
* * *  

Mea s u red by MAF at T i r itea 5 km eas t o f  s tu dy s it e  
Re s u l t s  o f  g rab samp l e s  
Abundan c e  s ca l e s  g i v e n  i n  Append i x  B .  

3 1 / 1 - 1 / 2  

4 . 2  

ND 

ND 

14 . 2  
1 8 . 4  

30 . 2  

+ 0 . 6  - 0 . 1  
2 2 9  + 1 + o . s - 0 . 2  

0 
c 

8 - 9 / 2  

4 . 7  

4 . 0  

0 . 8 4  

1 9 . 4  
1 8 . 5  

28 . 0  

+ o .  6 - 0 . 1  
ND 

l -. 2 + 1 0  

0 
c 

2 9 / 2 - 1 / 3 

1 . 9 

2 . 3  

1 . 2 

1 6 . 8  
2 1  

19 . 9  

+ 1 . 4 - 0 . 5  
2 7 9  + 1 5  
4 . 2  + 0 . 9  

0 
B-C 

1-' -.J 
0'1 



TABLE 5 . 1 4 Re s u l t s  o f  Who l e  River Oxygen Dynami cs  Studies  W i th i n  the Manawatu R iver Was te  
D i s charge Zon e , 1 984  

R i ve r  Reach ( F ig  1 . 2 )  PNCC - B MCDC-C uC MCDC- D 
Date 

- 3  - 1  Resp i ration ( go 2 . m  . d  ) 

PNCC -B 
1 6 - 1 7 / 1  

1 8 . 8  
20 . 7  

ND 

2 9 / 2 - l / 3  2 9 / 2 - 1 / 3  1 5 - 1 6 / 1  

- 2  - 1 Resp i rat ion ( go 2 . m  . d  ) 
Gross  O xygen Production - 2  -1 ( go2 .m • d ) 
P / R  ND 

- 2 - 1 BOD 5 Remova l Rat e  ( gBQD5 . m  · �  ) ND 
M inimum Di s s o l ved Oxygen ( g . m  3 ) 6 . 7  

River Cond i t ion� : 
1 Ave rage Flow ( m  . s - ) 

Average Temperature ( ° C )  
Tota l  �� r f�Ie Radiation 

( MJ . m . d  ) *  
Ave rage I n i t i a l  BOD5 ( g . m- 3 ) * * 

B i omas s  Cond i t ions : 2 ( a ) AFDW ( g . m ) 
( b ) Ave rage Hete rotroph 

Abundance * * *  
( c )  Ave rage Photot roph 

Abundance * * *  

1 8  
1 7 . 2  
2 1 . 4  

2 . 4  

8 3  
1 

F 

2 3 . 9  
2 6 . 1  
1 5 . 1  

0 . 5 8 
6 . 4  
5 . 1  

1 6 . 8  
2 1  

2 1 . 1  

3 . 7  

1 00 * * * * *  
l 

F 

3 5 . 2  
3 9 . 8  
- 4 . 3 

-0 . 1 4 
3 6 . 9  

3 . 4  

1 6 . 8  
20 . 7  
2 1 . 1  

6 . 8  

1 5 0 * * * * *  
6 

D 

* Meas u red at T i r i t ea , 5 to 8 km ea s t  o f  r i ve r  reach e s  

* *  C a l c u lated f rom d i s cha rge data and mea s ured va lues  above out fa l l s 

2 2 . 9  
1 9 . 3  

7 . 7 5 

0 . 3 9 
ND 

5 . 0 

1 6 . 9  
1 7 . 5  
20 . 9  

4 . 1  

1 2 0  
5 . 5 

D-E 

MCDC-D 
1 6 - 1 7 / 1  

24 . 5  
2 0 . 6  

ND 

ND 
ND 
5 . 1 5 

1 8  
1 7 . 0  
2 1 . 4  

3 . 5  + 3 . 7  

1 2 0  
5 . 5  

D-E 

* * * *  

* * *  Abundance s ca le s  g i ve n  i n  Append i x  B . 
* * * *  The  BCWS d i s ch��q e re s u l t ed i n  a n  average ca l c u lated increase  i n  the BOD 5 o f  3 . 7  g . m- 3 j us t  

be l ow the m i d po t n t o f  the r e a ch ( F i g  1 . 2 )  
• • • • •  Va l u e •  e s t i ma t e d  f r om v i s u a l a b u nd a n c e  o b s e r v a t i o n s 

� 
.....,J 
.....,J 
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DO C UR V E S  S I T E S  A.  B .  Cu�2 9 / 2 - l / 3 / 8 �  
1 2  

10  

,...... 
m 8 ! 
2:: 
(_J 
'-/ 
0 6 
.::::l 

4 

2 
0 5 

X \ 
r. rr�\ .. I 

/ b� / � '><--x _j �Xx� 
' 
q �� 

1 0  1 5  2 0  25 

� I 

T I M E < H O U R S  A F T E R  T o =6 1 0  N Z S T > 

L eg end 
t> DOt. ------

X 008 - - -

o OOCuC -- - - - - -

30 

Figure 5 . 1 1 :  D iurnal  Var iat ions in D i s s o lved Oxygen 
Conc�nt rat ion at S i t e s  A ,  B and Cue i n  t he Manawa t u  
R iver ( f ig . 1 . 2 ) ,  2 9 / 2 - 1 / 3 / 8 4  ( tempe rature= 1 9 . 8 - 2 2 . 2 °C ) . 



17 9 

g r o s s  photosynthetic  o xyg en production ( G.PR ) a nd P / R  va l u e s  

r ecorded f o r  the reach MCDC to c u e  i nd icated that during the 

dayl i gh t  hour s  heterot roph i c  resp i rat ion increa s ed to a n  extent 

that offset a ny s imul taneous photosynthetic oxygen p roduct ion . 

The average d i s s ol ved o xyg en remova l over the reach MCDC-CuC 
- 2  - 1 for th e who l e  day on 2 9 / 2 -1 / 3 /8 4  wa s 4 1 . 9  go2 . m  . d  compared 

- 2 - 1 . . ( t o  3 9 . 8  go 2 . m  . d  ca l c u l a ted f r om the n 1 ght hours Table 

5 . 1 4 ) . Th e l owe r average n ight-t ime oxyg en  r emova l rate 

r e s u l t s f rom l ower respi ra t ion dur ing th e f i r s t  five hours  

a ft e r  s unset ( Table 5 . 1 5 ) .  Th i s  apparentl y  r e s u l t ed from th e 

l owe r BOD5 l oa d i ng from MCDC during th is int e r va l  when the 

a e rage BOD5 a dd i t ion wa s s u f f i c i e nt to increa s e  the in- r i v e r  
+ - 3 ( - + ) BOD5 by 1 . 7 - 0 . 6  g . m x - s . 1� is  va l u e  i s  l ow compa red 

t o  that during the res t o f  the day on 2 9 / 2 - 1 / 3 /8 4  ( Ta b l e  5 . 1 5 )  
+ - 3 - + a n d  the average va lue o f  3 . 4  1 . 0  gBOD5 . m  ( x - s )  c a l c u l a ted 

for the previous five days . Add i t ion of s u f fi ci ent MC DC 

e f f l u ent to r a i s e  th e a ve rage river BOD5 increas e to 3 . 8  � 2 . 1  
g . m- 3 ( x  + s )  ( Table 5 . 1 5 )  re s u l ted i n  a 5 6 %  i nc r e a s e  in th e 

r e a ch respi rat ion d u r i ng the l a s t  6 hours o f  d a rkne s s  ( Tab le  

5 . 1 5 ) . Howe v e r  the rea ch respira tion rate  dur i ng th e last s i x  

h ou r s  o f  dark nes s wa s r e la t i v e l y  cons tant despite quite large 

va r i a t ions �n  the average BOD 5 increase due to the MCDC 

addit i on over th is per i od a s  shown by the h igh s ta ndard 

deviat ion of the mean BOD 5 i ncre a s e  ( Table 5 . 1 5 ) . Thus th e 

a dd it i on o f  BOD 5 , a s  MCDC e ff l u e nt ,  had a large i n f luence on 

th e resp i ra t i on of sewa g e  fungus commun ities  p r eviou s ly expo sed 

to lowe r than usual  BOD 5 l e ve l s . However short- term va riations  

( in t erms o f  h ou rs ) have l i tt l e  e f fect on  the resp i ra t ion of  

c ommun i t i e s  wh ich have recent ly been expos ed t o  re lat ive l y  high 

BOD5 cond i t ions ( Ta b l e  5 . 1 5 ,  fig  5 . 1 1 ) . Th e s e  r e s u l t s  support 

the f i nd i ngs of i n  s i t u  chambe r stud i e s  on the e ffects of wa s t e  

a dd i t ion o n  s ewage fungus  r e sp i r a t ion rate ( S e ct io n  5 . 3 . 3 ) . 

Th e reach MCDC -CuC , wh i ch contai ned hea vy sewa g e  fung us g rowth , 

wa s h i gh l y  h eterot roph i c  and the d i s solved oxygen content o f  

wat er pa s s ing th rough it wa s reduced throughout the nigh t a nd 

d a y  wh ereas the disso l ved oxygen conc entration o f  the wate r 

p a s s i ng th rough the photot roph d omi na ted reach PNCC -B i ncrea s e d  

d u r i ng the dayl ight hours . ( Ta b l e  5 . 1 4 ,  Fig  5 . 1 1 ) .  Th e 
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TABLE 5 . 1 5  V a r i at i on s  i n  MC OC B0 05 Addi t i on and R i v e r  Re s pi r a t i o n  Rate fo r 
Reach MC DC -C uC , 2 9/ 2 -1 / 3 /84 

T ime ( ho u r s , 
N ZST ) 

C a l c ul ate d  **** 
Bac kground B0 05 
above MC DC o ut -
fa l l ( g .rn -3 ) 

Ca l c u l ated i n crease 
i n  r i v e r  80 05 due 
to MC DC di scharge 
( g .m -3 ) ( x � s )  

Re a ch MC DC -C uC 
Re s pi r at i o n  Rate 

-2 -1 ( g02 .m • d ; 
+ x - s )  

1 930 - 2430 3 . 0  1 . 7 i 0 . 6 * 30 . 4  + - 4 . 3  

2 430 -

1 930 -

1 030 -

* 

** 

*** 

**** 

530 3 . 4  3 . 8  

530 3 . 2  3 . 0  

930 2 . 9  

+ * - 2 .  3 

� 2 .  1 * 

3 . 1  ** 

4 7 . 6 

3 9 . 8  

4 1 . 9  

+ - 2 .  9 

� 9 . 6  

� 7 . 8  *** 

Ca l c ul ate d  from res u l t s  o f  fl ow rel ate d  hour l y compos i t e s am pl e s  
ana l yses ( Me red i t h , 1 984 ) 
Cal c ul at e d  from res u l t s  o f  23 h o u r  fl ow rel ated com po s i t e  s am pl e 
ana l ys i s ( Me re di t h , 1 984 ) 
Nett res pi rat i on d u r i n g  24 h o u r s ;  dayt i me photosynt hes i s n o t  a l l owed 
for . 
Cal c ul ate d  from h o u rl y waste d i s ch a r ge dat a and r i v e r  fl ow dat a u s i ng 
the fi rst orde r  decay equat i on ( 4 . 1 )  ( Sect i on 4 . 4 . 1 )  g i v en t h a t  
( i )  b ac k g ro un d  BO D5 above PNCC = 1 . 38 g .rn -3 (mea s u re d )  
( i i )  k 1 ( PNCC -MC DC ) = 0 . 0 7 . h - l  ( mea s ured ) 
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s imi l a rity between the resp i ra t ion rate and the BOD5 remova l 

rate ( Ta b l e  5 . 1 4 ) sugge s t s  that w i th i n  the reach mos t  o f  the 

r e sp i ra t i on is due to BOD 5 ox idat ion . By con t ra s t , the 

o x idat i on o f  the BOD5 removed i n  the reach PNCC to B on 

2 9 / 2 -1 / 3 / 84  only a ccounte d  for 2 4 %  of the tot a l  respi rat ion . 

Th i s  i nd i cates  tha t  photot roph resp i ration i s  much more 

important i n  the latter reach . S imi la r obs e r va t ions were made  

over  reach e s  be low the wa s t e  m i x i ng zone ( i . e . ,  be low s i t e  D ,  

F i g  1 . 2 )  ( S ect ion 5 . 4 . 4 ) . 

- 3  Th e minimum d i s solved oxyg en concent ra t ion o f  5 g . m , requ i r ed 

by the r i ver c la s s i f i cat i on ( S e ct i on 2 . 1 ) , wa s ba rely 

ma i nt a i ned a t  s ite D on the morning o f  1 6 / 1 / 8 4  ( Tabl e 5 . 1 4 ) , 

prior  to the re commencement of the BCWS d i s cha r g e . Howe ve r 

th i s  requi reme nt wa s breached on 1 / 3 /84 at s i t e  cue ( 0 . 5  km 

up stream of the BCWS out fa l l ) ( Fi g  5 . 1 1 )  and d u r i ng the ea r l y  

morni ng ( 0 6 3 0  t o  0 700 hours NZST ) o n  3 /2 / 84 ,  when the di s s o l ved 

oxyg e n  conc ent rat ions at s it e s  B ,  cue and C we r e  4 . 7 , 2 . 8  and 

1 . 9  g . m- 3  respectively a t  th e river t emperatu re o f  2 0 ° C  

( Gi l l i land , 1 9 84 ) . Numerous dead fish were obs e rved downs tream 

of s it e  C on 2 / 2 / 84 ( S e c t ion 5 . 4 . 4 ) . Di s s o l ved oxygen 

concentrations below the mi nimum s ta tutory requ i r ement were  

a l so mea s u red a t  s ites  b e l ow th e e ff l uent mi x i ng zone on 
s eve ra l other occa s ions during the 1 9 8 3 / 84 s umme r  ( F ig; 5 .  1 2 ) 

and i t  i s  l ik e ly tha t the mi nimum requi rement was brea ched on 

oth e r  unmea s u r ed occas i ons . 

Th e e f fect  o f  the benth i c  commu ni·t i e s  with i n  and below the 

wa s t e  d i s cha rges on d i s s o l ved oxyg en remova l i s  d i s c u s s ed 

furth e r  i n  S e c t ion 5 . 4 . 5 .  

5 . 4 . 4  W H O L E  R I V E R S T U D I E S O F  O I S S O L V E n  O X Y G E N  D Y N A M I C S B E L OW 

T H E W A S T E  D I S C H A H G E  Z O N E  

Th e r e s u l t s  o f  th e two s ta t i on s tud i e s  ove r the reaches between 

s it e s  D a nd E and  s ites Dd and E ( F ig 1 . 2 ) are  pres ented i n  

Tab l e  5 . 1 6 .  Th e s e  show tha t  s im i l a r  r e s p i ra t i on rat e s  occu rred 

to  those obs e rved with i n  r ea ches recei ving wa s t e  d i s charges . 
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TABLE 5 . 1 6 Res u l t s of Who l e  R i ver O xy gen Dynami cs Stu d i es Between 
S i t es D and E 

R i ve r  Reach ( F i g 1 . 2 )  

Date 

R . . ( 0 - 3 - 1 ) es p 1 rat 1 on g 2 . m  . d  

-2 - 1 R e s p i rat i on ( g0 2 .m . d  ) 

G ro s s  Ox� gen P rodu ct i on Rate 
( g0 2 . m- . d- 1 ) 

P /R 

R i ver Cond i t i ons : 

3 - 1 ) A ve ra ge F l ow ( m  . s  

A vera ge Tempe ratu re ( °C )  

Tot a l  S y rf ace R a d i at i on 
- Z - 1 ) ( MJ . m  • d 

- 3 A ve ra ge I n i t i a l  BOD5 ( g . m  ) 

A ve ra ge I n i t i a l  TON ( g . m-3 ) 

A ve ra ge I n i t i a l TOP ( g . m-3 ) 

Benth i c  B i omas s :  

( a )  AFDW ( g .m-2 ) 

( b )  Heterot roph Abundance* 

( c )  Ph ot ot roph Abundance* 

* S c a l es i n  Append i x B 

* *  
D-E 

22-24/2/83 

3 1 . 5  

32 . 8  

1 3 . 2  

0 . 40 

20 

1 9  

24 . 5  

8 . 9  

1 . 35 

0 . 2 1 1  

40-80 

4 

C-D 

D-E Od-E 

6 - 7 / 1:2 /83 1 5 -1 6 / 1 2 /83 

33 .6 23 . 4  

33 . 1  2 1 . 7  

34 . 2  NO 

1 . 03 NO 

19 30 

20 . 3  18 . 4  

3 1 . 1  23 . 8  

8 . 1 5  6 . 5  

NO 0 . 96 9  

NO 0 . 085 

5 1-83 44 -80 

5 5 

D D 

* *  Data co l l ected w i t h  a s s i s tan c e o f Mr C . W . H i ckey 

D-E 

6- 7 / 1 !84 

32 . 0  

27 . 8  

28 . 4  

1 . 0 2  

16 . 8  

18 . 2  

23 . 0  

5 . 9  

ND 

NO 

120 

3 

F 
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D i fferent orga n i c  loadings prior to  the meas urements res u l ted 

in  large d i f ferences  in  the e s tab l i shed bed b ioma s s  with i n  the 

reach on 2 2 - 2 4 / 2 / 8 3 ,  to tha t on 6 - 7 / 1 / 84 .  Pr ior  t o  the 

2 2 - 2 4 / 2 / 8 3  mea s u r ements , the MCDC and BCWS d i s charges i n c reased 

the river BOD 5 by approxima t e l y  twi c e  the amou n t s , o f  2 . 3  to 
- 3 . - 3 . . . 

2 . 7  g . m a nd 1 . 9 to 2 . 2  g . m  respe c t1vely , perm1tted by th e 1 r  

new wat e r  rights ( S ect ion 2 . 2 . 4  and 2 . 2 . 5 )  ( G i l l i l and , 1 9 84 ) ,  

wherea s th e BCWS d i s charge had been ha l ted for three  we eks 

prior to 6 - 7 / 1 /84 , due to an i ndus t ri a l  d ispu t e , and d u ring 

thi s  per i od th e MCDC BOD 5 l oad ings e xc eeded tho s e  permi t t ed by 

1 7% on average ( G i l l i land , 1 9 84 ) . 

On the former occas ion th e ri verbed community con s i s ted o f  a 

mode ra t e  s ewage fungus bioma s s  ove rgrowi ng an  a lga l f i l m  

whe reas o n  th e latter occa s ion c .  g l o m e r a t a  f i l ament s , up to 

one metre in length , domi na t ed and s ewage fungus was only  

pres ent a s  i s o la t ed fronds ( Ta b l e  5 . 1 6 ) . 

Despite the tota l bioma s s  ( a s AFDW ) on  6- 7/1 / 8 4  being 

appro x i ma t e l y  twi ce that on 2 2- 2 4 / 2 / 83 , simi l a r  r esp i rat ion 

rates were recor d ed . Howeve r  the photot roph d ominated 

commu n i ty wa s much more photosynthet i c a l ly active  and , for 

s imi la r  t emperat u r e  and l i gh t  cond i t i ons to tho s e  on 

2 2 - 24 / 2 / 8 3 , had a much h ighe r  P / R  va l u e  ( Ta b l e  5 . 1 6 ) . 

On 6 / 1 2 / 8 3  s .  na t a n s dominated s ewag e  fungus g rowths covered 

mos t  of the rive r bed . However shor t  ( 5  to  1 0  cm long ) 

f i lamentous a l ga l  growth s a l so  occur red and th e s ewag e  fungus 

conta i ned a large number of diatoms giv ing a dark tan 

colourat ion to the g rowth s . Under th e rive r c ond i t ions o f  

relat i v e ly high va lues of BOD5 , l ight and tempera ture , th is  

community had h i gh GPR and RR  va l ue s  s imi lar t o  thos e o f  the 

photot roph i c  dom i nated community on 6 - 7/ 1 / 84 .  

A ma j o r  f i sh k i l l occurred i n  the Manawatu River downst ream 

from s i t e  C on 1 / 2 / 84 . Th e bioma s s , respi rat i on a nd d i s s o l ved 

oxygen data col l ected at r iver s it e s  below s it e  D du ri ng the 

i nte rva l from the beg inning of re lat i ve ly stab l e  f low 

condit i ons unt i l ten days a fter  the first dead f i sh wer e  found 
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have bee n summa ri s ed ( Fi g  5 . 1 2 ) . Thes e data a r e  a l s o  pres ented 

i n  Append i x  F a long with the t emperature , l ight ,  BOD 5 a nd 

nut r ient data col l e ct e d  concurrent l y .  

The data show that the bed bioma s s  a nd community respirat ion 

rat e i ncrease  rapid ly  during the per iods of de c l i ni ng or 

r e l a tive l y  stable f l ows ( F i g  5 . 1 2 ) . Ea rly in the inte rva l 

s ewage fung us g rowth s , domi nat ed by s .  na t a ns and 

Fl a v oba ct e r i u m  spp . , were common or covered mos t  of the bed i n  

t h e  reaches f rom s ites  D to E a nd D t o  E F  ( Fi g  1 . 2 ) . B y  

mid- Ja nuary ma cros cop i c  ba cte r i a l  g rowth s were r e s t r i c t ed t o  

r ea ch f rom the MCDC out fa l l  t o  s i t e  D ,  a l though phototroph ic  

g rowths a l so occurred with i n  th is  zone  ( Se c t i ons 7 . 2 . 2  a nd 

7 . 2 . 4 ) . B e low the m i x ing zone ( i . e . ,  below s i t e  D )  a hea vy 

phototroph i c  bioma s s , dominated by c .  gl o m e r a t a  and , to  a 

l e s s e r  extent , P .  cr i s p u s ,  occ u r red . 

The act ivity o f  th e commun i t i e s  w i th i n  and above the reach 

r e s u l t ed i n  large d i urna l d i s s o lved o xygen f l uct ua t i ons , whi ch 

conf i rm that  photot roph ic  act ivity  ha s important e f f ects  on 

oxygen dynami c s  both within and b e l ow the d i scharge zone . Th e 

minimum d i s s o l ved oxygen conce ntrat i on o f  5 g . m- 3 , requ i red by 

th e river ' s  D c la s s i f ication ,  was not met in the rea ches  be low 

the mi xi ng zone dur i ng the night on se ve ra l occas i ons ( Fi g  

5 . 1 2 ) .  B y  con t ra s t , a t  s i t e  A abov e th e d i s ch a rg e s  ( F i g  1 . 2 ) ,  

the average mi nimum n ight- time d i s s o l ved oxygen conc ent ra t i on 

reco rded d u r i ng January/Febr uary 1 9 84 wa s 8 . 2 g . m- 3 . On 

3 1 / 1 / 84- 1 / 2 / 8 4  th e d i s solved oxygen at s i te Dd wa s l e s s  than 5 

g . m- 3 from midnight unt i l  9 2 0  AM with the min imum 

con centrat ion of 2 . 1  g . m- 3 recorded a t  6 AM ( F ig  5 . 1 3 ) . Ee l s  

( A n g u i l l a  spJ a nd t rout ( S a l m o t r u t t a ) recovered from f ish 

t raps ( Fyke n e t s ) at s it e  Dd by c omme rcial f i shermen on th e 

mor n i ng on 1 / 2 / 84 were found to be dead and many mor e  d ead 

f i sh , includ i ng bul l i es ( G o b i om o r p h u s  co t i d i a n u s ) a nd 

b l a ck fl ound e r  ( R h o m b os o l ea  r e t i a r i a ) ,  were found on 2 / 2 / 84 . 

On 9 - 1 0 / 2 / 84 the d iurna l  va riat ions i n  dis s o l ved o xygen a t  

s i t e s  Dd and E F  were l es s  tha n  tho s e  obs erved o n  3 1 / 1 /84 t o  

1 / 2 / 84 ( F i g  5 . 1 2 ) . Th i s  imp l i es red uced resp i ra t i on and gross 

photosynth e t i c  rates  both above s ite Dd and betwe en s it e s  Dd 
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Figure 5 . 1 2 :  Var iat ions in R iver Flow , D i s s o lved Oxygen 
Commu n i t y  Resp irat ion and B e n t h i c  B iomass and Commu n i t y  
S t r uc t ure Over Reaches Be l ow t he M ix i n g  Z one in  t he 
Manawat u R iver , 1 0  November 1 9 8 3  t o  1 0  Fe bruary 1 9 8 4 . 
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D O  C U R V E S  S I T E S  A , Od, EF, 3 1 / l - l / 2 / 8 4  
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F igure 5 . 1 3 :  D i s s o lved Oxygen ( DO )  Var iat ions at S ites 
A ,  Dd and EF on 3 1 / 1 - 1 / 2 / 8 4 ; temper at ure = 1 7 - 2 o . s oc .  



1 8 7  

a nd EF . The s e  reductions probably r e f l ect the combined a f fect!  

of  the lower BOD5 at  s i t e  Dd , due to th e land app l i ca t i on o f  

the pa rt  o f  the BCWS e ff l u ent from 6 / 2 / 84 ( Gi l l i land , 1 9 84 ) , 

a nd reduced bed biomas s  and i ncrea s ed turbid ity ( cau s i ng 

r educed l ight a t  th e river bed ) d ue t o  the sma l l  spa te wh i ch 

occu r r ed from 5 t o  7 Februa ry ( F i g  5 . 1 2 ) . 

At the t ime o f  the f ish k i l l , BCWS had not i ns ta l led the 

a ddit i ona l wa ste  tr eatment fac i l i t i e s  requ i red to me et the new 

wat er r ight condi t ions a nd the company ' s  .. d i s charge data ( H i nde , 

1 9 83 ) shows tha t  it  wa s i n  breach o f  these  condit i ons 

throughout mos t of the per iod when it d i scha rged dur i ng th e 

s umme r . Becaus e o f  th i s  a nd the fac t  that dead f i sh were found 

f rom approximate ly the BCWS out fa l l  down s t ream , i n i t i a l ly tha t  

compa ny a l one recei ved the blame f o r  th e low d i s s o l ved oxyg en 

condit ions a nd the f i sh k i l l  ( Ford , 1 9 84 ; Re nt on , 1 9 84 ) . 

However  the data col l ect ed above the BCWS o u t fa l l  ( F ig  5 . 1 1 )  

and a t  s it e  D b e l ow the out fa l l  p r i o r  t o  th e commenceme nt o f  

e f f l ue nt d i s cha r g e  for 1 9 84 on 1 6  Ja nua ry ( Ta b l e  5 . 1 4 )  a nd o n  

2 /2 /84 ( Section 5 . 4 . 3 )  show that even without the add i t ion o f  

th e BCWS d i s charge the river  d i d  not meet i t s  c la s s i f i cat ion 

d i s s o l ved oxyg en r equ i r ement . Th i s  impl ies  tha t  th e BCWS 

BOD 5 l oa d i ng to the r iver was only one o f  a number o f  factors 

wh i ch c a u s ed the l ow d i s s o l v ed oxyg e n  condit ions . 

The e f fect s of va r ious factors on rea ch respi ra t ion and gro s s  

photosynthet i c  rates a r e  cons i dered a long with th e data 

obta ined with i n  the wa ste  d i s charge zone in Sect i on 5 . 4 . 5 . 

5 . 4 . 5  F AC TO R S  A F F E C T I N G R I V E R R E S P I R AT I O N  BE L OW T H E 
D I S C H A R G E S  

Th e data colle cted in the who l e  river  oxygen dynam i c s  s tud i e s  

be low the e f f lu ent d i s cha rges ( Append i x  F )  we re ana lysed for 

i ntera c t i ons between th e r i ve r resp i ra t i on ra t e  and 

envi ronme nta l fa ctors . 

Th e l i near reg r e s s ion equa t i on ( 5 . 7 )  ( Table 5 . 1 7 )  show that the 

benth i c  bioma s s , t empera t u re and da i ly averag e  ini t i a l  
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TABLE 5 . 1 7 Pa rs imoni ous Re g re s s ion Equa t i on De s cr i bing th e 
E f fe c t s  on th e River Respi ra t ion Rat e  o f  
Stat i st i c a l l y  Signi f i cant Factors ( a t  the 9 5 %  l eve J 

RR = -2 1 . 9  + 0 . 09 3 7  BM + 1 . 5 8 T + 1 . 9 0 I n i t i a l  BOD 5 

Uni t s  = - 3 - 1 g02 . m  • d 
( Equa t ion 5 . 7 ) 

r2 = 88 . 2 % ( ad j usted for 1 6  deg ree s o f  fre edom ) ; 
s ta nda rd devia t i on o f  data about th e equat ion 
( s )  = 2 .  81  

I mportance of  Pred i c to r s  

Pred i c tor Coe f fi c i ent S t  d e v  o f  t ra t i o  = 
Coe f f i c i en t  Coe f f / S . D .  

Constant - 2 1 . 9  
BM 0 . 09 3 7  
T 1 .  5 8  

I n i t i a l  BOD 5 1 . 9 0 

7 . 4  
0 . 01 7 3 

0 . 4 3 
0 . 3 4 

-2 . 94 
5 . 42  
3 . 6 7 
5 . 5 5 

Appl i c a t ion Ra nge of Reg r e s s i on Equation 

B M  ( benth i c  bioma s s ) = 
T ( t empe ra ture ) = 
I n i t i a l  BOD5 = 

- 2 2 6- 1 5 0  g AFDW . m 
1 5 . 2 - 2 l . 0 ° C 

- 3  2 . 0 -9 . 0  g . m  

Range o f  Oth er Envi ronme nta l Va r iab l e s  

R i ver f l ow = 1 4 . 8- 5 8  m3 . s - l 

P e r c entag e  o f  
S um o f  Squa re 

r ed uct ion 
a cc ou n t ed fo r 

5 5 . 2 % 
1 2 . 3 % 
2 2 . 7 %  
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BoD 5 e a ch have s tati s t ica l ly s igni ficant e ffects  ( a t the 95 % 

l eve l ) on the river r e s p i ra t ion rate . Th e  regre s s ion equat i on 

( 5 . 7 )  can a c c ou nt for 8 8 . 2 %  o f  the varia tion i n  the data us i ng 

th e s e  thr e e  predi ctors . Th i s  i s  in general agreement with the 

r e s u l t s  o f  the i n  s i t u  chamber studies ( S ect i on 5 . 3 )  except 

tha t  the ini t i a l chamber '  BOD5 was not a stat i s t i ca l ly 

s ig n i f i cant p re d i ctor o f  the benth i c  respi rat ion rate in the 

forme r stud i e s . The u s e  o f  a verage dai ly i n i t i a l BOD5 va l u es 

i n  the who l e  r i ver stud i e s , rath e r  than th e i ns ta ntaneous 

va l ue s  u s ed in the chamber stud ie s , may nave cont r ibuted to th e 

obs erved s tat i s t ical  s i g ni f i cance of init i a l  BOD5 on the river 

r esp i r a t i on rat e . Th e cont ra s t ing results  s ugge s t  tha t the 

d a i l y  average i ni t i a l  BOD 5 does i n f l uence the r iv e r  respi rat ion 

rate a l though shor t-t erm va r i a t i ons  may be r e lat i ve ly 

u nimportant , pos s ibly due  to the metabo l ism o f  s tored material  

by  the h et erot roph s . 

The e ffect of the d a i l y  average i n i t ia l BOD5 on the r iver 

respi rat ion rate i s  more pronounced when th e data obta i ned from 

river reach es dominated by heterotrophs are  mod e l l ed 

s epara t e l y . As for the combined data s et , the i n i t i a l  BOD 5 , 

t empera tu r� a nd b ioma s s  a l l  have s t at i s tica l l y  s i gn i fi ca nt 

e f fect s on the r espi rat io n  rate but th e init i a l  BOD5 accounts 

for mos t  of  th e reduction in the s ums o f  squares  obs e rved 

( Tabl e 5 . 1 8 ) . Th e pa rs imon ious equation de r i ved from th is data 

s et a ccounts fo r 9 5 . 4 % of the va riat ion in th e r i ver  

respi rat i on obs erved and  shou l d  be u s e fu l  fo r predict ing oxygen 

dep l et ion in het erot roph domina t ed r iver rea ch e s  for the 

Ma nawatu River . 

Howeve r  the bi omass data u s ed to  generate equat i ons ( 5 . 7 ) and 

( 5 . 8 ) were only s emi-quant itat i ve , being obta i ned from s ampl i ng 

( S e ct i on 3 . 2 . 2 . 1 )  at  on ly up to  three repres entative s i tes  per 

reach a nd/or compa rison of v i s ua l  obs e rvations ( S ect ion 

3 . 2 . 1 . 2 )  with c a l ibrated b ioma s s  obs ervations  made on oth e r  

occas ions . Thu s , i n  cont ra s t  to the da ta used to gene rate the 

regre s s i on mode l s  bas ed o n  the i n  s i t u  chambe r meas u rements 

( Se ct ion 5 . 3 ) , th ere is con s i derable unce rtainty in the benth i c  

b i oma s s  data used . Th i s  uncert a i nty cou ld not b e  quant i fi ed 
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TABLE 5 . 1 8 Pa r s imonious Re gress ion Equa t ion De s c rib i ng the 
E f fe c t s  o f  I n i t i a l  BOD5 , Tempe ra ture and B enth i c  
Biomas s  o n  the Re sp i ra tion Rat e  o f  Heterot roph 
Domina t e d  Rive r Reaches 

RR 

Un i t s  = 

- 2 5 . 3  + 2 . 0 5 I n i t i a l  BOD5 + 1 . 7 8 

- 3 - 1 go2 . m  . d  

T + 0 . 0 6 9 4  BM 
( Equation  5 . 8 ) 

r 2 = 9 5. 4% ( ad j u s t ed for 9 degrees o f  f r eedom ) ; 
standa rd deviat ion o f  data about the equa t ion 
( s )  = 1 . 9  

I mportance o f  Pred i c t ors  

P r ed i c to r  Co effic ient St dev  o f  t r a t i o  = 

Coe f f i c i ent Coe f f/ S . D .  

C ons tant - 2 5 . 3  
I n i tia l BOD5 2 . 0 5 

T 1 . 7 8 
BM 0 . 0694 

7 . 5  
0 . 3 6 
0 . 49 

0 . 0 1 64 

- 3 . 38 
5 . 73  
3 . 6 3 
4 . 2 5 

App l i cat ion Ra nge of  Re gres s i on Eq ua tion 

BM ( benth i c  bioma s s ) = 

T ( t empe rature ) = 

2 6 - 1 5 0 g AFDW . m- 2 

1 5 . 2 - 2 l . 7 ° C 
I n i t i a l  BOD 5 

- 3  2 .  0- 8 . 9 g . m  = 

Range o f  Othe r  En vi ronmenta l Va r iab l e s  

River F l ow 
Tot a l  Sur fa c e  Radiation 

= 1 6 . 8-5 8  m3 . s - l 
- 2 - 1 

= 2 0 . 1 - 3 1 . 1  MJ . m  . d  

Pe rc enta ge o f  
Sum of Square 

reduction 
a ccounted fo r 

70 . 7 % 
1 6 . 8% 

9 . 2 % 
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without intens ive samp l i ng o f  th e ent i r e  reach . Ne ve rthe l es s , 

the mode l s  der ived from the who l e  river stud i e s  have the 

a dvantage that they we re obta i ned from the una l te r ed r ive r 

s ys tem for wh i ch pred i c t i ons a re requ ired whereas the 

mea s urements i n  the i n s i t u  chambers requi red some unavoidabl e  

d i s tu rbance o f  the- communit i e s  a n d  a l terat ion o f  the f l ow 

cond i t i ons , a l though the s e  were minimised a s  much a s  pos s ib l e  

( S ecti on 3 . 6 . 3 . 1 ) . Th i s  s ugge s t s  that  th e r e s u l t s  o f  th e 

mod e l s  d e r i v e d  f rom both s it u a t ions shou l d  be cons idered when 

mak i ng p redict ions rega rding the e f fects ' o f  mana gement options 

on the r i ver r espi rat ion rate . 

5 . 4 . 6  V E R I F I C A T I O N  O F  C H AM B E R  S T U D Y R E GR E S S I O N  M O D E L S  

Th e regress ion mod e l s  o f  benth i c  r espi ration generated from the 

i n  s i t u  chamb e r  s tud ies  of h et erot roph i c  dom inated communi t i es 

( Equat ion 5 . 3 , Sect ion 5 . 3 . 3 )  a nd the combi ned r es u l t s  o f  the 

chambe r  s tud i e s  of the s e  a nd th e a lga l domina t ed commun i t i e s  

( Equat i on 5 . 5 ,  S e ct ion 5 . 3 . 5 ) we re a s s e s s ed by c ompar i ng the 

benth ic  respirat ion ra t e s  pred i cted for th e bioma s s , 

temperature and i n i t i a l  BOD 5 data in th e who l e  r i ver s tud i e s  

be low the d i scharges , with th e mea sured riv er respirat ion 

rates . 

I n  add i t i on the fo l lowi n g  equation der ived by B u s ch and Fisher 

( 1 9 81 ) from i n  s i t u  chamber s t ud i e s  of  c .  g l o m e r a t a , d i atom a nd 

b l ueg r een a lga l a s s emb lages was a l s o  a s s e s s e d : 

Bu sch a nd Fi sh e r  Equa t i o n : R = 5 . 74 s0 · 2 6 ( l . l O ) T whe r e : 

R . . . ( 0 - 2 h- 1 ) = commun 1ty resp 1 ra t 1 on mg . 2 . m  . 

B = benth i c  bioma s s  ( gAFDW . m- 2 ) 

T = t emperature ( ° C ) . 

Th is  wa s th e on ly mode l fo r pre d i c t i ng benth ic r e sp i ra t ion 

rates o f  epi l i thon o f  r e l e vance t o  th i s  study s i gh t ed i n  the 

l it eratur e . 

S i nce th e chambe r  stud i e s  r e l a t e  l a rge l y  to th e benth i c  

respi rat ion ra t e  ( S e ct i on 5 . 3 . 1 ) ,  wherea s  the r i ve r  rat e s  



1 9 2  

i nc l ude the respi rat ion o f  both th e benthic  c ommunity and that 

occur r ing in the water col umn , of app roxima t e l y  1 met r e  d epth , 

th e v a l u es predi cted u s i ng the equat i ons derived from the 

chamb e r  stud i e s  were expected to b e  l ower than thos e  obse rved 

in the r iver two s tat ion s tudies by an amount equa l to  th e 

s uspended bioma s s  respi ration ( S e c t i on 5 . 2 ) . Compa r i s on o f  the 

va l u e s  predicted by equat ions 5 . 5 a nd 5 . 3  with the mea sured 

rat es in the two s ta t ion s tud i e s  ( Table 5 . 1 9 )  shows that th e 
- 2 - 1 predi cted va l u e s  were respect ive l y  4 . 1 a nd 5 . 3  go 2 . m  . d  , or 

1 5  .. 9 and 2 0 . 2 % ,  l ower on averag e . Th i s  sugge s ts tha t to a d j u s t  

the chamber benth ic  r e sp i rat ion ra t e  equat ions to s u itable  

p re d i c t ive equat ions for  use i n  mod e l l ing the Ma nawatu Ri ver 

r espi rat ion rat e a s u spended biomas s  respi ration rate o f  
- 3 - 1 appro x ima t e l y  4 go 2 . m  . d  in the 1 met re deep wa t e r  co l umn ( = 

- 2 - 1 4 go2 . m  . d  ) shou l d  be inc luded i n  equat i on s .  Th i s  va l u e  is 

equa l to th e maximum su spended bioma s s  respi ration obs e rved in 

th is s tudy ( Se ct ion 5 . 2 ) . I n c l ud i ng this  factor in eq uat i ons 

( 5 . 5 )  and ( 5 . 3 )  gene ra t es the fo l lowing equa t i ons for the r i ve r  
- 2 - 1 ) r espi rat ion rate ( RR �  go 2 . m  . d  

( 5 . 5 ) RR = - 1 4 . 9  + 1 . 4 1  T + 0 . 1 5 8  BM ( Equa t i on 5 . 9 )  

( 5 . 3 )  RR = -9 . 3 + 1 . 0 7 T + 0 . 1 5 1 BM ( Equat i o n  5 . 1 0 )  

The s e  adapted mode l s  genera l ly p re d i c t  rates very c los e to  

those obs erved in th e r iver two s ta t i on stud i e s  ( Tabl e 5 . 2 0 )  

i nd i c a t i ng that they wou l d  be u s e fu l  predictive  too l s  for u s e  

i n  wa t er management . Si nce equa t i on ( 5 . 9 )  wa s d e r ived from the 

comb i ned res u l t s  o f  s ewag e  fungus a nd a l ga l  dominat ed 

communities  i t  shou l d  g ive more genera l ly appl icab l e  resu l t s  

than equat ion ( 5 . 1 0 ) ,  whi ch was de r ived from th e s ewag e  fungus 

commun i t i es a lone . 

By contra s t , the rates  pred i c t ed by th e Busch and F i sh e r  mode l 

compa r e  very poor ly with those obs erved in the river two 

s ta t i on stud i e s  ( Table  5 . 1 9 ) . The l i k e l y  rea s ons for th i s  poor 

p e r fo rmance are that th e data from wh ich th e model wa s 

constructed were obtai ned from qu i e s cent chambers and that the 

rates mea sured were c a l c u la ted from meas urements at  the 

be ginning and e nd of a one hour incuba t i on per iod ( Bu s ch and 

F i she r ,  1 9 81 ) . Th e resp i ra t i on ra t es o f  benth i c  c0mnuni t i e s  



TABLE 5 . 1 9 Compa r i son of Ob served R i ver Resp i ra t i on R ates and Benth i c  Res p i rat i on R ates P red i cted by Reg res s i on 

R i ve r  
R each 

0 -E F  
0 -E F  
0-EF 
0-Fu 
D d-EF 
Dd-E F  
D d-E F 
Dd-EF 
D -E 
O d-E 
O d-E 
PNCC-B 
P NCC -B 
B -CuC 
B -D 
B -D 
B -E 

Mean x 
S t d  De v 

Mode l s deve l oped f rom C h amber Data 

Measu red 
R i ver 

Date R es p i �2t i �r 
g0 2 . m • d 

1 5 / 1 1 /83 1 3 . 7  
1 7  / l l /83 12 . 5  
2 1 / 1 1 /83 18 . 2  
29/ 1 1 /83 1 0 . 8 
18/01 /84 28 . 8 
24/01 /84 32 . 5  
3 1 /0 1 /84 37 . 6 
09/02 /83 32 . 4  
22/02/84 32 .8 
06 / 1 2 /84 33 . 1 
1 5 / 1 2 /84 2 1 . 7  
16 /01 /84 20 . 7  
2 9 /02/84 26 . 7  
29/02 /84 3 9 . 8  
1 5/01 /84 1 9 . 3  
16 /01 /84 20 . 6  
06 /01 /84 2 7 . 8  

Mode l  P red i cted B�2t h �f  
Res p i rat i on ( g0 2 . m  . d  ) 
( 5 • 5 ) ( 5 • 3 ) (B & F ) 

7 . 8 7 . 7  1 . 5  
1 0 . 6  9 . 9  1 . 8 
1 0 . 2  9 . 8  1 . 7 
9 . 5  9 . 6  1 . 6 

23 . 5 22 . 9 2 . 1  
32 . 6 30 . 4  3 . 3  
30 . 5  28 . 8  2 . 9 
2 9 . 4  27 . 4 3 . 2  
1 7 . 4 16 . 1  2 . 4 
20 . 8 1 9 . 0  2 . 9  
16 . 5  1 5 . 4  2 . 3  
1 8 . 5 1 7 . 6 2 . 2  
26 . 5  24 . 3  3 . 4 
34 . 0  3 1 . 5  3 .6 
24 . 7  23 . 5  2 . 5  
24 . 0  2 3 . 0  2 . 4 
22 . 6  2 1 . 3  2 . 6 

Mea s u red- P redi c!2d _ 1 Pe rcentage U nde res t i mat i on 
Resp i rat i on ( g02 . m  . d  ) of mea s u red rate ( % ) 
( 5 . 5 ) ( 5 . 3 )  ( B  & F )  ( 5 .  5 )  ( 5 .  3 )  ( B & F )  

5 . 9  5 . 9  1 2 . 2  43 . 3  43 . 5  89 . 2  
1 . 9 2 . 6  1 0 . 7  1 5 . 3  20 . 9  85 . 7 
8 . 0  8 . 4  16 . 5  44 . 2  46 . 1  90 . 6  
1 . 3 1 . 2  9 . 2  1 2 . 2  1 1 . 0  85 . 5  
5 . 3  5 . 9 26 . 7  1 8 . 4  20 . 4  92 . 5  

-0 . 1  2 . 1  29 . 2  -0 . 2  6 . 4 8 9 . 8  
7 . 1  8 . 8  34 . 7  1 9 . 0 23 . 3  92 . 3  
3 . 0 5 . 0  29 . 2 9 . 2  1 5 . 4  90 . 1  

1 5 . 4 16 . 7  30 . 3  47 . 0  50 . 9  92 . 5  
1 2 . 3  14 . 1  30 . 2  37 . 2  42 . 6  9 1 . 3  
5 . 2  6 . 2 1 9 . 4  2 3 . 8  28 . 8  8 9 . 4  
2 . 2 3 . 1 18 . 5  1 0 . 8  14 . 8  89 . 2  
0 . 2  2 . 4 23 . 3  0 . 7  9 . 1  87 . 4  
5 . 8  8 . 3  36 . 1  14 . 6  20 . 8  90 . 8  

-5 . 4  -4 . 2  16 . 8  -28 . 2 -22 . 0  86 . 9  
- 3 . 4  - 2 . 4  1 8 . 2  ; - 1 6 . 6  - 1 1 . 7  88 . 3 
5 . 2  6 . 5 2 5 . 2 1 8 . 8 23 . 5  90 . 7  

4 . 1  5 . 3  22 . 7  1 5 . 9  20 . 2  89 . 5  
.!.. 5 . 2 .:. 5 . 2  + 8 . 3  + + + 2 . 2  - - 20 . 4  - 1 9 . 4  -

1-' 
1.0 
w 



TABLE 5 . 20 Comp a r i son of Mea s u red R i ver Res p i rat i on R ates and the R ates P red i cted by R egres s i on Mode l s Deve l oped 

R i ver 
R each 

D -E F 
D -E F  
D -EF 
D -F u  
Dd-EF 
Dd-E F 
D d-E F 
Dd-EF 
D -E 
O d-E 
Od-E 
PNCC-B 
P NCC-B 
B -C uC 
B -D 
B -D 
D -E 

Mean x 
S . D .  

f rom C h amber  Data a nd Adapted to A l l ow for S u s pended B i oma s s  Res p i rat i on 

Mode l P red i cted 
Date Measu red Resp! 2at ��n Res p i rat i on R ate 

Rate ( g0 2 . m  .d ) ( 5 .  9 )  ( 5 . 1 0 )  

1 5/ 1 1 /83 1 3 . 7  1 1 . 8  1 1 . 7  
1 7 / 1 1 /83 1 2 . 5  14 . 6 1 3 . 9  
2 1 / 1 1 /83 18 . 2  1 4 . 2  1 3 . 8  
29/ 1 1 /83 10 . 8  1 3 . 5  1 3 . 6 
18/0 1 /84 28 . 8  27 . 5  26 . 9  
24/0 1 /84 32 . 5  36 . 6  34 . 4  
3 1 /0 1 /84 37 . 6  34 . 5  32 . 8  
09/02 /84 32 . 4  33 . 4  3 1 . 4  
22/02/84 32 . 8  2 1 . 4  20 . 1  
06 / 1 2 /83 33 . 1  24 . 8  2 3 . 0  
1 5 / 1 2 /84 2 1 . 7  20 . 5  1 9 . 4  
16/0 1 /84 20 . 7  22 . 5 2 1 . 6  
29/02 /84 26 . 7 30 . 5 28 . 3 
29/02 /84 39 . 8  38 . 0  35 . 5 
15/01 /84 1 9 . 3  28 . 7  2 7 . 5  
1 6 /0 1 /84 20 . 6  28 . 0 2 7 . 0  
06 /0 1 /84 27 . 8 26 . 6  2 5 . 3 

-- -

Meas u red-P r�2 i c�Id V a l u es ( g02 . m  . d  ) 
( 5 . 9 )  ( 5 . 10 )  

1 . 9  1 . 9  
-2 . 1  - 1 . 4 
4 . 0  4 . 4  

-2 . 7  -2 . 8 
1 . 3 1 . 9 

-4 . 1  - 1 . 9  
3 . 1  4 . 8  

- 1 . 0 1 . 0 
1 1 . 4  1 2 . 7  
8 . 3  1 0 . 1  
1 . 2 2 . 2 

- 1 . 8 -0 . 9  
-3 . 8  - 1 . 6 
1 . 8 4 . 3  

- 9 . 4  -8 . 2  
-7 . 4 -6 . 4 
1 . 2 2 . 5  -
0 . 1  1 . 3 

� 5 . 2  .:. 5 . 2 

Percentage u nderest i mat i on 
o f  meas u red rate ( % )  
( 5 . 9 )  ( 5 . 1 0 ) 

14 . 0  14 . 3  
- 16 . 7  - 1 1 . 1  
22 . 2  24 . 1  

-24 . 8  -26 . 0  
4 . 5  6 . 5  

- 1 2 . 5  -5 . 9  
8 . 3  1 2 . 7  

-3 . 1  3 . 1 
34 . 8  38 . 7  
25 . 1 30 . 5  
5 . 4  1 0 . 4  

-8 . 5  -4 . 5  
- 14 . 3  -5 . 9  

4 . 5  1 0 . 8  ; -48 . 9  -4 2 . 7 
-36 . 1  - 31 . 1  

4 . 4 9 . 9  

2 . 4% 1 . 9 
.:. 22% .2:. 2 1 . 4 %  

"""""' 
1.0 
� 
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have been shown t o  i n c rease  with turbu l e nce ( H i ckey , 1 9 82 ) and 

to decrea se dur ing prolonged incubat ion periods ( S e ct ion 

5 . 3 . 6 ) . Both the s e  e f fects wou ld t end to reduc e the epi l i thon 

r e s p i ra t i on rates mea s u red u s ing  the methods of Bus ch and 

F i sher  ( 1 9 81 ) . The f a i lure  of the resu l tant regress ion 

equa t i on to give reas onable pred i ct ions emph as i s es the 

importance o f  attempti ng to mat ch the turbul ence with i n  the 

respi ratory chamber with tha t  a t  the natural bed and th e u s e  o f  

th e init ia l resp i ra t i on rate fo r mod e l  const ruct i on , rath e r  

tha n  the a ve rage r a t e  obs erved over a pro longed incubat ion . 

Un fortuna t e l y ,  the l a ck o f  qua ntitative phototroph i c  bioma s s  

mea s u r ements  i n  the whol e  r iv e r  oxyg en dynam i c s  s tud i e s  

p r evented the u s e  of thes e  data t o  test the l i nea r r egress ion 

equation mode l s  for benth i c  gro s s  photosynth et i c  o xygen 

produ ct ion d er ived f rom th e i n  s i t u  chamber s tudies . 

5 . 4 . 7 C O M P UT E R  MO D E L L I N G  S T U D I E S 

A c omputer model ( Se c t ion 3 . 8  ) wa s u s ed to i nv e s t i gate the 

a s s imi lative capa city o f  the Manawat u  River wi th r e spect to the 

r e sp i ra t ion rate s us ta i nab l e  wi thout the reduc t i on of the 

d i s s o lved o x ygen conc entrat ion to less  than 5 g . m- 3 during the 

n i ght hours . 

Th e e f fe cts of the reaeration rate , the s unset d i s s o l ved oxyg en 

conc ent rat io n  and the tempe rature regime on  th e n ight -t ime 

d i s s o l ved o x ygen dep l e t ion pr ed i cted by the mod e l  fo r a g i ve n  

respiration rate are  s umma r i s e d  in Tab le  5 . 2 1 .  Th e predicted 

e ffects o f  var ious respiration rates for typica l summe r low­

f l ow reaera t ion , t emp e ra ture a nd initi a l  d i s s o l ved o xygen 

cond i t i ons  a re shown i n  Fi gu r e  5 . 1 4 .  

Run 2 ( Ta b l e  5 . 2 1 )  and Fig ure 5 . 1 4 show that under s ummer low­

f l ow condi t i ons an average respi ration rate of 2 0  
- 3 - 1 go 2 . m  . d  over the r each bel ow the PNCC outfa l l  t raversed a t  

n i ght a l l ow s  maintenance o f  the required d i s s o l ved o xygen 

cond i t i ons . Red ucing the k 2 va l u e  by 40%  re s u l t s  i n  lower dawn 

d i s s o l ved o xygen va lues  ( Ru n  1 )  a nd r educes  the ma ximum 
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TABLE 5 . 2 1 Resu l ts o f  Comput e r  Mode l l i n g S t u d i es : E ffects o f  Reaerat i on 
R at e ,  Temperatu re and I n i t i a l  D i s s o l ved O xygen Concent rat i on on 
D i s s o l ved O xygen Dep l et i on Du r i n g  a N i ght of Ten Hou rs Du rat i on 

Mode l 
R u n  

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
1 1  

* 

** 

*** 

Res p i rat i on Temperatu re Reaerat i on ·· Di s s o l ved Oxy gen ( g . m- 3 ) 
R ate ( OC )  k2 ( 2� � Pred i cted 

-3 - 1 S u n set Su n r i s e  ( g02 . m  . d ) ( day a t  

20 22 - 20 2 . 8 9 . 8  4 . 3  
20 22 - 20*** 3 . 93 * 9 . 8** 5 . 0  
20 22 - 20 4 . 4  9 . 8  5 . 2  
20 22 - 20 3 . 93 9 . 2  4 . 8 
20 22 - 20 3 . 93 10 . 2  5 . 0  
20 22 - 20 3 . 93 6 . 4 4 . 3  
20 20 - 18 3 . 93 9 . 8 5 . 3  
20 1 5  - 1 3  3 . 9 3  9 . 8 6 . 2 

2 3 . 7  1 5  - 1 3  3 . 93 9 . 8  5 . 0  
1 7  22  - 20 2 . 8  9 . 8 5 . 0 

16 . 5  2 2  - 20 3 . 93 6 . 4 5 . 0  

= Average k 2 { 20 ) mea s u red i n  gas t racer s tu d i es a t  a r i ver f l ow o f  
1 5 . 5  m3 . s  i n  the Manawatu R i ver o n  2 /3/83 ( W i l cock , 1 984 ( a ) )  

= Ty p i c a l  su nset di s s o l ved oxy gen concentrat i on 

= Temperatu re v a r i at i on du r i n g  n i ght observed on 29/2 /84- 1 /3 /84 
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N I GH T T I ME OX YGEN L E V E LS PRED I C TED B Y  MODEL 

(T) 
I 

:E . 
L:) 
0 
0 

0 �------�-----.------.------.------, 
_0 2 4 6 8 

T I ME FROM SUNSET <HOURS) 
1[ 3  

L egend 
A 1 111 gcqm-3d-1 

0 -�-1 x 211lg 2.m-=-

o __!.2g_ Q 1'!1-� d _, 
• �-3d4 
• 3111 o m-3d� 

- - - - '9- -2- - - - -

H 3sgo2 m3ct-1 

F igure 5 . 1 4 :  N i ght - t ime D i s s olved Oxygen Leve ls  Pred icted 
at R iver Res p i rat ion Rat e s  of  1 0 - 3 5  go2 ,. m- 3 . d- 1 by a 
Computer Mode l S imu lat i n g  Manawa t u  R iver , Summer , Low- f low 
Cond i t ions . 
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- 3 - 1 a cc eptab l e  r espi ration rate from 20  to l 7 go 2 . m  . d ( Ru n  1 .0 ) . 

H owever var i a t ions in  the sun s et d i s s olved oxygen concent ra t ion 

over the  approx imate range o f  obs erved ups t ream va l ues ( 9 . 2  to  
- 3 1 0 . 2 g . m ) had a mi nor e f fect  o n  the dawn di s sol ved oxygen 

concentration ( Runs 3 t o  5 ) .  

Th e s un s e t  d i s sol ved o xygen concentra t ion i n  Run 6 wa s equa l t o  

tha t  obs erved a t  s i te cue be low the reach f rom the MCDC ou t fa l l  

cont a i n i ng heavy s ewag e  fungus , on 2 9 / 2 /84 ( S e ct i on 5 . 4 . 3 )  
- - 3 A l though the s un s et d i s s o l ved o xyg en va l ue wa s 3 . 4  g . m l ower 

tha n  tha t  at s unset i n  Ru n 2 ,  the dawn conc ent rat ion wa s on ly 
- 3 0 . 7 g . m  l owe r due to  the grea t e r  oxyg en i nput i n  th e latte r 

c a s e  res u l t ing from incre a s ed atmospheric  r e a erat ion at  th e 

l ow.e r ave rage disso l ved oxyg e n  con cent ra t ion . The mod e l  
- 3  p r ed icts  a dawn d i s s o l ved oxyg en concent rat ion o f  5 g . m unde r 

the cond i t ions in Run 6 i f  th e respira t i on rat e i s  red uced to  
- 3  - 1  1 6 . 5  g . o 2 . m . d  ( Run  1 1 ) . A sh ort sewage fungus zone , such 

a s  occurred between the MCDC out fa l l  and s i t e  D during the 

1 9 8 3 / 8 4  s umme r , can the r e fore  agg ravate d i s s o l ved oxyg e n  

p robl ems by : 

( i ) caus ing s igni f i ca n t  oxyg e n  depletion th rough the reach 

( i i )  reducing th e disso l ved o xyg en reserves ava i lable to me et 

th e demand s o f  downstream communi t i e s . 

Th e s ubstant i a l r educ tion i n  s ewa g e  fungu s growth in th is  reach 

i s  th e r e fore a n  import a n t  s t ep towa rds re solving th e d i s s olved 

oxyg en deplet i on probl ems in th e Ma nawatu River . Th is is 

d i s c u s sed f u rther in Sec t ion ( 7 . 2 . 2 }  However  both photot roph 

domi na ted and s ewa ge fungus domi na t ed reaches be low the wa s t e 

d i s cha rge s we re  obs erved t o  o ft en have resp i rat ion rates in  

excess  o f  2 0  go 2 . m- 3 . d- l  during summe r low f l ow cond i t ions 

( S ec t i ons 5 . 4 . 3 a nd 5 . 4 . 4 ) . Th e e l iminat ion or res t r i c t ion o f  
s ewag e  fung us but not phototroph i c  growths  i s  the re fore 

u n l ik e l y  to e l iminate the d i s s o l ved oxygen dep l et ion prob lems . 

C omp a r i son o f  Runs 2 ,  7 and 8 shows that temperature vari a t i ons 

ove r the range obs erved d u r i ng the spring to a u tumn g rowth 

s ea s on a ls o  have a s i gni f i ca nt ef fect on oxygen d ep l et ion for a 

g iven  s et o f  r e spira t i on , reaerat i on and s un s et d is s o l ved oxyg en 

c ond i t ions . Th e e ffect o f  tempera t u re on th e ma ximum a l l owab l e  
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r i v e r  respi rat ion rat e i n  orde r t o  ma intain the d i s s o l ved 

o xygen concentrat i on o f  an e l ement o f  wa t e r  t rave r s i ng the 

r i ver reach be low the PNCC out fa l l  to s i t e  EF at n i ght above 5 

g . m- 3  i s  shown in Figure 5 . 1 5 .  Th e max imum a l l owabl e  rat e 

i n c reases  f rom 20 to  2 4 . 5 go2 . m- 3 . d- l  a s  the ave rage night- time 

t emperature decreases from 2 1  to l 2 ° C ,  under cons tant , s umme r 

l ow- f l ow ,  condit ions o f  reaerat ion ,  s u n s e t  d i s s o l ved oxyg en 

concent ra t io n  and nigh t  l e ng th ( F ig  5 . 1 5 ) . 

Equat ions ( 5 . 9 )  and ( 5 . 1 0 ) , adapted f rom Ehe i n  s i t u  chamb e r  

s tud i e s  for use  i n  predict i ng the Manawa t u  River resp i ra t i on 

rate ( S e c t i on 5 . 4 . 6 ) ,  and equat i on ( 5 . 7 ) ,  deve loped f rom th e 

two stat i on oxygen s tud i es data ( S e c t i on 5 . 4 . 5 ) ,  wer e u s ed to 

i nv e s t i gate the ma ximum benth ic  biomass l e ve l s  a l l owab l e  

w i thout cau s i ng d i s s o l ved oxygen conce nt ra t i ons o f  l ess than 
- 3 5 . 0  g . m . 

The adapted chamber mode l s  predict that the nu 1 sanc e  l e v e l  o f  

ben th i c  bioma s s , wi th r e s pect t o  i t s  e f f e c t  o n  d i s s o lved oxygen 

d ep l et ion , i s  i n ve r s e l y  r p l a t e .-1 t o  t e•01pe ra t u r e  ( P i g  5 . 1 6 ) . Th e 
more genera l l y appl icable  mor1 e l  ( Equat ion 5 . 9 ) , wh ich wa s 

d e ve l op ed from data obta i n ed from a broa d  spect rum o f  epi l i th ic 

communiti e s , pr ed icts tha t th e nui sance bioma s s  concent ra t i on 
- 2  d e c rea s e s  f r om 1 4 3  to 3 4  gA F JJW . m with i n c r e a s i ng t empe r a t u r e  

f r om 1 2  to 2 l ' C ( F ig 5 . 1 6 ) . 

Th is  impl i e s  that during the winter a nd ea rly spr ing , when th e 

t emperature  i s  genera l ly l e s s  than l 4 ° C , heavy benth i c  

biomas s e s , c lose to  the ma x imum va l ues obse rved d u r i ng the 

s umme r low f l ows , wou l d  not cau s e  th e c l a s s i f i cat ion d i s s o l ved 

o xyg en r equ i r ement to be breach ed ,  a l though th ese wou l d  r e su l t  

i n  nui sance l eve l s  o f  s u spended biomass ( Sect ion 6 . 3 ) . However  

d u ring the c r it ica l s ummer low flow per i od th e b i oma s s  shou ld 

not e xceed a pproximate l y  3 4  gAFDW . m- 2 . Th e l ower respi rat i on 

r a t e  obs e r ved for a lmos t p u r e l y  a l gal  epi l ithon than for 

commun it ies containing varyi ng amounts o f  hete rot roph ic g rowth 

( S e ct i on 5 . 3 . 5 )  indicates  that i f  the o rgani c mat e r i a l  inpu t to 

th e river wa s red uced to a l e ve l  wh ere p u re ly  a l ga l communi t i e s  

occu rred b e l ow the ou t fa l l s  the ma ximum a l lowab l e  benth i c  
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F igure 5 . 1 5 :  Graph o f  t h e  Ma x i mum Perm i s s i b le Re s p i r a t ion 

Rate Pr e d i c t e d  b y  t he C omp u t e r  Mode l S imu l a t i n g  Man awa t u  

R iv e r  S umme r Low- f l ow C o n d i t i o n s  ve rsus Ave r a ge N i ght - t ime 

Tempe r a t u r e . 
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F igure 5 . 1 6 : Max imum Acceptab le Ben t h ic B iomass Conce n t rat ions 
Pre d ic t e d  by t he Whole R iver Resp irat ion Mode l So lved for an 
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Chamber Mode l s  ( Equat i o n s  5 . 9 & 5 . 1 0 ) Ve r s u s  R ive r Temperature . 
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b i oma s s e s  may be g reater tha n pred i cted by the adapted 

regre s s i on mode l s  whi ch �e r e  biased  towards commun i t i e s  with 

some heterotroph i c  content ( Append ic e s  C to  E ) . 

The occu rre nce of an ini t i a l  BOD 5 t e rm ,  as an i nd e x  of th e 

reach BOD5 condi t ions , a s  a s tati s t ica l ly s i gni f i cant predicto r  

i n  the mu l t ip l e  r egres s ion mod e l s  d e rived from th e two s ta t i on 

s tud i e s  ( S ection 5 . 4 . 5 )  comp l i cates  their �s e  for pred i c t i on o f  

the ma x i mum a l lowab le be nth i c  b ioma s s  over th e longer reach 

be low the PNCC out fa l l  trave r s ed a t  n ight und er s ummer l ow f l ow 

cond i t ions ( 9  to  1 0 . 5 km at  f lows o f  2 0  to 1 3  

m3 . s- l r espec t i ve l y ) . The s e  mode l s  were deri ved from 

obs erva t i ons ove r  shorte r , 1 . 5  t o  6 km long , reach e s  w i thout 

e f f l uent d i s charges or with a s ing l e  k nown d i scharge d i rectly 

be l ow the ups t ream s i te ( e xcept on  1 6 - 1 7/ 1 / 8 4 ) .  By cont rast  

the rea ch t ravers ed be l ow th e PNCC d i s charge at n ight rece ives 

the MCDC and BCWS d i scha rg e s  3 . 8 and 5 . 6  km be low the PNCC 

d i s charge respect ively . Th is  makes i t  d i f f i cu l t  to e s t imate an 

appropr i a t e  i ni t i a l  BOD5 t erm to use in the mod e l l i ng e x e rc i s e  

to pred i ct the maximum acceptab le  benth i c  b i oma s s . I f  i t  i s  

a s s umed that the averag e BOD 5 conc entra t ion over the reach 

be low PNCC - travers ed a t  night corre sponds to tha t  in th e two 

s tat ion st udy reaches wh en the i nit i a l  BOD 5 wa s 3 g . m- 3 th en 

th e more  genera l ly appl i cab le  mode l ( Equat ion 5 . 7 ) ,  deve l oped 

from the combined resu l t s  o f  a l l  th e s tud ies  ove r rea ches be l ow 

the d i s charges , p r ed i ct s  the ma x imum a l lowa b l e  bioma s s  l e ve l s  

g i ven in F i gure ( 5 . 1 6 ) . Al though thi s  mode l pred i c ted s imi l a r  

ma ximum a cceptab l e  b iomas s  l e ve l s  i n  the 20 - 2 l ° C reg i on to  

thos e  predicted by th e model s deve l oped from the i n  s i t u  

chambe r  data ( Equations 5 . 9  and 5 . 1 0 ) , much lowe r a cc ep tab l e  

bioma s s  va lues  were pred i c ted a t  temperatu res a bove 2 l ° C ( f ig 

5 . 1 6 ) . Th is probably res u l t s from the relat ively  nar row range 

of t empe ratures a nd the l a ck o f  s i t ua t ions of s imultaneous h igh 

t empera t ur e  and low or modera t e  bioma s s  concent r a t ion i n  the 

data bas e  from wh i ch equa t ion ( 5 . 7 )  wa s de rived ( Append ix  F ) . 

Th i s  ind i cates tha t the ma x imum a cc eptabl e b ioma ss va l u e s  

pre d i c t ed by thi s  mod el  a r e  l e s s  r e l i ab l e  tha n thos e  pred ic t ed 

by th e mod e l s  d e r i ved f rom th e i n  s i t u  chamber data . 
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5 . 4 . 8 C O N C L US I O N S  

Both sewa ge fungus a nd phototroph dom i nated benthic  communit ies 

whi ch deve loped i n  the Ma nawa tu Ri ver during s ummer low f l ows 

had h igh n ight- t ime respi r a t i on ra te s . Th i s  often r e s u l t e d  i n  

n i ght - t ime d i s solved oxygen d ep l et i on to l eve l s  bel ow 5 g . m- 3 , 

requ i red by the r iver ' s  D c l a s s i ficat ion . 

A comput e r  mode l wa s const ruc ted to s imulate th e e f fect o f  

va rious  resp i rat ion rat e s  o n  the dis s o l ved o xyg en conc ent r a t ion 

of an  e l ement of wa ter pa s s i ng th rough the wa ste  d i s cha rge zone 

at n i ght . Th i s  mode l  pred i ct ed a ma x imum a l l owab l e  respi ra t i o n  
- 3  - 1 ra t e  of 2 0  go 2 . m  . d  und e r  s ummer l ow flow cond it ions . Th e 

permi s sab l e  re spi ration rate i ncreased with decrea s i ng 

t empera t u r e . 

A sewa g e  fungus domi nated rea ch be l ow the MCDC o u t fa l l  c a u s eu 

ma rked red uct ion i n  the d i s s o l ved oxyg en conce n t ra t ion o f  wa ter 

pas s i ng through i t  during the day and n i ght . Th i s  

s i gni f i c a nt ly reduced the a l l owab l e  n i ght- t ime r esp i rat ion rate 

fu rther  downst ream . The s ubs tant i a l r edu ction o f  th e 

hete rot rophic  bioma s s  over th i s  rea ch i s  an important s tep 

towa rds ma i ntaining th e r ive r c la s s i f i cation d i s so lved o xyg e n  

requ i r eme nt s . 

Th e n ight- time respi ration ra tes  obs erved ove r the reaches 

be low the d i s charges domina ted by photot roph s often exceeded 20 

go2 . m- 3 . d- 1 . El imi na t i ng o r  restri c t i ng sewag e  fungus  growth 

but not phototroph g rowth is the re fore u n l ik e l y  to remedy th e 

d i s so lved oxygen dep l e t i on p rob l ems occ ur r i ng i n  the Ma n awa t u  

Ri ver . 

M u l t ip l e  regres s ion mode ls o f  the river resp i ra t i on rate 

deve loped from the res u l t s  o f  the two s t a t ion d i s sol ved oxyg e n  

s tud i es o f  reaches be low the d i scharg e s  showed th a t  i n i t i a l  

BOD5 , t empe rature a nd benth i c  b ioma s s  a l l  had s ign i ficant 

e f fects on  the river resp i ra t i on rate . 1bese factors accounted 

for 8 8 . 2 % of the va r i a t ion i n  the river resp i ra t ion rat e  
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obs e rved i n  the comp l et e  data set and 9 5 . 5 % o f  tha t  obs e r ved in 

the heterotroph i c  dominated reaches . Th e mod e l s  generated 

shou l d  be  use fu l  for predict i ng the r e spiration rates of 

v a r i ou s  r eaches be l ow wa ste d i scha rges  in  the Ma nawa t u  Ri ver . 

The respi ration rates predicted by the empi r i ca l  mod e l s  d e r ived 

f rom the i n  s i t u  chamber studies compare  r ea sonably we l l  with 

the rat e s  mea su red i n  the r i v e r  below the wa s t e  d i s charges , 

e�pe c i a l ly a ft e r  be i ng a d j us ted to i nc l ude a s u spended bioma s s  

respi ra t i on rate . Th is  s uggests  tha t the s e  mod e l s  can be 

u s e fu l ly emp l oyed to pr edict the benth i c  respirat ion rate for a 

g iven set o f  temper a t u r e  a nd bioma s s  condi t ions . Th e s e  mod e l s  

show tha t  th e nui s ance l eve l of benth i c  bioma s s , capab l e  o f  

redu c i ng the river  d i s s o l ved oxygen cont ent t o  l es s  tha n  5 

g . m- 3 at night , i s  s t rong ly inf l uenced by temperature . At 

l 2 ° C and 2 l ° C th e mod e l s  predict that be nth ic  b ioma s s e s  of 1 39 

a nd 1 4 3  gAFDW . m- 2  a nd 3 4  to 4 5  gAFDW . m- 2 respe c t i ve l y  

cons titute  a nu i sa nc e . 

5 . 5  LABORATORY CHANNEL STUD I ES 

5 . 5 . 1  I N T R O D UC T I O N  

Laboratory ch a nn e l s  ( S e c t i on 3 . 7 ) wer e  used to s tudy th e e f f e c t 

o f  benth i c  communit ies on  oxygen dynam i c s  unde r a range o f  

wa s t e  loa d i ng cond i t ions . Di f ferent e x per iments we re conducted 

by adding a range of  concent ra ti ons o f  untreated MCDC e f fl uent 

o r  pr ima ry treated BCWS e f f l ue nt ( Ta b l e  5 . 2 2 ) to b o r ewa t e r  w i th 
- 3 a ba ckg rou nd BOD5 o f  0 . 1 1  t o  0 . 5 9g . m . Th e e f fects of the 

wa s tewa t e r  l oa d ings on epi l ithon deve l opment a nd s e l f­

p u r i fication a r e  d i s cussed  i n  section ( 7 . 3 )  and s e ction ( 6 . 2 . 3 ) 

r e spective l y . 
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TABLE 5 . 2 2 :  S umma ry o f  Laboratory Channe l Expe r iment s 

Undertaken 

I I n fl uent W astewater 
E xper iment Dates I W astewater I Add i t i on ( g .m -3 ) 

A 
B 
c 
D 
E 
F 
G 
H 

* 

I I CO D =BOD5* 
(cont rol) 07/06/84 -20/07/84 I None I 0 0 

04/ 1 0/83 -02/ 1 1 /83 I MC DC I 1 . 9 _! 0 . 1  1 . 2 ! 0 . 6  
08/08/83 -22/0 9/83 I MCDC I 3 . 8  _! 0 . 6  2 . 5 _!  0 . 4  
08/08/83 -22/09/83 I MC DC I 6 . 5 _! 1 . 0 4 . 2  _! 0 . 6  
1 0/04/84 -2 1 / 0 5/84 I BCW S I 1 . 9 .! 0 . 2 5  1 . 1 4 .! 0 . 1 5  
1 0/04/84 -3 1 /0 5/84 I BCW S I 4 . 2 .! 0 . 4  2 . 5 _! 0 . 2 
0 5/ 06/84 -1 0/0 7/84 I BCW S I 7 . 3 ! 0 . 9  4 . 4 .! 0 . 5  
1 2/0 7/84-2 7/0 7/84 I BCW S I 1 4 . 4 _! 0 . 7  8 . 6  _! 0 . 4  

Cal c u l ated u s i ng COD : BO D5 convers i o n factors o f  0 . 6 5  fo r t he MC DC 
e ffl uent ( Me redi th , 1 982) an d 0 . 6  fo r the BCW S e ffl uent ( from 5 
sam pl es tested ;  x .! s = 0 . 6 .! 0 . 0 5 ) . 

S i nc e  the channe l s  were rec i r c u l a tory wi th a cons tant i n f low 

a nd out f l ow and a hyd ra u l i c res i d ence t ime of approx imat e l y  1 1 . 2  
minutes  ( S e c t i on 3 . 7 )  th e  organ i c  cond i t i ons i n  the chann e l s  do 

not cor respon d  to thos e  d i rectly below a r iver d i scharge 

c au s i ng a s imi lar BOD5 i nc rease to that i n  the cha n ne l 

i n f l uent . Ra ther they corre spond to cond it ions  some d i s ta n c e  

down stream o f  the outfa l l . Th e theo ry out l i n ed i n  S e c t i o n  

( 7 . 3 . 5 )  pred i c t s  that a n  ou t fa l l  t o  the Manawatu R i v e r  g i vi ng a 

s imi lar e f f l u en t  di lut ion to the channe l i n f l uent  wou l d  prod uce  

s imi lar orga n i c  conc entra tions in  the water column to  tho s e  i n  

t h e  channel  a t  s ites 6 . 1 km a nd 3 . 3 km down s t ream fo r r i ver 
3 - 1  . 

f l ows o f  2 8  and 1 3  m . s  r e spect1ve ly . 

I t  should  be noted that the resp i ra t i on and g ro s s  

photosynth e t i c  rates are  der ived from the g rowth o n  t o p  o f  f l a t  

s ur faces o f  the channel plates whe reas mea s u rements ( S e ct ion 

3 . 4 . 3 )  showed tha t the roughne s s  of the Manawatu R ive r c obb l e  

bed ( S e ct ion 4 . 2 )  cau s es the l i ght e xposed a rea p e r  u n it f lat 

s u r face a rea to be increa s ed by 1 . 6 3 t imes on a ve r a g e  at s i tes  

C a nd D with i n  the was t e  mi x i ng zone ( F i g  1 . 2 ) . L im i t ed 

b ioma ss deve l opment may a l so occ u r  on  the u nd e r  sur fa ces o f  the 

r iver s tone s , a l though t h i s  prob a b l y  become s r e l a t iv e l y  
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u nimportant once the bioma s s  dev e l op s  t o  the po i n t  whe r e  the 

i n te r st i t ia l  spaces  a re f i l l ed a nd ma s s  trans fer  o f  oxygen and 

organ i c  s ubstrate is res t r i cted due to  the growth on the 

e xpos ed s ur fa c e s  ( S ection 7 . 2 . 6 . 2 ) . The e ffect o f  the bed 

roughne s s  is to ra i s e  the heterotroph i c  respirat ion rate s  per 

u n i t  area con s i d e r ably . · Fo r  e xamp l e  th e increa s e  in l ight 

e xpos ed s ur face a rea a lone r a i s e s  the he terot roph i c  r espi ration 

by 1 . 6 3 t imes . 

5 .  5 .  2 E F F E C T S  O F  O R GAN I C  W A S T E  A D D I T I O N  O N  E P I L I T H O N  PH O TO ­
S YN TH E S I S  

The add i tion o f  the MCDC a nd BCWS wa s t ewaters had comparat ively 

mi nor e ffects on the channel ep i l i thon g ros s photosynthe t i c  

oxygen prod uct ion rat es ( F i g s  5 . 1 7  a nd 5 . 1 8 ) . 

The ra tes  mea s u red for the epi l i thon i n  the control cha nne l 

were broadly  s im i l a r  to those i n  e xperiments B and C ( MCDC 

e f f l uent ) and e xper iment s E ,  G a n d  H ( BCWS e f f l uent ) .  Th e 

rates we re  a l so s im i l ar to  those obs e rved for per iphyton i n  

laboratory ·s treams receiving s t reamwa t e r  und e r  s im i la r  l i ght 

cond i t ions ( Mc i n t i re , 1 9 7 5 ) . The l im it ed data f rom exper iments 

D and F show that i n  some i nsta nc es h igher gro s s  photosynthet ic 

rates did occ u r  in the cha nne ls rec e i v i ng th e orga ni c wa s t e s .  

Howeve r the d i f f e rences betwe en the max imum gross  

photosynthet ic  rat es in the cont rol a nd treatment channe l s  were 

much l es s  tha n  the d i ffe r ence s  i n  the ma x imum resp i rat ion rates 

( S e ct ion 5 . 5 . 3 ) . 

Th e h i gh background nutr i ent levels  i n  the borewater ( Tabl e 

5 . 2 3 )  o f fe r s  an explana t i on for the compara t i v e l y  minor e f fect 

of th e wa ste add it ion s on the epi l i thon phtosynth e t i c  rate s . 

Th ese  ba ckground l evels o f  ni trogen ( T DN = 7 1 7 t o  942  mg . m - 3 ) 

and phosphorus ( T DP = 74 to 87  mg . m- 3 ) would be e xpec ted to 

prevent nutri ent l imita t i on o f  a l ga l g rowth ( Wuhrmann and 

E i chenbe rg e r , 1 9 7 5 ; Freeman , 1 9 8 3 ; Horner e t  a l , 1 9 8 3 ) . Thu s  

t h e  added nu t r i en t s  f r om the wa s t ewa t e r s  had l i t t l e  e f fe c t . 
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TABLE 5 .  2 3  Re s u l ts o f  Channe l  Expe r iment Nut r i ent Ana l yses  

E xper iment Wa stewat e r  Day TDN ( mg . m - 3  
x ± s )  ; 

I n f l u ent E f f l uent 

I A None 8 7 1 7  + 0 6 6 9  + l l  

I I I I 
9 4 2  + 3 2  8 8 2  + 0 I A I None I 2 2  I 

I I I 898 + 0 798  + 2 3  I A None 3 0  

I I I I I I I 
1 3 6 0  + 7 0  1 1 7 0  + 7 0  I D I MCDC I l l  I 

I I I I 
1 60 0  + 5 0  I D I MCDC I 3 2  I 1 600 

I I I I 
I I I I 
I I I I 

8 8 3  + 3 0  7 7 5  + I G I BCWS I 1 5  I 5 

I I I I 
1 20 0  + 1 0  I G I BCWS I 3 1  I ND 

I 

- 3 TDP ( mg . m .  

I n f l u e nt 

74 + l 

7 6  � 2 

8 7  + 4 

I 2 5 9  + 3 

I 
2 3 3 + 3 3  I I 
1 1 9  � l 

1 2 6  + 7 

; 

� 

x + s )  

E f f l uent 

67 + 0 

90  + 4 

7 6  + l l  

2 5 2  + 5 2  

208 + 9 

1 1 6  + 1 

1 2 6  + 2 

N 0 CX) 
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The i nc r ea s e s  i n  epi l i thon gro s s  photosynth e s i s  that we re 

observed i n  e xp e riment s C and D a re l ik e ly to have resu lted 

f rom orga n i c  i npu t s  produc i ng plumos e frond s a nd s t r eame r s  o f  

f i l am e ntous m i c roorgani sms wh i ch became den s e ly colon i s ed by 

a lgae . The l i ght i ng cond i t ions and oxyg en a nd nut r i ent ma ss 

t ra n s f e r  with i n  the se g rowths may have been mo r e  favourab l e  

than thos e  with i n  the coh e s ive  ep i l i thic mat whi ch deve l oped in 

the control channel . The e ffe cts  on oxygen dynami c s  of 

cohe s iv e  epi l i th i c  mat s  a nd communi t i e s  compos e d  o f  f r e e l y  

moVi ng f i l ame ntou s a l ga e  a r e  compa red i n -section ( 5 . 5 . 5 ) . 

5 .  5 .  3 E F F E C T S  O F  O R GA N I C  W A S T E  A D D I T I O N S  O N  E P I L I TH O N  
R E S P I R A T I O N  

The add ition o f  1 . 9 to 6 . 5 g COD . m- 3 
of MCDC wa s t ewa t e r  

res u l ted i n  marked i nc rea s e s  i n  the resp i ration o f  the channel 

epi l i thon compa red with tha t o cc u r r i n g i n  th e c ont r o l  

exper iment ( F i g  5 . 1 9 ) . Al though the r e s u l t s  f rom e xpe r iments C 

a nd D were quite var iab l e  and d i d  not cover th e enti re period 

o f  th e e xper iments ,  the da t a  ind i cat e  a genera l i nc rea se i n  

ep i l ithon respi rat ion with i ncreas ing organic load ing . 

S i mi l a r  COD load i ngs o f  BCWS meatworks e f fl ue n t  to tho s e  in the 

MCDC s t ud i e s  prod uced lower epi l i thon respira t ion rates ( F ig 

5 . 20 )  but a s imi l a r  t rend of i ncrea s ed resp i ra t i on with 

i n c r ea s ed organ i c  loading wa s obs erved . Howe ver addi tion  o f  

1 . 9 gCOD . m- 3 did not caus e any obv ious r e sp i r a t ion rate 

increa se above tha t  of the cont rol cha nnel ep i l i thon . 

The epi l i thon i n  experiment H began to s l ough o f f  between days 

1 2  a nd 1 5  ( S e ct i on 7 . 3 . 4 )  res ult i ng in the l a rge var ia t ion i n  
respi ra tion rates  on day 1 5  ( F ig 5 . 2 0 ) . Bec a u s e  o f  the 

s lough i ng , the e xper iment wa s t erminated on day 1 5  due to the 

lack o f  plates w i th g rowth from day 0 attached . The 

respi ration rate of the ep i l i thon samples  wh i ch had not 
+ - 2 - 1 su f f ered s lough i n g  los s e s  on day 1 5  wa s 1 4 . 8  _ 2 . 0 g0

2 . m . d  . 

Th i s  r epres ent s a simi l a r  ma ximum inc rease i n  respiration rate 

to thos e  obs e rved in respo n s e  to MCDC wa stewa t e r  load ings o f  

3 . 8  and 6 . 5  g COD . m- 3 ( F i g  5 . 1 9 ) . The very e a r ly o c currence 



Figure 5 . 1 9 : Resp irat ion of Channe l Ep i l ithon Under 
Var ious MCDC Was tewater Load ings . 
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o f  s lough i ng in  e xper iment H may have been promoted by a twe l v e  

hour per iod o f  e levated tempe ratu res ( 3 0 ° C )  d u e  to the 

a c c i denta l a l t erat i on of  the t emperat u r e  cont rol system 

ov ernight on day 8 t o  9 .  

- 3 - 3 
BCWS was t ewa t e r  l oa d i ngs · o f  4 . 2 gCOD . m  and 7 . 3  gCOD . m  on l y  

r e s u l t ed i n  i ncrea s e s  i n  the epi l i thon resp i ra t ion rate o f  3 t o  

4 g0 2 . m- 2 . d- l , s imi l a r  to thos e  r es u l t i ng from a MCDC 
. - 3 wastewat e r  load1ng o f  1 . 9  g . m 

The obse rvation tha t  the channel  epi l i thon g ross  photos ynth etic 

rates  wer e  not marked l y  a f fected by the was t ewate r add i t i on s  

( S e ct ion 5 . 3 . 4 ) i mpl i e s  the a lg a l  r e s pi rat ion i n  the 

trea tment channe l s  wa s a ls o  s im i l a r  to that i n  the con t r o l  and 

tha t the increase i n  r e sp i ra t i on i n  r e s pons e to wa st ewa t e r  

add i t ions wa s l a r g e l y  due t o  increa s ed heterot roph ic activity . 

Thus the re s u l ts o f  the respi ra tion stud ies s ugge st  tha t  two to 

th ree t imes as much BCWS wa s t ewater COD add i t ion is r equ i red to 

p roduce the same i n c rease in he terot roph ic a c t i v i ty as  a g i ven 

COD o f  MCDC wast ewa t e r . 

The resu l t &  of fi l t ration- fra c t iona t i on stud i e s  o f  the two 

wa s t ewa t e r s  o ffers  a n  exp l a na tion for th is  obs e r vat ion . Th e 

data in Table  5 . 2 4 show that the MCDC was tewa t e r  conta i n s  much 

g rea t e r  p r o pc r t io n s  o f  d j s s o  J v � rl Hnc1 l o w  100 l ec u l a r  weight 

o rga nic  <Tla t e r  i a  l th a n  th<' l  o C BCWS . Fu r the rmore , ana lys es of 

n i ne , twenty- four hour compos i t e  MCDC wastewater  samp l e s , 

col lected on ra ndom ly s e lec ted days between 1 9 /1 2 / 82 a nd 

9 /2 /83 , showed tha t  lactose ( MW = 3 4 2  da l ton s ) con t r ibuted 3 6  
+ 1 1 . 5 % ( x  � s )  t o  th e tota l COD ( Appe nd i x  G ) . Th e p e r c e n tage 

contribut ion o f  l actose to the tota l COD of the MCDC wa s t ewater 

u s 8d in  e xperiment s C and D wa s towar d s  the top of  the rang e o f  

values  fo r the 2 4  hou r compo s i te samp l e s  a t  44 % .  S i nc e  the 

d i s s o l ved , and pa r t i c u l a r ly the low mol ecular  weight , o rga n i c s  

a re known t o  promot e th e g rowth of  the heterot rophic s l ime 

form i ng o rganisms  ( S ect i on 2 . 3 . 4 . 2 ) ,  the grea te r  conc entrat ion 

pe r u n i t  COD of the s e  compounds in the MCDC tha n  in the BCWS 

was tewa t e r  cou l d  e xpl a i n  the g rea t e r  i n c rea s e  obs e rved i n  

hete rot roph ic act i vity per unit  MCDC COD add it ion . 
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TABLE 5 . 2 4 Resu l t s of F i l t rat i on/U l t ra f i l t rat i o n F ra ct i onat i on Stu d i es of 
W as tewater O rga n i cs 

E f f l u ent Date T reatment 
C o l l ected Rece i ved 

PNCC 7 /9 /84* P r i ma ry 

Samp l e 
Type 

G ra b ,  1020 AM 

PNCC 29/2 - 1 /3 /84 P ri ma ry + 24 h compos i t e 
A l um f l occu l at i on 

PNCC 1 5 - 1 6 / 1 /85 P r i ma ry 24 h compos i t e 

MCDC 29/2/84 No ne 9 h compos i t e 

MCDC 6 - 7 /9 /84 None 24 h compos i te 

BCHS 1 /6 /84 P r i ma ry 1 h compos i t e 
( c h a n ne 1 feed ) 

BCWS 16/6 /84 P r i ma ry 1 h compos i t e 
( ch a n ne l  feed ) 

YM2 
D i s s o l ved U l t ra f i l t rab l e 
F ract i on F ract i on 

30% of COD 1 5% of COD . 

76% of  BOD5 NO 

44% of COD 2 1 %  of COD 

82% of B005 NO  

82% of COD 43% of COD 

35% of COD 1 1 . 3% of COD 

36% of COD 1 5 . 6% of COD 

* one of the two sedi mentat i on ta n k s  was i noperat i ve when the s amp l e  
was c o  1 1  ected . 
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However the contr ibut ion o f  l a c tos e t o  th e tota l COD o f  the 

MCDC wa stewa t e r  d i s cha rged to the Manawatu R i ve r  i s  expec t ed to 

b e  reduced i n  the fut u re a s  the e f f l uent l i ne s  w i th the h i gh e s t  

l a c tose  conce nt ra ti on a re d i ve rted to l a nd d i spos a l  ( Mere d i t h , 

1 9 84 ) . Th i s  wou l d  be expected to r educe the hete rot roph i c  

g rowth i n  respon se t o  the e f f l uent per  unit COD or 

BOD5 d i s cha rged . 

The appl i cat ion o f  the cha nne l r es u l t s  d i rect l y  to the r i ve r  

s i tuation i s  comp l i c at ed by a n umbe r o f  fa c tors ( S e ct ion 

7 . 3 . 5 ) . Howe ve r i f  the fo l l owing a s s umpt i ons a r e  made some 

furth e r  t e ntat ive conc l u s ions can be d rawn . As s u mpt ions : 

( i )  that the roughne s s  o f  the Ma nawa tu R i ver bed res u l t s  in 

a n  increa s e  of 1 . 6 3 t im e s  in th e benth i c  resp i r a t i on rate over 

those obs er ved for the f lat s ubstrates u sed i n  the l aborat ory 

channe ls  ( S ect i on 5 . 5 . 1 ) . 

( i i )  tha t  the rat i o  of phot ot roph r e sp i rat ion to  g ros s 
- 2 - 1 ) . 

photosynth e t i c  rates ( a s go2 . m  . d  1 n  the chann e l s  r e c e i ving 

wa s tewater d i scha rges equa l s  the a ve ra g e  ratio of 0 . 7 7 mea s u red 

for the cont r o l  chann e l  b ioma s s .  

G i ven the s e  a s s umptions i t  can  be ca l cu lated from th e n a ta i n  
f igures 5 . 1 7  t o  5 . 2 0 that th e max imum i ncrea ses  i n  heterot roph 

r espi ra t i on at the " channe l - r i ve r  equ i va lent s i te " ( S e c t ion 
- 2 - 1 . 7 . 3 . 5 )  a r e  approximately 3 ,  4 . 5 1  6 . 5 and 2 1  g0 2 . m  . d  1 n  

r e spon s e  t o  s u f f i c i ent d i scha rge o f  BCWS wa stewa t e r  to r ive r 

wat e r  with a backg round BOD5 
7 . 3 . 2 )  t o  i ncrea s e  the COD by 

- 3 
of 0 . 1 1  to 0 . 5 9g . m  ( S e c t i on 

1 .  9 I 4 .  2 1  7 .  3 a nd 1 4 .  4 
- 3  . 

g . m respect 1 ve ly . Simi l a r l y  ma x imum hete rotroph respiration 

i ncreas e s  o f  the " channe l - r iv e r  equ i va l ent s i te " o f  
- 2 - 1  . 

approx ima t e l y  8 1  2 3 and 2 6  g0 2 . m  . d  are pred 1 c t ed i n  

r e spon s e  t o  add i t ion o f  s u f f i c i ent MC DC wa stewa t e r  to i nc rease 

the r ive r COD by 1 . 9 1  3 . 8  a nd 6 . 5  g COD . m- 3 respec t i ve ly .  The 

a nt i c ipa t e d  increase in photot roph a c t i vity i n  re spon s e  t o  

these  d i s cha rges i n  the river  s itua t i on ( S e ct ion 5 . 4 . 2 )  wou l d  

be e xpected to furth er augment the benth i c  r espi rat ion r a t e  by 

a n  unknown amount . However the r e s u l t s  show that to l im i t  th e 
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i nc rea se i n  benth i c  h e t e rotroph respi rat i on at the 

" channel - r i ver equ i va l e nt s it e " to an a rb i tra r i ly a dopted , 
- 2 - 1 

max imum a c c eptabl e  l ev e l  o f  8 g0 2 . m  . d  the a dd i t i on to  a n  

u npol luted s t ream o f  a mea tw?rk s  e ff l ue nt such a s  the BCWS 

e f f luent t e s ted shou l d  be r e s t r i c t ed t o  about 7 . 3  gCOD . m
- 3 ( = 

- 3 4 . 4 gBOD5 . m  ) .  Simi lar l y  the d ischa rge of unt rea ted da i ry 

facto ry e f f l ue nt , s im i lar to the MC DC samples t es t ed , shou l d  be 
- 3 - 3  

r e s t r icted t o  1 . 9 gCOD . m  ( = 1 . 2  gBOD5 . m  ) .  

The s e  r es u l t s  demons t r a t e  the u s e fu l n e s s  � f  r e c i rc u l at i ng 

l abo ratory cha nne l s y s t e m s  for co1npa r i ng the i n f l uence o f  

i nd i vidual  wa st ewaters  o n  epi l i thon deve l opment a nd con s equent 

wat e r  qua l i t y  impacts a nd i d e nt i fy i ng the l ev e l  o f  d i lut ion 

that r es u l t s  i n  a sh i ft to a heterot roph i c  domi nated commu n i ty . 

5 . 5 . 4  V A R I A T I O N S  I N  B I O M A S S  S P E C I F I C  R E S P I R A T I O N  A N D PH O TO ­
S YN T H E T I C  R AT E S  D U R I N G  T H E  C H A N N E L  E X P E R I M E N T S  

Th e va r ia t i ons i n  th e cha nne l epi l i thon bioma s s  a nd the bioma s s  

spec i f i c  r a t e s  of respirat ion ( WSBR ) a nd chl o rophy l l  a spec i f i c  

g ross photosynth e t i c  oxygen produc t ion ( chla . S BG P R ) d u r i ng 

e xper iment s _ A ,  B ,  E a nd G a re shown i n  F i gures 5 . 2 1 to 5 . 2 4 .  

The s e  show a con s i s t e nt pa t t e r n  o f  i nv e r s e  r e l a t i o n ships 

between WSBR a nd tota l biomas s  and a l s o  ch l a . S BGPR a nd 

ch lo rophy l l  a .  Th e WSB R and ch lorophyl l a SBGPR d e c l ined mos t  

rapidly w i th bioma s s  increa s e s  up t o  approx ima t e l y  1 0  
- 2 - 2 

gAFDW . m  and l O Omg ch la . m  respect i v e l y . Th is is  cons i s t e n t  

w i th the t rend obs erved i n  the Manawatu River g rowth 

e xper iment s a t  s it e D ( e . g . ,  F i gs 5 . 1  to 5 . 4 ) .  Th e 

r e l a t i onsh ips betwe en WSB R  a nd bioma s s  were very s im i lar to 

that obs e rved by Capb lancq a nd Cassan ( 1 9 7 9 ( b ) ) for per iphyton 

develop i ng on a r t i fi c ia l sub s t rates i n  a po l l uted r iver . A 

s imi lar r e l a tionsh ip betwe en spe c i f i c  BGPR a nd a lga l bioma s s  

( C l a d oph o r a  sp , ) wa s a l so obs erved b y  P fe i fer  and McD i f f ett 

( 1 9 7 5 ) . 

The fol low i ng factors a re l ike ly  to have bee n  important i n  

p roduc i ng the r educt ion i n  WSB R  o f  the h eterotroph s w i th 

i ncreas i ng biomas s :  
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( i ) reduced organi c subs t rate a va i lab i l it y  per u n i t  b ioma s s  

a s  the cha nnel  b ioma s s  increa s ed ( S e ct i on 7 . 3 ) .  

( ii )  redu c ed ava i l ab i l ity o f  oxygen to the lowe r ce l l s i n  the 

epi l i thon due to the metabol i sm of overgrowing c e l l s  and 

greater d i stances from the bulk media to the l owe r c e l l s  due to 

the overg rowth . 

( i i i ) reduced ava i l abi l i ty o f  organi c  subs trate to the l owe r 

c e l l s  o f  the epi l i thon due to the e f fec ts out l i ned i n  ( i i ) . 

For the phototrophs reduced l ight a va i l ab i l ity to the lowe r 

ce l l s  of the ep i l ithon due to absorbance by p i gment ed ce l l s i n  

the upper laye r s  ( Los e e  a nd Wet z e l , 1 9 8 3 ) i s  the most l ike l y  

caus e o f  the reduc t ion i n  ch lorophyl l  a SBGPR with i nc r e a s i n g  

a lga l bioma s s . Th e h i gh nut r i e nt l evel s  and l ow nutr i ent 

remova l obs e rv ed i n  the channe l s  a t  a l l  bioma ss leve l s  ( Ta b l e  

5 . 2 3 )  i nd icate that nutr ient l imitat ion i s  not importa nt i n  

thi s  s ituat ion . By contrast , l ight h a s  been shown to l imit 

BGPR in  both r i ver e xper i ments ( S e ct ion 5 . 3 . 5 ) a nd l aboratory 

stud i e s  ( F ig 5 . 2 5 ) . S ince the respi rat ion o f  shaded 

photot roph ic c e l l s is genera l ly l ower than non -shaded c e l l s  

( Boa rdman , 1 9 7 7 ;  Da r l ey ,  1 9 82 ) d u e  to l ower enzyme leve l s  

( Lo s e e  and Wet z e l , 1 9 83 ) ,  th i s  sha d ing e f fect wou l d  a l so res u l t  

i n  a r educt ion i n  average phototr oph r espirat i on wi th inc r eased  

phototroph i c  b i oma s s . 

Compa r i son o f  the bioma s s  spe c i f i c  photosynthetic  rat e s  o f  the 

cha nn e l  communi t i e s  ( Figs  5 . 2 1 to 5 . 24 )  a nd the r i ver 

commu n i t i e s  ( F i gs 5 . 4 ,  5 . 7 -5 . 9 )  shows tha t  the cha nne l rates 

are cons iderab l y  lower for s im i l a r  t emperature and b ioma ss 

cond i t ions . Howe ver the re s u l t s  o f  th e r i ve r epi l i thon shad i ng 

s tud i e s  ( F igs 5 . 7  to 5 . 9 )  ind icate that und e r  the l i ght 

cond i t ions d u r i n g  the cha nne l  mea s u rements ( 4 5 p E . m- 2 . s - 1 ) ,  the 

r i ver  epi l i thon wou l d  have s imi l a r  ch lorophyl l  a spec i fi c  

BGPR ' s  to the channe l ep i l ithon a t  cor respond ing bioma s s  

l evel s .  

Th e a lgal dominated channe l epi l i thon a l so had c ons i d e rab l y  

l ower resp iration rates than the a lga l dominated ri ver 
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F igu re 5 . 2 5 : Be n t h i c  Gro s s  Phot o s yn t he t i c  O x yge n 

Produ c t i o n  R a t e  Ve r s u s  L i gh t : C h a n n e l  B i omas s , d a y  

4 2  o f  Expe r ime n t  D .  
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communi t i e s  u nder s im i l a r  t emperature a nd bioma s s  cond i t ions . 

F o r  e xamp l e  the C.Z a do p h ora g l om e r a t a  dom i nated growth s a t  s i t e  
- 1 - 1 

EF on 1 2 /3 / 84 had a WSBR o f  0 . 2 6 o28AFDW . d  ( B i oma s s  = 5 0 8  

m g  ch la . m-2 ; T = 2 1 . 2 ° C )  compa r e d  to va lues o f  app roxima t e ly 

- 1 - 1 . . 
0 . 0 8 go 2 . gAFDW . d  for the b1omass 1 n  the c ontrol channel  

( E xpe r iment A ,  Fig  5 . 2 1 )  ·a t s imi l a r  bioma s s  l eve l s . Th i s  

p robably r e s u l t s  from the l ower l ight i nput t o  the channel 

epi l i thon cau s i ng l owe r respi rati on rate as d is cus s ed ear l i er . 

Th e dai l y  i np ut of  PAR to the channel  epi l ithon wa s 2 . 8  
- 2 - 1 

E . m  . d whereas the est imated average ·i npu t  over the week 

p r i or to  1 2 /3 /84 at the depth of s ampl e  c o l l ec t ion at s i t e  EF 

( 0 . 4  m )  wa s 1 8  E . m- 2 . d- l ( ca l c u la ted from tota l rad iation da ta 

col l ected at  T i r itea , 1 3 km we s t  of S i t e  EF ( a s s uming tha t PAR 

( uE . m- 2 . s - 1 ) = 2 . 0 8 x TR ( W . m- 2 ) and tha t  the v e r t i ca l 

e xt inct ion c oe f fi ci en t  k = 1 . 2  m- 1 ) .  
e 

The s e  res u l t s  empha s i s e  the impo r tance o f  l i ght i nput i n  

determining the e ffect of  epi l i thon o n  s t ream oxygen dynam i c s . 

Th e res u l t s  a l so imp l y  tha t the channe l  r e spi rat ion and g ross 

photosynthet i c  oxygen product ion data fo r th e photot roph ic 

commun i t ies  c annot be u s ed to p r e d i c t  the effects of the 

epi l i thon on oxyg en d ynamic s  i n  th e Manawa t u  R i ve r , a l though 

th e data may be app l icable to  shaded s t r eam sys tems . 

Neverthe l e s s , a s s uming that  the i nc rea s ed epi l i thon resp i r a t ion 

in  r e sponse to was tewa t e r  add i t i o n  re su l t s  f r om i n c r eased 

hete rotroph i c  act ivi t y  ( S ec t ion 5 . 5 . 3 ) , the channe l res u l t s  can 

be u s ed to pred ict  the inc rea s e  in hete rotroph i c  r espirat ion at 

the r iv e r  equ iva lent s i te  in r espons e to d i s cha rges . 

5 • 5 • 5 H N  E S T I GA T I 0 N S 0 F T H E E F F E C T S 0 F T U R B U L E N C E 0 N P H  0 T 0 -
T R O P H I C  C H A N N E L  C O M M U N I T I E S 

The epi l i thon in th e cont ro l cha nnel fed borewat e r  ( E xpt A )  

con s i s t ed of a cohes i v e  ma t dom i na t ed by the .c yanobac t e r i um 

O s ci l l a t o r i a  sp . , d ia toms and th e f i lamentous g ref�n a lgae 

S t  i g e o  cl o n i u m  sp·, Howeve r i n  the turbu l ent z ones , with i n  0 . 3 0 

m o f  the r ecyc le  pump i n f l ows , a f i l amentous a lgal commu n i ty 

domi na ted by S t  i g e o  cl o n i u m sp. occu r red . B l ue g reen a l gae a nd 

d i atoms we r e  l e s s  f r e q u e n t  h ere a n d the a l ga l  fi l ament s we re 
able  to move indepe nd ent l y  in the cu rre nt . 
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The r e sp i rat ion and gross photosynth e t i c rat es  o f  th e s e  

communit i e s  we re  meas ured on day 4 4  o f  e xper iment A a nd a re 

compared i n  Tab le 5 . 2 5 .  

The r es u l t s  indicate that for s imi lar tota l  bioma s s e s the 

f i l amentous a l ga l  communi ty from the turbu l ent zone had a 

g reater we ight spe c i f i c  r espi ration rate than the coh e s i ve ma t 

communi t y  whe n  mea s ured i n  the Freeman chamber under ident ica l 

cond it ions ( Section  3 . 7 . 1 0 ) . Th e former commun i t y  a l so has a 

greater we ight spe c i fi c  gro s s  photosynthe s i s  ra te despite its  

l ower ch l orophyl l a concentration a nd i t s  ch l oroph y l l a 

spec i fi c  gross  photosynth e t i c  rat e  wa s 2 . 5 5  t ime s tha t o f  the 

mat community . 

Th e increa sed act ivity o f  the f i lamentous commun i ty cou l d  be 

e xpla i ned by th e f o l lowing fac tor s : 

( i ) d i f f e r ences  i n  the me tabo l i c  activ ity of th e spec i e s  i n  

the two commu n i t i e s  as  adaptations to a l low exp l o itation of 

d i f ferent hab itat s .  

( i i ) better d i f fus ion o f  oxygen a nd nutri ents to th e d i s c r ete 

a l ga l  fi laments than to th e ce l l s in the coh e s i ve ma t . 

( i i i ) lateral  movements o f  th e upper f i laments o f  th e 

fi lamentous a lgal  commun ity a l l owing more l igh t to penetrate to 

th e l ower c e l l s  o f  the a s s emb l age tha n  in the coh e s i ve ma t 

communi ty thu s  inc reas ing th e e f f i c i ency o f  uti l i s a t ion o f  the 

i nc i dent l ight energy . 

5 . 5 . 6 C O N C L U S I O N S  

Th ese  expe r iments show cha L MC DC unt r eated dairy  fa _tory 

wa s t ewa t e r  produ c e s  u.pp rox imately  two to three t im e s  the 

i nc r ea s e  i n  het erot roph ic  r e spi rat i on i n  the ep i l i thon for a 

g i ven CO D  or BOD5 addition to that obs erved fo r BCWS p r imary­

t rea ted meatwo rk s wa stewater . Th i s  is apparen t l y  due to the 

MCDC wa s t ewa ter contai ning about twi c e  a s  much d i s sol ved 

organic  ma te r ia l  a nd about th ree t imes as much l ow mo l ecu l a r  



TABLE 5 . 25 Com pa r i son o f  Re s pi rat i on and Gross Photosynthes i s 
o f  E pi l i t hon from t he L ami n a r  and Tu rb u l ent F l ow 
Zones of the Channe l s ( Ex pe r iment A ,  day 44 ) 

Pa rameter s  
Growt h Ty pe 

C ur rent V e l oc i ty 
( m . s -1 ) 

Bi oma ss 

( i ) 

( i i ) 

gAF CW .m -2 

Sett l e d  V ol tJTle 
( m l . cm -2 ) 

( i i i )  c h l o r ophy l l a  
2 ( m g .m - ) 

( i V )  

( V )  

ph a eo phyt i n  a 
( m g .m -2 ) 

A I  

Lam i n a r  F l ow Zone 
Cohes i ve mat 

0 . 2  

38 . 5  

0 . 1 9  

849 

45 1  

45 . 3  

W e i ght Spec i fi c Res pi r at i on 
( -1 -1 ) 

.089 
g02 • gAF CW . d  

We i ght Spec i fi c  BGPR 
( -1 -1 ) * g02 . gAF!J..J . d  

Ch l o r o phyl l a  S pec i fi c  
( -1 -1 ) gO 2 • gch 1 a • d 

.084 

BGPR 3 . 83 

Tu rb u l ent F l ow Zone 
F i l amentous a l gae 

. 2 7 - . 47 

4 1 . 8  

0 . 2 4  

533 

445 

78 . 4  

. 1 1 3  

. 1 2 5  

9 . 8  

* ca l c u l ated for 1 2  hour s dayl i ght . day -1 at 45  u E .m -2 . s - 1  
PAR . 

2 2 1 
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we i ght organ i c  ma terial  a s  the pr ima ry trea ted BCWS wa s tewater  

for a g iv en COD . 

I n  add i t ion to  the se i ncreas e s  i n  heterot roph i c  resp i rat i on the 

nut r i en t s  i n  the wa s tewa t e r s  may have further e ffects  on the 

r iver d is solved oxygen dynamics  by i ncrea s i ng th e phototroph i c  

communi t ie s  add i t i on of  o x ygen du r i ng the day a nd remova l a t  

n i gh t . Un fortuna t e l y  the h i gh backg round nu t r i en t  l ev e l s  i n  

the borewater  a n d  low l i gh t  cond i t ions i n  th e channel  

e xperiment s compa red to th e r iver s ituati
'on prevent the use o f  

the re s u l t s  for prediction of  the e f fects  o f  the d i s charges on 

the deve lopment o f  the phototroph i c  ep i l i thon in the Manawatu 

R i ve r  and con s equ ent e ffects  o f  th i s  component o f  the  commu n i ty 

on d i s s o l v ed oxygen dynam i c s . Howeve r  the da ta may be u s e fu l  

for p red i c t i ng the e f fec t s  o f  a l gae o n  oxygen dynami c s  i n  

shaded s tream sys t ems . 

D i f ferences i n  the ov era l l  morpho logy o f  photot roph i c  ep i l i thon 

communit i es due to d i ffe rences  in t u rbu l ence were shown to have 

ma rked e ffects  of  th e i r  photosynth e t i c  respi ratory a c t i vity . 

Communi t i e s  compos ed of d i s c rete a l ga l  fi lamen t s  from the 

turbu l ent  zone s o f  the contro l  channel  ( f ed borewa t e r  on l y )  

were mo re me tabol i ca l ly a c t i v e  th <t n  coh e s ive ma t commu n i t. i e s  

c omposed o f  b l u e  g r e e n  a l g a e , f i lam entous green  a lgae , a nd 

dia toms from the l ami nar f low region o f  the cha nne l .  
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CHAPTER 6 ,  
E F F E C T S  O F  B E N T H I C  C OM M U N I T I E S O N  S T R E A M  S E L F - P U R I F I C A T I O N A N D  

S U S PE N D E D  B I OMA S S  P R O D U C T I O N 

6 . 1  INT RODUCT I ON 

I n  the prev ious chapter i t  was shown that both h e t e rot roph i c  

a nd photo troph ic benth i c  communi t i e s  can red u c e  r i ver wat e r  

qua l ity b y  d ep l et i ng the oxygen con centrat ion . Th e g rowth of  
,. 

th ese  communi t i e s  a l so pu r i f i e s  the r i ver wate r , 1 by removing 

d i s s o l ve d  o rgan i c s  and nut r ients  ( S e ct ion 2 . 3 . 6 ) ,  and p roduces 

suspended bioma s s  wh en the benth i c  growths s lough . 

S e l f-pur i ficat ion i s  genera l l y v i ewed pos itive l y  s ince i t  

reduces the potent i a l  of  the wat er to  support  f u r th e r  

p rob l emat i c  benth i c  communi t ie s  down s tream b u t  the product ion 

o f  s u spe nded bioma s s  reduces  the va l u e  of the r i ve r  to  the 

pub l i c  i n  genera l and fishermen in particular  by : 

( i )  reduc ing th e aesth e t i c  va lue d ue to th e p r e s ence of 

" u n na t u r a l "  s u s p encl ed m a t e r i a l .  
( i i )  r edu c i ng th e wa t e r  c l a r ity . 

( i i i ) c l og.g ing i r r igation and wate r  supp ly intak e s . 

( i.. v )  c logg i ng angle rs' l i nes and f i s h i ng ne ts , e specia l l y  

thos e used to ca tch wh i teba i t . 

( v ) prod u c i ng a s e cond a r y  o x yg e n  d ema nd wh en th e b ioma s s  

s et t le s  i n  a reas o f  low current ve loc i t y  and i s  

d e g raded . 

Th is chapter presents the r e s u l ts of  s tudies on the r emova l 

rate s o f  organic  mate r ia l ( BOD5 , fBoo 5 ) and d i s s o l ved nu t r ients 

( TON a nd TDP ) mea s u red d u r i ng the oxygen dynami c s  e xper iments 

u s ing i n  s i t u  cha mber and two stat ion techn iqu e s  ( S ection s  5 . 3  

a nd 5 . 4  respect ive ly ) and d u r i ng the labo ra to r y  channe l 

expe r i ments ( S ect ions 5 . 5 a nd 7 . 3 ) . 

The e f fect  o f  benth ic  communi t i e s  on the leve l s  o f  s u sp ended 

coarse par t i c u la t e  orga n i c  mat e ria l ( CPOM ) wa s s tud ied by 

f i l te r i ng approx imately 1 m3 of r i ve r  wat e r  th rough a coa r s e  

mesh n e t  ( S ect ion 3 . 2 . 2 . 3 )  a t  s i t e s  with di f ferent  benth ic  

commun i t ie s  under a range  o f  cond i t ion s . 
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6 . 2  EFFECTS OF BENTHI C  COMMUNI T I ES ON STREAM S ELF -PUR I F I CAT IO� 

6 . 2 . 1  I N  S I T U C H AM B E R  S T U D I E S I N  TH E M A N AW A T U  R I V E R  

6 . 2 . 1 . 1  I ntroduct ion 

Th e rates of  remova l o f  fBOD 5 , TDN a nd TDP wer e  

mea s u red dur i ng a number o f  s tu d i e s  o f  the e f fects  o f  benthi c  

communit i e s  o n  oxygen dynamics  u s i ng the Fr eeman i n  s i t u  cham-

b e r s  ( S e ct ion 5 .3 )  A range o f  communi t i e s  from photot roph i c  

to  het erotroph i c  dominated were s tud i ed .· I n  mos t  o f  the 

e xp e r iments th e nutrient remova l rates were compa red con­

currentl y  u s i ng two i de nt i ca l  chambers , on e conta ining 

unt reated r iv e r  water and  th e other river wat e r  with s u f f i c ient 

MCDC e f fl uent added to i ncrea s e  the BOD5 by approx ima t e l y  5 

- 3 g . m ( S e ct ion 3 . 6 . 3 .5 ) .  

6 .  2 . 1 .  2 D i s s o l ved O rg_;�n_j c Ma t e r i. a l  Remova l Ra t e s  

The fBOD 5 r emova l ra te s ( £BOD5R )  c a l c u l a t e d  ( S ect ion 

3 . 6 . 3 . 5 )  from the r e s u l t s of the i n  s i t u  chamber e xper iments 

a re pre sented in Table  6 . 1 .  The s e  show tha t th e h i ghe� t rates  

were  r e c o r d ed for h e t e r o t r oph i c  s ewa g e  fungus c ommun i t i e s  i'l t  
s i t e  C at h i gh o rg a n 1 c  concentra t ions . F i g u r e s  6 . 1 a nd 6 . 2 
con fi rm tha t  the fBOD 5R i s  i n f l u enced s t rong ly  by th e in i t in l 

f BOD 5 a nd the AI va lues . 

A t  s im i lar i n i t i a l fBOD
5 

va l u e s , th ere i s  a ge nera l r e d u c t i o n  

i n  fBOD 5 remova l ra t e  w i th decrea s i ng A I  va l u e s  ( i . e . , 

decrea s i ng heterot roph i c  cont e nt o f  the communi t i es ) ( Fi g  6 . 1 ) .  

A l so communi t i es  with s im i l a r  AI va lues have g r ea t e r  

f BOD5 remova l  rates at  e levated i n i t i a l  fBOD 5 concentra t ions 

( Ta b l e  6 . 1 and Fig  6 . 2 ) . However a high fBoo 5 remova l rate was 

obs erved for a c .  g l o me r a t a  dom inated commun i t y  with on ly  a 

very l i gh t  growth o f  fi l amentous ba cteria a t tached ( S i te  DE , 

2 / 2 / 84 )  unde r  cond i t ion s o f  high t empera t u r e  and  i n i t ia l 

fBOD 5 ( Table 6 . 1 ) . 

Stat i s t i cal  analys i s  o f  the data showed tha t the fBOD 5 remova l 

rate wa s s i gn i f i cant ly corre lated w i th the i ni t ia l fBOD 5 
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TABLE 6 . 1 :  Resu l ts of in situ Chamber S tu d i e s  of Ep i l i thon E f fe�ts on fBOD 5 Remo va l Rates 

Da te 

1 2 /0 1 /84 

1 2 / 0 1 / 8 4  

2 3 /0 3 / 8 4  

2 3 /03/84 

2 6 /04/84 

2 6 /04/84 

0 8 / 1 2 /8 3  

24 / l l /8 3  

1 4 / l l /8 3  

1 8 /0 1 /84 

1 8 /01 /84 

0 2 /0 2 /84 

0 2 / 0 2 /84 

Site  

c 
c 
c 
c 
c 
c 
D 

D 

D 

DE 

DE 

DE 

DE 

Temp B iomass A I  
( "C )  ( gAFDW . m- 2

) 

20 . 8  

20 . 2  

1 7 . 5 

1 7 . 4  

1 5 . 0  

1 5 . 8  

2 1 . 0  

1 6 . 0  

1 5 . 0  

1 8 . 0  

1 7 . 7 

24 . 0  

2 3 . 2  

49 . 8  

54 . 6  

2 4 . 0  

2 4 . 0  

92 . 6  

04 . 4  

2 9 . 6  

8 . 5 

1 1 . 6  

50 . 0  

50 . 6  

48 . 7  

4 5 . 8  

664 

664 

307 

307 

1 5 8  

1 9 7  

1 6 1  

NO 

ND 

1 0 4  

1 2  3 

NO 

ND 

- 3 fBOD5 ( g  . m  ) 

Macroscopic  I n i t i a l  
As s e s o ne n t  ( i  ! s )  

F i n a l  
( x  ! s )  

6 I C  

6 I C  

5 I D  

5 I D  
4 1 :'  
4 1 ;  
4 r  
3 I I C  
3 I I ..: 
) J T r.' 
1 1 :  c 
2 1 : ... 

200F 

1 1 . 2 + 0 . 4  2 . 0  +0 . 2 5 - -
5 . 4  + o . s  2 . 1  + 0 . 4  - -
7 . 1 2 +0 . 2 2 2 . 2 5 +0 . 3 4 - -
1 . 2  + 0 . 2 1 . 5  +0 . 2 1 - -
4 . 0 2+0 . 26 2 . 04 +0 . 4 5 - -
5 . 6 3 +0 . 2 1 1 . 7  +0 . 3 6 - -
1 . 4 6 + 0 . 0 7 1 . 0 5 +0 . 1 6 - -
4 . 6  +0 . 3 5 3 . 9  + 0 . 1 - -
4 . 1 5 +0 . 0 7 J . 3  + 0 . 4  - -
6 . 0  +0 . 7 � S . l 7 +0 . 3 2 - -

2 . 1 8 2 . 1 + 0 . 08 

1 0 . 4 +0 . 1 3 1 . 5 3 +0 . 1 4 - -
3 . 1 3 +0 . 0 3 3 . 4  + 0 . 2  

* = whe re P r e d i ct ed Manawa t u  l< J :  C a lcu lated c ! 1ar1t:_:r !< 1 
8 --

fB00
5 

Average Spec i f i c  fBoo
5 

Calcu l a ted Predic ted 

Remova l respirat ion Remova l 
- 2  - 1  -2 - 1  -1 - 1  

( g . m  . d  ) ( g o
2

. m  . d  ) ( g . gAFDW . d  ) 

1 6 . 1 7 

9 . 0  

1 4 . 8  

0 . 7 1  

3 . 88 

5 . 88 

1 .  2 1  

l .  3 1  

l .  8 3  

3 . 6 4 

0 . 2 5 

9 . 4 4 

0 . 06 

1 6 . 8  

20 . 1  

10 . 3 

7 . 6  

1 7 . 0  

1 7 . 5  

1 2 .  5 

5 . 2  

4 . 9  

1 3 . 4  

1 3 . 6  

2 2 . 8  

2 3 . l 

0 . 3 2 5  

0 . 1 6 5  

0 . 6 1 5  

- 0 . 0 3  

0 . 0 4 2  

0 . 0 5 6  

0 . 0 4 1  

o .  1 54 

0 . 1 5 9 

0 . 0 7 

0 . 00 5  

0 . 1 94 

- 0 . 001 

Chamber k 1 Manawatu R* 
- 1  _ ,  ( h r  ) k

1 
( h r  � )  

0 . 990 

0 . 8 1 0  

1 . 1 9 

-0 . 1 6 

0 . 4 3  

0 . 6 5 4  

0 . 2 2 7  

0 . 0 9 7  

0 . 1 2 9 

0 . 3 3  

0 . 038 

0 . 3 1 0  

-0 . 07 

0 . 1 2 4 

0 . 1 0 1  

0 . 1 4 9  

- o . o  2 
0 . 054  

0 . 082 

0 . 0 2 8  

0 . 0 1 2  

0 . 0 1 6  

0 . 0 4 1  

0 . 00 5  

o .  039 

- 0 . 0 0 1  

N 
N 0'\ 
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( r  = 0 . 8 6 9 ; P < 0 . 0 0 1 ) a n d  A I  ( r  = 0 . 7 1 9 ;  p < 0 . 0 5 ) . 
S imi l a r ly the expone n t i a l  fBOD 5 r e mova l ra t e  ( S e ct i o n 2 . 3 . 6  
( k 1 ) wa s a l s o  s i g n i f i c a n t l y  cor r e l a t e d w i th th e i n i t i a l 

f B O D 5 
( r  = 0 . 6 3 6 ; P < 0 . 0 5 )  a n d  A I  va l u e s  ( r  = 0 . 6 0 6 ; P < 

0 . 0 1 ) . Howe v e r  s i nc e  th � i n i t i a l  fBOD 5 a n d A I  v a l ue s  w e r e  
t h em s e l v e s  c o r r e l a ted ( r  = 0 . 5 89 ; P < 0 . 0 5 ) , mu l t ip l e  

r e g r e s s ion co u l d not be u s e d  t o  mod e l  t h e  e f f e c t s  o f  th e s e  two 

p re d i c t o r s  on fBOD 5 remova l rat e or k 1 . 

Th e i n i t i a l d i s s o l ved o x yg e n  conc e n t ra t i o n  had n o  H ta t i s t i c a l l y  
s i gn i f i ca n t  e f f e c t  on th e fBOD 5 r e mov a l  ra t e  ( r = - 0 . 4 6 9 ; P > 

0 . 0 5 )  a nd , a s  m i gh t  he e xp e c ted for a da ta s e t  c o n t a i n i n g s u ch 

a ra ng e o f  commu n i ty t ype s , no s i g n i f i ci't n t  co r r e l a t i on e x i s t ed 
(H�tween th e fB:J D 5  re;nova l ra. t e  e� nd th e t o ta l h i orna n s  ( ::\ FDW ) ( r. 

= 0 . 0 1 4 ;  P > O . l )  o r  te np e rr1 t u r e ( r  = 0 . 1 2 6 ;  p > 0 . 1 ) .  

C ompa r i s o n  o f  th e fll 0 1) 5  r <� tno vi.l l r .'l_ t <� s , r n e  J �i r t r e d  for t h e  
d < J t:".=t t i < ) n  o f  U1 e r u n s , a n d t h e '1 V •� t- a ':} e  . ] ,-t t· ' ;,_  t- � s p i r rJ. L i n n  r<I I_ P. s  

w i t-f1 one 0 '{ C ep t i o n , t-:1 e fB ' J I ) 5  re1no va l r .1. t e  w .-1 s  l e s n  t� 1 .=t n  til e f\ f� 
( T n. b 1 e 6 • l ) • Th i s  i_ rnp l i e _ i: h rd - th e o x  Ul .=t t i ' ' n o f o � " <J a n i c 

w1 t-_ ,; r i <'l l  p re v i ou �; l y  up tdk e n  a n .1 / o r  p ro•1 u c ( ' c 1  by ph o L <) s y n th e s  i_ : ;  
-1. r e  i rnpo t: �_ ,_t n t  i n  the r e s p i r-."t t : i_ n n  o f  L1h� �, ,� ·� ' '"u n u n i t ·i_ e -'; . Tl--t c 
< 1 1. f t <:'? r. e n c e  b e t ..ve e n  th e t:w o  r c:1 t e s \·/ d s  <J r ·� ·:t L:. � :-; L  u n < 1e t� l ' ) "" 
f:V) D 5  c o m1 i_ t i o ns . Th e  o n e  obs e r va t i o n  o f  ;'l. fl10 IJ 5 r emova l r -1 b� 
e x c e r'=a L ng th e r e s p i r a t i o n  ra t e  wa s rna d e  a t  �3 i_ t e  C on 2 3 / 3 / 84 

wh e n  e x t r a f BO D 5 wa s add el1 t o  <'l s e wa g e  f u n g t l S  c:::o rnm u n i t y 
e x p e r i e n c i n g l ow fGo o 5  co n d i t i o n s  ( b� ck g round f R o o 5 = 1 . 2 

- 3  g . m  ) • 'rh i s  wa s a l s o  th e o ne e xp e r i me n t  i n  wh i ch a c1 d i n g 

o rg a n i c  ma t e r i a l  lv i'l s  obs e r ve l1 t o  i n c r e <'t s e  the r e s p i r a t i o n  rr-1 t e  
o v e r  th a t  obs e r v e u  u nd e r a mb i e n t wa t e r  q un l i t y c o n d i t i o n s  

( S e c t -L o n  5 . 3 ) . T h i s  s u g g e s t s  tha t un•l e r. th e c o n (H t_ i on s  p r i o r  

t o  e x t ri'l o rg a n i c wa s t e a d d i t ion th e o r ga n j c s u hs t ri'l t e s 

a va i l ab l e  t o  th e h e t e ro t roph i c  o r g a n i s m s w e r e  tlep l e t e<1  to s u ch 

a n  e x t  n t  tha t the r e s p i r a t i o n  ra t e  was reJuc etl . Once th e 

o r ga n i c  s upp l y  wa s rep l e n i sh ed , upt ak e  n nd me t abo l i s m i n c r e a s e d  

rap i d l y . 
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The d i f ferent bed sur face a rea t o  wat er co l umn volume rat ios in  

the chambers ( 8  m2 . m- 3 ) and i n  the river  ( 1  m2 . m- 3 ) create s  

d i f f i c u l t i e s  i n  compa r i n g  data obtained from the i n  s i t u cham­

b e r s  a nd two stat i on s tud i e s  s ince at h i gher bed  s u r face a rea 

to vo l ume r a t i os the vo l ume t r i c  remova l rat e is more rapid fo r 
. - 2 - 1 a given benth ic  remova l rate ( a s  g fBOD5 . m  . d  ) .  Since the 

r e s u l t s  show that the fBOD5 remova l rate is i n f l u e nced by the 

fBOD 5 concentrat ion i n  the wa ter th i s  wou ld r�s u l t  in lower 

rates  be ing meas ured i n  chambers when r e l at iv e l y  long incuba­

t ion interva l s , s uch a s  tho s e  u s ed in th ese  s tudies  ( 1  to 1 . 8 

hours ) ,  are employed . Th i s  e f fect wou l d  be mos t  pronounced i n  

experiment s i n  wh ich large changes i n  f BOD 5 concentrat ion 

occurre d , s u ch as the e xpe r iments in wh i ch e x t ra fBOD 5 wa s 

added to s ewage fung us co�nun i t i e s . 

Th i s  imp l i e s  that the i n  s i t u  chamber res u l t s  for l i near 

fBOD5 remova l rates shou l d  not be u sed d i re c t ly to formu l a t e  

predict ive mod e l s  bas e d  on l i nea r regre s s ion methods and that 

chamber s tud i e s  of s e l f-puri f i ca t ion should  u t i l i s e  incuba t io n  

p e r i od s  of  the min imum le ngth requi red to  obt a i n  a s igni f i cant  

d r op in  o rga n i c  leve l s . Th e data in  Tab l e  6 . 1 imp ly tha t fo r 

photot roph dominat ed c ommu n i t i e s  incuba t i on per i ods  s uch a s  

thos e  u s ed i n  th i s  s tudy ( 1  to  1 . 8  hou r s ) are appropr i a t e  fo r 

chamber s  o f  s im i la r  bed s u rfa ce area to water  c o l umn vo l ume 

rat i os . Howe ver incuba t ion per i ods  o f  0 . 2 5 t o  0 . 5  hou rs wou l d 

be more appropriate fo r s t ud i e s  o f  hete rotroph i c  commun i t i es a t  

modera t e  to h i gh orga n i c  concent rat i ons . 

S i nc e  the k� ca l cu l at ion a s s umes tha t o roani c remova l i s  depen­

dent  upon th e orga n i c  concentrat ion in th e wa ter c o l umn , the 

e f fect of the more rap id orga n i c  dep l e t ion on the s e  va l ue s  i s  

expected to  be l e s s  pronounced than for the £ BO D 5  remova l 

rat e s . However the d i f fe rence betwe en the chamber a nd r i ve r  

s u r face  a rea to  �olume ra t ios r e s u l t s  in  much greater  k1 va l ues  

be i n g  record ed in the chambers than i n  the r iver  for  s imi l a r  

cond i t i ons ( S e ct ion 6 . 2 . 2 . 1 ) . Th i s  latter  e f fe c t  c a n  b e  c i r­

cumvented to a l low compa ri son o f  the chamber a nd r iver 

k 1 va l u e s  by mu l t ip ly ing the chamber va l ues by the quotient  o f  

th e river s u r face a rea t o  vo lume rat io d ivided b y  the chamber 

rat io . 
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6 .  2 . 1 .  3 D i s solved  L.. i.trogen and Phosphorus Remova l 

The rat e s  of  remova l  of  tota l d i s so l ve d  n i t r ogen ( TDN ) 

and tot a l  d is so lv e d  phosphorus ( TDP ) ca lculated ( Se ct ion 

3 . 6 . 3 . 5 )  from the resu l t s  of the i n  s i t u  chamber s t ud i e s  are  

p res ent ed i n  Tab l e  6 . 2  and  6 . 3  r e spe c t ive ly . 

The data i nd i c a t e  tha t  the r emova l o f  TDN is  r e l a t ed to the 

i nit ia l  TDN concentrat ion i n  the wat e r  ( F ig 6 . 3 )  ( r  = 0 . 86 2 � P 

< • 0 1 ) . High TDN remova l r a t e s  wer e  recorded fo r both a lga l 

a nd s ewage fungus domina t e d  communi t i e s  1Jnde.r c on d i t ions o f  

h i gh i n i t i a l  TON ( Table 6 . 2 ) . Th e sma l l  s i ze o f  the data s et 

p revent s fur th e r  d eta i l ed a na l ys i s  o f  the factor s a ff e c t i ng TDN 

remov a l  rates . However compa r i son o f  the TDN r emoval rates  o f  

C l a d op h o ra g l ome r a t a  and P o t a mo g e t o n cr i s p u s  at s it e  EF  on 

1 2 / 3 / 84 ( Tabl e  6 . 2 )  i nd i ca t e s  that th e more metabo l i ca l ly 

active a lga l spe c i e s  ( C . g l o m e ra t a )  ( S ection 5 . 3 . 4 ) a l so  ha s a 
h ighe r TDN r emov a l  rate . 

The TOP r emoval rates va r i ed f rom 0 to 0 . 1 2 3  g 

TDP . m- 2 . d- l except on one occa s ion ( 2 /2 /84 , s i t e  DE ) wh en a 
-2 - 1  rate o f  0 . 66 g TOP . m  . d  wa s obse rved ( Table 6 . 3 ) .  Al tho ugh 

th i s  rate i-s s ubs tant ia l l y  greater than thos e  obse rved on oth e r  

occas ions , i t  was .recorded under cond i t ions o f  h igh l i ght 800 

u E . m- 2 . s - 1 PAR ) , t emperat u r e  anll i n i t i a l  T O P , wh en very h i gh 

respi rat i on and g ross  photosynthes i s  rates  we r e  r ecor ded ( 2 8 . 2  
- 2 - 1 

and 3 6 . 1  go2 . m  . d  respe ct ive ly ) .  S i nce h i gh nut r i ent 

remova l rat es  wou ld be e xpected  und e r  the se cond it ions  th e 

va lue r ecorded i s  probabl y  a t r ue r e s u l t  rath e r  tha n  a samp l i ng 

o r  a na ly t i ca l a r t i fa ct . 

Compa r i s on of  the biomass  spec i f i c  TDP  remova l o f  c. gl o me r a t a  

and P .  cr i s p u s  at s ite EF  o n  1 2 / 3 /84 shows that  the rates  were 

s imi l a r  despite  the g reat e r  metabo l i c  act ivit y  a nd TDN remova l 

of  the a lgae , c .  g l ome ra t a . 



TAB L E  6 . 2 :  R es u l t s  of  i n  s i t u  C h amber  S t u d i es o f  N i t ro gen R emo v a l i n  t h e  M a n awatu  R i ver  

T e mpe rat u re B i omas s I n i t i a l  TDN remo va l Spec i f i c  TON  

D a t e  S i t e  ( o c  ) - 2  
( gAFDW . m ) A I  TON rate remo va l rate 

- 3  
( g . m ) 

- 2  - 1 ) ( gTDN . m . d  - 1  - 1 ) ( gT DN . gAF OW . d 

1 2 / 0 1 /84 c 20 . 8  49 . 8 664 0 . 6 0 1  0 . 4 9 1 0  0 . 00900 

1 2 /0 1 /84 c 20 . 2  54 . 6 664  0 . 32 1 0 . 2660 0 . 00 5 34 

1 8/0 1 /84 DE 18 . 0 50 . 0 1 00 0 . 7 20 NO  NO  

02/02/84  DE 24 . 0 48 . 7 * 1 . 020  1 . 0520  0 . 0 2 1 6 0  

23/0 3/84 c 1 7 . 5  24 . 0  307  0 . 7 9 3  1 . 0 3 7 0  0 . 04 1 70 

2 3/0 3 /84 c 1 7 . 4 24 . 0 307  0 . 4 1 2  0 . 0970  0 . 00400 

2 6 /04 /84 c 1 5 . 0 92 . 6  1 58 0 . 438 -0 . 0960 -0 . 00 1 00 

1 2 /03/84 EF  20 . 0 3 1 . 0  68 0 . 505  0 . 08 7 8  0 . 00283 

1 2 / 0 3 /84 E F  2 1 . 0  55 . 0  1 09 0 . 642  0 . 26 1 0 0 . 004 70  

Mac roscop i c  Commu n i ty 

As s e s s ment  

6 I C ,  s ewa ge fu n gu s  

6 I C , s ewa ge fu n gu s  

1 I I F ,  C .  gl omerata 
2 I F ,  C .  y l omera t a  
5 1 0 ,  sew a ge fu n gu s  

5 1 0 ,  sewa ge fu n gu s  

4 1 0 ,  sew a ge fu n gus  

O I E , P .  cr i spus 
O I E , C .  gl omera ta 

N w 0 



TABLE 6 . 3 :  Resu l t s  o f  i n  s i t u  C h amber  Stu d i e s  of  P h o s p h o ru s  Remov a l  i n  t h e  M a n awatu  R i v e r  

Tempe ratu re Bi am a s s  I n i t i a l  TOP rem ov a l  Spe c i f i c TOP  
D a te S i t e  ( oc ) ( gAF DW .m -

2 ) A I  TOP  r ate remov a l  rate 
- 3 ) ( gTDP  . m -2 . d - 1 ) ( gTDP  gAF DW -1 . d - 1 ) ( g .m 

1 2 /0 1 /84 c 20 . 8 4 9 . 8  664  0 . 3 7 9  0 . 0955  0 . 00 1 7 5 
1 2 /0 1 /84 c 20 . 2  54 . 6  664 0 . 1 95 o . o  0 . 0 
1 8 / 0 1 /84 DE 1 8 . 0  50 . 0 100  0 . 1 94 0 . 0 0 . 0 
1 8/0 1 /84 DE 1 7 . 7  50 . 6  1 00 0 . 065  0 . 0  o . o  
02/02/84 DE 24 . 0 48 . 7 N O  0 . 5 56 0 . 6600 0 . 0 1 3 50 
2 3 /0 3 /84 c 1 7 . 5 24 . 0 307  0 . 2 2 7  0 . 0 864 0 . 00360 
26 /04/84 c 1 5 . 0 92 . 0 1 58 0 . 062  0 . 0060 0 . 00006 
2 6 /04/84 c 1 5 . 8  1 04 . 4 1 9 7 0 . 1 58 0 . 0622  0 . 00059  
1 2 /0 3 /84 EF 20 . 0 3 1 . 0 6 8  0 . 1 0 5  0 . 0 6 50 0 . 00 2 1 0  
1 2 /0 3 /84 EF  2 1 . 0  5 5 . 0 1 0 9  0 . 08 1 0 . 1 2 30 0 . 00220  

Mac roscopi c Comm u n i ty 

As s e s sment 

6 I C , sewage fu ngu s 

6 I C , sew a ge fu ngu s 

1 I I F ,  C .  gl omera t a  
1 I I F , c .  gl omera t a  
2 I F , C .  gl omera t a  
5 1 0 , sewage fu ngu s 
4 1 0 ,  sewage fu n gu s 

4 1 0 ,  sewa ge fu ngu s 

0 1 E ,  P .  crispu s 
O I E , C .  gl omera t a  

N w 
� 
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F IGURE 6 . 3 :  Graph of Tota l D i s solved Ni trog en Remova l Rate 

ve rsus I n i ti a l  Tota l D i s s ol ved Ni troqen 

C oncentra t ion . 
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6 . 2 . 2 TW O S T A T I O N S E L F - P U R I F I C A T I O N  S T U D I E S I N  T H E M A N AW A T U  
R I V E R  

6 . 2 . 2 . 1  O rgan i c  S e l f-pu r i f i cat ion 

The res u l t s  of  the two station stud i es of orga n i c  

s e l f-pur i f i cat ion i n  the Manawatu Ri ver , pre s ent ed i n  Tabl e  6 . 4  

and 6 . 5 ,  show s im i l a r  trends to tho s e  observed i n  s i t u  chambe r 

studies  ( S ect ion 6 . 2 . 1 . 2 ) . The organ i c  r emova l ra t e s  were 

g reatest  over the r eaches conta i n i ng heavy s ewag e  fungus 

growths a nd in whi ch the i n i t i a l  organic mat e r i a l 

concentrat ions we r e  high . Under the s e  condit ions fBOD 5 r emova l 

rates o f  3 5 . 3  to 4 4 . 3  g . m- 2 . d- l were recorded and 

ox idat ion o f  the BOD5 removed a lmos t  mat ched the resp i rat ion 

rate over th e reach from the MCDC outfa l l  to s i t e  cue . By 

contra s t , at l ower i n i ti a l organ i c  concentra t ions and ove r 

reaches whe r e  the macros cop i c  abundance of  hete rot roph s wa s 

l ow ,  the organic  r emova l rates  were l owe r and the ox ida t ion of  

the BOD5 removed accounted for l e ss tha n  25%  o f  th e reach 

resp i ra t i on . S im i lar low va l u e s  wer e  recorded for r eaches with 

l i ght h e t e rot roph i c  growth a t  low t emperature ( D -E 2 2 /4 / 82 ) .  

I ntermed iate  organ i c  remova l ra tes were obs erved for th e 

photot roph dominated reach Dd-EF on 3 1 / 1 - 1 / 2 / 84 fo r a modera t e  

i n i t i a l  organic  concentrat ion . 

Ox idat ion of  th e BOD 5 removed in th e reach from th e PNCC 

out fa l l  t o  s i t e  B on ly  accou nted for 2 5 %  of the reach 

resp i rat ion ( Table 6 . 4 ) . The aerated lagoon s econda ry 

t r eatment system , whi ch comm enced opera t ion on 5 / 3 / 85 , 1 s  

e xpected to  reduce the PNCC e f f l uent BOD 5 load to  the river by 

9 5 %  ( S e ct ion 2 . 2 . 3 . 4 ) . Th i s  remova l  i s  e xpect e d  to redu c e  the 

reach resp i ra t ion rate by app rox imat e l y  2 3 %  und e r  s imi l a r  

s ummer l ow f low cond it ions i n  futu r e . No redu c t i on in 

phototroph resp irat ion i s  e xpected i n  respon s e  to the seconda ry 

treatment s i nce the phosphor u s  remova l ,  of up to  30% ( Se ct ion 

2 . 2 . 3 . 4 )  wi l l  not r educe the i n - r iver phosphoru s concentr a t ion 

to the l im i t i ng l e ve l ( S ect ions 2 . 2 . 1 . 2  and 2 . 2 . 3 . 4 ) . 

Neverthe l e s s  th e reduct ion i n  het erot roph resp i r a t ion shou ld 

reduce th e rea ch respi ration und e r  s umme r low f low cond i t i ons 



TABLE 6 . 4 :  R es u l t s  o f  Two St at i on Stud i es o f  BOD5 R emova l  i n  t h e  Manawatu R i ver 

Pa rameters Va l ues 
R each D-E MCDC -CuC D -E Dd-E F  Dd-EF Dd-EF PNCC -B 
B i omas s : 
( i ) M a r ros cop i c 6 I C  6 1 0 3 1 0  0- l i F  1 -2 I F  102 I F  1 -2 I F  

A s se s s�2nt 
( i i ) gAF DW . m ND 150 NO 1 30 1 50 130 100 
S t u dy Dates 25/3/82 29/2 - 1 / 3 /84 22/4/82 24-25/ 1 /84 3 1 / 1 - 1 / 2 /84 9- 10/2/84 29/2 - 1 / 3 /84 
A ve ra ge R i ver F l ow 1 7 . 7  16 . 8  1 9 . 1  1 4 . 8  1 4 . 8  1 8 . 3  1 6 . 8  
( - 3 - 1 m • s ) 

A ve r a ge R i ve r  18 20 . 7 1 3 . 2 1 9 . 7  18 . 2  1 9 . 7  2 1  
T empe ratu re ( °C )  

- 3  BOD5 ( � . n  ) + 5 . 3 7 ** + + + 
( i ) I 0 i t i a l  ( x : s )  7 . 4 7 * 9 . 84 + . 88 5 . 2 3  + . 1 3  6 . 4 + . 46 2 . 84 + . 1 3  4 . 04 *** 3 . 7 3**** 
( i i ) F i n a l  ( x - s )  4 . 9 5 *  7 . 7  - .06 4 . 89** 4 . 28 - .06 3 . 7 - . 0 1  2 . 18 - . 1 2 3 . 0 7  2 . 86 

� . 52 .:.:.__ . 1 2  
BOD5 remova l - 1  0 . 1 94 0 . 1 57 0 . 0 5  0 . 036 0 . 10 0 . 054 0 . 0 7 1  . 0 70 ( i )  k 1 �� r J 
( i i ) g m  . d  25 . 6  36 . 9 5 . 8  4 . 2  1 1 . 9 3 . 4  6 .  7 4 6 . 04 
R ea ch res p i rat i on - 2  - 1 )  ND 39 . 8  ND 32 . 5 37 . 6  32 . 4  26 . 1  ( g02 . m . d 
BOD5 remo va l as % NO 93 NO 1 3  3 1 . 6  1 0 . 5 25 
o f  rea ch res p i rat i on 

* Mean of 4 h ou r l y  compos i t e s amp l es fo r  900- 1 300 h rs ( D )  a n d  1 1 - 1 500 h rs ( E ) 
** Mean of  3 grab samp l es fo r 1 3 1 2 - 1 244 h rs { D ) a n d  1 503 - 1 535 h rs ( E ) 
*** BOD5 a t  A + BOD5 a dded by PNCC 7 30-2 1 30 h r  29/2 /84 (Ande rson , 1 984 ) N 
**** BOOs at A + BOOs a dded by PNCC 2030-430 h r  29/2 - 1 1 / 3 /84 (Anderson , 1 984 ) w � 



TABLE 6 . 5 :  Re s u l t s  o f  Two Station S t ud i e s  o f  fBOD 5 Remova l i n  the Manawa tu River  

Parameters  

Reach 
B ioma s s : 

( i ) Macros cop i c  
A s s e s s ment 

( i i )  gAF DW . m- 2 

S tu dy Da t e s  
Average R i ver F l ow 

( - 3 - 1 ) m • s 

A ve rage Ri ver 

T empera tu re ( ° C )  
f BOD 5 
( i ) I n i t i a l  
( i i )  F ina l 

+ ( x  - s )  
+ ( x - s )  

f BOD5 r emova l 
( i )  k 1 ( h r- 1 ) 
( . . ) - - 2 - 1 1 1.  gl: BOD 5 . m  . d  
Reach respi ration 

- 2  - 1 ( go 2 . m . d ) 

D-E 

6 I C  

ND 

1 -2 / 2 / 8 3  

2 7 . 3  

1 8  

7 . 2 8 + . 3 9 

4 . 5 3  + . 0 4  

0 . 3 9 3  

44 . 3 

ND 

Va l u e s  
MCDC-CuC 

6 I D  

1 5 0  

2 9 / 2 - 1 / 3 / 84 

1 6 . 8  

2 0 . 7  

+ 7 . 7 7 - . 3 1 
+ 5 . 8 - . 1 4 

0 . 1 9 5 

3 5 . 3  

3 9 . 8  

Dd-EF Dd-EF 

0- l i F l - 2 I F  

1 30 1 5 0 

2 4- 2 5 / 1 / 84 3 1 / 1 - 1 / 2 / 84 
1 4 . 8  14 . 8  

1 9 . 7 1 8 . 2  

+ + 2 . 5 3 - 0 . 1 1 4 . 2 6 - . 0 8 

+ + 1 . 6 5 - 0 . 5 6 2 . 6 6 - . 1 0 

0 . 0 7 8  0 . 086 
3 . 9 7 . 7 

3 2 . 5  3 7 . 6  

Dd - E F  

1 - 2 I F  

1 3 0 

9 - 1 0 / 2 / 84 
1 8 . 3 

1 9 . 7  

-. + 1 . 8 7 - . 1 3 
+ 1 . 3 - . 1 0 

0 . 0 7 5  
3 . 0 

3 2 . 4  

N w 
U1 
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- 3 - 1  
t o  approx imate ly the 2 0  go2 . m  . d  l ev e l ,  wh i ch the mod e l l i ng 

s tu d i e s  predict to  be equa l to the max imum a cceptab l e  summer 

low- f low resp ira t i o n  rat e ( S e c t i on 5 . 4 . 7 ) . 

B y  cont r a s t  remova l o f  the oxygen dema nd due to  ox idat ion o f  

the BOD 5 removed i n  the
.

phototroph dom i nated reach Dd t o  E F  
- 3 - 1 wou l d  on l y  reduce the re sp i r a t ion ra t e  to 2 6  to 2 9  go2 . m  . d  . 

Th i s  imp l i e s  tha t u n l e s s  th e phototroph i c  a c t i v i ty be low the 

d i s cha rge s is l im i t ed , una cceptab l e  oxygen d ep l et ion i s  l ik e l y  

to occur i n  the r i ver during s ummer l ow f low cond i t ions a f ter 

the wat e r  r i ghts l imit i ng BOD5 d i s charge  have be en met . 

Due t o  th e h i gh b ioma s s  l eve l s  i n  the r i ver t wo stat ion 

s t ud i e s ,  f ew data points over lap with those  i n  the i n  

s i t u  chamber stud i e s  ( Tab l e  6 . 1 )  to a l l ow compari son o f  the two 

data s e t s . However the two stat ion fBOD5 remova l rat es and 

k 1 va lues  ( Table 6 . 5 )  were approx ima t e l y  twi ce thos e recorded 

i n  the i n  s i t u chambe rs ( Tabl e 6 . 1 )  for s imi lar  community  types 

and i n i t i a l  fBoo 5 concentra t ions . Th i s  probab l y  re s u l t s  from 

th e combined e f fect s o f  the h igher benth i c  b ioma s s  in the two 

s tat ion st u d i e s  and the e f fect o f  the d i f fe rent bed s u r fa c e  
a r ea t o  wat er co lumn vol ume ra t ios o n  t h e  k i net i c s  of orga n i c  

mat e r i a l  r emov a l  ( S ect ion 6 . 2 . 1 . 2 ) .  

The 130D 5 k 1 "J .'l l ll (' S  r e co r:- c1 erl f o r  t h e  r r�,1 ch c s  c o  . l a  in ing hea vy 

s ewage fung us  � r uwth were i n  a s i m i l a r  range to those recorded 

in prev iou s s tu d i e s  over such reach e s  in the Manawatu Ri ver by 

C u r r i e  ( 1 9 7 7 ) ( k 1 = 0 . 20 . h r- 1 , reach D - E ) a nd C u r r i e  a nd 
- 1 

Ruther ford ( 1 9 81 ) ( k 1 = 0 . 4 3 . h r  , rea ch C-D ) . Th e  
BOD 5 k 1 v a l u e s  re c o r:- c1 ed for reach Dd - E F  d u r i ng en. r l y  1 9 84 , wh e n  
photot roph s were dom inant ( Tab l e  6 . 4 ) , were s im i l a r  to the 

va lues obta ined fo r the photot roph dom inated rea ch from E to F 
- 1 - 1  by Curr i e  ( 1 9 7 7 ) ( k 1 = 0 . 06 . h r , 1 6 /1 2 / 7 5 ; k 1 = 0 . 04 . h r , 

1 2 / 2 / 7 7 ) . 

6 . 2 . 2 . 2  D i s so l ved Nitroge n  and Phosphor us Remova l 

The remova l o f  tota l d i s so l ve d  n i trogen ( T ON )  and  

tota l d i s s o lved phosphorus ( TDP ) wa s inve s t i gated d ur ing th re e 

s t udies  over the reaches Dd to E F  and D to E .  Th e TDN remova l 
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rates  ( Tabl e  6 . 6 )  for the reach Dd t o  E F  wer e  with in the range 

of va l ues recorded i n  the i n  s i t u  chambe r  expe r iment s ( S ect ion 

6 . 2 . 1 . 3 )  but a h i gh e r  va l u e  wa s recorded fo r the reach D to E 

o n  2 / 2 / 8 3 , when a hea vy s ewag e  fungus b i omas s  wa s present . 

H igh remova l rates for f�OD5 ( S ect ion 6 . 2 . 2 . 1 )  and TDP ( Table 

6 . 6 )  wer e  r e corded s imul ta neou s ly ove r th i s  reach i nd ic a t i ng 

that the community was g rowi ng rap i d l y . 

A n  anomalous  i ncrea s e  in TDP wa s recorded for the r each Dd to  

E F  on 2 4- 2 5 / 1 /84 and no  net t TDP  r emova l occu r r ed on 

3 1 / 1 - 1 / 2 / 84 ( Tabl e  6 . 6 ) . Th e s e  res u lt s  cou l d  be e xp l a in ed b y  

t h e  l ow oxygen con d i t ions d u r i ng the n ight o n  the s e  occa s ions 

( Tabl e 6 . 6 ) . The s e  appa r ent l y  res u l te d  in  a na erob ic  cond i t ions 

w i th i n  the r iv e r  bed g ravels  s ince black su lph i de depos i t s  were 

obs erved on the und e r s ides  of  s tone s a nd gas bubbl e s  ( probabl y 

m e thane ) wer e  obs erved r i s ing from the bed a t  s i te Dd at  8 a m  

on 1 / 2 /84 .  Unde r  a na e robi c  condi t i ons the r e l e a s e  i nto th e 

wat e r  column o f  phosphoru s , previous ly bound i n  s e dimen t s , 

wou l d  be e xpected ( Wetz e l , 1 9 75 ; Swyng edouw e t  a l . ,  1 9 84 ) . 

6 . 2 . 3  L A BO R A T O R Y  C H A N N E L  � T U D I E S 

6 . 2 . 3 . 1  I n t roduct ion 

The a na l ys i s  o f  s a mp e s  of th e channe l s ' i n f l uent a nd 

e f f l ue n t  f l ows co l ]  e c · L t' d  =l t c3 ho u t.  wee"k J }' i n t erva ls  p rov i d e d  
i n format ion o n  the e f fe c t s  o n  s e l f-pu r i f i cat ion o f  ep i l ithon 

d eve lop i ng under a range o f  organic load i ng cond i t ions a s  we l l  

a s  prov id i ng a check on the channel  wat e r  qua l i ty cond i t ions . 

Howeve r ,  s i n c e  the b ioma s s  and act i v i ty measu reme n t s  focu s s e d  

on the bioma s s  adher i ng t o  p la t e s  i ncuba ted from th e beg inni ng 

o f  the exper iment ( t0 ) rather than the tota l  cha nn e l  bioma s s , 

the biomas s spec i f ic s e l f-pu r i f icat i on data obta ined  is  semi ­

quant i t a t ive e xcept on the f i r s t  bioma s s  nnd wa t e r  samp l ing 

occas ion . On th e lat e r  occa s ions the biomass data obta i ned 

f rom the p l a t e s  i nc uba ted from t0 ove r e s t imated th e tota l 

cha nne l bioma s s  s i nce approxima t e ly 5 %  o f  the tota l channe l 

b ioma s s  wa s removed on each samp l i ng day . 

Ne verthe l e s s  the orga n i c  s e l f-pur i f i cat ion data obt a i ned dur i ng 

the e xper iments p rovi d e  u s e fu l  i n forma t ion and i ns ights into 
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TABLE 6 .6 :  Re s u l ts o f  Nu t r i ent Remo va l  Stud i es i n  t h e  Manawatu R i ve r  
( F i g 1 . 2 )  

P a ramete rs 

S t u dy Date 
R each 
R i ver f l o'IJ ( m3 . s - 1 ) 
A vera ge Temperatu re ( °C )  

D i s s o l ved O xy gen Ran ge 
( g . m -3 ) 

B i omass 
( i )  gl\FDW . m - c 
( i i ) Mac ros cop i c  

Asses sment 
I n i t i a l  TON ( g . m-3 ) 

( x � s r 
- 3 ) F i n a l  TON ( g . m  

( X  � S )  
TON Remova l R ates 

-3 - 1 ) ( gT DN . m . d 
-2 - 1 ) { gTON . m . d 

I n i t i a l TOP ( g . m-3 ) 
( X  � S )  

- 3 ) F i n a l  TOP ( g . m  
( X  � S )  

TOP Remova l  R a tes 
-3 - 1 ( gTDP . m  . d  ) 
- 2 - 1 ) ( gTOP . m  . d 

24 -2 5 / 1 /84 
Dd-EF 
14 . 8  
1 9 . 7  

1 . 2 5 - 14 . 8  

1 30 
0- 1 !  I F  

+ 0 . 6 3 1  - .00 1 

+ 0 . 380 - .007 

1 . 0 97 
1 . 1 08 

+ 0 . 1 02 - .00 1 

+ 0 . 1 3 1  - .00 1  

-0 . 1 2 7  
-0 . 1 28 

* Mea s u red at S i te E on 24 -25/ 1 /83 

V a l ues 

3 1 / 1 - 1 / 2 /84 
Dd-EF 
14 .8 
1 8 . 2  

2 . 1 - 1 2  

1 �0 
1 -2 I I F  

+ 0 . 884 - .039 

+ 0 . 7 2 3 - . 00 5  

0 . 704 
0 .  7 1 1  

+ 0 . 142 - .002 

0 . 145 � . 0 1 1  

Not s i gn i f i c a nt 
Not s i gn i f i c a nt 

1 -2/2 /83 
D-E 

27 . 3 
18 

5-9* 

NO 
6 I E 

+ 0 . 5 1 1  - .0 1 9  

+ 0 . 370 - . 0 2 1  

2 . 7 0 7  

2 . 2 7 4  

0 . 1 60 � . 00 1  

0 . 143 � . 006 

0 . 326 
0 . 2 7 4 
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the intera c t i ons betwee n  orga n i c  was t e  add it ion , epi l i thon 

deve lopment a nd orga n i c  s e l f-pur i f i c a t i on . 

The remova l o f  tot a l  d i s solved n i t rogen ( TDN ) and pho sphorus 

( TDP ) were a l s o i nve s t i gated on e i ght occa s ions . 

6 . 2 . 3 . 2  O rga n i c  Mat er i a l  Remova l Du r i ng the Laboratory 

Cha n ne l E xperiments 

A g en e ra l ly s imi lar pat t e rn o f  remova l o f  organ i c  

ma t e r i a l  was obs e rv ed dur ing each o f  the � e ven e xper imen t s  i n  

wh i ch wa s tewa t e r  add i t ion occu rred . Regard l e s s  o f  th e cha nn e l  
- 3  

i n fl uen t fBOD5 concent ra t i on , i n  th e ra n g e  1 . 5  to 6 . 9  g . m , 
- 3 

the e f f l uent f BOD 5 wa s between 0 . 5 and 2 . 0  g . m for mos t  o f  

the t ime dur i ng each e xperiment ( F i g s  7 . 2 1 t o  7 . 2 7 ) . S ince 

th e fBoo5 of  the e f f l uent contro l  chann e l  ( fed borewa t e r ) wa s 

0 . 1 1 t o  0 . 5 9 g . m- 3 , t h i s imp l i e s  t h at mo s t  of t he add e d  

d i s s o lved or gan i c mat e r i a l  was remove d b y  t he cha nne l 

b i om a s s  i n  e a c h  e xp e r i me n t . 

The orga n i c  mate r i a l  remova l dur i ng e xper iments  C and G a re 

pre s e nted in F i g u re s  7 . 2 2 a nd 7 . 2 6 r e spe c t i ve ly . 'T'h e s e  show 

th e typ i ca 1 _ pat t e r n  of or ga ni c  remova l during the e xper iments 

i n  wh i ch the cha nne l s  were fed MCDC a nd BCWS was tewaters  

r espec t i vely ( F i g s  7 . 2 1 - 7 . 2 7 ) . 

I n  e xp e r iment C ( fi g  7 . 2 2 )  s ign i f i cant r emov a l  of  
-2  - 1 ) fBOD 5 occurred on day l ( 3 . 5  g fBoo 5 m . d  when a th i n  

het erot roph ic f i lm dom i na t ed by the f i lamentous ba cteria  s .  

n a t a n s and F l a vo b a c t e r i u m  sp . was pre s ent 
- 2  - 2  AFDW . m ; s et t l ed vol ume = 0 . 0 3 5 m 1 . cm ; 

( bioma s s  = 1 . 6 g 

AI = 5 4 0 0 ) . Th e 

f BOD5 remova l ra te  wa s the n fa i r l y  con s tant at  app rox imate l y  7 
- 2  - 1  ( . + - 2  g fBOD 5 m . d  , from day 8 b1omas s  = 1 2  - 2 g AFDW . m  ; 

s e t t led  volume = 0 . 1 00 m1 . cm- 2 ; A I  = 2 6 6  + 6 7 ) but dec l inen a t  

the t im e  o f  bioma s s  s lough i ng ( a fter day 2 7 ) . 

A s imi l a r  variat ion o f  fBOD 5 remova l was observed i n  e xper iment 

G ( fi g  7 . 26 )  a l though no s igni f icant remova l was obs erved on 

day 2 in th is  i n s tance . Th e remova l rate was s imi lar from day 

9 to 3 1  when the bioma s s  on the p l a t e s  incuba t e d  from day 0 
- 2  va ried  from 1 9  t o  6 0  g AFDW . m  . 
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The part i c u la t e  BOO S i n  the channe l e f f luent ( i . e . , the 

d i fference between the BOO S and f BOD 5 ) represents  the s um o f  

the part icu la t e  organ i c  mat e r i a l  enter i ng th e channe l i n  th e 

i n f luent  wh i ch does not s et t l e  out i n  the channe l p lu s  the 

bioma s s  produced i n  the cha nne l wh i ch i s  lost to the wat e r  

co l umn . The s e  va lues were low at the beg inn i ng o f  both 

e xpe r iments  C and G whe n  b i oma s s  s lough ing los s e s wou l d  be 

e xpected to be l ow . Th i s  i n d i ca t e s  th a t  mo s t  o f  the i n f l uent 

part ic u l a t e  BOO s s et t l ed out in  th e cha nn e l s . Howev e r  a s  th e 

expe r iment s proceeded the part i c u l a t e  BOD5 i n  the cha nne l s ' 

e f f l uent increa s ed indicat i ng s loughing  o f  biomas s  produced . 

The va lues  we r e  ma x ima l a t  th e t ime o f  ma x imum s lo ugh i ng . 

Th i s  shows tha t a l though th e hetero t roph i c  epi l ith i c  o rga n i sms 

reduce the concentra t ion of  d i s s o lved organ i c  mat e r i a l in wa te r 

col umn they a l so a dd i ncrea s i ng amount s o f  part icu l a t e  mater ia l 

a s  the b ioma s s  deve lop s . 

Th e ma x imum £Boo5 remova l rates  obs erved in  each e xper i1ne n t  a r e 
pre sented i n  Tab l e  6 . 7 .  The s e  va l u e s  are s im i l ar to thos e 

recorded i n  the i n  s i t u  chambe r s t ud i e s i n  the Manawat u  R i v e r  
a t  s imi l a r  i n i t i a l  £BOD 5 con centra t i o n s  ( T ab l e  6 . 1 ) .  The 

r e s u l t s show tha t  th e ma x imum remova l ra t e  i ncrea s e s  w i th 

i ncrea s i n g  orga n i c  load i ng to the cha nne l s . However the 

h i ghest  r emova l rates  wer e frequent l y  observed a t  l ow b ioma s s  

concent ra t ions especia l l y a t  th e l ow e r  in f l ue n t  l an d i n g  r a t e s . 

6 . 2 . 3 . 3  N u t r i e n t  Remova l Rat e s  Du r i ng the Laboratory Cha nnel 

E xperiments 

The res u l t s  o f  the nut r i ent ana l yses undertaken d u r i ng 

the channe l e xper iments a re presented i n  Tab l e  6 . 8  a long w i th 

the nutri ent r emova l rates ca l cu lated from th e s e  da ta . 

The s e  show that the high background n u t r i ent l eve l s  i n  the 

borewater  were fu rther increased by the addi t ion of the org a n i c 

wa s t ewat e r s . Th e nutrient  remova l rat e s  were genera l l y a t  the 

lower end of the ra nge of va l ues obs erved in the i n  s i t u  

chamber e xper iment s in th e Manawat u  R i ve r  ( S ect ion 6 . 2 . 1 . 3 ) . 

No s ig n i f i cant re l a t ions h ips  between nutrient remova l rates  and 

other factors were observed . 



TABL E 6 . 7 :  Summa ry o f  Ope r at i n g  Cond i t i o n s  for t he L a bo rato ry Channe l  E x pe r i ment s and t h e  Max im um f B005 Remov a l  Rat e s  
Obse rved . 

E xpe r iment 
W a st ewate r  
Average i n f l uent W ast ewat e r  
Concent rat i on ( gCOD .m-3 ) 

Max i mum f BOD� Rem ov a l  Rate 
( - � - 1  ) g f BO D5 .m . d  

Day of E xpe r iment ( d )  
( -3 I n f l u;nt f B005 g .m 

( x - s )  
-3 ) E f f l  u ;nt fBOD5 ( g .m 

( x - s )  
Bi om a s s  ( gAFil-J .m -3 ) 
Sett l ed V ol ume ( m l . cm -2 ) 
A I  

B c 
MCDC MCDC 

1 . 9  + 0 . 1  3 . 8  + 0 . 6 

2 . 0  7 . 0 

1 0  1 3  

0 
MCDC 

6 . 5 + 1 . 0 

1 4 . 2  

8 

+ 1 . 50 + 0 . 3 1  3 . 76 + 0 . 7 6  6 . 2 - 0 . 96 

0 . 7 0 + 0 . 20 0 . 93 + 0 . 1 5 - -
4 . 6 20 

0 . 034 0 . 10 
2 2 5  300 

+ 0 . 45 - 0 . 03 
1 3  

0 . 1 3  
500 

* Nea r  m a x i m a l  rates were reco rded at 1 1  gAFil-J .m -2 ( F i g  6 . 4 )  
** Nea r  m ax i m a l  rate s  were recorded at 1 9  gAF DW .m -2 ( F i g 6 .  5 )  

E F 
BCW S BCW S 

G 
BCW S 

+ + 1 . 9 - 0 . 25 4 . 2 - 0 . 4  + 7 . 3 - 0 . 9  

2 . 8  2 . 8  3 . 9  

6 6 23  

+ + 1 . 55 - 0 . 2  2 . 22 - 0 + 2 . 3 9  - 0 . 05 

+ 0 . 4 - 0 . 32 
1 

0 . 0 1  
245 

+ + 1 . 0 7 - 0 . 3 2  0 . 81 - 0 . 1 1  
5 ·  50** 

0 . 023 0 . 2  
NO 1 50 

H 
BCW S 

+ 1 4 . 4 - 0 . 7  

5 . 2  

14 

+ 4 . 0  - 0 . 22 

+ 1 . 88 - 0 . 1 5  
35 

0 . 2  
500 

I\.) 
*"' 
..... 



TABLE 6 . 8 :  Resu l t s  o f  Nut r i ent Remov a l  St u d i e s Du r i n g  L a bo rat o ry C h a n ne l  E xpe r iments 

E xpe r iment Day TJl.N T,9_P Bi oma s s  "'n f l uent E f f l u ent Remov a l  '\ 'In fl uent E f f l uent Remov a 1' ( gAF DW .m -2 ) A I  
( x  .:_ s )  ( x  .:_ s )  ( -2 d - 1 ) ( g .m -3 ) ( g .m -3 ) ( -2 d- 1 ) g .m • g .m • 

A 8 . 7 1 7  + 0 . 669 + .00 1 . 1 1 7  . 0  7 4 + . 00 1  • 067 + 0 . 0 1 7  2 . 8  54 -
A 22 . 942 + .032 . 882 + 0 . 1 28 . 0 7 6  + . 002 .090 + . 004 -0 .03 3 1 . 8  6 7  

A 3 1  . 898 + 0 . 7 98 + .023 0 . 244 .087 + . 004 .0 76 + .0 1 1  N S  1 9  5 1  

0 8 1 . 36 + . 070 1 . 1 7 + . 07 0 . 432 . 2 5 9 + . 003 . 252 + .052 NS 1 1  2 70 
·, 

0 2 9  1 . 60 + . 050 1 . 66 NS . 233 + . 033 . 208 + . 00 9  N S  50 150 

G 1 5  . 883 + . 0 30 • 7 7 5 + . 005 . 1 42 . 1 1 9  + . 00 1  . 1 16 + .00 1 . 007 32 1 5 1  

G 32 NO NO NO . 1 26 + . 00 7  . 1 26 + . 002 NS 50 1 50 

H 1 4  1 . 2 7 + . 02 1 . 2 5  + . 0 1  N S  . 1 6 9 + . 00 5  . 1 50 + 0 0 . 046 20 2 50 N � 
N 
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The appar e nt i ncre a s e  i n  TDP d u r i ng pas sage th rough the channel  

o n  day 22  o f  e xperiment A i s  anoma lous . Short - t e rm 

var iations i n  the i n f l uent nutri ent concentrat ions cou l d  ha ve 

p roduced thi s  res u l t  but con tamina t ion of the e f f l uent samp l e  

i s  a mor e l ik e l y  caus e . 

6 . 2 . 4  C O N C L U S I O N S  

The d i s so lved organ i c  mate r i a l  ( as fBOD 5 � remova l rate i n  the 

Manawatu R i ver is mos t  strong l y  i n fl uenced by the o rgan i c  

concentra t i on of  the water and the hete rot roph i c  content of  the 

benth i c  commun i ty .  Tota l benth i c  bioma s s  had no s t at i s t i ca l l y 

s i g n i f i ca nt e f fect on the removal  rate over the range o f  

b i omas s  and orga n i c  concentrat ions i nvest igated i n  the i n  s i t u  

chamber st ud i e s . 

The tota l b ioma s s  requ i red to a ch ieve the ma x imum r emova l rate 

i ncrea sed w i th i ncrea s ing orga n i c  load i ng but compa rat i v e l y  

l i ght benth i c  g rowth s produced s ig n i f i ca n t  orga n i c  r emova l 

ra tes  at h igh fBoo 5 concentra t i on s  i n  t he laborat ory channe l s . 

The oxidat ion of  BOD5 had a m i nor e f fect on th e r e sp i ra t ion 

rate for the reaches from PNCC out fa l l  to  site B and be low th e 

wa s t e  mi x i ng zone ( i . e . ,  reach Dd- EF ) .  The removal  o f  th e 

organ i c  loa d i ng to th e r i ve r  wou ld  red uce th e resp i ra t ion ra te 

of the reach PNCC-B to be low the max imum acceptab le l e ve l of 2 0  
go 2 . m- 3 . d- l der i ved from the mode l l i ng stud ies ( S e c t ion 5 . 4 . 7 )  

but th e resp i ra t ion of  the reach Dd - EF wou ld rema i n  above th i s  

l ev e l  during s ummer lowf lows . 

The nut ri ent r emov a l  s t ud ies us ing th e 1. n  s i t u  chambers 1. n  t h e  
r i ver i nd i cate  that the d i s solved n i t rogen remova l rate is 

dependent upon the i n i t ia l  conce ntra t ion . The phosphorus 

remova l rate wa s qu i t e  var iabl e  but a h igh rate wa s obse rved 

for a metabo l i ca l ly active mixed epi l i thon under cond i t ions of 

h igh tempera t u re and h i gh init i a l  phosphor us concen t ra ti on . 

The two stat ion s tu d i e s  in the Manawatu R iver showed 

s ub stant ia l n i t rogen remova l oc curred be low the wa ste 

d i s charges d u r i ng s ummer low f l ow condi t ions d ur i ng low n i ght -
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t ime oxygen con d i t ion s . By contra s t  the da i l y a verage 

phosphorus  l ev e l s  e i th e r  i ncrea s ed downs tream or rema i ned the 

s ame over the r each s ugg est i ng tha t  the n i ght -t ime a no x i c  

cond i t ions i n  the benthos cau sed  r e l ea s e  o f  phosphorus 

previou s l y  bdun d  in the s ed iments i nto the water col umn . 

6 . 3  EFFECTS OF BENTH IC COMMUN I T I E S  ON SUS PENDED BI OMASS 

6 . 3 . 1  I N T R O D U C T I O N 

Th i s  s ection p r e s ents the res u l t s  o f  studies  on the e ffect on 

the product ion o f  s u spended coars e pa rt i c u l a t e  orga n i c  mat e r i a l 

( C POM ) o f  benth i c  growth s o f  sewag e  fung us a nd oth e r  

communi t i e s  with i n  th e Ma nawatu R i v e r  s tudy reach ( Fi g  1 . 2 ) . 

The s e  i nvo lved f i l t e r i ng a mea su red vol ume o f  r i ver wat er 

( S e c t i on 3 . 2 . 2 . 3 ) ,  o f  app rox imat e l y  1 m
3 , th rough a mesh net 

with 1 . 7  mm apertures ( i . e . , the net t ing used in  wh i t eb a i t  

f i sh i ng ne ts ) . 

The nu i sance l e v e l  of  s uspended CPOM product ion i s  d i f f i cu l t  to 

d e f i ne and wou ld d i ffer for th e d i f f erent impa cts . Howe v e r 

col l e ct ion .o f the samp l e s  u s i ng a wh i teba i t  mesh net a l lows 

d i rect m eas urements o f  the nuisance e f fect on th i s  a ct i v i ty . 

F i e l d  e xper iments conducted du r i ng the i n i t i a l  pha s e  o f  a spate  

had shown that sudden i ncrea ses in  c u rrent ve l o c i t y  promote 

ma s s i v e  s loughing of benth ic  biomas s  ( S ection 4 . 4 . 3 )  a nd 

l abo ratory channe l studies  had shown tha t the s l ough i ng los s e s  

can i ncrease  at th e end of the epi l i thon growth pha se ( S e ct i on 

6 • 2 • 3 • 2 ) • 

6 . 3 . 2 R E S U L T S  O F  S AM P L I N G R U N S  

The suspended CPOM concentrat ions and qua l i tat ive b enth i c  

b ioma s s  data recordect 0 n  s � mp l i ng r u n s  d u r i ng 1 9 82  t o  1 9 83 and 

1 9 8 3  to 1 9 84 are p r e s ente<l i n  F igures  6 . 4 and 6 . 5 respe ct i ve l y .  

At s i t e s  A a nd B , where photot roph s dom inated the ben th i c  

commun i t y , the su spended C POM conce ntrat ions were low ( l e s s  
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Figure 6 .5 ; Ben t h i c  Bi oma s s  and Suspended Coa r s e  

Par t i culate Organi c  Ma teri a l  ( CPOM ) i n  the Manawatu 

Rive r ,  De cember 1 9 8 3  to June 1 9 8 4 . 
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than 1 5  mg AFDW . m- 3 ) d u r i ng the spring , w i n t e i' a nd autumn 

s amp l i ng runs . Th i s  p robabl y  r es u l t ed from the low benth i c  

b ioma s s  cond i t ions a nd , when moderate t o  h i gh bioma s s  occurred 

( 4 /4 /84 and 1 8/6 / 84 ) ,  low growth rat e s  e xpected u nder the 

a u t umn a nd winter cond i t ions ( s ec t ion 5 . 3 . 5 ) . Howe ver dur ing 

s u mmer the s u spended C POM va l u e s  were s imi l a r  to or grea t e r  

than those i n  the reach conta i ni ng sewage f u ngus growths . O n  2 

F ebrua ry 1 9 83 ( F ig 6 . 4 ) the high va l ue at  s it e  A ( 440 mg 

AFDW . m- 3  C POM ) resu l t e d  from th e s l ough i ng o f  a diatom mat , 

dom i nated by Go mph o n e ma sp . ,  wh ich had deve l oped over the 

p re v ious three  week s . At s ite  B this  community was rep laced by 

one dominat e d  by the f i lamento u s  green a lgae S t i g e o cl o n i u m  sp . . 

wh i ch r e s u l t ed in  lower suspended C POM va lu e s . E l evated va l ue s  

were a l so recorded a t  s i te A on 6 / 1 2 /8 3  ( Fig 6 . S ) when c .  

g l o m e r a t a  wa s deve lop i ng and a t  site  F on  1 6 / 1 /84 ( F ig 6 . 5 ) 

whe n  a d iver s e  phototroph i c  community occurred . 

S uspend ed CPOM l ev e l s  w i th i n  the reache s conta ining mac ros cop i c  

s ewage fungus growths were quite va riabl e .  However wh en 

benth i c  s ewage fungus g rowths were common or covered mos t o r  

a l l  o f  the b e d  at  veloc i t i e s  o f  0 . 2 5 t o  0 . 5  m . s - l ( abundance 

l eve l s  4 to 6 ) ,  th e va l u e s  we re a lways greater tha n  3 5  mg 

AFDW . m- 3  and often exceeded 1 00 mg AFDW . m- 3 . The highe s t  

va l u e s  at  the respect i ve s i t e s  wer e  recorded wh en th e sewa ge 

f u ngus  covered the r iver bed . 

- 3  A t  a su spended CPOM conc entrat ion o f  1 0 0  g AFDW . m  the 

wh i t ebait net mesh cat ch n e t  became c logged a fter approx imat e ly 
- 1  three minutes a t  a cu r r e nt ve locity o f  0 . 5 m . s . Thi s  wou ld 

a lmos t  certa i n l y  be con s ide red a nuisance level  by wh i teba it 

f i sh e rmen . 

The h igher s uspenJed C POM Vd l u e s  a t  s i te F under s imi l a r  

benth i c  bioma s s  l eve l s  t o  thos e a t  s it e s  C t o  E on 4 / 1 0 /82 a nd 

1 4 / 1 0 / 8 2  ( F ig 6 . 4 ) probably  r e s u l t ed from the compara t iv e l y  

l ong 3 ki lome t re run above t h e  s it e . Suspended bioma s s  wou ld 

t end to rema in  su spended through th i s  reach due  to the l ack o f  

q u i e s cent area s ( pools ) wh ich enhance bioma ss  s ett l ing . 
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Both pho totroph i c  and s ewag e  fungus  dom i nated benth i c  

communit i e s  ca n produce large i ncrea s e s  in  s u spended C POM 

concentrat ions cau s i ng a potent i a l  n u i sance to r i ve r  users . 

E le vated l eve l s  were recorded i n  reaches con ta i n ing s ewage 

fungus and in photot roph dom i nated rea ches dur i n g  b iomas s  

s lough i n g  and periods whe n  h igh growth rates wou ld b e  e xpect ed . 

Low l e v e l s  wer e  recorded over reach e s  with l ow benth i c  

heterot roph i c  b i oma s s  and reaches w i th moderat e  t o  h i gh photo­

troph i c  biomas s  under cond it ions when low g rowth rates wer e 

e xpected . 
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CHAPTER 7 .  

EF � E C T S  O F  O �G A N I C  W A S 1 E WA T E �  D I S C H A R G E S  A N D  S OM E  P H Y S I C A L  

F A C T O � S O N  B E N T H I C  C O M M U N I T Y D E V E L O PM E N T  

7. 1 I NTRODUCT ION 

I n  the p re vi ous  two chapt ers i t  wa s shown that both photo­

t roph i c  and het erot roph ic benth i c  commu n i t i e s  can create a 

n u i sance by impinging on human u s e s  of  the r iver  and i nh ib i t i ng 

the  ma i ntena nce of a hea l thy aquat i c  e cosys tem . Sewage fungus 

development is cons idered to be par t i c u l a r ly t roub l e some due to 

the greater detrimenta l impact of th i s  " u nnat u ra l- look i ng " 

ma t e r i a l on r iver aes thet i c s , i n  add i t ion to its  e f fects on 

s uspended b i oma s s  p roduction , a nd oxygen d epl et ion . Mode l l ing 

s t udi es ha ve indicated tha t  the benth i c  b ioma s s  concentra t i on 

re s u l t i ng i n  unacceptable  night-t ime deoxygenat ion decrea s e s  

f r om approx imately 1 5 0 gAFDW . m- 2 a t  l 2 ° C t o  approx i ma t e ly 34  
-2  to 4 5 gAFDW . m  at 2 1 ° C ( S ect i on 5 . 4 . 7  ) .  An acceptable 

benth i c  cownu nity might the re fore be de f ined a s  one i n  wh i ch 

the bioma s s  concentrat i on does not e xc ee d  approx i mate ly 3 4  to 
- 2 . 4 5 gAFDW . m  dur 1ng s umme r low f l ows and s ewage fungus fronds 

a re not macroscopica l l y  v i s ib le on the r i verbed ( h ete rot roph i c  

b ioma s s  l e s s  than abunda nce leve l 3 ) . The re s u l t s  pres ented in 

the previous two chapters show that the s e  cond i t ions were no t 

cons i s te nt ly met i n  the Manawatu R iver d u r i ng th e s t udy pe r iod . 

I n  the s t udi e s  prese nted in th is chapter  the re l a t i onsh ips 

between orga n i c  wa ste concentra t i ori and the deve l opment of 

epi l ithon , in gen era l , and s ewage fungus , in pa r t ic u la r ,  wer e  

s t u d i ed by e xperiments a nd obs e rvat ions i n  the Manawa tu R i v e r  

s tudy reach a nd in two ident i ca l  laboratory channe l s . The s e  

s t udi es invo l ved the fo l lowing : 

( i )  Qua l i ta t ive a s s es sment o f  the compo s it i on a nd 

ma c ros cop i c  a bunda nce o f  the na t u ra l benth i c  commu n i t i e s at  

r i ver s i tes w i th d i f fe rent orga n i c  was te concentrat ions . 

( i i )  Mea s u rement o f  ep i l i thon g rowth ra t e s  on conc rete 

a r t i f i c ia l subs trates i ncuba ted unde r a ra nge of orga n i c  
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conce ntra t ions . Th i s  a l lowed the e s t imat ion o f  the t ime taken 

for " nu i s a nce leve l s " o f  ep i l i thon t o  develop under d i f ferent 

was t ewat e r  load ing cond i t ions . 

( i i i )  Mea s ureme nt o f  th e g rowth , resp i ratory and  

photosynth e t i c  rates of ep i l i thon deve loping in  the laboratory 

cha nne l s  whe n  d i f ferent co ncentrat ions of MC DC or BCWS 

wa s t ewat e r s  were added under  standa r d  cond i t i ons of l igh t ,  

t empe ra t u re and c u rrent ve loc i ty . 

I n  the r iver e xper iment s the var i ab l e  na tu re o f  th e wa s t ewat e r  

d i scha rges ( S ec t i ons 2 . 3 . 2  t o  2 . 2 . 5 )  and r i v e r  f low , and the 

d i f f icu l t i es encount ered w i th the r i ver wat er  s amp l i ng ( S e ct ion 

3 . 3 . 1 . 1 ) ,  nec e s s i t a t ed th e use of e s t imated average orga n i c  

conce nt r a t ions c a l c u lated f rom th e e f f luent d i s charge data a nd 

resu l t s  o f  s e l f-p u r i f ica t i o n  s t ud i e s  ( S ect ion 6 ) .  

I n  add i t ion observat i ons we re made on the t re nd s  i n  ma c rophyte 

d eve lopment th roughout the s tudy reach . 

7 . 2  MANAWATU RIVER STU D I E S  

7 . 2 . 1  S I T E  DA I L Y  M E A N  BO D 5 C A L C U L A T I O N S  

The Manawat u  River s t udy reach ( F ig 1 . 2 )  prov i d e d  a ra nge o f  

o rga n i c  was tewa t e r  co n ce n t r "l t i o n s  d u e  t o  th e fo l l o w i n g  f a c to r s : 

( i ) the s eque n t ia l  add it i on to th e r i ve r ,  a t  3 . 8  and 1 . 8  

k i l ome t r e i nt e rva l s ,  o f  the three d i f f e rent types o f  wa s t ewat e r  

d i s cha rge ( S e ction  2 . 2 ) . 

( i i )  the changes i n  orga n i c  ma t er ia l concent r."'. t ion d u e  to the 

requ i r ements o f  the new wat e r  r i gh t s  ( S ect ions 2 . 2 . 2  to 2 . 2 . 5 ) 

and s e a s onal n n d  i ndust r i a l s toppag e s . 

( i i i ) the pre s e nc e  o f  a 1 0  k m  long reach , witlt re l a t ive ly 

una l t e re d  phys ica l condi t ions , between th e end of the wa s t e  

m i x i ng zone ( S i t e  D )  a nd Op ik i B r idge ( S i te F ( F ig 1 . 2 )  wh ich 

receive s  no fu rth e r  d i s cha rg es or tr ibuta ry i n f l ows a nd wi th i n  
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whi ch s e l f-pu r i f i ca t ion proces s e s  r e s u l t  in a rang e o f  wat er 

qua l i ty con d i t ions ( S e ct i on 6 . 2 . 2 . 1 ) . 

Th i s  reach was there fore s u i tabl e  for s tu dying benth i c  

c ommu n i t i e s  under a range o f  d i f ferent cond i t ions . However a 

number of probl ems were encountered whe n  dea l ing with the river 

s y s t em .  For examp l e  the va riable nature of the e f f luent 

d i scharges ( S ect ions 2 . 2 . 3  to 2 . 2 . 5 )  and river f l ow ( Se c t ion 

2 . 1 . 1 . 1 ) compl i ca ted th e int erpretation o f  orga n i c  was te 
.. 

concentration data ob tained from both g rab a nd twenty- fou r hou r 

compos i t e  r iver  wat er samp l ing .  Because  o f  th i s  the mean da i ly 

BOD 5 va lues  at the d i f ferent s i tes were cal cu l a t ed us ing 

e f f l uent  loa d i ng da ta a nd r i ve r  f low data and  the orga n i c  

r emova l rat e s  i n ferred a ft er con s idera t i on o f  the rate s 

re corded i n  th i s  s tudy ( S ec t ion 6 )  a nd previous studies o f  the 

Ma nawatu River ( Currie , 1 9 7 7 ; Ruther ford and Currie , 1 9 79 ; 

C u r r i e  a nd Ruth e r ford , 1 9 82 ) . 

The mean BOD5 concent ra t ions at each rive r  site  were 

ca l c u la ted , by compute r , for each day from l / 2 / 82 to 1 8/ 6 / 84 

( Appe ndi x I ) . Wi th i n  the waste d i s charge zone the fol low i ng 

f i r s t  order -d e cay equat ion wa s us ed : 

where : 

= 

= 

ww = 

= 

= 

( Equat ion 7 . 1 )  

- 3 
BOD 5 at the downst ream s it e  ( g . m  ) 

BOD 5 d i r e c l l y  abo ve the u p s t re � m  rt i s cha rge 

( g . m- 3 ) 

da i ly wa s t ewater  Boo 5 load i ng ( k g . d- 1
) ( s e e  

Tab l e  7 . 1 )  

Ma nawa tu R i ve r  f low ( m
3 . s - 1 ) 

Rea ch tra ve l t ime a t  Q = 2 0  

( Wat son , 1 9 84 ) 

3 - 1 m • s ( W i 1cock , 

1 9 84 ( a ) )  

BOD S at s i te A = 0 . 6  g . m- 3 ( the ave rage va l u e  recorded 

dur i ng th is  study ) ( e . g . , Tab l e  7 . 5 ) 

= Rive r  fi rs t o rder d ecay rat e  ca l cu lated from 

Ma nawatu River va l u e s  ( Table 7 . 2 )  ad j us ted for 
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Was tewa t e r  
D i s charge 

PNCC 

PNCC 

MCDC 

BCWS 

BCWS 

Wa s t ewat e r  BOD S Load i ng Ra t e s  Us ed i n  Manawat u  River Boo
5 

Ca lculat ions 

Wa s t ewat e r  
Tr eatment 
Practi sed 

Over I nterva l 

Pr ima ry 
( S e ct i on 2 . 2 . 3 )  

Pr ima ry p l u s  
a l um floc c u la t i o n  

( S ect ion 2 . 2 . 3 )  

None 
( S e c t i on 2 . 2 . 4 )  

Pr ima ry 
( S ect ion 2 . 2 . 5 )  

Pr ima ry p l u s  
anaerob i c  

·( s ect ion 2 . 2 . 5 }  

I n t e rva l 

0 1 / 0 2 / 82 - 3 1 / 1 2 / 83 1 ) 
1 3 / 0 3 / 84 - 3 1 / 0 3 / 84 + ) 
2 7 / 0 4 / 84 - 1 6 / 0 6 / 84 ) 

0 1 / 0 1 1 84- 1 2 / 0 3 / 84 } 
0 1 / 0 4/ 8 4 - 2 6 / 0 4 / 84 ) 

0 1 / 0 2/ 8 2 - 1 8 / 0 6 / 8 4  

0 1 / 0 2 / 3 2 - 3 0 / 04 / 84 

0 1 / 0 5 / 84 - 1 8/ 0 6 - 84 

BOOS Loa d i ng 
Rate u s ed 

- 1  (kg  . BO D S • d ) 

6 3 7 7  

3400 

x.:t,s = 7 860 + 72 2 1  
max imum = 3 5 39 7 
miminum = 0 

x.:t.s = 2 86 0.:!:3 8 1 0  
ma x imum = 1 0800 
mi nimum = 0 

Comments  

Mea n  o f  s even mea s u r ements  
during Augu s t  a nd November 
1 9 83 ( Anderson 1 1 9 83 ) 

Mean o f  s even samp l i ng s  during 
a l um dos i ng of prima ry e f f l uent 
January a nd February 1 9 84 
( Ande r s on 1 1 9 84 )  

Mea s ur ed BOO loa d s  ca l c u­
lated from flow related com­
pos i t e  samp l e  a na l y s es and 
cont i nuou s f l ow mea s u rements 
( Me re d i th 1 1 9 84 )  

Ca l c u l a ted from BCWS k i l l  
figu.'r e s  ( Franc i s  1 1 9 8 5 ) u si n g  
th e conve r s ion factor o f  0 . 86 
kg BOOS/lamb u n i t  calculated 
from s 1x t een days data Ja nuary 
to Apri l 1 9 83 ( Gi l l i land , 1 983 ) 

x.:t.s = 2 1 1 5.:!:1 79 0  Cal cu l a t ed from BCWS k i l l  
max imum = 4 1 7 5 figures ( Franc i s 1 1 985 ) u s i ng 

conve rs ion factor o f  0 . 35 kg 
BOOs/ lamb u n i t  calculated from 
May a nd June 1 9 84 ( G i l l i land , 
1 9 84 ) . N 

U1 fV 
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TABLE 7 . 2  BOD5 Decay Rate Va l u es ( k 1 ) U s ed i n  S i t e BOD5 Ca l cu l at i o�s .  

R each 

PNCC 

PNCC 

MCDC-C 

BCWS-0 
a n d  D-E 

E -E /F 

E /E F  

I n te r va l s 

0 1 /0 2 /82 - 3 1 / 1 2 /83 ,  ) 
1 3 /0 3 /84- 31 /03/84 + ) 
2 7 /04/84 - 1 6 /06 /84 ) 

0 1 /0 1 /84- 1 2 /03/84 ) 
0 1 /04/84-2 6 /04/84 ) 

0 1 /02 /82 - 18/06/84 

01 /02/82 - 18/06/84 

01 /02/82 -30/04/83 

O t /05/83 - 1 8/06 -84 

0 1 /0 2 /82 - 1 8/06 /84 

- 1 ) k 1 ( 2 0 ) ( h r  

0 . 1 5  

0 . 063 

0 . 20  

0 . 20 

0 . 1 5  

0 . 0 8  

0 . 06 

Commen t s  

Meas u red va l ue a t  h i gher BOO 
(Cu rr i e  and R u t herford , 1 982 

Aeasu red va l u e  at l owe r BOD5 
l oadi n g on 29/2 - 1 / 3 /84 
( Sect i on 6 . 2 . 2 . 1 ) 

F rom summer mea su rements 
( Sect i on 6 . 2 . 2 . 1 ) 

F rom s ummer meas u rements i n  
t h i s  stu dy ( S ect i on 6 . 2 . 2 . 1 ) 
a n o  Cu rr i e  ( 1 97 7 ) .  

F rom resu l t s  of t h i s s t u dy 
( Sect i on 6 . 2 . 2 . 1 ) .  

Avera ge measu red  ra t e  o v e r  
rec1ch  D - E F  J a n u a ry - F e b ru a ry 

1 984 ( Sect i on 6 . 2 . 2 . 1 ) .  

A ve r a ge meas u red va l u e , 
C u r r i e ( 1 9 71 ) . 
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the average t emperat u r e  us i n g  the van ' t  Ho f f ­

Arrhenius  r e l a t ionship : 
( T  - 2 0 ° C ) 

k1 ( 2 0 )  8 ( Metca l f  a nd Eddy , 1 9 79 .  

where  ·the s va l u e  o f  1 . 1 1 2  was obta i ned by s o l v i ng the van '  t 

H o l f Arrh e n i u s  equat ion for s a fter  s ubs t i t u t i n g  the k l ( T )  and 

k 1 ( 2 0 )  va l ues  for the resp i ra t i on rates pre d i c ted by equat ion 

5 . 3  ( Tabl e  5 . 2 )  for a con s ta nt typ i ca l  bioma s s  o f  5 0  

gAFDW . m- 2 a t  t emperatures o f  l l  t o  2 0 ° C  ( i . e . , the range of 

a verage r i ve r  t empe ratures d u r i ng th e period s  p r i or to  b i oma ss 

obs erva t ions ( F i g s  7 . 1 a nd 7 . 2 ) ) .  Thi s  app roa ch is  bas ed on 

the a s s umpt ion that a s to i ch i omet r i c  r e l a t ionship e x i s ts 

be t ween the h e t e ro t t ·oph i c  r e spi rat ion l-a t e a n d  the BOD 5 remova l 

r a t e . Th i s  i s  e xpec ted to b e  va l id ove r th e t i me p e r i od o f  

da y s  o f  i n teres t here . 

The 8 va l u e o f  l . l l 2 o h t a. i n e <l f rom th e h e t e r o t roph r e s p i r a 1: i. o n  

ra t e  re la t i onship i n  the Ma nawatu R iver i s  s i mi la r to t h e  va l u e  

o f  1 . 1 3 5 report ed fo r BOD 5 remova l in  the Mi s s i s s ippi R i v e r  

over  the t emp e r a t u r e  r a n g e  betwee n  4 and 20 ° C  ( Schroep fer e t  

a 1 , 1 9 64 ) . 

At s i tes  be l ow the wa s t e  d i s charge zone ( i . e . , be low s i t e  D )  

th e <'l a i  l y  me a n  BOD5 conce ntra t ions were calcu l a t ed u s i n g  the 

fo l low ing s i mi l a r equat ion . 

( E qua·t ion 7 .  2 )  

- 3  
wh e re : 130D5 ( A ) = BOD 5 at the a d j ace nt ups t ream s i t e  ( g . m  ) 

a n d  k l ( T ) ' t 2 0 , Q a r e  as rl e f i ned i n  Equat ion ( 7 . 1 ) .  

I t  was cons ide red tha t  the s e  ca l cu lated BOD� va l ues ga ve  a 
::> 

better i nd icrt t ion of the a verage BOD 5 cond i tions a t  the r i ve r 

s it e s  th an th e r e s u l t s  o f  a na l y s e s  o f  grab o r  even 2 4  hour 

compos ite r i ver water samples  c o l l ected on o n e  occa s ion a t  the 

t i me of bioma s s  ob se rva t ions or d u r i ng a g rowth e xp e rime nt . 

The ca lcu lated va lues  were used i n  the i nvest igat ions o f  the 

r e la t ionsh ips between was tewat e r  conc e n t ra t ions and het e rotroph 
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a nd phototroph ma croscop i c  abu ndance ( S ections 7 . 2 . 2  and 7 . 2 . 4 )  

and epi l ithon growth rat e s  ( S e ct ions 7 . 2 . 5 and 7 . 2 . 6 ) . 

7 . 2 . 2  E F F E C T S O F  W A S T EW A T E R  C O N C E N T R A T I O N  O N  MA C R O S C O P I C  
A B UN DA N C E O F  H E T E R O T RO P H S ( B AC T E R I A  A N D F U N G I ) 

Th e res u l t s  of the ma cros cop i c  abunda nce s u rveys of  hetero­

t roph i c  mi c ro-orga n i sms ( ba c t e r i a  and fungi ) i n  the Ma nawat u 

R i ver between Ma rch 1 9 8 2  a nd J u ly 1 9 84 a nd oth e r  re l e va nt 

e n v i ronme nta l d a ta a r e  S l l 1 1 l 1 la r i s ed i n  P i g u .t e s  7 . 1  a nd 7 . 2 .  The 

s t ra i ght l in e s  a nd cubic sp l in e  c u rves j oi n i ng the data poi nts 

a re i nc l uded to a id the i r  iden t i f icat ion rath e r  tha n  for u s e  in 

i nt e rpola t i ng va l ues between obs e rva tions , a l though th is  c ou l d  

b e  j u s t i f i e d  for some of  the variabl e s  ( e . g . , radia t i on and 
t empe rature ) . 

The leve l o f  mac ros copic  abunda nce o f  heterot roph i c  micro­

organi sms ( bacteria  a nd fung i ) wa s obs e rved to va ry through the 

year and a t  d i f fe rent r ive r s i tes  at any instance ( F i gs 7 . 1 a nd 

7 . 2 ) . Howev e r  a t  s i t e  A ,  above the d i s charges , th e h e t e rot roph 

ab unda nce wa s a lways zero ( i . e . , no obv ious  g row th on hand h e l d 
s t on e s ) . 

A t  S ite  B ( F ig 1 . 2 ) th e d i scha rge  of s u f f i c ient pr ima ry trea ted 

o r  pr ima ry p l u s  chemic.=t l ly trea ted , dome s t i c sewa g e  ( Ta b l e  7 .  l )  
to increa se the backg rou nrl BOD 5 of app ro x imate ly 0 .  6 g .  m - 3 t o  

b e twe e n  1 . 2  a n d  3 . 3  g . m- 3 d i d  n o t  r e s u l t  i n  the g ro w � 1  o f  

h e t e rotroph i c  frond s on the r i ver bed e xc ept dur i ng June 1 9 84 

( F i g 7 . 2 ) . On thi s  o ccas ion i sola ted fronds o f  the true fungus 

L ep t om i t u s l a ct e u s  were pres e nt . Th i s  spec i e s  ha s a n  opt i mum 

t emperature for g rowth of 8 ° C  ( Z ehend e r  a nd Boek , 1 9 64 ) a nd wa s 

a l s o  occa s i o na l l y  pres e nt as i so lated fronds at othe r s i tes  

be low the d i s charg e s  duri ng w i n ter but wa s not obs e rved at  

r i ver tempe ratures i n  excess of  l 4 ° C .  The growth o f  s . na t a n s 

dominated bac te r ia l s l imes at S i te B was a lways l imi ted to 

ba re ly vi s ib l e  s t rand s  atta ched to a lgae a nd th i cker f i l ms on 

the unders i d e s  of s tones and a rt i f i c i a l s ubs tra tes  ( S ec t i o n  

7 . 2 . 6 . 2 ) . However o n  5 / 1 2 / 84 s .  na t a n s domi nat ed frond s were 

common 3 0 0  m below th e PNCC out fa l l  whe r e  th e pr ima ry t reated 
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Figure 7 . 1 :  Heterotroph Macroscopic Abundance and Related 

Environmental Data at Sites in the Manawatu River , 1/2/82 

to 1/6/83 . 
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s ewag e  e f f l u ent  was not f u l ly mi x ed with the r i ve r  water . 

The s e  obs e rva t ions are con s i s tent  with those mad e  i n  outdoor 

chann e l  s tud i e s  on the e f fects  o f  p r ima ry t r ea t ed s ewage on 

benth i c  commu n i t y  development ( Wuh rmann , 1 9 5 4 ;  Z i mme rma nn , 

1 9 6 1 ; E i ch e nbe rge r ,  1 9 7 5 ) ( S ect ion 2 . 3 . 4 . 2 ) . 

At s i t e  C ,  1 . 8  km down s t r eam f rom the MCDC d is char g e  ( F ig 1 . 2 ) ,  

ma c ro s cop i ca l ly vi s ib l e  h e t e r o t roph i c  growth s wer e  obs erved i n  

the s u rveys e xcept d u r i ng the late a utumn a nd winter  per iods of 
minimal  MCDC d i s cha rge ( Ap r i l to late-August 1 9 8 2 ; May to 

min -Augu s t  1 9 83 ; May to mid -Augu s t  1 9 84 ) ( F i g s  7 . 1 a nd 7 . 2 ) . 

- 1 At c u r rent veloc i t i es o f  0 . 3  to 0 . 5 m . s  , heterot roph fronds 

wer e  common ( l eve l 4 ) , covered many sur faces ( l eve l 5 )  or 

covered the who l e  river  bed ( l eve l 6 )  at c a l c u la t ed mea n 
- 3 

BOD 5 va l u e s  of 2 . 9 to 9 . 0  g . m  ( F ig 7 . 3 ) . Thu s  compa r i t ive ly 

m i no r  i nc re a s e s  in BOD 5 due to the MCDC d i s charge  often 

r e s u l t ed i n  a l a rge i nc r ea s e  i n  h et e rot roph abun da nce R t  s i t e  

c .  For e xamp l e  a t  ili e  end of August  1 9 83 the he t e r otroph 

abundance lev e l  i ncreased from 0 a
'
t site  B ,  whe r e  the 

ca l c u l at ed mea n BOD 5 1 . 5 5  - 3 to 5 at s it e  c i n  was g . m  I response  

to  the d i scha rge of s u f f i c i e n t  MC DC e f f l uent to  i ncrea s e  th e 

r i ve r BOD 5 by 1 . 4  g . m
- 3  and r a i s e  the ca l c u lated mea n BOD5 at 

s i te C to 2 . 9  g . m- 3 ( F i g  7 . 2 ) . The s e  r e s u l t s  show tha t an i n­

r ive r BOD5 l imit o f  5 g . m- 3 i s  not e f fective i n  preven t i ng 

ma c ros cop i c  heterot roph i c  growth wh en mos t  of th e orga n i c  

mat e r i a l  i s  untr eated dai ry factory e f f luent . 

One anoma lous obs e r vat ion wa s mad e  on 2 6 / 1 1 / 8 2  whe n  

h ete rot roph s  we r e  only p r e s ent as  i s o la ted f rond s , dominated by 

s .  na t a ns and F l a vo ba ct e r i u m ,  de sp i t e  very high MCDC d i s charge 

l eve l s  a nd a c a l c u lated mean BOD 5 con c en t ra t i on a t  site C of 
- 3 

9 . 7  g . m  ( F i g s  7 . 1 and 7 . 3 ) . Low epi l i thon growth rates , 

s imi la r to thos e  at s i te A ,  we re a ls o  recorded a t  s ite C on 

2 2 -2 6 / 1 1 / 8 2  ( S ec t i on 7 . 2 . 6 . 3 ) . 

more abundant ( l eve l 5 ) 

At s it e  D the het e rotroph s were 

and the 

were an orde r  of magnitude h i gh e r  tha n  

epi l i thon g rowth rates 

those a t  s i t e  C ( F ig 

7 . 1 3 ,  S e ct i on 7 . 2 . 6 . 3 )  desp i t e  a ve ry mi nor BOD 5 i nc r eas e 

0 . 6  g . m- 3  due to the BCWS d i s cha rge o f  pr ima ry t reated 

o f  
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BEIH H I C  HETEROTROPH I C  B I OMASS ABUNDANCE LEVEL 
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Figure 7 . 3 :  Graph of Benthic Heterotrophic B iomass Abundance 
Level ( Appendix B )  at S ite C Versus Calculated !'-ban BODs Over 
the Ten Days Prior to the B iomass Observat ions . 
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m ea tworks e f f l uent . Further downst ream a t  s it e s  E and F the 

heterotroph abundance wa s s imi l a r  to tha t at s it e  D ( F i g  7 . 1 )  

but growth rates at s i te s EF and F were h ighe r  than at D ( F i g  

7 . 1 3 ) desp i t e  lower BOO S concentra t ions ( F ig 7 . 1 ) .  Th e res u l ts 

o f  th e l abo ratory cha nn e l  s tud i e s  ( S ec ·t i on S . S . 3 and 7 . 3 )  a nd 

r i ver obs e r va t ions at the' end o f  Apr i l  1 9 82 ( s e e  be low )  

indicate tha t  i t  i s  u n l ikely  that the i nc rea s e d  het erot roph 

abunda nce and  epi l ithon growth rates be l ow s i t e  C res u l te d  

d i re c t l y  f rom th e BCWS orga n i c  load i ng . O n e  pos s ib l e  

e xp l anat i on for th i s  a noma l y  is  that components o f  the MC DC 

wa stewater  prod uced growth i nh i b i t ion a t. t:he h igh 

c o n c e n t r a t i o n s  a t  s i t e  C b u t  U 1 i s  e f fe c t  was removed a t  the 

downstream s i t e s  wh e r e  the concentration of the i nhibi t ing 

components wou ld be e xp ec t ed to be reduced by s e l f-pu ri f icat ion 

proces s e s . 

Nut r i e nt l im i tat ion o f  h e te r ot roph i c  growth i s  not a l ik e l y  

expla na t ion s i nce both t h e  PNCC and M C DC d i s charges contribute  

s i g n i f i cant nutri ent loads  ups t ream o f  s i t e  C ( Se c t ions 2 . 2 . 3 , 

2 . 2 . 4  a nd Tab l e  7 . 5 ) . I nh ib i t ion o f  g rowth by solar rad i a t i on 

i s  a l s o  un l i k e ly s i n ce hete rot rophs we re abunda nt at th e oth e r  

s i tes furth e r  downs t ream on 2 6 /l. V B 2 a nd a t_ s i te C o n  other  

oc cas ions when s im i l a r  rad iat ion i nputs oc cur red ( F igs 7 . 1 a nd 

7 . 2 , Section 4 . 4 . 1 ) . Al so growth ra tes s tud i e s  at s ite 0 d i d 

not show s o l a r  rad i a t i o n  i nh ib i t ion o f  g rowth u nde r h igh er 
- 2  - 1  

a v e r a g e  dai l y  total  s u rfa ce ratl i a t ion l eve l s  ( 2 4 . 6  MJ . m  . d ) 

( S e ct i on 4 . 4 . 2 ) . 

The obs ervat i o n s  on 2 9 /4 / 8 2  ( F i g  7 . 1 )  i nd i c a t e  tha t  the PNCC 

wa s tewa ter has a l e s s e r  e f fe c t  on h e t e r o t r oph abunda nce p e r  

u n i t  BOD 5 than th e MCDC was t ewater . A mea n  ca l c u lated Bo o 5  o f  
- 3 ( 

4 g . m over the ten days prior to th i s  o c ca s i on d i d  not r e s u l t  

i n  mac ros cop i c  heterotroph i c  growth a t  s i t e  C .  Thi s wa s 

apparen t l y  d u e  to the l ow r e l a t i ve contr ibution of the MC DC 

wa s t ewater to the BOO S · The MC O C  d i s charge was on ly s u f f i c i ent 

to  cause a n  a verage increa s e  i n  the river  BOD 5 by 0 . 8 

g . rn-
3 

wh erea s the PNCC d i s charge was s u f f i c i e nt to i ncre a s e  th e 

r i ver BOOS by 3 . 3  g . m-
3 

upon m i x i ng . 
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Dur i ng the summe r month s ( i . e . , December to Ma rch i n c l us ive ) o f  

1 9 82 / 8 3  the MCDC B005 d i s cha rge exc eeded the a uthor i s ed l eve l 

by 6 5  + 1 0 1 %  ( x  + s )  whereas during the corre spond ing period o f  

1 9 83 / 84 the d i s charge e xc eed ed tha t  permi tted by only 8 + 5 2 %  

( x  + s )  ( ca l cu lated from MCOC d i s charge and r i ve r  f l ow data 

( Gi l l i la nd , 1 9 84 ) us i ng tn e LMRTC ( 1 9 80 ) a l l owabl e  d i s charge 

formula ) .  The ca l c u lated mea n BOD 5 va l ue s d u r i n g  th e s e  

i nterva l s  at s i te C over the t e n  day per iods pr ior t o  the 

b i oma s s  obs ervat ions dec l i ned from betwee n  3 . 8 a nd 7 . 2 
. - 3  . I - 3 d . 

g . m  d u r 1ng 1 9 82 83 to between 3 . 1 and 5� 0 g . m ur1ng 

1 9 8 3 / 84 . Th i s  only res u l ted i n  a minor dec r ea s e  in  heterot roph 

abunda nce at  s i t e C ( F igs  7 . 1  a nd 7 . 2 ) . Thi s  sugge s t s th a t  the 

a l l owabl e  i nc r ease  in  th e river  Boo5 due to the MCOC d i scha rge 

wou ld need to be reduced to l e s s  than that permitted by the 
- 3  current water  r ight ( 2 . 9  t o  2 . 4  BOo5 . m  for river  flows o f  1 3  

to 3 0  m3 . s - 1 ) i n  order to s ubs tant i a l ly  reduce  the s ewage 

fungu s growth i n  th e rea ch from the outfa l l  to s i t e  C .  However 

the e xpected fu rther red u ct i on in  the PNCC B00 5 l oa d i ng 

upstr eam ( Fi g  1 . 2 ) due to the a erated lagoon t rea tment from 

5 / 3 / 8 4  ( S ec t i on 2 . 2 . 3 . 4 )  may reduce th e e f fect o f  th e MCDC 

add i t i on to a l im i ted deg re e . These  res u l ts and thos e f rom 
29 /4/ 8 2 , d i s cu s sed ea r l i er ,  i nd i cate that the ma x i mum a l lowable 

i nc rea s e  in  river BOD 5 d u e  to the MCDC d i s charge without 

prod u c i ng ma cros copic het e rot roph i c  fronds at s i te C u mler  

s umme r low f low cond it ions l i es betwee n  0 . 8 a nd approx i mat e l y  
- 3 2 . 5 g . m  . 

The heterot roph i c  bioma s s  at s i te D ,  1 . 4  km be l ow the BCWS 

d i s charge , re s u l t s  from the comb i ned e f fect s  o f  a l l  the 

upstre am d i s cha rges ope ra t i ng . However the res u l t s  s uggest  

tha t  the MCOC d i s charge h a s  a large  i n f lu ence . Hete rotroph i c  

frond s we re uncommon ( leve l  3 )  o r  absent ( leve l s  0 - 2 ) at s it e  D 

d u r i ng th e s ea s ona l shut-down of  the MCDC d i s cha rge ( f rom Apr i l  

to late-Augus t  1 9 82 , May t o  mid-Augu s t  1 9 8 3  a nd May to 

mid -Augus t 1 9 84 ) but were common ( l eve l 4 � or cove red most or 

a l l  o f  the r iver  bed ( l evel  5 and 6 respec t ive ly ) d u r i ng the 

period s  o f  s i gn i f icant MCOC d i s charge e x cept on 6 /l / 84 ( F i gs 

7 . 1  and 7 . 2 ) . Du r i ng the late  winte r  and spr i n g  months of  ni l 

BCWS d i s charge p i nk i sh- tan het erotroph i c  fronds we re common or 
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covered mos t o f  the bed a t  s it e  D a t  ca l c u lated mea n  

B O D 5 l eve ls ,  due ma i n ly to the MCDC d i s cha rge , o f  2 . 8  to 3 . 4 

- 3 ( F igs  7 .  1 a nd 7 . 2 ) . By contr a s t  a t  the end o f  Apr i l  g . m 

1 9 82 BOD 5 o f  5 . 8  
- 3  d i d  not p roduc e the growth of  a mean g . m  

heterotroph ic fronds at s i t e  D ( F i g  7 .  1 ) . On th i s  occa s ion 

only a s ma l l  fra c t i on of  •the BOD 5 a t  s it e  D wa s due t o  the MCDC 

d i s ch a rg e ,  wh i ch i ncreased the mea n r i v e r  BOD 5 by only 0 . 8 

- 3 g . m  upon mi x i ng , 3 . 2  km ups t ream o f  s it e  D .  Mo st o f  the 

B O D 5 at D wa s due to the BCWS d i s ch a r ge , whi ch i ncrea s ed the 
- 3  r i ver B O D 5 b y  3 g . m  , 1 . 4  k m  ups t re am o � D ,  b u t  some wou ld  

a l so have been  d u e  to  th e p rima ry trea ted PNCC d i s cha rg e ,  wh ich 
- 3  

i nc reased  the r i v e r  B00 5 by 3 . 3  g . m , 7 km upst ream o f  s i te D .  

Th es e r e s u l t s  s ugges t that the BCWS was t ewater  has a l e s s e r  

e f fect on hete rot r oph i c  g rowth per un i t  BOD 5 tha n th e MCDC 

wa stewa t e r . Th e Apr i l  1 9 8 2  r e s u l t s  i nd i ca te that an average 
- 3 5 . 0  g . m  may be app ropr i a t e  for i n - r i ve r  BOD � l imit o f  

:J 

e l imi na t i ng ma cros cop i c  hete rot roph i c  g rowth i n  respons e  to 

pr ima ry treated meat- works a nd dome s t i c  sewage e f f l uents but it 

i s  c l ea r  from th e observations at s it e s  C and D tha t a lower 

l imit i s  requ i r ed to contro l g rowth in re spon s e  to u n t r e a t ed 

da i ry f a c t o r y  wa s t ewater s .  Th is cor roborates the res u lts  o f  

the l aboratory cha nne l compa r i son o f  the e f fects o f  the MCDC 

a nd BCWS wa stewa t e r s  on heterot roph i c  respira t i o n  ra t e s  

( S ect ion 5 . 4) and Ep i l it h o n  growt h m t e s  ( fi c t ion 7 .  3 )  . 

At the s i tes down s t ream o f  the was t e  d i s cha rge zone ( i . e . , 

downstream of s i te D )  ( F i g  1 . 2 )  the B O D 5 va lu e s . we r e  

progr e s s tv e ly r ed u ced by s e l f-pur i fi ca t i on proc e s s es a n d  a 

gene ra l pa ttern of dec l i n ing hete rotr oph ic  abunda nc e  with 

d i s tance was usua l ly obs erved ( F igs 7 . 1 and 7 . 2 ) .  

The r e l a t ionsh ip between ca lcu lat ed mean BOD 5 over the ten days 

prior to b i orna s s  obs e rv a t i ons n n d  het e rot roph abu nda nce l e  'e l 

for a l l  the obs e r va t ions .1 t s i t e s  b e l ow the d i scha rg e s  ( i . e . , 

s i tes B to F )  a r e  pres en·t ed i n  Fig ure 7 . 4 .  Al tho ugh the re wa s 

a h igh l y  s igni f i ca n t  cor r e l a tion  betwe·en  the heterot roph i c  

abunda nce leve l a n d  BO D e  ( r  = 0 . 5 5 ,  P < . 0 0 1 ) , there wa s 
_J 

cons i d e rable  v a r i a t i o n  i n  the l e ve l s  "'. t  wh i ch ma c roscop i c  
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hete rot rophi c  f ronds were common ( i . e . , l evel  4 ) . On s ome 

occas ions BOD 5 va l u e s  of 2 . 2  g . m- 3  r e s u l ted in th i s  hetero troph 

abundance l e ve l whe reas on oth e rs  mac ro s copi c  f rond s did not 

occur at BOD 5 l ev e l s  up to 5 . 8 g . m- 3
• As di s c us s ed previous ly 

th i s  va riat ion in  the e ffect o f  BOD 5 on hete rot roph i c  abundance 

appea r s  to re s u l t  from tHe g rowth inh ibition at h igh MCDC 

wa stewa t e r  concentra tions and the d i f fe rent compos i t i on s  of the 

BOD 5 di s cha rged by the th ree ct i s charges . 

U n fortuna t e ly i t  was not pos s ib l e  to st udy the natura l be nthic  

communi t i e s  in th e r i ver u nd er s umme r  l ow-f low cond i t ions  wh er e 

a l l  the d i s cha rgers were ope ra ting with in the r equ i rement s o f  

th e i r  new wat er righ t s  dur ing the cou r s e  o f  th e ma i n  s tudy 

p e riod due to de lays by the BCWS and PNCC in mee t i n g  th e i r  

r i gh t s  a nd f requent b reaches  of  the a l l owable  d i s charge by 

MCDC . Neve r th e l e s s  the cond i t ions d u r i n g  ea r l y  and mid-Ja nuary 

1 9 84 ,  a ft e r  the BCWS d i s charge had been halted for three  to 

fou r week s due to an indu s t r i a l stoppag e , and d u r i ng Febr ua ry 

1 9 85 give s ome i nd i ca t ion of the s i t ua t i on e xpected wh en the 

r i ghts  a re comp l i ed with . 

D u ring the ten day per iod prior to th e s urv ey on 6 /l / 84 the 

MCDC BOD 5 d i s charge averaged 4% l es s  tha n  the a l lowab l e  l eve l 

wh i l s t the PNCC d i s cha rge wa s 8 5 %  grea t e r  than the level  

permi tted by th e new PNCC wa t e r r i ght wh ich app l i ed f rom 

1 / 1 /8 5 . Und e r  th e s e  cond i t ions L h "  s cwa c:J e  f u n g u s  z o n e  ( wh e r e  

he te rot roph i c  ab 1 nJa nce wa s be tween leve ls  4 a nd 6 )  wa s 

r e s t r icted to a 2 .  5 km long reach from the l'IC DC o u t  fa 1 1  to 

m i dway between s i tes  C a nd D ( F ig 1 . 2 ) . 

Ove r the t en day s prior t o  1 6/ 1 / 84 the MCDC d i scha rge e x c e e d e d  
tha t permit ted by 30%  on ave ra g e  and t he z one of macros copic s e wa ge 
fungus growth ex tended approx ima t e l y  3 . 7 km be low the MC DC 

o u t fa l l . Th i s  s ugge s t s  tha t  th e permitted MCDC d i s cha rge w i l l  

need to b e  furth e r  res tr icted i f  the zone o f  mac ros cop i c  

heterot roph i c  g rowth s ( s ewage fung u s ) be low the out fa l l  i s  t o  

be e l imina t ect d u r ing s ummer . Th e red u ct ion of  sewa ge fungus 

g rowth s in  th i s  reg ion has b e e n  shown �o be an impor tant s tep 

i n  overcomi ng th e oxygen dep l e t i on prob l ems in the river 

( S e ct ion 5 .  4 )  . 
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The re s u l t s  o f  a benth i c  b i oma s s  abu ndance survey on 1 5 / 2 / 85 , 

a fter a three  week per iod o f  dec l i ni n g  f lows , i nd i cat e that 

redu c t i on of  the p re s ent p ermi tted MC DC BOD5 d i s charge by 3 5 % 

shou l d  e l iminate the zone o f  ma croscop i c  s ewag e  fungus g rowth 

during the s ummer lowflows ( Table  7 . 3 ) . On th i s  occa s ion 

het erotroph i c  fronds were scarce at s ite  C ( Table 7 . 3 )  a fter a 

peri od whe n  the PNCC d i s cha rge , of p r i mary pl us  a l um 

f loccu l a t ion trea t ed ,  dome s t i c  s ewage, wa s very c lose  to the 

pe rmitted  BOD5 l oa d i ng a nd the MC DC BOD5 d i s charge a ve raged 3 5 % 

l e s s  tha n the ma x i mum load i ng permit ted, g'iving a ca l c u lated 

BOD 5 add i t i on upon mi x i ng o f  1 . 8  + 0 . 5 g . m- 3  ( x  + s )  for th e 

ten days prior to the obs e r va t i on s . However the res u lt s  of  the 

winter s urveys d i s cus s ed ea r l i e r  suggest tha t  a lowe r l im i t  may 

be appr opriate  a t  other t imes o f  the year . 

The lack o f  a ny obvious i ncrea s e  i n  h e t erot roph i c  abunda nce  a t  

s i t e  D on 1 5/ 2 / 8 5 ( Tabl e  7 . 3 ) ,  where the d i scharge o f  

a n a e r ob i c a l l y trea ted mea twork s e f f l uent p l us f e l lmongery wa s t e 
1 . 4 5 km up s t r eam was s u f f i c i e n t to i n c c �a s e  BOD 5 t o  4 . 8 5 + 1 . 4  
g . m- 3 , i nd i ca t e s  that th i s  wa ste wa t e r  h a s  a m i n o r  i n f l u e nce o n  

the hete rot roph i c  growth p e r  u n i t  BOD 5 a dd i t i on compared with 

the M C D C , u n t r e a t e d , da i r y fa c t o r y wa s t ewate r .  

Th e s e  re s u l t s  sh ow th a t  th e th r e sh o l d no o 5 co n c e n t r a t ion for 

the deve lopment of abunda nt h e t e rot roph i c  growth s ( s ewag e  

fu ngus ) va r i e s  for d i ffere n t  types o f  was tewa t e r . I n  the 

Ma nawa t u  R i ve r i t  was nece s s ary to l im i t  the increase  i n the 

r i ve r  BOD 5 upon mi x i ng due  to the MCDC e f f luen t d i s charge to 
- 3 

1 . 8  g . m  to pre vent the common occurrence o f  macros cop i c  

he te rot roph i c  fronds a t  s i t e  C ,  1 . 8  k m  be low the out fa l l ,  
- 3 d u r i ng s ummer . Howeve r a dd i t i on o f  1 . 4  g . m BOD 5 a s  MCDC 

e f f l uent d u r i n g  w i n ter did n ot prevent the commo n  occu rre nce o f  

the hete rotroph i c  growth s a t  th i s  s it e . Severa l fac tors may 

con t r ibu t e  t o  th i s  appa r e n t  s ea sona l d i ffer ence i n  

heterot roph i c  abundance ( S e c t ions 2 . 3 . 4 . 3 )  name l y  tempera t u re 

e f fects o n  organ i c  remova l rates ( S e ct ion 7 . 2 . 1 )  a nd i nges t i on 

ra tes of  g ra z ers , s ea s o n a l vari a t i on� i n  gra z e r  dens i ty ,  and 

part i a l i nh ib i t i on due to  s o la r  rad i a t ion dur i ng s umme r . 

Howeve r th e res u l t s  of plate  growth experiment ( S e c t i on 4 . 4 . 2 )  
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TABLE 7 . 3  Mac ros cop i c Abu n dance o f  Het e rot rophs and P hotot rophs a t  Ma nawat� 
3 - 1 R i ver S i tes , 1 5 /02/85 ( R i ve rf l ow = 13 m . s  ) 

C a l cu l ated BOOs Pe rcent exceedence of  Ph otot roph 
S i t e over P rev i ous Pe rmi tted Da i ly BOOS Abu ndance 

Ten Days * D i s ch a r ge ( i  � s )  L e ve l  
( g . m- 3 ) 

A 0 . 6 D-E 

B 1 . 9 � 0 . 2  4 � 10% F 

c 3 . 0 5  � 0 . 5  -35 .:_ 20% F 

D 4 . 85 � 1 . 4 2 1  � 1 0% F 

* C a l cu i ated as ou t l i ned i n  Sect i on 7 . 2 . 1 but 

As sumi ng: 

( i ) 
( i i ) 
( i i i ) 
( i V )  
( V )  
( v i ) 
( V i i ) 

- 3 B a c k g round BOO
S s i t e A = 0 . 6 g . m 

PNCC l o a d i n g  = 2 500 k g  BOD5 . d- 1  ( A nderson , 1 985 ) 
MCDC da i l y  measu red va l u es (Meredi t h , 1 985 ) 
BCWS l oa d i n g = 4300 k g . d- 1 (week day s ) ( G i l l i l an d ,  1 985 ) - 1  k 1 PNCC-B = 0 . 07 . d

_ 1  
( measu red 29/2 - 1 /3/84 ) 

k 1 MC DC-C = 0 . 1 0 . d  ( a s s umed va l u e at l ow i n i t i a l BOD5 ) - 1  k 1 BCWS-0 = 0 . 1 S . d  ( as s umed va l u e )  

Heterot rop h 
Abu ndance 

Leve l 

0 

2- 3 

2 - 3 

2-3 
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i nd i cate  tha t  th i s  la t t e r  e f fe ct i s  not s igni f icant i n  th e 

Manawatu River . 

7 . 2 . 3 S P EC I E S C O M PO S I T I O N  O F  T H E H ET E I W T RO PH I C  GROW TH S I N  TH E 
M A N AvJ AT U  R IV E R  

Th e hete rot roph i c  growths we re  dom i nated  b y  ba c te r ia l  spec i e s  

( Ta b le 7 . 4 )  a s  wa s e xpe c t ed u n d e r  the n � u t ra l to a l k a l i ne 

cond i t ions i n  the Ma na wa t u  R 1 ve r  ( S e ct i on s  2 . 2 . 1 . 2 and 

2 . 3 . 4 . 8 ) . Neve r th e l e s s  i s o la t ed fronds 6f the fun g u s  

L ep t o m i t u s l a ct e u s  oc curred a t  s eve r a l  s ites  during  wi nte r 

( S ect ion 7 . 2 . 2 ) . 
Sphaero t i lus nat ans was always dominant or e o- dom i nan t ( Tab l e  

7 . 4 ) . Th i s  spec i e s  was a l so dominant or eo-dominant in twenty­

four o f  the t h i r ty New Zeal and out breaks examined 

( Cooper , 1 9 8 3 } , twe l ve of the f i f teen outbreaks exami ned 

in E i re ( G ray and C l a rk e ,  1 9 84 )  a nd 9 3  of th e 1 7 8 ou tbr eak s 
e xami ned i n  the U n i t ed Ki ngdom ( Cu rt i s  a n d  l la r r i ng ton , 1 9 7 1 ) . 

The f i lame ntous bacte r i um F l a v o b a ct e r i u m  sp. wa s e o-domi nant o r  

abu ndant d u r i ng sp r i ng , g i ving the g rowth s a p i nk co l ou ra t i on , 

but was uncommon or not detected d u r ing the rest  o f  th e yea r 

( Table  7 . 4 ) �  when the h e t e rot roph i c f ronds we r e  wh i t e ,  ta n o r  

brown i sh-gree n ,  depend i ng upon the i r  a lga l c o n t e n t . Th i s  

spe c i es was not reported i n  any o f  the th i r ty New Z ea land 

outbreaks exami ned by Cooper ( 1 9 8 3 ) b u t  wa s abunda n t  in 20 o f  

the 1 7 8 samp l e s  exami ned i n  the U K  s u rvey ( C ur t i s  and 

Ha r r i ngton , 1 9 7 1 ) .  z o o g l o e a  s . , wh i ch wa s domi nant or eo­

dom i n a nt in s even o f  the th i rty New Z ea la nd outbreak s examined 

by C ooper ( 1 9 83 ) a nd 104  o f  the outbreaks in the UK s u rvey 

( C u r t i s  and Ha r r i ng ton , 1 9 7 1 ) ,  s ometime s  occ u r red amongs t the 

hete rot roph i c  fronds but wa s never dominant i n  the "1a nawa t u  

R iv e r  samp l e s  ( Tabl e  7 . 4 ) . 

A s ma l l  amount o f  B e gg i a t oa sp growth was obs erved a t  s i t e  D 
on one occa s ion . Th i s  genus wa s d omi nant i n  one outbreak 

( be low a re fu s e  tip l ea chate i n f l ow )  in  th e New Zea l a nd s ewa ge 

fungus s u rvey ( Co ope r ,  1 9 83 ) . 

The s e  res u l t s  show that the dom i na nt h et e rotroph 

i n  the Manawatu R i ve r  ( Sp h a e c o t i l u s n a t a ns ) was a ls o  the mos t  
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TABLE 7 . 4  Seasona l Va riations  i n  Bacter ial and Fungal  Spe cies  
Abundance w i th i n  Heterotroph i c  F ronds at  s it e s  C 
a nd D ,  Aug u s t  1 9 8 3 t o  Ju ne 1 9 84 . 

Bacteria l 

S i gn i f i cant 

Date S i t e  

0 9 / 0 8 / 8 3  s > z 

3 0/ 08/ 8 3  s 

2 9 / 1 0 / 83  s = F 

2 4 / 1 1 / 8 3  s > F 

0 2 / 1 2 /8 3  s > F > z 

1 1 / 0 1 / 84 ND 

1 6 / 0 1 / 84 s 

2 4 /0 1 /84 s 

3 1 /0 1 / 84 s 

0 9 / 0 2 / 84 s 
2 2 / 0 2 / 84 s 

2 8/0 2 /84 s > > F 

2 3 / 0 3 / 84 ND 

04/04/84  s 

2 6 /0 4 / 84 N D  

1 8/ 0 6 / 84 s > L = z 

s = 

F = 

z = 

Sph a e ro t i l u s na t a n s 

F _I a v o b  a c.t e r  i u m s p . 
Z oo g l o e a  sp. 

L = L e p t o m i t u s l a c.t e u s  

ND = Not determ i ned 

B - B eg g i a t oa sp. 

a nd Funga l Spe c i e s Pres ent i n  
Amount s and Re lat i ve Abu n da n c e  

D S i t e  c 

ND 

s 

ND 

s = F > > z 

= B s > > F 

s > > F 
N D  

s 

s 

s 

s 

= z NO 

s > > z 

N D  

s 

> F s > z > L 
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f requently  reported dominant spec i e s  i n  s ewa ge fung u s  outbreaks 

in New Z ea la nd a nd E i re a nd the s econd most  frequ e nt domi nant 

or eo-dominant spe c i e s  obs e rved in an  extens ive s urvey in t he 

U n i t ed Ki ngdom . The other commo n l y  dominant spe c i es i n  the 

previous s urveys were a ls o  present  i n  the Ma nawatu R i ve r  

growth s . The r e s u l t s  o f  'the stud i e s  on the e f fects o f  the 

was tewater d i s cha rge s on heterot roph i c  growth i n  the Manawa tu 

River should the r e fore be re l evant to the s it uat ion i n  many New 

Z ea land and ove r s eas rivers with broad l y  s imi lar phy s i c a l  

cha ra c t e r i s t i c s . 

7 . 2 . 4 EF F EC T S  O F  W A T ER Q U A L I T Y  O N  TH E A B U N D A N C E O F  P H O TO ­
T RO PH S 

Th e e f fects o f  the was t ewater d i s charge s on the ma cros cop i c  

abundance o f  phototroph s , at the med ium current vel o c i t i es 

i nv e s t igated ( 0 . 3 to 0 . 6  m . s - 1
, mea s u red 5 0 mm o f f  the bed ) ,  

varied s easona l ly and d i f fered duri ng the summers of  1 9 82 / 8 3  

and  1 9 83 / 84 ( F i g s  7 . 5 and 7 . 6 ) . Th e e ffects were rela t i ve ly 

mi nor , invo l v i ng a l teration of the spec ies  compo s i t i on a nd 

m i nor i ncrea s e s  i n  abunda nce , during the wint er and spr i ng 

period s of h igh u n s table f lows a nd d u r i ng the s umme r and a utumn 

o f  1 9 8 2 / 83 , whe n  the backg round nutr ient l e ve l s  were genera l ly 

s u f fi c ie nt to s u s t a i n  a lga l growth above the d i scha r ge s  

( Freema n , 1 9 8 3 ) . Under the s e  cond i t i ons  the s tand i ng c r op of  

photot rophs wa s appa rent l y  contro l l e d  l a rg e l y by the phys ica l  

cond i t ions of  s u r face rad ia tion , tu rbid ity , tempe ra tu re and 

river f low . 

The l a rg e  spates  d u r i ng May and June 1 9 8 2  removed the a l ga l 

biomas s wh ich had deve loped during the previou s  s umme r a nd 

autumn and low l igh t and t empe ratu re condi t ions duri ng th e 

w i nt e r  mon th s l im i ted the photot roph bioma s s  to n pa tchy da rk 

brown dia tom t u r f  ( Fi g  7 . 5 ) ,  domi nat ed by N a v i cu l a sp . TI1e 

h igh f l ows during November and December 1 9 8 2 res u lted i n  very 

low photot roph i c  bioma s s  at a l l  s it e s  and it was not u nt i l  th e 

more s table flow c ond i t i on s  of Ja nua ry 1 9 8 3  that s igni f i ca n t  

growth s were ab l e  t o  deve lop . 
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F igure 7 . 5 :  Var iat ions i n  Macros cop ic Abu ndance of  Pho t o t r ophs 
at Manawatu R iver S ites  and Environme n t a l  Factors , February 
1 9 8 2  t o  June 1 9 8 3 . 
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Nutr ient ava i l ab i l ity te s ts have shown that phosph or u s  
-3 

concentra t i on s  be low approxima t e ly 4 mg . m  , a s  di s s o l ved 

react ive pho sphorus ( DRP ) , l imi t the growth of the predomi nant 

f i lamentou s green a lgae C l a d oph o r a  g l o me r a t a  growing during 

s ummer a t  modera te cu rrent v e loc i t i e s  of 0 . 4 to 0 . 7 

m . s -l ( F reema n ,  1 9 83 ) . Du ri n g  Ja nua ry 1 9 85 the DRP 

concen tration above the di s cha r g e s  was between 3 . 5  and 5 
- 3 mg . m  e xcept at the beg i nni ng o f  the mon th when a 

conc entrat i o n  o f  1 4  mg . m- 3 
wa s reco rded ( Freema n ,  1 9 83 ) and a 

.. 
b loom o f  the s ta lked d iatom G o mp h on e ma sp. covered the bed at 

s i t e  A ( F i g  7 . 5 ) . Thi s  spec i e s  and the f i lamentous green a l gae 

S t i g e o cl o n i u m  t e n u e  a l so covered the bed at s it e  B be low the 

PNCC d i s charge ( F ig 1 . 2 ) and a d i ve r s e  commun i ty o f  dia toms a nd 

u n i c e l l u la r  a lgae deve loped a mong s t  the heterot roph i c  frond s 

fu rthe r downs t ream a t  s i t e s  C ,  D a nd E ( F ig 7 . 5 ) . 

The G o mp h o n e ma sp. dom ina ted commu nity a t  s it e  A began to 

s l ough off the bed at the end o f  Ja nua ry 1983 ( S ec t ion 6 . 3 . 2 )  

a n d  the phototroph bioma s s wa s reduced dra s t i ca l ly at s i t e s  A 

a nd B a ft er a 1 4 5  m3 . s - l spa te  on 9 F eb r u a ry 1 9 8 3  ( F ig 7. 4 ;  
Freeman 1 9 83 ) . 

to between "6 . 6  

to between 3 . 5 

Subs equent ly the DRP leve l s a t  s i t e  A i n c r e a s ed 
- 3 . 

a nd 9 . 7 mg . m  d u r � ng F ebruary and th e n  d e c l i ne d  
and 7 mg . m- 3 du r i ng Ma rch ( Freeman , 1 9 83 ) . 

C l a d op h o r a  growths dev e l oped d u r i n g  th i s  inte rva l ( F reeman , 
1 9 83 ) a nd by 2 3  March 1 9 83 cov e r ed a l l  the bed a t  s i t e B ,  

covered mos t  of the bed at s i t e s  A ,  E and E F  and we r e  common a t  

s it e s  C and D ( F ig 7 . 5 ) , wh e r e  the growths we re comp le t e ly 

ove rgrown by hete rot roph i c  f rond s . S im i l a r  photot roph 

abundan ces were r e c o r d e d  a t  most  s i t e s on 1 2  A.p r i l 1 9 83  but 

be twee n th is  date and 1 7  May 1 9 83 f r equ e n t spa t e s  reduced th 0 

photot rop}1 i c  commun i ty to an a lga l f i lm a nd i s o l a ted s t ra nds o f  
C l a doph o r a . 

Th e pho to t roph i c  ab u nda nce wa s no t a s s es s ed a t  s i te  A be twe e n 
May and De cember 1 9 8 3 , but  a t  th e downs tream s i t e s  the w i nte r 

pho tot roph i c  bioma s s  was aga i n  dom i na ted by a patchy dark brown 

d i a tom turf  dom i na ted by Na v i cu l a  sp. , a s  dur i ng th e previou s  

yea r ,  a l though i so l a t ed s trands o f  C l a do p h o ra gl o me r a t a  a nd 

c l umps o f  the ma c rophy t e  P o t a mo g e t o n  cr i s p u s  a l s o  oc c u rred . 
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Dur i ng the s umme r  o f  1 9 83 / 84 the background DRP concentration 

wa s cons i s te n t l y  low ( le s s  than 10  mg . m
-� a nd u s ua l ly be low the 

c r i t i c a l  l im i t ing leve l for c .  gl o me r a t a  growth i n  th e Manawatu  
- 3 

R i v e r  o f  4 mg . m  DRP ( F reema n ,  1 9 8 3 ) ( Table 7 . 5 ) . Unde r  thes e 

con d i tions photot rophi c  co lon i e s  we re only j u st vi s ib l e  on the 

bed a s  a n  a lga l f i lm a t  s it e  A .  However the i r  abundance 

i nc r ea s ed drama t i c a l ly at s i tes  be low the d i s charges wh ere  the 

nut r i ent leve ls rose sha rp ly ( F ig 7 . 6 )  ( S ect ion 2 . 2 . 1 . 2 ) . Fo r 

e xamp l e  on 2 9 / 2 - l / 3 / 84 th e t o ta l d i s s o l v e d  phosph o r u s 

con c e nt rat i on ( TOP ) a t  s i t e  B wa s 4 7  + 3 .mg . m- � 
F u r th e r  downstr eam at s i t es D and EF the da i ly a ve rage leve l s  o f  

TDP  ranged from 1 0 0  to 1 4 0  mg . m- 3 dur i ng l a t e  Ja nu a ry 1 9 84 

( S e c t ion 6 . 2 . 2 . 2 ) . 

The r es u l ts o f  a s u rvey o f  the tota l be nth ic  bioma s s  ( Se c t ion 

3 . 2 . 2 . 1 ) a t  loc a t i on s  of mod erate cu rrent ve loc i t i e s  ( 0 . 3  to  
-1  0 . 4  m . s · , 5 0  mm o f f  the bed ) a nd d epth ( 0 . 3 to  0 . 3 5 m )  at 

s i t e s  throughout th e s tudy r each on 16  Janua ry 1 9 84 prov ide 

bo th quantitative  and qua l i t a t i ve data on the e f fec t s  o£ the 

d i s cha rges on the natura l bed pho tot roph i c  b ioma s s  under s ummer 

cond i t ions  when the backgrou nd phosphor u s  conce n tra t ion a·t s i t e  

A l i m it e� the i r  growth ( F i g  7 . 7 ) . 

At s it e  A ,  where th e tota l benth i c  b i oma s s wa s 2 8  ! 1 2  
- 2  

gAFDW . m  , much b i oma s s  wa s co n t r i bu t e d  b y  s e t t l ed d e t r i t u s  a nd 
s n <1 i l s  ra th e r  th il n  t"pi. l i t l 1 n . . .  1\ t  s i t e  n hea vy rJ row t h s  
dom i na ": f� tl b y  C .  r; l r> m c r 1 ! , 'J .l / '  · :  { .') �- ·: 1 1 l> i "'" t '; � ; r_ r 13 ·� .:L 2 6  

- 2  
gAFDW . m . The pho t o t roph i c  b L 011a s s  wa s :3onewha t 1:- educecl a 1: 

s i t e  C but the t o t a l b iomas s  i nc reased  due t o  h eavy 

h e t e rot roph ic  g rowth . 

Downs t r eam o f  s i t e  C th e h e  te ro t roph s be<> t me p t·og r t � . ;  v i  v e  ly l e s s  
abun da nt a s  the BOD5 conce n t rA t ion was reJ.uced by se l f­

pu r i f icat ion but i ncreased  photot roph i c  g rowth mai nta ined h igh 

tota l benth i c  b i oma s s  l eve l s . At s i t e s  EF and F an a l mo s t 

p u r e l y  phot o t roph i c  c .  g l o m e r a t a  dom i n a t e d  commu n i t y occ u r red . 

The prog r e s s ive reduct ion i n  the tota l benth i c  b ioma s s  at  the s e  

s i t e s  wa s appa r en t l y  due to the p rogres s i ve d e c l i ne i n  s t one 



TABLE 7 . 5  

D a te 

3 0 / l l / 8 3  

0 7 / 1 2 / 8 3  

0 7 / 0 1 / 8 4  

1 9 / 0 l / 8 4  

2 5 / 0 1 / 8 4 

0 1 / 0 2 / 8 4 

1 0 / 0 2 / 8 4 

2 9 / l - 1 / 3 / 8 4 

2 7 3  

Nu t r i ent a nd Orga n i c  cancentrat ions a t  S i t e  A 

O u r i. n y  S umme r  ') t 1 9 8 3 / 8 4 ( n r 3b s amp l e s ) 

Boo 
5 3 

( g . m  ) 
( x + s )  

0 . 1  + 0 

0 . 2  + 0 

0 . 7 + - 0 

0 . 7 + - 0 . 3  

0 . 4  + 0 . 3  

0 . 6 + - 0 . 1  

0 . 6  + 0 . 1  

1 . 4  + - o . s 

Tota l Di s s o l ved 

Ni t rojen ( 'l'DN , 

mg . m- ) ( x .:!:_ s ) 

3 9 2  + 9 -

ND 

3 1 7 + - 3 

2 8 1  + 1 4  -

2 9 1 + - 1 7  

ND 

ND 

2 7 9 + - 1 5  

Di s s o l ved Rea c t i ve 

Phosphorus ( DRP , 

rng . m - 3 ) ( X  + S )  

3 . 2  + 0 . 7 -

0 . 8 + - 0 . 3  

3 .  7 + 0 . 1 -

B . 8 * 

2 . 7 + 0 . 3  

ND 

ND 

4 . 2  + - 0 . 9  

* = contam i na t ion o f  the dup l i c a t e  s a mp l e , w i th a mea s u re �  

DRP o f  2 3 . 4  mg . m
- 3 , suspected . 
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s i z e  downs t r eam o f  s i t e  E ( S ect ion 4 . 2 ) . Th i s  resul t s  i n  the 

attached growths be i ng more readi ly abra i ded s ince l ight e r  

s tones ro l l  more eas i ly under the frict ional  force d u e  t o  the 

current ( Schmid t  1 9 6 1 ) . 

The va r i a t i ons  i n  photot toph abundance a round the wa ste 

d i s charges i n  th is and o�her su rveys ( F i g s  7 . 5 a nd 7 . 7 ) wi th 

reduced abundance i n  a re�s of h i gh orga ni c c o n c e n t r a t ion and 

i ncrea s i ng abu nda nce f u rther downstream have been obs er ved i n  

outdoor e xpe r imental channel  s tu d i e s  ( E { chenberge r , 1 9 7 2 ) and 

r iver s urveys ( Hynes , 1 9 6 0 ) . Th is is genera l ly a t t r ibuted to 

the comb i ne d  e f fects of i nh ib i t ion o f  phototroph growth by 
wa s t ewat e r  c omponents a nd the i r  exc l u s ion by the rapi d  g rowth 

of heterot rophs preve n t i n g  the i r  colon i s a t ion on the growth 

s u r faces  ( Hynes , 1 96 0 ;  Wuhrmann , 1 9 74 ) . Downs tream of  the 

out fa l l s  th e hete rotroph i c  a c t i v ity progress i ve l y  reduces the 

d i s s o l ved organic mat e r ia l concentra t ion and th e ratio of  l ight 

to chemi c a l  energy i np u t  become s more favourab l e  for 

phototrophs whi ch grow rapi d l y  at the e le vated nutrient leve l s . 

The l ow l eve l s  of  phosphorus and a lga l b i oma s s  a t  s ite A d u r i ng 
th e summe r o f  1 9 83 / 84 compared to the p re v i ous  s ummer p roba b l y  
re s u l t ed from the low a ve rage ca tchment r uno f f  ( as a s s e s s ed 

from the ave ra ge r i ver flow )  dur i ng th i s  per i od . Pr evious 

s tu d i e s  have shown tha t  the phosphorus concentrat ion at s i t e  A 

above th e d i s cha r g e s  i s  r e l a ted to the r i ver  f l ow . However the 

e f fect of  spa t e s  on the r i ve r  phosphor u s  va r i e d  on d i f fere n t  

oc c a s ions i n d i ca t i ng tha t the cond i t i on o f  the ca tchment ,  with 

respect to i t s abi l ity to reta i n  phosphor u s ,  and locat ion and 

i nt ens ity of  the ra i n fa l l  a f fe c t  th e phosphorus i nput dur ing 

spa tes  ( Freeman , 1 9 83 ) . Th e low average rive r f l ow of 2 7  

m 3 . s - l  d ur i ng the 1 9 8 3 / 84 s ummer growth s ea son mon ths , of 

D e cembe r to Februa ry i nc l u s i ve , wou ld the r e fore be expected to 

ha v e  res u l t ed in lowe r nut r i ent i nput to the r i ver from 

ca t chme n t  runof f than dur i ng thi s  per iod fo 1 9 8 2 / 8 3  whe n  the 
. 3 - 1  . . . 

ave rage r 1 v e r  flow was 70  m . s  . Th1 s  cons 1dera t 1on shou l d  

a l s o  re late to the s ummer months of the per iod 1 9 70 to 1 9 8 2  

wh e n  the mea n  r i ve r  f low for the s e  periods  wa s 5 4  

m3 . s - l ( Wa t s on ,  1 9 84 ) . Howe ver , examinat ion o f  the ava i la b l e  
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data on a lg a l  growth above the was t e  d i s charges shows tha t  

a l ga l growths were pro l i f i c  near s it e  A during the s ummers  o f  

1 9 7 6 / 7 7  ( Cu r r i e ,  1 9 7 7 ) , 1 9 7 7 / 7 8  ( G i l l i la n d , 1 9 7 8 ) a nd 1 9 81 / 82 

( F r eema n , 1 9 8 3 ) when th e mea n  r iver  f lows for the mon th s  

D e ce mber to Febr uary i nc l us i ve we re 5 9 . 5  m
3 . s

-1
, 2 8 . 6 

m
3

. s - l 
a nd 45 m

3
. s- l 

respect i ve ly ( Watson , 1 9 84 ) . 

Cha ng e s  i n  i norga n i c  f e rti l is e r  app l i ca t i on rates betwe e n  

1 9 8 2 / 83 a nd 1 9 8 3 / 84 do not exp l a i n  th e lower phosphor u s  i n  the 

l a t t e r  s ea s on s ince the qua n t i ty of  fer t i� is e r  sold  to buye rs 

in the catchme nt a rea by the ma j or s upp l i e r  increa s ed by 2 . 5  

p e r cent i n  1 9 83 / 84 ( Coope r ,  1 9 84 ) . 

The nut r i ent i nput to the r iver from d a i ry sheds a nd pigger i e s , 

whi ch number approx ima t e ly 800 i n  the cat chment area ups t ream 

of s i te A ( G i l l i l and , 1 9 8 5 ) , was progres s i v e ly reduced in the 

i nt e rva l from 1 9 7 5 to 1 9 80 by the u s e  o f  land d i s posa l a nd 

a na e rob i c / fa c u lta t i ve pond tr eatment sys t ems ( G i l l i land , 1 9 8 1 ) .  

A l though the latter t reatment sys tem i s  not expec t ed to reduce 

the phosphor u s  content of the was tewate r ,  it has been found 
tha t  le s s  th an 1 0 % o f  the pond s y s tems h a v e  a ny d i rect ou t f l ow 
to a receivi n g  wat e r  d u r i ng s ummer ( G i l l i land , 1 9 8 1 ) .  Howe ve r 

the red u c t ion of the nutr ient i nput to th e r iver from th i s  

son rce does not e xp la i n  the reduced phosphor us l eve l s  a nd a lg a l  

g rowth d u r i ng the summe r o f  1 9 83 / 84 a s  compared with that o f  

1 9 8 2 / 8 3 . 

I n  c onc l u s i o n , the low phosphor us  l eve l s  at s it e  A d u r i ng the 

s u mmer month s of 1 9 83 / 84 probably res u l ted from the low r iver 

f lows . However the 1 9 7 7 / 7 8  obs e rvat i ons of p ro l i f ic a lga l 

growth above the d i s cha rges under s i mi l a r  ave rage s umme r r iver 

f l ow c ond i t ions i nd i c a tes that l ow average r i ve r  f l ows a re not 

a r e l i ab l e  i nd i ca tor of a lga l -g rowth l im i t ing phosphorus 

cond it i ons at s ite A .  Th e  l ike ly reasons for th i s  are the 

e f f ects  o f  th e cond i ti on of the catchment soi l s  and the 

l o c a t i on a nd i nt en s i ty of the ra i n fa l l  on the phosphorus 

load i ng of  the runo f f  ( F re e ma n ,  1 9 83 ) . 

Th e r e s u l t s  o f  the bioma s s  su rvey on 1 5 February 1 9 85 ( Table 

7 . 3 )  show tha t  on th i s  occa s ion photot rophic abundance was 
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s im i la r ly h i gh be l ow ea ch o f  the d i s cha rg e s . The dominant 

spe c i e s  obs e rved be low the d i s charges ( C l a doph o ra gl o m e ra t a  and 

P o t a mo ge t o n cr i s p u s ) a l so occurred ups t ream at s it e  A but th e i r  

growth wa s patchy and l es s  l u x u r ia n t . The C l a d op h o r a  

g l o m e ra t a  f i laments were a not icab l y  l i ghter green co lour than 

at the downs tream of the 
·
d i s charge s . S imi lar va riations i n  the 

co l o u r  of C l a dophora above and be l ow orga n i c  was t ewat er 

d i s charges were mad e  by Bu tch e r  e t  a l  ( 1 9 3 7 ) .  The darker 

co l o u r  o f  the a lga l growth s  be l ow the d i s charges s ugge s t  tha t 

the s e  had g reater ch loroph y l l a concent rat ions and wer e  

g e n e ra l ly i n  better phy s i o log i ca l  condi ti on tha n thos e ups tream 

whe r e  nutr i ents were l e s s  abunda nt . 

I n  summary the macros cop i c  vi s u a l  obs e r vat ions of phototroph 

abundance d u r ing the s tudy per iod show tha t  the addit ion o f  the 

PNCC d is cha rge usua l l y re s u l ted in a s ig n i fica nt i ncrea s e  i n  

pho tot roph a bundance d ur i ng the summe r low f l ows . This  e ffect 

wa s part i c u l a r ly marked dur ing the s umme r  of 1 9 83 / 84 whe n  th e 

ups t ream DRP concentra t ion was genera l l y  les s tha n  the c r i t ica l 

l im i t i ng va l ue fo r C l a dop h o r a  g l o m e ra t a  g rowth . 

At  s it e s  c , ·  D and E where heterot rophs we re often  abu ndan t ,  

photot roph a bunda nce was l es s  than a t  s i t e  B dur i ng th e s umme r  

o f  1 9 8 3 / 84 b u t  s imi l a r  growth s occurred a t  B ,  C a n d  D du r i ng 

February 1 9 8 5  when the het erot roph abunda nce wa s s igni f i ca n t l y 

low e r  tha n  d uring previous yea rs ( S ection 7 . 2 . 2 ) . At s i te EF 

the photot roph abunda nce wa s u sua l l y  s imi lar  to that a t  s i te B 

d u r ing  the s umme r l ow f lows bu t at s i te F epi l i th i c  pho tot roph 

d ev e l opment wa s r e s t r i c t ed by the sma l l  s i ze  o f  the bed 

ma t e r ia l . 

7 .  2 .  5 E F F EC T  O F  R IV E R  F L OW O N  PO TAMO G E TO N C R I S P U S  
D EV ELO PM E N T  

Th e river f low cond i t ions dur i ng 1 9 83 a n d  1 9 8 4  were 

cha ra c te ri s ed by l a ck o f  h i gh wi nter f l ow s  ( Ta b l e  7 . 6 ) . Th i s  

appea rs to have res u l ted i n  the s ubsta n t i a l  i nc rea s e  i n  the 

abundance o f  the mac r ophyte P o t a m og e t o n cr i s p u s .  



TABLE 7 . 6 

Yea r 

1 9 7 2  

1 9 7 3 

1 9 74 

1 9 7 5 

1 9 7 6 

1 9 7 7 

1 9 7 8 

1 9 7 9 

1 9 80 

1 9 8 1 

1 9 82 

1 9 8 3  

1 9 84 

x + s ,  

1 9 7 2 - 1 9 8 1  

2 7 8  

Frequency o f  Large Spa t es i n  the Manawatu River , 

1 9 7 2 to 1 9 84 ( Watson , 1 9 85 ) 

Number 

> 5 00 3 - 1  m . s 

8 

5 

1 4  

9 

1 5 

1 1  

9 

5 

5 

6 

3 

3 

0 

o f · spates  E xceed i ng Give n  
Pa 1mers ton No rth 

> 80 0  3 m . s - 1  

3 

1 

5 

4 

4 

3 

4 

3 

4 

2 

1 

0 

0 

3 . 3  + 1 . 1  

F l ow at 

> 1 0 0 0  3 - 1  m . s 

2 

0 

3 

2 

3 

2 

2 

2 

2 

2 

0 

0 

0 

2 . 0  + 0 . 8  
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P .  cr i sp u s  growths we re not reported i n  a ny o f  the previous 

b i o l og i ca l  su rveys o f  the Manawat u  River . I s o l a t ed c lumps we r e  

f i rst  obs e rved i n  November 1 9 82 a t  s it e s  C a nd D ( F ig  1 . 2 ) bu t 

th e i r  abunda n c e  rema i ned low during the summer of 1 9 82 / 83 . 

D u r i n g  1 9 83 the growths became increas i ng l y  common be low the 

d i s ch a rg e s  and  deve loped as dens e swa rds throughout the summe r  

o f  1 9 8 3 / 84 , whe n  sma l l  i s o lated c l umps wer e  a l so obs e rved a t  

s i t e  A .  Th e  growth s were mos t common i n  a rea s where the 

current  v e l oc i ty wa s l e s s  tha n  0 . 3  m . s - 1 
a t  river flows o f  less  

than 20  m3 . s - l but  swards were a l so obs er "\f'ed a t  loca t ions a t  

s it e s  DE a n d  EF  wh ere the current veloc i ty wa s 0 . 4  to  0 . 5 
- 1 . 

m . s  dur1ng  low flows . At ma ny s i te s  the plants  grew to  nea r 

the wat e r  s u r face at d epths o f  0 . 4  m and b i omas s  dens i t i e s  of  
- 2  1 70 t o  4 2 0  gAFDW . m  were mea s u red wi th i n  swa rds a t  s i te EF 

d u ri n g  Febru a ry and March 1 9 84 .  By November 1 9 84 P .  cr i s p u s  

growth s had deve loped i nto dens e growth s e x tend ing from the 

wa t e r ' s  edge out 5 me t res or more i n to the river a t  low curre n t  

ve loc i ty s it e s  throughout the s tudy rea ch . 

P r e l iminary s tudies  o f  the e f fects o f  th e s e  commu n i t i e s  on 

s tr eam oxyg e n  dynami c s  ind i cated that , due to the high bioma s s  

dens i t i e s  deve loped , they have th e poten t i a l to cause  large 

d i u rna l d i s s o l ved oxygen f l uctua t i ons  ( S e ct ion 5 . 3 . 4 ) . 

Qua l i ·tative v i s ua l obs e rva t ions of the a bu ndance o f  P .  cr i s p u s  

a t  loca t ions a t  s i t e s  D E  a n J E P  
- 1 0 . 3  to 0 . 4  m . s  at f l ows o f  2 0  

i n  b i oma s s  a f ter flows of up to 

wh e r e  th e c u r r e n t  ve l oc i ty wa s 
3 - 1 

m . s  showed no obvious cha nge 
3 - 1 . 1 80 m . s  du r 1 ng Ma rch 1 9 84 .  

B y  contra s t  the growth s o f  c .  g l o m e ra t a  pres ent at the s e  s it e s  

o n  2 2  February 1 9 84 were s ubsta ntia l ly r educed b y  4 Apr i l  1 9 84 . 

P re v ious s tud i es a l s o  showed that r i ve r  f lows o f  2 0 0  m
3 . s- l 

c a u s ed sub s tan tia l reduct ion of c .  g l o m e r a t a  at s i tes ups t ream 

of the d i s charges ( F reema n , 1 9 83 ) . Th i s  sugge s t s  tha.t the 

d e ns e ly growi ng ma c rophyte , w i th i t s  s t rong s t ems and roots 

w i th i n  the river bed , has more re s i s ta n c e  to i ncrea s i ng current 

ve loc i ty than the a lgae . 

The r i ver peak flow data ( Table 7 . 6 )  provide a n  e xp l a na t ion for 

th i s  unusua l development of P .  cr i s p u s  in the Ma nawatu River 

over 1 9 8 3  a nd 1 9 84 .  Th e  da ta show tha t  the number o f  spa tes  
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wh en th e f low e xceeded 500 , 800 a nd 1 0 0 0  m3 . s - l were 

s ub s t a nt i a l l y  lowe r in the per iod 1 9 82 t o  1 9 84 than over the 

r e s t  o f  the per iod for whi ch f l ow record s we re ava i labl e . I n  

1 9 83 n o  f l ows i n  exc e s s  o f  800 m
3

. s- l 
we re recorded a nd d ur i ng 

1 9 84 the ma x i mum f low was 440 m3
. s - l 

( Wa tson , 1 9 85 ) .  

Thi s l a ck o f  per iod i c  very high f l ows appears to have res u l ted 

i n  P .  cr i sp u s  growth be i ng abl e  t o  conti nue unch e ck ed 

throughout 1 9 83 a nd 1 9 84 wherea s i n  previous yea r s  any bioma ss 

d eve l oping wa s removed by the peri od i c  ia�ge f l u she s . 

The s e  obs e rvations suggest tha t  the occu rrence o f  P .  cr i sp u s  in  

the s tudy reach i s  a t emporary phenomenon . However the 

r e la t i onsh i p  betwee n  the peak river f l ows , the deve lopment o f  

P .  cr i sp u s , and i t s  e f fects on the eco l ogy o f  the river sys tem 

shou l d  be i nve s t igated furth e r  be fore a ny deve l opments that 

wou l d  reduce  th e peak flows are cons ide red i n  the future ( e . g . , 

wat e r  harve s t i ng for i rri gation or hydroe l e c t r i c  deve lopments ) . 

7 . 2 . 6  EF F EC T S  O F  W A T E R Q UA L I T Y  A N D  P H Y S I C A L F A C TO R S  O N  
E P I L I T H O N  GROW T H  R A T E S  

7 . 2 . 6 . 1 I ntroduction  

Th e s u rveys of the ab undance a nd compos i t ion  o f  

be nth i c  commu n i t i e s  i n  th e Ma nawa t u  R i v e r  ( S e c t ions 7 . 2 . 2  and 

7 . 2 . 4 )  showed that the was t ewater  d is ch a rges have s ig n i f i ca n t  

impa cts on  h e t erot roph abundance and , d u r ing e x tended low 

f lows , on phototroph abu ndance . Howeve r th e qua l i tat ive na ture 

of the s e  observations  prevent s the i r  use for determi n i ng 

epi l i thon growth ra tes und e r  va rious sets of wat e r  qua l i ty and 

phy s i ca l  cond i t i on s . Such data a re r equ i red for the pre d i c t i on 

o f  th e time i nterva l with i n  wh i ch prob l ematic  ep i l i th i c  b i omas s  

conc entrat ions deve l op u nder d i fferent cond i t ions . 

I n  th is s ect ion th e re s u l t s o f  fie l d  i nve s t i gat ions o f  the 

r e la tionsh ips between epi l i thon growth ra tes on concre t e  

p la t e s , orga n i c  mat e r ia l concentra t io n s  a n d  phys i ca l  cond i tions 

a re pres ented . The uppe r s u r f n. c es o f  these  p l a t e s  have been  

shown to  provi d e  a t  l e n. s t  . s  0nod a g r ow th s u r fa c e  for 
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h e t e rotroph i c  epi l i th i c  o rgani s ms a s  the upper s u r faces  o f  

natura l s t on e s  i n  the Manawatu River ( S e ct i on 4 . 3 ) . 

The a i m  o f  the s tud i e s  was to quant i fy i n  the f i e ld  the 

epi l i thon g rowth rates  a nd commun i ty s t ructures under a range 

o f  water  qual i ty ,  t emperature  and s u r fa c e  rad i a t ion cond i t io ns . 

Th e resu l t s  obta i ned were i nt e nded to a i d  r iver  ma nagement 

a u thor i t i e s  by a l low i ng the predict ion o f  the t ime requ i red for 

the deve l opment of epi l ith i c  b ioma s s  concent rat ions capab l e  of 

caus i ng u nacceptab l e  d i s s o l ved oxygen de�l e t i on ( S e ct ion 

5 . 4 .  7 ) . 

Most  exper iments we r e  commenced with th e intent ion o f  mea s u r ing 

the ep i l ithon growth ra tes  dur ing periods of re lat ive ly s t e�dy 

f low con d i t ions i n  order to  minimi s e  i nterpre ta t iona l 

d i f f i c u l t i e s  a ri s i ng from va r i at ions i n  bioma s s  s lough i ng due  

to cur re n t  ve loci ty changes ( S ect ion 4 . 3 ) . Howe ve r the 

f requent sma l l  spates  wh i ch occurred in the r i ver ( F i g s  7 . 1 a nd 

7 . 2 ) cau s ed many o f  the e xper iments to be termina t ed a f t e r  only 

one samp l i ng after four or f i ve day s i ncuba t i on . Ne ve rth e l e s s  

a n umbe r o f  more p ro longed s tudies  o f  twe nty -th ree t o  th i r ty­

e i gh t  days Dura t i o n  were a l so  conducted ( Sect ion 7 . 2 . 6 . 2 ) . 

The genera l procedures fol lowed i n  each e xpe r i ment are ou t l i ned 

in S e c t i on 3 . 5 . 1 .  Du r i ng two expe r iments at s i te D the 

respi rat i on and gros s photosynth et i c  r a t e s  o f  the epi l i thon 

deve l op i ng on th e concrete  p l a t e s  were a l so mea s u red ( Se c t i o n  

5 .  3 .  2 )  . 

7 . 2 . 6 . 2  Prolonged Epi l i thon Growth S tud i es 

Th e res u l t s  of  the g rowth s t u<l i e s , i. n  wh ich the p l a t e s 
were i n c uba ted for p e r i od s  e x c e e d ing twen ty days , a r e p re s e n t ed 

i n  F igures  7 . 8  to 7 . 1 2 .  The plates were incubated a t  locat ions 

a t  each s i t e  with s im i l a r  depth s and s im i l a r  current 

v e l oc i t i e s ( Tab l e  7 . 7 ) . E f f o r t s  we re made to p lace the p l a t e s  

a t  l oca t ions w i th c u r r e n t  •;e loc i t  i e s  li th i n the opt i mum ra nge 

for s ewa ge fungus deve lopme nt on f l a t  c l ea n s u r faces ( S ection 

4 . 4 )  but loca l i s ed cha nges i n  current f low res u l ted in s ub­

opt i ma l cu rrent  ve loc i t i e s  during par t  o f  e xp e r i ment PR4 . 
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TABLE 7 . 7  Summa ry o f  Temperatu re , Depth a n d  Cu rrent V e l oc i ty Cond i t i ons at 
Su bst rate I ncubat i on S i tes du r i n g  G rowt h E xpe r i ments 

E xpe r i -
men t  I nte rva l 

PR 1 07/09/82-30/09/82 

PR2 2 1 / 1 2 /83- 1 5/ 1 2/83 

PR3 30/ 1 1 /83-06 /01 /84 
PR 3 30/ 1 1 /83-06/01 /84 

PR3 02/ 1 2/83-06/01 /84 

PR4 16/01 /84-23 /02 /84 

PR4 1 6 /0 1 /84-2 1 /02 /84 
PR4 16/0 1 /84-2 1 /02 /84 
PR4 16/01/84-2 1 /02 /84 

PR 5 23 /02/84-04/04 /84 
PR 5 23/02/84-04/04/84 
PR5 23 /02/84-04/04 /84 

S i tes 

c 

D 

A 
B 

c 

A 

c 
DE 
E F  

Typ i ca l  Cu r rent 
Ve l oc i ty 50 mm 
above p l ates - 1 ( ran ge ,  m . s  ) * 

0 . 3 -0 . 4 

0 . 3-0 . 4 5  

0 . 28-0 . 35 
0 . 2 8-0 . 38 

0 . 3-0 .40 

0 . 28-0 . 3 5  

0 . 2 1 -0 . 4 
0 . 3 -0 . 5  
0 . 3-0 . 5  

Typ i ca l  
Depth at 
p l ates 

( r a n ge ,  m ) * 

0 . 3-0 . 5 

0 . 35-0 . 5 5 

0 . 3-0 . 4 5 
0 . 3-0 . 4 5  

0 . 3 -0 . 4 5  

0 . 3-0 . 5  

0 . 3 -0 . 5 
0 . 3-0 . 5 

0 . 2 5-0 . 5 
.,. ____ ______ _ 

A 0 . 34 -0 . 3 0 . 3 5-0 . 5 
13 0 . 44-0 . 6  0 . 35-0 . 5 
c 0 . 36 -0 . 64 0 . 35-0 . 5  

---------

Ave ra ge 
Temperatu re 

( oc ) 

1 1 . 5  

1 8  

1 8  
18 

1 5  

1 9  

1 9  
1 9  
1 9  

1 7  
1 7  
1 7  

* = v a l u es measu red du r i n g  samp l i n g whe n  f l ow cond i t i ons rel at i ve ly l ow .  
H i gher va l u es occu r red du r i n g spates . 
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Significantly higher rates (t tests: P < .05) of phototrophic 

growth (measured as chloro�1yll a) were ob s e rved on p l ates at 

the sites below the di:3C'n<''C']es than at site 1\ in each 

experiment r1uring the 1983/84 summer period {Figs 7.10 to 

7.12) . Nutrient and BOD5 ::1 nal y s es of 'i'Ja te r samples collected 

above site A at this time indicated low phosphorus and 

BOD5 cond itions (Table 7.5, Section 7.2.3) and the low biomass 

on the top surfaces of tlv� plates at site P." consisted of very 

light algal growth amongst sett led detritns and snails (mostly 

Potamopyrgus antipodarum ) . The s nai l s contributed 

significant.ly to the total b iomass on the upper surfaces of the 

plates at. site A, comprising G4% and 61:� of the to ta l biomass 

(as AFDW) on average on days 5 and 41 r�spectively of 

experiment PR5 (Fig. 7.12). This high re l a tiv e contribution of 

snails and det r i tus to the biornass at site A resulted in 

anomalously high a utot rophic index (AI) val 1 es of 400 to 1700 

( figs. 7.8 to 7.10) for a site without any obvious 

heterotrophic growth (Section 2.3.1). Removal of the snails 
reduced the AI value from approximately 1100 to 400 on one 

occasion ( fig. 7.10) but it was not possible to furthe r 

separate ·the epi l ithir:: "biornass producer! on 1:l1e pl_;-:tte snrf.=--tce 

from sett ler1 c1etri tus. 

These results i nd icate that the ep i li than AI value on its own is 

of little value as ,=J.n in d i c a tor of the pos i 1: i on of the 

community on the heterotrophic-phototrophic con l:inuum (Sect iJ)tl 

7.3.1) in situations where settled detritus and invertebr.:lte�:; 

contribute much of the total biomass as AFDW. In such 

si tua i:ions the heterotrophic index (HI ) ( 1-forner and Welch, 

1981), which mea sur e s  the ratio of ATP-derived organic carbon 
to ch lorophyll a-derived organic c.=--trbon ( S e c tion 2.3.1), would 

be a more useful parameter. 

At sites below the discharges increases in AOD5 an� nutrient 

levels produced rapid increases in ·oath the tot.:d anc1 alc_)al 

biornass over periods of relatively s t abl e or declining ri ver 
f lows (Figf; 7.8 - 7.12, rrable 7.8). In experiment PR3 (?ig 

7.10) the addition of sufficient primary treaten domestic 

sewage to raise the BOD5 from the background level at site A of 
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TABLE 7 . 8 Ca l cu l ated I nc reas es i n  R i ver Nut r i ent Leve l s  due to Waste-
wate r  Di scharges • 

C a l cu l ated Mean I n c rease i n  R i ve r  Nut ri ent 
Concent rat i on u pon mi x i n g  du r i n g  E xper i ments* 

-3 ( mg . m  ) 

D i s ch a r ge Nu t r i ent PR 1 PR 2 PR 3· PR4 PR5 

P NCC P h osp horu s  35 80 76 25 48 
PNCC N i t rogen 232 538 507 1 36 320 

MC DC Pho sphorus 38 62 43 33  3 9  
MC DC N i t rogen 105 1 69 1 1 8  58 107 

BCWS P h os ph o ru s  0 7 8 1 9  1 1  
BCWS N i t rogen 0 49 2 7  140 84 

* Assumi ng Was tewate r  BOD5 l oad i n gs gi ven i n  Tabl e 7 . 1 a n d  t h a t :  

( i )  PNCC BOD5 : N : P rat i o  _ 1  ( a )  @ BOD5 l oad i n g  637 7 k g . d  (Tab l e 7 . 1 ) = 1 00 : 2 0 : 3 (Cook e et 

a1., 1 980 ) 
-1 ( b )  @ BOD5 l oad i n g = 3400 k g . d ( T ab l e 7 . 1 )  = 100 : 3 : 1 . 9 

( measu red ) 29 /2 - 1 /3/84 , Appendi x H )  

( i i )  MCDC BOD5 : N : P rat i o  = 1 00 : 4 . 9 : 1 . 8 ( mean rat i o  of th ree twenty -fou r 
h ou r  compos i te samp l es col l ected 9-25/ 1 /84 , Append i x  H )  

( i i i )  BCWS BOD5· : N : P  rat i o = 100 : 6 : 0 . 8  ( Cooke et a1., 1 980 ) . 
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- 3 - 3 -
approxima t e l y  0 . 6 g . m  ( Table 7 . 5 )  to 3 . 2  � 0 . 2 g . m  ( x  + s )  

a t  s it e  B produced four and f i ve- fo ld increa s es i n  the a l ga l 

and total b i oma s s  deve loped a fter  s i x  days i ncuba t i o n  

respective l y . Th e fu rther add i t i on o f  s u f f i c i ent  MCOC e f f luent 

to ra i s e  the average Boo 5 to 7 . 1 + 2 . 3  ( x  + s )  at  s i t e  C over 

the f i rst f i ve days i ncuba t i o n  prod uced further s igni f i ca n t  

increases ( t  t es t s ; P < . 0 5 )  i n  th e p la t e upper s u r face 

b i omas s  dev e l opme n t  rate with a h e t e rot roph dom i nated , sewage 

f u ngus , commu n i ty develop i ng .  Growth rates of 1 . 9 4 

gAFDW . m- 2
. d - l 

a nd 3 . 7 8 mg Ch l a . m- 2 . d - l were c a l c u lated fo r th i s  
. . - 2 d- 1  1 nte rva l a t  s 1 t e  C c ompa r ed w i th 1 . 0  g AFDW . m  . a nd 2 . 5 mg 

Ch l a . m- 2 . d- l ove r  th e f i rst s i x days i n c uba t ion a t  S i te B .  

B e twe en the last  two s ampl ing occa s ions i n  exper iment PR 3 ( F i g . 

7 . 1 0 )  the ca l c u l a t ed mea n Boo 5 concentrat ions at s ite B and C ,  
- 3 - 3 

( - ) o f  2 . 4  + 0 . 3 g . m a nd 4 . 8  + 1 . 3 g . m  x � s respec t i ve l y ,  

were  lower than  a t  the beg i n n i ng o f  the e xper ime nt a nd lowe r 

tota l  b ioma s s  growth rates , o f  0 . 7 8 gAFDW . m-2 . d  a nd 1 . 6 4 
- 2 - 1  gAFOW . m  . d  respec t i ve ly , were ca l c u la ted . However h i gh e r  

s lough i ng los s e s  e xpected d u e  to  th e spate d u r i n g  th e lat te r 

i nte rva l probab l y  cont r ibuted to th e lower ra tes  ob s e r ve d . 

Changes i n  -cu r re n t  ve loc i t y  we r e  shown to  hav e  re s u l t ed i n 

rap i d  s l ough i ng o f  epi l i th ic  b i oma s s  ( S ect ion 4 . 4 . 3 ) i n  

e xp e r i me n t  PR 1 ( f i g  7 . 8 ) .  Ep i l i th on bioma s s  r e d u c t i o n  

fo l l o w i n g  a sma l l e r spa te was l so obs e r v ed at the e n d  o f  

e xper ime n t  PR 2 ( f ig . 7 . 9 )  and between the second a nd th i rd 

samp l i ng o f  exper iment PR3 , wh e n  a number of  sma l l  spat e s  

occ u r red , no net i ncrea s e  i n  tota l b i oma s s  wa s reco rded a t  

s i tes B o r  C ( f ig . 7 . 1 0 ) . Th e res u l t s  o f  the s e  l a t t e r  

e xper iments i nd icate that spa tes  cause grea ter s loughi ng of  the 

fragi l e  het e rotroph s than the a lga e . I n  each c a s e  the 

epi l i thon rema i ni ng short ly a fter  the spa t es had lower AI  

va lues and the a l ga l bioma ss e i th e r  rema i ned th e same or  

i nc reased s l i ght ly ( F i gs 7 . 9  a nd 7 . 1 0 ) . 

A s im i l a r  i ncrea s e  i n  epi l ithon growth at  s it e s  B and C to tha t 

obse rved i n  e xperiment PR3 occur red i n  e xper i ment P R5 • Ove r  

th e f irst  f i ve  days o f  th i s  e xper iment th e o.dd i t i o n  o f  

s u f f i c ient dome s t i c  s ewage , t reated b y  primary s e d i menta t i on 



2 9 1  

w i th a l um floccu lat ion ( S ection 2 . 2 . 3 . 4 ) , t o  g i ve a ca l c u l a ted 
- 3 -

BOD 5 at s i t e  B o f  2 . 3  + 0 . 1  g . m ( x  + s )  gave an ep i l ithon -
- 2 - 1 

growth rate of 0 . 5 3  gAFDW . m  . d  a nd at s ite C the f urther 

add i t ion of s u f fi c i ent MC DC wa s t e  wat e r  to ra i s e  the BOD 5 to 
- 3 5 . 0  + 0 . 8 g . m  ( x  + s )  gave a s i gn i f icant l y  h igh er growth -

- 2 - 1 
ra te ( t  tests , P < . 0 5 )  o f  2 . 0  gAFDW . m  . d  for thi s  inte rva l 

( Fi g  7 . 1 2 ) .  However the epi l i thon at s it e  C i n  th i s  i nstance 

ha � lowe r AI  va l u e s  tha n  that grown over five days i n  

e xp e r iment PR3 a t  the h igh er BOD 5 o f  7 . 1 + 2 . 3  ( i  + s )  ( i . e . 

3 00 + 5 6 c . £ .  5 4 3  � 5 6  ( x  + s )  d u r i ng exper iment PR3 ) .  Thi s  

i nd icates  that the lower heterot roph i c  g rowth i n  r esponse to 

lower ave rage BOD 5 cond i t ions at s i te C in exper iment PR5 wa s 

comp e nsated for by i ncrea s ed phototroph growth . 

Over the firs t fou r  days of expe riment PR4 low MCDC e f f l uent 

d i s charge ra tes 

C compa red with 
- 3 

0 . 7 g . m ( x  + 

produced an on l y  m i nor i ncrea s e  in BOD5 a t  s i te 

s i t e  B ( F ig 7 . 1 1 ) and the avera g e  BOD 5 o f  4 . 0  + 
- 2 - 1 s )  gave a growth rate o f  0 . 9 7  gAFDW . m  . d  a t  

s it e  c .  Th i s  ra te wa s s imi lar to tha t  a t  s i t e  B ,  a nd ha l f  that 

at  s i te C ,  at th e beginning of exper iment PR3 ( f ig . 7 . 1 0 ) . 

Loca l i s ed cha nges i n  the flow a t  the p l a tes at s ite C i n  
e xper iment P R4 d u e  t o  the deve lopment o f  the ad jacent benth i c  

commu n i t i e s , resu l t ed i n  s ub -opt ima l current ve loc i t i e s  

( s ec t ion 4 . 4 . 2 )  5 0  mm above th e p l a t e  s u r faces o n  3 1 / l /8 4  ( 0 . 2 1  
- l 1 m . s  ) and 9 / 2 / 84 ( 0 . 2 4 m . s - ) and heterotroph ic g rowth wa s 

re l a t i ve ly l�w ( f ig . 7 . 1 0 }  c ompa red w i th tha t  observed unde r 

s im i l a r  BOD 5 cond i t ions du ring e xp e r i ments PR 3 and PR5 ( f igs . 

7 . 1 0 a nd 7 . 1 2 ) . By cont rast  be tween 9 / 2 / 84 a nd 2 1 / 2 / 84 , whe n  

h i gh e r  river f l ows res u l t ed i n  c u rrent ve loc i t ies  i n  ex c e s s  o f  
- l 

th e va lue of 0 . 3 m . s  , meas ured 5 0  mm above the p l a t e s  o n  
2 1 / 2 / 84 ,  growth wa s rapid ( 2 . 8  gAFDW . m- 2 . d- 1 ) a t  

BOD 5 concent ra t ions s imi l a r  to o r  l es s  tha n  those obs e rved 
- 3 -ear l i er in th e e xpe riment ( i . e .  2 . 8 + 0 . 9 g . m  ( x  + s ) ) .  The 

deve l opment of C l a d op h o ra gl o m e r a t a  fi laments on the p l a t e s  

ove r  th i s  inte rva l a l s o  contribu ted to the i ncrease i n  b i oma s s  

obs e r ved and wou l d have further a i d ed het e rot roph deve lopment 

by p rovi d i ng a growth s upport above the benth i c  bou nd a ry laye r 

( S ect ion 4 . 4 . 2 ) . 
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Thes e  r e s u l t s  suggest tha t ,  a t  s im i l a r  curre nt ve loc i t i e s  i n  

the opt imum range for het e rot roph development , the ep i l ithon 

growth ra te at s i te C is re lated to the BOD 5 . However the 

re s u l t s  of e xp e r iment PR4 ( f ig 7 . 1 1 ) do not s ug g e s t  any genera l 

re l a t i on sh ip between BOD 5 due to d i fferent was te wate rs and 

heterotroph i c  g rowth rate . Lower epi l i thon g rowth occu r re d  

o v e r  the f i r s t  fou r days o f  e xperiment PR4 at s it e  DE than at 

s it e  C despi te h i gher ca l c u l at ed mea n BOD 5 va l u e s  at the fo rme r 

s i te ( f ig . 7 . 1 1 ) . The r e  wa s a l s o  a genera l d e c l ine i n  the 

ep i l i thon Au tot roph i c  I nd e x  va l ues downs t� eam from s it e  C on 

2 0/ 1 / 84 and 2 1 / 2 / 84 a f t e r  pe riod s  of  opt imal ve l oc it ie s  fo r 

het erot roph ic growth at a l l  s i tes . Th i s  i nd i cates  l e s s  

favour ab l e  condi t ions for heterot roph i c  growth a t  the s i tes 

down s t ream of  s ite C desp i t e  s imi l a r  or grea t e r  ca l c u la ted 

BOD 5 concentrat i ons . 

The r e su l t s  of  th e wa s tewater u l trafi l t ra t ion- f ra c t ionat ion 

stud i e s  ( Table  5 . 2 4 ,  sect ion 5 . 5 . 3 )  prov ide a n  e xp lanat ion for 

th e s e  obs ervations . The s e  res u l t s  showed tha t  th e pr imary 

treated BCWS was t ewat er , wh i ch re su l t s  in the i n c rea s e  in  

ca l cu l a t e d  BOD 5 ove r the va l ue s  at s it e  C at s it e s  DF and  E F , 
has a sma l l€ r  p roportion of d i s s o l ved a nd low mo lecu l a r  we i ght 

org a n i c  mate r ia l than the MC DC wa s t e  wa ter , wh i ch is  d i s cha rged 

1 . 8  km ups t ream of s i te C ( F i g  1 . 2 ) . S i nce the d i s s o l ved a nd , 

i n  pa r t i c u l a r ,  th e low mo l ec u l a r  we ight compon e nts s t imu l a t e  

the h e terot roph i c  growth ( s ec t i on 2 . 3 . 2 ) , th i s  e xp l a i n s  why the 

compa ratively  h i gh BOD 5 va l u e s  at s ites DE and EF due ma i n ly to 

the BCWS d i s charge  ( fig . 7 . 1 0 ) have re lat 1ve l y  minor e f fects  on 

heterot roph ic g rowth . 

Throughou t expe r iment PR4 hete rot rophs on l y  occu rred in  t ra ce 

a mounts of  s i te EF ( s ection 7 . 2 . 2 )  indica ting  tha t  the 

conce n t ra t ion o f  orga n i c  materia l s u itab l e  for the i r  g rowth wa s 

low . Th i s  wa s supported by th e £BOD 5 va l u es of  1 . 3  to 2 . 7 

g . m- 3 of da i ly compos i t e  wat e r  s amp l e s  co l l e cted at s i te EF 

d u r i ng th i s  int e rva l ( Tab l e  6 . 5 ) . However the n i trogen and 

phosphorus l e ve l s  we re h i gh ( Tabl e  6 . 6 ) . Thus  the wa ter 

qua l i ty cond i t ions at s i t e  EF resemb l e  those that wou l d  be 

expected a t  s i te D if  the wa stewaters  were trea ted b iolog i ca l ly 
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to reduce the i r  BOD 5 but not the i r  n i t roge n  and phosphor u s  

concentra t ions . Th i s  is  the expected outcome o f  th e PNCC a nd 

BCWS treatment sys t ems ( S ections 2 . 2 . 3 . 4  and 2 . 2 . 5 . 2 ) .  

Throughout exp e r i me nt PR4 phototrophs domina ted the epi l i thon 

at s it e  EF and the AI va lues  we re between 96 and 2 1 6  ( fi g . 

7 . 9 ) .  However  the spe c i e s  dominat ing  the commun i ty va r i ed 

cons idera b l y  d u r i n g  the i ncuba t ion p e r i od . On the f i rs t  two 

samp l i ng occa s ions a number o f  di f fe re n t  d iatom a nd u n i c e l l u l a r  

green a l g a l  spec i e s  wer e  abundant b u t  much o f  th i s  c o�n u n i ty 

s loughed o f f  th e p lates prior  to  3 1 / l / 84 .  Th e i nterva l  3 1 / l / 84 

to  9 / 2 / 84 saw th e rap id growth ( 2 . 6 2 gAFDW . m-2 . d- l ) o f  a 

commun i ty dom i nat ed by two f i lamentous spec i e s , the green a l gae  

S t i g e o cl o n i u m t e n u e  and the  b l ue green bac te r i a  O s ci l l a t o r i a  

sp . among s t  wh i ch a vari e ty o f  u n i ce l l u l a r  green  a lgae  a nd 

dia toms we r e  abunda n t . B etwe e n  9 / 2 / 84 a nd 2 1 / 2 / 84 th is  

commun i ty was rep l a ced by one  dominated by C l a d o p h o r a  

gl o m e ra t a . Th i s  pa t t e r n  o f  pho totroph s ucces s i on wa s s imi la r to 

that obs e rved a t  s i tes A a nd B d u r i ng the summer of 1 9 82 / 83 

( S e ct i on 7 . 2 . 4 )  a n d  fu rth e r  comp l i ca te s  the pred i ct i on o f  the 

time tak e n  for th e b ioma s s  o f  photot roph ic domi na t ed 

communit i es g rowi n g  on c l ean s ub s trates  to rea ch n u i s a nce 

l eve l s . 

Neve rth e l e s s  the r e s u l t s  a t  s i t e  EF d u r ing exper iment PR4 show 

tha t ,  under s ummer f l ow cond i t ions , l ow orga n i c  con c e nt rat i ons 

a nd h igh n ut r i e n t  leve l s  prod uce rapid  a lg a l  growe1 in the 

Manawatu River . Nu isance b i omas s  conce ntrat ions o f  3 4- 4 5  
- 2 

gAFDW . m  pred i c t e d  for temperatu r e s  o f  2 l ° C by th e oxyg en 

mod e l l ing s t u d i e s  ( S ec t i on 5 . 4 . 7 } ,  d eve loped on  the f lat upper 

s u r faces  o f  the p l a tes after 3 5  days i ncuba t ion . lioweve r th e 
u s e  o f  the g rowth rates mea s u red on the uppe r s u r face  o f  the 

substrates to p r ed i ct those on the na t u ra l  bed o f  the r i ver i s  

comp l i c a t ed by the fol low i ng factor s : 

( i )  The rough nes s of  th e nat u ra l  bed p rovid i ng mor e  s u r face 

area for attachment that i s  e xpos ed d i rec t ly to  the s u n l i ght 

and current  per unit  flat s u r face  a re a  tha n  o n  the f l a t  upper  

s u rfaces o f  the p l a tes . 

( i i )  The deve lopme nt of biomas s  i n  s om e  insta n c e s  on  the u nde r 
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s id e s  o f  surface  s tones a nd on s ubs u r f a c e  gra v e l s  exposed  to 

i nt e r s ti t i a l  wat e r  flow . 

M e a s u rements ( S ection 3 . 4 . 3 )  showed tha t  a t  s ites  C a nd D the 

e xpos ed s u r fa c e  a rea  to f lat  bed a r e a  rati os were  1 . 64 + 0 . 1 5  

and  1 . 6 2 + 0 . 1 3  ( �  + s )  iespec t i v e l y  a nd s im i l a r  rat i o s  wou l d  

b e  expected at s it e s  A t o  E whe r e  the s tone s i z e  d i s t r ibut ions 

are a l ike ( sect i on 4 . 2 ) . Th i s  s uggests  tha t  to convert the 

p l a t e  surface growth rates to natu r a l  bed growth rat e s  a t  s it e s  

A �o E in  the Manawa tu R i v e r  s tudy are� tfig . 1 . 2 )  the former 

ra tes  shou ld be mu l t ip l i ed by a con ve r s ion factor of 1 . 6 3 .  

Th e g rowth on the under s i de s  of the s tone s  a nd amongs t th e 

subsu r face g rave l s  presents a more d i f f i cu l t  prob l em .  

I n  a number of e xperiments the s l ime l a ye r  wh i ch deve loped o n  

th e u nders ides o f  th e p l a t es at  s i t es below the d i s charges wa s 

mea su red . Th is  was a l ways more  h e t e rot rophic ( i . e .  had h i gh e r  

AI  va l u e s ) than the upper p l a t e  s u r fa ce growths ( e . g .  fig . 7 . 9 )  

but a cc um u l a t e d s ome a l ga l b ioma s s , pre s umably by p l ank tonic  

c e l l s  be com i n g  embedded i n  the s l ime layer . Th e  u n d e r s u r f a c e  

community wa s dom i nated by th e dom i na nt bac ·te r i a l  species  o f  

th e upp e r  s u r fa c e  growths ( i . e .  s .  n a t a n s a n d  F l a v o b a ct e r i u m 
sp. ( S ec t ion 7 . 2 . 3 ) ) e x cep t a t  s it e  E F  d u r ing e xper iment PR4 , 

when the s e s s i l e c i l ia t e  O p e r c i.z l a r .i a  sp. wa s dominant , F.l nd a t  

s i t e  A wh ere F.l ny b i oma s s  p re s e nt wa s d u e  to sna i l s  

( P o t a mopy rg u s  a n t i p o d a r u m ) a n� i n s e c t  l a r vae . 

- 2 The u nde r s u r f a c e  bioma s s  rea ch ed a max imum at 9 gAFDW . m  in  

PR
2 

( Fi g  7 . 9 )  4 to  5 gAFDW . m- 2 in  PR
3 ( f i g 7 . 1 0 )  and 1 . 8  

gAFDW . m- 2 i n  PR
4 ( Fi g  7 . 1 1 ) . Va r i a t i ons i n  thi s  bioma s s  wou l d  

b e  e xpected to res u l t  from both cha nges i n  r iver  wat e r  o r ga n i c  

cont ent· a nd the p e rmeabi l i ty o f  th e r i verbed gra ve l s . Th u s  the 

p rogr e s s ive c l og g i ng o f  the i n t e rs t i t i a l  spaces e xpec t ed d u r i n g  

th e e xtended pe r i ods o f  l owe r flows f rom November 1 9 83 to  

F ebruary 1 9 84 , due to  the accumul a t ion o f  det r i tus  a nd b i oma s s , 

cou l d  expl a i n  the progress ive redu c ti on i n  ma ximum unde r s u r face  

b i om as s  obse rved in  e xp e r iment s PR 2 to  PR4 whe n  the r i ve r water  

qua l i ty wa s fa i r ly s im i l a r .  
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The s e  res u lt s  s ugges t  that the unders ides of s u r face  stones a nd 

s ub s u r fa c e  gra ve l s  e xpos ed to inters t i t i a l  f l ow provide 

s u itab l e  attachmen t  s it e s  for l imited het erotroph i c  bioma s s  

deve lopment ea r l y  d u r i ng periods o f  s tabl e  flow condi t ions but 

be come p rogre ss i v e l y  less  important w ith time . I n  v i ew o f  the 

c ompa ra t ive ly minor a nd va riab l e  importance of the s e  attachment 

s urfaces  th ey were omitted whe n  pred i ct ing the nat u ra l bed 

b ioma s s  u nder d i f fe rent cond i t ions f rom the p l a te upper s u r fa c e  

bioma s s  data . 

Mu l t ip l ying the p l a t e  upper s u r fa ce g rowth va l u es by 1 . 6 3 g i ve s  

bed eq u i va l ent  b i oma s s  concentrations  a t  s i te E F  during 
- 2 e xper iment PR4 ( f i g . 7 . 1 1 ) of  4 5  gAFDW . m  on 9 / 2 / 84 ( day 2 4 ) 

a nd 5 8  gAFDW . m- 2 on 2 1 / 2 / 84 ( day 3 6 ) .  Thus , under the 

cond i t ions a t  s it e  EF dur ing experiment PR4 nu isanc e  bed 

bioma s s  concentra t ions of 34 to 4 5  gAFDW . m- 2 a re pred i c ted 2 1  

to 2 4  days on the na t u ra l bed . 

S imi l a r l y  th e growth ra t e s  obs e r v ed o n  the upper  s u r fa c e s  o f  

p l ates i ncuba ted a t  s ite D i n  e xper imen t PR 2 ( f ig . 7 . 9 )  

indicate  tha t  th i s  nuis ance bed bioma s s  conce ntra t ion o f  34  to 
- 2  2 4 5  gAFDW . m - ( = pl ate b i oma s s  o f  2 1  to 2 8  gAFDW . m- ) wo u ld be 

reached u nd e r  s tu dy cond i t ions in approx ima t e l y  16  to 1 9 da y s . 
Under the con d i t ions during  the s tab l e  o r  dec l i n i ng f low 

periods of exper iment P R3 ( f ig . 7 . 1 0 )  the p la t e  upper  s u r fa c e  

g rowth rates indicate that the s e  bioma s s  concentra t ions wou l d  

deve lop a t  s i tes B a nd C i n  approx ima t e l y  2 3  t o  3 5  days a nd 1 0  

to 1 3  days r espe c t i ve ly . Periods o f  s tab l e  o r  dec l i ning low ­

f low conditions o f  ove r 2 5  days durat ion f requ e nt ly occur red i n  

the Ma nawatu R i ve r d u r i ng the s tudy per iod ( F igures 7 . 1 and 

7 .  2 )  • 

The s e  r e s u l t s  i l l u s t ra te tha t epi l i thon deve lops very rap id l y  

t o  concentrations that cons t i tute a potentia l n u i s ance w i th 

respec t to the r iv e r  oxyg e n  l e v e l s  a t  the max imum obs e r ved 

s umme r tempera t u r e  0f 2 l ° C .  Th i s  n u i s a nce l e ve l  wa s rea ched 
- 3 mos t  rapid l y  a t  B O D 5  l e v e l s o f  5 t o  7 g . m a t  s i t e  C be low th e 

MCDC ou t fa l l whe r e  a he t e r o t roph uomi na t ed , s ewage fung us , 

commun i t y  occ u r red on the uppe r  s u r fa ce s  of  the p lates . 
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F ur ther downstream a t  s it e  EF , whe re the conce nt ra t ion o f  

orga ni c  mat e r i a l  s u i tabl e  for heterotroph ic growth wa s l ow but 

nutri e nt l e v e l s  h i gh ,  photot roph domina t ed commu n i t i e s  a ls o  

r each ed th i s  nu i s ance  dens i ty during the growth s t ud i e s , 

a lthough thei r i n i t i a l  development wa s s low a nd a s ucce s s ion of 

commun i ty types occ u r re d : 

The s e  res u l t s  and the benth ic bioma s s  obse rvation ( S ecti ons 

7 . 2 . 1 a nd 7 . 2 . 7 ) show that the s ubstant i a l  reduction of  the 

was tewat e r  organic  loadi ngs wi thout a s imultaneous s ubs ta nt i a l  

reduct ion i n  the nutri ent loa d i ngs  h a s  not prevented b ioma s s  

concentrat ions develop i ng which cons t i t u te a nu isa nce at summe r 

tempera tures  o f  2 l ° C .  Ra ther th i s  has res u l t ed i n  the 

r epla cement a heterot roph dominated biomass by a s l owe r grow ing 

b u t  s t i l l  prob l ema t i c phototroph ic domina ted b i oma s s . 

Th e s e  latter commun i t i e s  may be more per s i s t ent d u r i ng e r ra t i c 

f low cond i t ions s ince  the photot rophs a r e  l e s s  read i ly 

d i s lodged f rom the bed by sma l l  spa tes than the h e t e rot rophs . 

Th is  i s  par t i cu l a r ly true for the ma crophytes whos e bioma s s  wa s 

not s ubstantia l ly a f fe cted by riv e r  f l ow s  of s evera l hundred 

c ub i c  me tres pe r s econd . 

Reduction of  the wa s t ewa ter  nutri e nt con centrations to a l ev e l  

that wou l d  l im i t  photot roph ic deve lopment to be low the s umme r 

t emperature n u i s a nc e  leve l s  presents  s i g n i f i ca n t  t·�ch n ica l 

p robl ems . S ince the ba ckground phosphorus  l eve ls  .:�. re  often 

above those  wh i ch l im i t  growth dur i ng s ummer ( F reema n ,  1 9 83 , 

Table  7 . 4 )  a nd phosphorus uptake rates a r e  relativ � ly low 

c ompa red wi th tho s e  o f  BOD 5 ( S ec t ions 6 . 2 ; 1 . 3  a nd 6 . 2 . 2 . 2 ) , 

a lmos t  comp l e t e r. ernov a l  o f  phosphorus f r-om the wa s � ewa ters 

wou ld be requ ired . N i t roge n  a nd phosphorus remova l s  from 

domes t i c  s ewage o f  70 to 80% are a ch i e vabl e  u s ing mod i f i ed 

a ct i vated s ludge trea tment proces s e s  ( e . g . , Bardenpho a nd 

Phosphos t r ip proce s s es ) ( M cFa r la n e , 1 9 8 2 ) . Howev e r only m i nor 

phosphorus  remova l ( l e s s  tha n  3 0 % ) is  e xp e c ted i n  the  c urrent 

PNCC a erated lagoon secondary treatment ( S t a l l et al . , 1 9 7 6 ) and 

no s i g n i f i ca nt phosphorus remova l i s  e xpected i n  the BCWS 

a na e robic  trea tment ponds ( S ection 2 . 2 . 5 . 2 ) . 



2 9 7  

Th i s  sugge s t s  tha t  i t  i s  u n l ik e ly tha t  epi l i thon biomas s  can be 

l im i t ed to l e ve l s  be low thos e  caus ing the r i ve r  c l as s i fi cat i on 

oxygen concent ra t ion to be breach e d  d u r i ng s umme r  low f lows a t  

temperatures o f  2 PC un l e s s  land d i spos a l  o f  the was t ewa t e rs i s  

adopt ed . Furth e r  a s s e s s ment of  th i s  by s tud i e s  on the 

re l a t ionship between phototroph i c  ep i l i thon g rowth a nd nutri e nt 

concentrat ions ach i evable  by the bes t  a va i lable t e ch nol ogy 

wou l d  be u s e fu l . 

These res u l t s  a re d i s c u s s ed furth e r  a lon� wi th tho s e  of  the 

short -term g rowth stu d i e s  in S e c t i on ( 7 . 2 . 6 . 3 ) .  

7 . 2 . 6 . 3  Res u l t s  of  Short-term Epi l ithon Growth Stud i e s  

The h igh ly e r r a t i c  r iv e r  f low cond i t ions between Oc tober  1 9 8 2  

and Ma rch 1 9 83 ( fig . 7 . 1 )  r e s u l ted i n  the epi l i thon g rowth 

e xp e r iment s conducted d u r i ng th i s  interva l  be ing t e rmina ted 

a ft e r  th ree to e ight days . Ne verth e l e s s  the r es u l ts of  the s e  

e xpe r iments ( S R1 t o  SR 7 ) pres ented i n  F i g u re s  7 . 1 3 t o  7 . 1 9 ,  

provide qua nt i tative  informa t ion on the e f fects o f  the wa s te­

wat e r  d i s cha rges on ep i l ithon g rowth . 

l n  or de r t.o s i mp l i fy t h e  c omp a c i s on o f  the res u l t s  f rom 

e xp e r i m e n ts o f  t h r e e to e L gh t d a y s  u u ra t i on , th e d a ta a r e  

p r e s e n ted a s  g rowth ra tes ca l c u l a t ed a s s uming a l i nea r .inc rea s e  

i n  b i orna s s  w i th t ime . The da ta  from the prolonged growth 

e xper iment P R 2 ( f i g . 7 . 9 )  ind i cate  th a t th L s  a s s umpt ion i s  

r ea sonal1 l e  f o r  h e t e ro t roph dom i. n a tecl ep i l i tl1 o n . 

A s  wa s obs er ved i n  the pro longed g rowth e xp,:! r iment s  ( S ec t ion 
- 2 - 1  

7 . 2 . 6 . 2 ) , the g rowth rates a t  s i te A ,  a s  gAFDW . m  d .  , were  

a lway s  s i gn i f i ca nt ly lowe r ( t  tes t s , P < . O l )  tha n  those at  

s i tes be low the d i s cha rges . Howe ver du r i ng e xper iment S R 6  the 

s e t t l e d  vo l ume deve lopment rate at s i t e  A wa s s ign i f i ca nt ly 

g reater ( t  t es ts ,  P < . O S )  tha n at s i tes  B a nd C ( f ig . 7 . 1 8 ) . 

O n  th i s  occa s ion , when a b loom of  the s ta lked d ia tom 

G o mph o n e ma sp occ ur red at s i t e  A ,  the g rowth rate of  0 . 8 1 + 
- 2 - 1 0 . 1 1 gAFDW . m  . d  ( x  + s )  was much h ighe r  tha n  the average 

rate o f  a l l  the oth e r  e xpe r iments ( x  + s = 0 . 1 5  + 0 . 1 6 
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- 2 - 1 gAFDW . m  . d  ) .  The l ow dens i t y  of  the p late bioma s s a t  s i t e  A 

compared with tha t  o f  the downs t r eam s i t e s  res u l ted from the 

l a rger appar e nt contribution o f  G o mp h o n e m a  sp . . , whi ch i s  

a ttached to the bed by a low d e n s i ty s t a l k , t o  the tota l 

b i oma s s  a t  th is  s it e . At the s ites below the d i s cha rges 

G o mph o n em a  sp.  was l e s s · dominant and a vari ety o f  s ta l k- l e s s  

a l ga e , a s  we l l  a s s .  n a t a n s and F l a voba ct e r i u m sp. , wer e  

abundant . The r e l a t i ve ly low P/H i ndex va lues  ( S e c tion 2 . 3 . 1 )  

recorded at s i t e  A i n  e xper iment SR6 ( Fi g  7 . 1 8 )  d esp ite pho­

totroph domi nance  probab l y  a l so re s u l ts from the r e l a t i v e l y  

la rge contribution o f  the non-p i gmented Gomph o n em a  stalks  t o  

the total bioma s s . 

Th e phys i ca l a nd wate r  qua l ity cond it i on s  during e xpe r iment 

S R6 do not prov i d e  any e xp lanation for the unu s ua l , pro l i f i c  

g r owth of  Go mph o n ema sp. a t  s i t e  A .  Th e DRP concentra t ion 

was low ( F ig 7 . 1 8 )  a nd s imi la r l ight and temperat u re con­

d i t ions occu rred on s evera l  o th e r  occas ions ( Ta b l e  7 . 9 ) . 

However the comb i na t ion o £  phy s i ca l , wa t e r  qua l i ty and b i o log i-

c a l  f a c t o r s  c l ea r ly favou red G o mpho n e m a  sp. deve lopment . 

Th e aodit ion of  su f f i c i e n t p r i ma ry t reated domes t i c  s ewag e  _ o  
- 3  

in crease  the r i v e r  BOD 5 by appro x imate ly 1 . 5  to 2 . 1 g . m upon 

m i x ing d id not res u l t  i n  hete rotroph i c  domina t ion o f  th e p l a te 

upper s u r f a c e  epi l i thon a t  s i te AB , 2 . 2  km below the PNCC 

d i s charge , i n  any of the e xperiment s . F i l amentous ba ct e r ia l  

species we re pre s e n t  amongst  the epi l i th on that deve loped but 

photot rophs we re dom i nant ( e . g .  f i g s . 7 . 1 4 ,  7 . 1 6 - 7 . 1 8 ) . 

The s e  obs erva t ions a r e  cons i s t en t  with the res u l t s  o f  ou tdoor 

channel  s t ud i e s  on the e f fects o f  domes t i c  sewage on benth i c  

community development a t  current veloc i t i e s  s i m i l a r  to tho s e  

above the pl ates ( Wuhrmunn , 1 9 5 4 ; E i che nberg e r , 1 9 7 5 ) . 

Th e BOD 5 a nd n ut r i ent s ( Table 7 . 1 0 )  added by the PNCC d is cha rge  

r e s u l ted i n  s i g n i ficantly  h ighe r  ( t  tests , P < . 0 5 )  epi l i thon 

g rowth rates , mea s u red. a s  gAFDW . m- 2 . d- 1 , tha n a t  s i te A d ur i ng 

e a ch expe r im ent . Th e  growth rate a t  s i te B increased from 0 . 6 7 

+ 0 . 2 8  gAFDW . m- 2 . d- l ( x  + s )  d u r i ng ea r l y  spr i ng ( experiment 
- 2 -1 S R 1 , f ig . 7 . 1 3 )  to 1 . 5 7 f 0 . 3 0 gAFDW . m  . d  ( x  ± s )  i n  m i d-
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TABLE 7 . 9 Phys i ca l  C ond i t i on� Du r i n g  S h o rt -t e rm E p i l i thon G rowt h Stu d i es 

Tot a l  Su rface Aver a ge 
R i verf l ow Ra d i at i on at R i v e r  

E xper i ment Dates ( x .:!:.  s )  Ohakea ·• Temp eratu re 
( m3 . s - 1 ) (MJ . m-2 . d- 1 ) ( oc ) e x- .:!:. s )  

SR 1 04-08- 1 0 /82 48 . 1 .:!:. 7 . 1 1 9 . 0  � 6 . 0 1 2  

SR 2 14 - 1 9 / 1 0 /82 4 1 . 9  � 5 . 1  1 8 . 5 � 4 . 3 1 2  

SR 3 22 -26 / 1 1 /82 34 .8 � 5 . 2  22 . 9  � 6 . 7 1 6  

SR4 06/ 1 0 / 1 2/82 42 . 5 � 7 . 0 28 . 3  � 3 . 4 1 8  

SR 5 1 0 - 1 3 /0 1 /83 3 5 . 3 � 3 . 5 2 1 . 9 � 6 . 1  2 1  

SR6 ?3- 3 1 /01 /83 45 . 9  � 7 . 6 24 . 1 .:!:. 3 . 9  1 9  

SR 7 2 1 - 24/0 3/84 1 9 . 9  � 2 . 0 1 5 . 5  � 5 . 2  1 7 . 5  
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TABLE  7 . 1 0  Ca l cu l ated  I n c re'ases  i n  R i ver  Nut r i ent L e ve l s  due  to Was t ewater  
D i s c h a r ge s  

Me an I ncreases Dur ing Exper imen t s  

D i s ch a rge Nut r i ent SR 1 SR 2 SR 3 SR4 SR 5 

P NCC  P h o s p h o ru s  46 52 6 3  52 63  
N i t rogen  305 350 424 34 7 4 18  

MCDC Phosphorus  81  1 1 4 1 91 123  1 1 0  
N i t rogen 104 1 45 244 1 5 7  1 40 

BCWS P h o s p h o ru s  0 0 14 20 26 
N i t ro gen  0 0 102  153  195  

A s s u m i n g :  Wa stewat e r  BOD5 l oadi n gs g i ven i n  Ta b l e 7 . 1 and  that : 

( i ) PN.C C BOD5 : N : P  rat i o = 1 00 : 2 0 : 3 ( Cooke  et al., 1 980 ) 

( mg.m- 3 ) 

SR6 SR 7 

48 1 1 1  
322 741 

7 5  77  
95  98  

8 0 
58 0 

( i i ) MCDC BOD5 : N : P  rat i o = 1 00 : 2 .8 : 2 . 2 ( me a n  rat i o  of  s even 24 h ou r  
c ompo s i te  samp l es c o l l e ct e d  3 1 / 1 2 /82-H/5/83 , Appen d i x H )  

( i i i ) BCWS 130D5 : N : P  rat i o = 100 : 6 : 0 . 8 (Cooke  e t  a l., 1 980 ) .  
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s umme r  ( exper iment SR
6 , fig . 7 . 1 8 }  under s imi l a r  wa t e r  

d i s charg e  a nd f low cond i t ions . S i nc e  epi l i thon g ro s s  prima ry 

product ion increased with l i ght and t emp erature ( S e c t ion 

5 . 3 . 5 ) ,  the increases in  the s e  pa rameters ( Table  7 . 1 )  probab ly 

a ccount for  th e s ea sona l va r i a t ion in  the growth ra t e . 

The e ffect of  the MCDC da i ry factory was t ewater d i s cha rge on 

epi l ithon deve l opment wa s comp l e x , r e s u l t ing in growth 

e nha n cement on s ome occas ions and i nhibit ion on oth e r s . 

I n  experiments S R2 ( Fi g  7 . 1 4 )  a nd s R5 ( F ig  7 . 1 7 )  the f ur th e r  

addit ion of  s u f f i cient MCDC e f f l u ent t o  i ncrea s e  the mea n  river 

BOD 5 concentrat ion a fter mi x i ng by 5 . 2  and 5 . 0  g . m
- 3  

r e spectively resu lted i n  s ign i f i cantly h igher ep i l i thon growth 

rat e s  at s it e  C tha n  a t  s i t e  A/B above th e MCDC out fa l l  ( t  

tests , P < 0 . 1  a nd P < . 00 2 , respectively ) .  By cont ra s t  i n  

e xper iments SR 1 a nd SR4 MCDC BOD5 addition s  s u f f i c i e nt to 

i ncrea s e  th e mea n  river BOD 5 by 3 . 7  and 5 . 6 g . m- 3 
respect i ve ly 

on m i x ing did not s ig n i f i cantly i nc reas e  the epi l i thon g rowth 

a t  s i t e  C over that at s it e  A/B ( t  t e s t s , P > 0 . 1 ) .  However on 

the s e  occas i ons the g rowth ra te a t  s i tes E a nd F further 

downs t ream were s igni ficant ly greater tha n  a t  s it e  B and C ( t  

tests ; P < . 0 5 )  desp ite the abs e nc e  o f  further s igni ficant  

d i s ch a rges i n  e xper iment S R 1 ( f ig . 7 . 1 3 )  a nd the compa r a t i ve l y  

minor increa s e  i n  BOD5 d u e  t o  the BCWS d i s ch a r ge i n  exper ime nt 

SR4 ( f ig . 7 . 1 6 ) .  

I n  experiment SR3 ( f ig . 7 . 1 5 )  add i t ion of s u f f i c e n t  MCDC 

e f f l uent  to i ncrease th e mean river BOD 5 a ft e r  m i x in g  by 8 . 7 + 
1 . 5 g . m- 3 ( i  + s )  resu l t ed in  a s ig n i f i cant decrease in 

ep i l i thon growth rate compa red with that a t  s it e  A/ B  ( t  t e s ts , 

P < . 0 0 2 ) with rat e s  s im i l a r  to thos e at s i te A r ecorded ( fi g . 

7 . 1 5 ) . The bed bioma s s  was a l so very low a t  s i t e  C at th is  

t ime ( s ection 7 . 2 . 2 ) . Epi l ithon growth rates i ncrea s ed 

progr e s s ively a t  the downs tream s it e s  D and E F  and was a l so 

h i gh a t  s ite F .  As d i scus s ed previou s ly ( s ect i on 7 . 2 . 2 } , the 

res u l t s  of the l abora tory channe l stud i e s  ( s ect i on 5 . 5 . 3  a nd 

7 . 3 )  a nd river b i omas s  obs e rvations ( s ec t ion 7 . 2 . 2 )  indicate 

tha t the add i t ion , j us t  be low site C ,  of s u f f i c i ent BCWS 
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p r ima ry mea tworks e f f l uent to i nc rea s e  th e river  BOD 5 by 1 . 7  
- 3 g . m on a verage mad e on ly a. minor con t ribution to the 

s ub s tantia l increa s e  i n  ep i l ithon growth obs erved . Rath er 

the s e  res u l ts and tho s e  of  e xper iments S R 1 a nd S R4 s ug ge s t  tha t  

epi l i thon growth wa s some t imes inh ib i t ed by components o f  the 

MCDC was t e  wa ter but ep i l i thon grew we l l  furthe r  downs t ream 

where the i nhib itory compounds wou ld be e xpec ted to be reduced 

by s e l f-pur i f ication proce s s es . The h igh BOD 5 o f  g rab samp l e s  

c o l lected d ur ing the morning a t  s i t e  C compared w i th the mea n  

l eve ls  c a l c u la t ed from the dai ly BOD 5 d i s charg e d a ta ( f igs . 

7 . 1 3 - 7 . 1 8 )  a nd the d iu rna l e f f l uent d i s charge data ( e . g .  

Table 5 . 1 4 )  show tha t ,  due  t o  the h igh ly va riable nature o f  the 

MCDC d i s charge , the wa s tewater  concentra t ions a t  s it e  C were 

often two t o  th ree t i me s  the mean va l ue s . 

I t  was not pos s ible to d i s cern the e ffect s of  the BCWS 

d i s charg e on ep i l i thon obs er ved dur ing the short term growth 

s t udies  due to the ma rked e f fect o f  th e MCDC wa s t ewa ter 

d i s charged 1 . 8  km ups t ream of  th e BCWS ou t fa l l . The indi vidua l 

e f fects  of these two was tewaters were compared in  labo ratory 

channe l e xp e r iments ( s ec t ion 7 . 3 ) . Th e compa r i son o f  the 

r e s u l t s  of  expe riment s  S R1 , S R6 and SR 7 demon s trates the 

e f fects  of s easona l factors on th e length of the r iver reach 

over wh i ch rapid hete rot roph i c  g rowth occ u r red for s imi l a r  

wa s t ewa t er l oad ings . I n  e xper imen t SR1 ( f ig . 7 . 1 3 )  during 

early spr i n g  ( tempera t u re ( t )  = l 2 ° C ,  tot a l  solar rada tion = 

- 2 - 1 -1 9 . 0  + 6 . 0 M J . m  . d  ( x  + s )  Tabl e  7 . 9 ) ) hete rot roph domi na t e d  

g r owth occur red a t  s it e s  C to F ( F i g  1 . 2 ) . By contra s t  during 
- 2 - 1 < x  + s > > e xper iment S R6 ( T  = l 9 ° C ,  TSR  = 24 . 1  + 3 . 9  M J . m  . d  

th e add i t ion a t  a s imi l a r  river f low , of  s imi l a r  amounts o f  

BOD 5 b y  the PNCC a nd MCDC p l u s  a n  add it i o na l  loa d i ng from the 

BCWS d i d  not resu l t  i n  f i lamentous bac ter i a l  g rowth a t  s it e  F 

( fi g . 7 . 1 8 ) . Th e low ep i l ithon P/H va l ue s  at s ite  F were 

e vi dently d u e  to the l a rg e  amou nt of s ett l ed detr i t us a nd s i l t 

wh i ch a ccumu lated on the p l a te s  caus ing h i gh AFDW va l ue s . Th i s  

a l s o  re s u l ted i n  the h ighe r  dens i ty ( i . e .  AFDW : s e t t l ed vol ume 

ra t io ) o f  the bioma s s  a t  s it e  F compared w i th tha t  of  the 

ups t ream s i te s  ( F ig 7 . 1 8 ) . Comp a r i son of  the ca l c u lated mea n  

BOD S data for the two exper iments ( F igs 7 . 1 3  a nd 7 . 1 8 )  

i n d i cat es tha t  the mor e  rapid BOD s remova l rate a t  the h ighe r  
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t empera t u r e  i n  SR6 wa s important i n  ca us i ng the contrac t ion o f  

the zone o f  pro l i f i c  heterot roph in  growth obs e rved i n  th i s  

e xperiment . 

I n  add it ion to the reduct ion i n  the length of  h e terot roph 

dominated river rea ch , an increa s e  i n  the ep i l i thon g rowth ra tes  

wa s obs e rved at s i t e  B ,  C and E du r i ng th e s umme r  experime nt 

I n  � xpe r i ment SR 7 ( F ig  7 . 1 9 ) the ca l c u l a ted BOD 5 inc rea s e  due 

to the PNCC d i s charge was h i gher tha n  dur ing SR1 wh i l s t  the 

BOD 5 increa s e  due t o  the MCDC d i s cha rge wa s s imi l a r . The 

terrpera t u re during SR7 ( l 7 ° C ) was higher than tha t  during 

SR 1 ( l 2 ° C )  b u t  the total  s u r face rad iat ion wa s 3 . 5 
- 2 - 1 ( 7 ) 

. . . 
MJ . m  . d  lowe r Tab l e  . 9  . The s e  cond 1 t 1ons p rodu ced more 

rapid h et e rotroph i c  domina ted growth at s i tes C and D than in 

e xperime n t  SR1 but compara t i ve ly s l ow g rowth at s ites  E and F .  

I n  th is i n s tance the reduct ion of the l ength o f  the river reach 

a f fected by rapid h eterotroph i c  growth ( i . e .  5 km c . f .  > 1 3  km 

d uring e xperiment S R 1 } was pa r t ly d u e  to th e reduced river  

f low , increa s i ng the trave l t imes be tween the s i tes  thus  

a l lowi ng more time for  orga n i c  ma te r i a l  remova l .  Eq uation 2 . 1 

( S ection 2 . 2 . 1 . 1 )  predicts tha t  the trav e l  t imes i ncrea s e  by 
3 0 %  for a reduction in river f low from the mea n va l ue dur i ng 

e xperime nt S R 1 ( 4 8 . 1 m .
3s - 1 ) t o  tha t  in e xpe riment S R

7 ( 1 9 . 9  
m3 . s - 1 ) .  A l lowing for th is , o th e r  s easona l fa cto r s  reduced �le 

l ength of  the river  rea ch a f fe c ted by rapid heterotroph i c  

epi l i thon g rowth i n  e xper iments SR 7 compared with e xperiment 

S R 1 by a t  l ea s t  4 km ( i . e .  ( 1 3  x 0 . 7 )  - 5 km ) . The e f fects of  

t emperature on  the BOD 5 remova l rat e s  wou ld  be e xpected to be 

i mportant but t emperature e ff e c ts on g ra z i ng a c t i v i t y ,  a nd 

s easona l var ia t ions i n  gra z i ng numbe rs may have a l so been 

i nvo lved . So lar radiation i nh ib i t ion ( S ect ions 2 . 3 . 4 . 3 and 

4 . 5 )  wa s not l ik e l y  t o  have bee n important i n  produc ing the 

obs erved d i f fe rences between these  e xperime nts s ince  the 

a verage tota l s u r fa ce radia t ion va l ues were lowe r d ur i ng 

e xperiment SR 7 tha n  during SR1 ( Tab l e  7 . 9 ) . Seasona l 

va riat ions i n  the extent of  the river reach conta i n i ng 

m i c ros cop i c  het erotroph dominat ed growth s ( s ewag e  fung u s ) we re 
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a l s o  obs erved i n  the Ma nawatu R i ver ( S ec t ion 7 . 2 . 2 ) , a n umber / 

o f  other rivers  ( .  C awley , 1 9 5 8 ; Amber g and 

Cormack , 1 9 5 9 ; Phaup a nd Ga n non , 1 9 6 7 ; McKeown , 1 9 83 ) , and 

o utdoor channe l s tud i e s  ( Ei chenberge r a nd Wuhrman n , 1 9 6 6 ) . 

I n  s evera l expe riments t�e mea s ured BOD 5 va l u e s  were much 

grea t e r  tha n the fBOD 5 va l u es i nd i ca t i ng tha t  much of the tota l 

o r ga n i c  ma te r i a l  degradab l e  i n  th e BOD5 t e s t  was parti c u late 

ra th er tha n  d i s s o l ved ( figs . 7 . 1 4 - 7 . 1 9 )  and there fore not 

a va i lable  to th e s ewage fungus ma t r i x  forrni ng heterot roph s . 

'I'h i s  demon s tra tes that th e s irn u l ·t"\ neous mea s u rement o f  the 

r i ve r  water BOD 5 a nd fBOD5 concent ra t i ons g i ves  a much c l ea r e r  

u ndersta nd i ng o f  the n a t u r e  o f  the orga n i c  mate r ia l  pres ent a nd 

i ts l ik e ly e f fects on benth i c  commun i ty deve l opment than e ithe r 

parame t e r  a lone . 

7 . 3 LABORATORY CHANNEL S TU D I E S 

7 . 3 . 1  I N T R O D U C T I O N  

Th e l o ca t ion o f  the MCDC and BCWS d i s charges a t  short d i s tances 

f rom one anoth e r , down s t ream o f  the PNCC d i scha rge ( F i g 1 . 2 ) ,  

p re v ented the i nves t igat ion of the i r  i nd i v i d ua l  e f fect s on  

ep i l i thon de ve lopment in  the Manawa tu Ri ver , s i nce th e q u a l i ty 
o f  th e wat e r  t o  wh i ch they d i s charged wa s always mou i f i ed to 

s ome degree by th e PNCC d i s cha rge or PNCC a nd MC DC d i s cha rges . 

T n  ord e r  to compare th e e f fects o f  the two downs tream 

d i s charges ( MCDC and BCWS ) the epi l i thon deve l opment wa s 

s tud i e d  i n  two ident i ca l laboratory channel  sys t ems ( S ection 

3 . 7 ) ope rated u nder a range of  i nf l u en t  wa s t ewa t e r  

concentra t i ons ( Table 5 . 2 2 ) . The resp i ra t ion a nd gros s 

photosynthet ic o xygen product i on rates of the re s u l t i ng 

epi l i thon commu nities  we re d i s c u s s ed i n  Section ( 5 . 5 ) a nd the 

o r ga n i c  mat e r i a l  and n u t r i ent  remova l rates we r e  d i sc u s s ed i n  

S ec t ion ( 6 . 2 . 3 ) . Th is s e c t ion cons iders  the bioma s s  

d eve l opme nt rat e s  a nd commun i ty types obs erved i n  the s e  

e xpe r i ment s . 



J . 3 . 2  E P I L I T H ITN GROW T H  I N  TH E A B S E N C E O F  O R GA N I C  W A S T E  

A D D I T I O N  

I n  the cont ro l cha nnel  ( F ig 7 . 2 0 )  th e cond i t ions o f  low 
- 3 

0 . 59 g . m ) ,  h igh 

3 1 1  

i n f l u ent BOD
5 

conc e ntrat ions ( 0 . 1 1  to 
- 3 

n u tr i ent l eve l s  ( 7 1 7  to 89 8 mgTpN . m  a nd 74- 8 7  
- 3  mgTDP . m  , 

Tab l e  6 . 8 , Section 6 . 2 . 3 . 3 )  and low ,  b u t  regu l a r ,  l ight i nput 

( S ect ion 3 . 7 . 3 )  p romot ed th e deve lopment o f  a cohes ive , 

phototroph i c , ep i l i thon ma t . Th e  l ow nu�r i ent remova l ra tes  

obs e rved ( S ection 6 . 2 . 3 . 3 )  ind icate tha t  growth wa s not 

n u t r i ent l imited . Th e commun i ty wa s compos ed o f  d iatoms 

( predominantly S y n e d r a  sp , F r a g i l l a r i a  sp . a nd N a v i cu l a  sp . ) ,  

u n i ce l lu la r  a nd co lonial green a lgae ( p redomina nt ly 

A nk i s t r o d e s m u s sp. a nd S c� n e d e s m u s  sp . ) ,  the cyanobac t e r i a  

O s ci l l a t o r i a  sp .. a n d  th e f i lamentous green a l ga e  S t i g eo cl o n i u m  

t e n u e . s .  t e n u e  wa s mos t  abundant i n  the turbu l e nt zones  at 

the recyc l e  pump i n  f lows ( F i g  3 . 5 ) ( S e ct i on 5 . 5 . 5 ) .  The 

community reached a ma x imum th i ck ne s s  o f  4 mm on the cha nne l 

s i de wa l l s .  

The photot roph ic nature of  the growth s is  re f l ected i n  the low 

mean A I  v a l ues of 4 7  to 6 7  ( F ig 7 . 20 )  a nd low resp i ration ra t e s  

compa red with the epi l ithon o f  the channe l s  rece i v ing  orga n i c  

wa s t e  add i t i on ( S ec t ion 5 . 5 . 3 ) . 

A fter  an i n i t ia l co l on i sat ion pha s e  o f  approximat e ly eigh t 

days , epi l ithon g rowth wa s rap i d  unt i l approx ima t e l y  day 2 1 . 

D u ring th i s  growth pha se and on day 4 3  the ep i l i thon ca u s ed a 
net i ncrea s e  in  the BOD 5 of  the water pass i ng th rough th i s  

cha nne l . The growth rate ( 2 . 2  gAFDW . m- 2 . d- 1 ) dur ing th i s  rap id 

g rowth pha s e  between days 8 a nd 21  was compa rab l e  to tha t  of a 

phototroph commun ity of  s imi la r spe c i e s  compos i t ion g rowing 

under comparabl e h i gh nut r i ent and temperature cond i t ions at 

s it e  EF i n  the Manawatu River between 3 1 / 1 / 84 a nd 9 / 2 / 84 d u r ing 
- 2 - 1 e xper iment PR4 ( i . e . , 2 . 6  gAFDW . m  . d  ) ( S ect ion 7 . 2 . 6 . 2 and 

F ig 7 . 9 ) .  Th is  s imi larity of g rowth rate was s omewhat 

s u rpri s i ng g iven tha t  the a ve rage l ight i nput to the channe l 

b i oma s s  ( 2 . 8  E . m- 2 . �- l PAR ( S e ct ion 3 . 7 . 3 ) ) was only about one 

t enth of  the calcu lat ed i np u t  at the d ep th of the bioma s s  a t  

s it e  EF  d u r i ng the i nt erval 3 1 / 1 /84 t o  9 / 2 / 84 ( ca l cu la ted f rom 
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coe f f i c i ent of 1 . 5  m-
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The comparable  growth rates obs e rved u nde r the two s it u a t i on s  

a r e  par t ly e xpla i ned by {he h ighe r  ch lorophy l l a content a nd 

lower r e sp i rat ion rates of  the channe l ep i l i thon . Thi s  

ep i l ithon had mea n A I  values  o f  5 4 to 6 7  duri ng th e rap i d  

g rowth pha s e  ( F ig 7 . 2 0 )  compar ed wi th mea n  va l ues o f  1 0 7  t o  2 1 6  

for the b ioma s s  a t  s it e  EF ( F ig 7 . 1 1 ) . 'M1e respirat ion r a t es 

o f  the p late  biomas s  a t  EF ove r the growth i nt e r va l  was not 

mea s u r ed but c .  g l o m e ra t a  domi nated , r i v e r  epi l ith on at s i t e  EF 

on 1 2 / 3 / 8 4  had a we i ght spec i f i c  respi rat ion rate at 2 l . 2 °C 2 . 3  

t imes gr eater  tha n  comparab l e  S t i g e o cl o n i u m t e n u e  growths from 

the t u rbu l ent zone of  the cont rol cha nne l ( Tab les 5 . 6 , 5 . 7  and 

5 . 2 5 ) .  Thu s  the cha nne l  epi l i thon p robably had a lowe r 

resp i ra t ion ra te than tha t  a t  s it e  EF  dur i ng the p la te bioma s s  

g rowth phas e .  Hi gh ch lorophy l l  a con ce nt rations a nd low 

r espi ration ra tes a r e  cha ra ct e r i s t i c  o f  a lgal commu n i t i e s  

adapt ed to growth u n d e r  low l ight r e g ime s ( Da r l e y ,  1 9 82 ) .  

H i gh e r  s lou�h i ng l o s s e s  in  the r i ve r due  to the sma l l  spa te  

wh i ch occu rred between 3 1 / 1 / 84 and 9 / 2 /84 ( F ig 7 . l l )  a nd 

i nve rtebrate g ra z i ng ,  whi ch was not s ig n i f i cant in th e 

cha nn e l s , probab ly a l so limi ted the growth rate at s i t e  E P  to 

some e xt ent . 

The s e  r e s u l t s  show that ep i l i thon deve lopmen t  i n  the cont r o l  

cha nne l wa s comparable to that occ u r r i ng at h i gh nut r i ent 

conce ntra t ions and r e l a t ive ly low orga n i c  mate r i a l  

conce ntra t ions i n  th e Manawat u  Rive r .  The g rowth rates i n  the 

control channe l wer e  much h i gh e r  tha n  those a t  s ite A above 

the wa s t ewater  d i s charges ( e . g . , F ig s  7 . 1 1 - 7 . 1 2 )  whe r e  

photot roph ic g rowth was l imited by low phospho r u s  

concentra t ions ( S ection 7 . 2 . 6 . 2 ) . Thu s the e f fects  o f  the 

was tewa t e r  di scha rges on epi l i thon g rowth in  the l abora tory 

channe ls  were e xpec ted to be d i fferent to thos e  in the r i v e r . 

S i nce the ba ck g rou nd nut r i ent  l eve l s  i n  th e bo rewa t e r  d id not 

l im i t  photo t roph i c  g rowth , the nut r i ents added by th e 
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wa s t ewat e r  d i s charges were not e xpected to increase  

photot roph i c  growth . However the was t ewa ter organ i c s  we re 

e xpected to promote the deve lopment of  he terot rophi c  micro­

orga n i sms and th i s  a ltera t i on of  the b i olog i c a l  cond i t ions wa s 

e xpected to a f fect photot roph deve lopment . 

The e ffects o f  the add i tion of  the MCDC a nd BCWS was tewa t e r s  t o  

the channe l s  o n  epi l i thon g rowth are d i s cu s s e d  i n  the fo l l owing 

s ec t i ons ( S ect ions 7 . 3 . 3  and 7 . 3 . 4 ) . 

7 . 3 . 3  EF F EC T S  O F  M C OC W A S T EW A T E R A D D I T I O N  O N  E P I L I TH O N  
0 EV E L  0 P M  E N  T I N L A B 0 R A T  0 R Y C H  A N  N E L S 

Th e add i t ion o f  s u f f i c i e nt MCDC wa s tewa t e r  to i ncrea s e  the 

channel  i n f l uent COD by 1 . 9  + 0 . 1 g . m- 3 ( E xper iment B ) , 3 . 8  + 

0 . 6 g . m- 3 ( E xperiment C )  and 6 . 5 + 1 . 0  g . m-3 ( Experiment D )  

r e s u l t ed i n  cha nges i n  the channe l epi l i thon commu n i ty 

s t ructure a nd/or ma x imum bioma s s  ( Fi g s  7 . 2 1 to 7 . 2 3 )  compa red 

w i th that in the control  cha nnel ( F i g  7 . 2 0 ) . 

The ep i l i thon deve lopment fo l l owed a s im i lar pattern i n  each 

e xper iment -i nvo l v i ng MCDC wa stewat e r  add i t ion . I ni t i a l  g r ow th 
was a lmos t  e nt i re ly d u e  to the f i lame n t o u s  bacte r i a  

Sph a e r o t i l u s  na t a n s and t o  a l e s s er ext ent Fl a vo ba ct e r i u m sp . 

a nd Z oo g l o e a  sp . The s e  \vere a l so the predomi nant 

h e terotrophs in the Ma nawat u  R i ve r  ( S ec t ion 7 . 2 . 3 ) . The 

h eterot roph i c na ture  o f  the i n i t i a l  g rowth s wa s ref l ected i n  

v e ry h i gh i n it ia l autotroph i c  inde x ( A I ) va l u es ( F ig  

7 . 2 1 - 7 . 2 3 ) . Afte r about e ight days u n i c e l l u la r  green a l gae and 

d iatom s appea red i n  s ign i f icant numbers and g rew rapi d l y  

among s t  the rnat r i x  provided b y  th e f i lamentou s  bac te r i a l  

g rowth . Ne ithe r f i lamen t o u s  g ree n nor c yanobac t e r i a  , wh i ch 
were both a bunda n t  i n  th e co ntro l channe l per iphyto n ,  deve l oped 

i n  the cha nne l s  fed MCDC wa s tewate r . Th i s  probably re s u l t ed 

f rom unavoidab l e  d i f fe rences i n  the cha n n e l  s eed mate r ia l  

c o l l e cted f rom s i t<= s be low th e was t ewa t e r  d ischarges 

i mm ed i a t e l y  prior to the beg i n n i ng of e a c h  e xpe rimen t . 

Th i s  ep i l i thon de ve loped u nt i l a ma x i mum b ioma ss concentra tion 

was reached a nd s ub s equent l y  s lough i n g  occ urred . The t iming of  
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Channe l Exper i ment  B ( 1 . 9  gCOo .m- 3 MCDC waste -water  
i n  i nf l uent ) .  
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the s e  eve n t s  wa s dependent upon the wa stewa t e r  load ing , with 

s lough ing occurring sooner at the l ower l oadi ng ra tes . 

At the t ime o f  b ioma s s  s lough i ng the epi l i thon had lost  its  

s l i my t e x tu re a nd micros cop i c  exami nat i o n  showed tha t many o f  

the s .  n a t a n s trichome s , ' whi ch p rov ided much o f  the matr i x  fo r 

community deve lopment , were devo i d  o f  c e l l s . Thi s  s uggests  

tha t  the b i oma s s  had d eve l oped to a s tage whe r e  the ava i l able 

organ i c  s ub s t rate supp l y  cou l d  no longer sust a i n  the lower 

mat r i x  orga n i sms adj acent to th e support .� Aft er th e s e  died 

the i r  t r i chomes a nd surro u nd i ng e xt rac e l l u l a r  s l ime laye r 

c e a s e d  to be ma i ntained and the ep i l i thon mat r i x  brok e  away 

from the bed under the force o f  the wate r  current . 

A ft e r  s lough i ng occu rred i n  the 1 . 9 g . m- 3  a nd 3 . 8  g . m- 3  COD 

cha nne l s  ( Experimen t s  B and C )  the f i l amen tous bac teria did not 

r e- es tabl i sh ,  except in th e t u rbu l en t  zone s at the 

r e c i rc u l a t i n g  pump i n f l ows wh e r e  h e t erot roph i c  f l o e s  occur red . 

I n s tead a n  ep i l  i th i c  mat r:ornpo s e d  o f  u n i c e l l u l a r  g reen a nd 

brown a lgae a nd d i a tom s  deve l oped wi th the he te ro t roph i c  forms 

u ncommon . Th i s  occu r red desp i t e i n-cha nne l 

fBOD5 concen t ra t ions wh ich h ad a l lowed rap id g rowth o f  the s e  

orga n i sms ea r l y  i n  the e xpe r i me n t  ( F i g s  7 . 2 1 a nd 7 . 2 2 ) . Th i s  
phe nome non may b e  e xp la i ned by compet i t ion be tween the 

h e t erot rophs a nd phototroph s for a t t a chme n t  s i t e s . At the 

beg i n n ing o f  the e xp e r i m e n t  the ba re s ubstra t e  pro v ided a l a rge 
a rea for co l o n i s a t ion a nd growth of  the h e b� ro t r ophs i n  the 

mi xed s eed a nd they g r ew rapid ly . However  when s l •) ugh i ng 

occurred the photot rophs were much more abunda n t  tha t  

i n i t ia l ly .  Th is may have enab led them to move onto the bare 

a re a s  a nd thu s  prevent reco l o n i s a t ion by the f i l amentous  

ba c te r ia . Without th e ma t r i x  p rovided by the 

Sp h a e r o t i l  u s  t r i chomes the unic e l lu lar pho to t rophs pres e n t  (1 i d  
not reach the fo rmer b iomas s  l eve l s  ( s ee ch l orophy l l  a da ta , 

F i g s  7 . 2 1 a nd 7 . 2 2 )  and  only  formed a th i n  fi lm ove r the 

s ubs t ra t e . The occu rrence o f  h eterotroph i c  f l oe s  i n  the 

turbu l e nt zones i nd i ca tes tha t the s e  areas we r e  not s u i t a b l e  
for colon i s a t ion by the pho t o t roph i c  spe c i es present  thu s  

a l l owing the hetero trophs to become e s tab l i sh ed . 
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A progre s s ive increas e occurred i n  the ma x imum b ioma s s  and the 

t ime interva l p rior to s lough i ng with increas i ng i n f lu ent 

was t ewat er loading . Th i s  s u gg e s t s  that th e h i gh er organ i c  

concent ra t ions a l low a thi ck e r  epi l i thon biof i lm t o  deve lop 

be fore the s uppl y  of orga n i c  Jlla le r ial t o  the bas a l  ce l l s , 

p rovi d i n g  epi l ithon attachment , becomes l imiting l eading to 

the i r  d eath a nd s lough i n g  of the epi l i thon . Limitat ion o f  the 

epi l ithon ba s a l  cel l ' s  metabo l i s m  by orga n i c  mat e r i a l  rath e r  

than oxyg en i s  s upported by con s i d era t ion o f  the conce ntra t ion 

ra t i o  of oxygen to fBOD5 in the chann el  wat e r  a nd the i r  

r e l a t iv e  d i f fu s i vi t i e s . S i nce the channe l d i s s o l ve d  oxyge n  

concentrat ion a lways exc eeded 6 g . m- 3 ( Se ct ion 3 . 7 . 4 ) , the 

forme r rat io was a lways greater tha n  1 ( F igs  7 . 2 1  to 7 . 2 3 )  

wh i l s t  the re l a t ive d i f fu s i vity o f  the o xygen to the chan ne l 

f BOD 5 i n  wat e r  a nd biomas s  wou l d  be g reater than the va l u e  o f  

3 : 1  r ecorded for oxyg en a nd g l ucos e ( Howe l l a nd Atk i nson , 

1 9 7 6 ) . Th i s  s uggests  that the channe l fBOD5 conc entra tion 

wou l d  have t o  be a t  l ea s t  three t ime s the d is s o l ved oxygen 

concentration be fore respi rat ion wou ld be l imited by th e oxyg en 

s upp l y . 

Th e re s u l ts - in  figures 7 . 2 1 to 7 . 2 3 show that i ncrea s i ng the 

i n f l u e n t  MCDC was tewa t e r  conce ntr� t ion  above 1 . 9  
gCOD . m- 3  cau s ed a ma rked i ncrea s e  i n  both th e ma x i mum b i o ma s s  
conc entrat ion ( a s gAFDW . m- 2 ) and th e init ia l ep i l i thon 

d eve lopment r a te ove r the f i r s t  e ight days , when the growth wa s 

ma i n ly due t o  heterot roph i c  d e ve lopment . I n  experiment B ( F i g  
- 3 . 7 . 2 1 )  the add i t ion of  1 . 9 gCOD . m  to th e 1nf l u en t  produced a 

s imi l a r  ma x imum to ta l b i oma s s  and a s im i l a r  tota l bioma s s  a t  

d a y  e i ght t o  that in the cont ro l channe l ( F ig 7 . 2 0 ) . Howeve r 

comparison o f  the AI va l u e s  on day eigh t  shows tha t  the bioma s s  

i n  e xpe riment B was much more h e terotroph i c . At 3 . 8  and 6 . '3 

gCOD . m- 3 MCDC wa stewater add i t ion to the cha nnel  in f l uents 

( F i g s  7 . 2 2 a nd 7 . 2 3 )  the max i mum bioma ss concentrations we re 

approx ima t e ly twice tha t in the control e xperiment a nd the mean 

bioma s s es a f t er eight days were 4 . 3  a nd 4 . 6  t ime s that in the 

cont ro l channe l on day e i ght respect ive ly . 

At s ome time duri ng the f i r s t  e igh t days o f  th e e xperiment s  th e 

chann e l  ( = e f f l uent ) BOD s a nd fBOD s concent ra t io ns we re reduced 
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to s imi la r  low l e ve ls  i n  e xper iment s B ,  C and D ( F igs  7 . 2 1 t o  

7 . 2 3 ) . Between days f i ve a nd twenty- e i ght th e rap i d  growth of  

a l ga e and heterotrophs res u l t ed in  growth rates  i n  both 

e xper iments C and D s imi la r to thos e during the g rowth pha s e  of  

th e control  e xper ime nt ( i . e . , 2 . 4 a nd 2 . 5  gAFDW . m-2
. d- l 

i n  

e xperiments C and D respective ly ) . I n  experiment B the growth 

rate between days ten a nd e i ghteen wa s more rap i d  ( 3 . 2  
- 2 - l

) . h l . d h . gAFDW . m  . d  tha n  1 n  t e cont ro e xpe r 1ment an t ose 1 n  

whi ch MCDC wa s t ewat e r  loa d i ngs were h i gh e r  ( F i g  7 . 2 1 )  bu t a f t e r  

e i ghteen  days the bioma s s  s lou ghed o f f  t�e p l a t e s . The s teady 

dec l i ne in AI va l u e s  d u r ing the rap id g rowth pha s e  o f  

e xperimen t  B ( F i g  7 . 2 1 )  showed that the growth wa s la rge ly due  

to algae  whereas i n  e xper iments C and D the ep i l ithon AI  

va lues , wh ich were two to  th ree t imes th e control  va lues  ( F i gs 

7 . 2 0 ,  7 . 2 2 ,  7 . 2 3 ) , and mac ros cop ic and microscop i c  e xam i na t i on 

of  the ep i l i thon , showed it to be compos ed of  both het e rot roph s 

a nd phototrophs . The cont r ibut ion of  heterot rophs to the 

ep i l ithon wa s a l s o  r e f l ected i n  the h igh r esp i ration ra t e s  o f  

th e epi l ithon i n  e xper iment s  C a nd D ( S ect ion 5 . 5 . 3 ) . 

I n  conc l u s ion thes e  e xper iment a l  re s u l t s  predict tha t  the 

add i t ion o f  � u f f i c i e nt MCDC wa s t ewater  to cause a ca l c u l a ten 

i ncrea s e  in the r iv e r  COD o f  3 . 8  to 6 . 5  g . m- 3 upon comp l e t e 

m i x i ng wi l l  ha ve s i gni f i ca nt e f fe c t s  upon the h e t e ro t roph 

deve lopme nt a t  the r i ver equ i va lent s ite down s t r eam o f  th e 

outfa l l  ( Section 7 . 3 . 5 ) . Add i t ion o f  s u f f i c ient MCDC 
wa s t ewa t er to cau s e  a cal cu l a t ed increa s e  of 1 . 9  gCOD . m- 3 ( 1 . 2  

gBOD 5 . m- 3
) in  the r i v e r  upon mi x i ng w i l l  inc rea se the i n i t i a l  

g rowth o f  het e rotroph� a t  the r i ver equ iva lent s i te bu t wi l l  

have a much sma l l e r  e f fec t  upon the epi l i thon a c t i v i ty ( S ection 

5 . 5 . 3 )  and the ma x imum epi l ithon biomas s  at the r iver 

equ i va le nt s i te p rovided tha t the photot roph g rowth in the 

r i ver is not nut r ient  l im i t ed . If th is  is th e ca s e  th is  

e f f l u e nt add i t ion may alter  the tota l bioma s s  a nd a c t i v it y  but 

the channel  expe riments r es ul t s  cannot be used  to p redic t the s e  

ef fects . 
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7 • 3 • 4 E F F E C T S 0 F BC W S P R  I M A R Y T R E A T  E 0 M E A  n� 0 R K S W A S T EW A T  E R  
A D D I T I O N  O N  E P I L I TH O N  D EV E L O PM E N T  I N  L A B O R A TO R Y 
C H A N N E L S  

Th e r es u lt s  o f  e xper iments E to H ( Table 5 . 2 2 )  ( F i g s  7 . 2 4- 7 . 2 7 )  

show a gene r a l pattern o f  increa s ed i n i t i a l epi l ithon g rowth 

rate  a nd ma x imum tota l biomas s prior to s lough ing with 
- 3 i nc r ea s ed i n f l uent BCWS COD from 1 . 9 gCOD . m  t o  1 4 . 4  

. - 3 - 3 g . COD . m  ( = 1 . 1  to 8 . 6 gBOD
5 . m  ) .  However interp re tat ion o f  

the s e  e xperiments res u l t s  and the i r  compar i son with tho s e  o f  

e xper iments A to D a r e  comp l icated b y  two fac to r s : 

i )  A 1 2  hour period o f  t emperatures  up to 3 0 ° C  ove rnight on 

day n ine of e xper iment H ( F ig 7 . 2 7 ) , due to the a c c identa l 

a lt erat i on o f  the temperature  cont r o l  sys t em .  Th i s  probably 

l ed to the u n e xpected ea r l y  s l ou gh i ng on day f i f teen  of th is  

e xp e r iment . 

i i )  The r e l a t iv e ly h i gh cont r ibution o f  s ett l ed part icu l a t e  

o rga nic mat e r i a l  from the BCWS wa stewat e r  to the p la t e  AFDW 
va l u es . 

Compa r i s on o f  the average ratio o f  i n f l uent  fBOD 5 to BOD 5 i n  

the MCDC add i t ion e xper iments ( B  to D )  ( x  + s = 0 . 8 1 + 0 . 1 5 )  

w i th tha t in the BCWS add it ion e xperiments ( E  to H )  ( i  + s = 

0 . 5 1 + 0 . 1 6 )  a nd the r e s u l t s  of  the f i l tration- f ra c tionation 

s tu d ies o f  the two wa s tewa t e r s  ( Tab l e  5 . 2 4 ,  S e ct ion 5 . 5 . 3 )  show 

tha t  the BCWS was tewa t e r  added con s i d erab l y  more part i cu la te 

o r ga n i c  mat e r i a l  per u n i t  BOD 5 than the MCDC was tewater . Th e 

MCDC pa r t i c u late o rganic mat e r i a l d id not a c cumulate  amongs t 

the biomas s ,  indica t i ng that it wa s re lat i ve l y  ea s i ly degraded 

to a s s imi lab l e  organics  a nd/or tha t  it pa s s ed th rough th e 

channe l . By contras t ,  the so l i d s  in  the BCWS was tewa te r did 

a cc umu late  on the p lates  a nd res u l t ed in h i gh e r  A I  and AFDW 

va l u es than wou l d  thave occ ur red due to the g row th of  epi l i th i c  

m i c r o-organi sms a lone . Th i s  imp l i e s  tha t  the res u l t s  o f  th e 

r e s p i rat ion a nd pho tosynthet ic rate mea s u rements d i s cu s s ed 

ea r l i e r  ( S ect i on 5 . 5 )  p rovide o. better  mea ns o f  compa ring the 

e f fects o f  the two was t ewa t e r s  on epi l ithon deve loL ment tha n 

the b ioma s s  mea surement s . 
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Thi s  e ffect  o f  the pa rt i cu l a t e  materia l on the p l a t e  bioma s s  

va l ues wa s mos t not i ceable dur ing the f i rst e i gh t  days of  

e xper iment H when a BCWS wa s t ewater s amp l e  wi th a n  unu s ua l ly 

h igh part i c u l a t e  BOD 5 content was u s ed a s  the cha nne l  feed , 

giving a n  i n f l uent fBOD 5 : soo 5 rat io of 0 . 3 1 on day s i x ( Fi g  

7 . 2 5 ) .  Th is  apparent ly re s u l t ed in  the unexpe c t ed ly h igh plate  

biomas s A I  va lues  at  the beg i nni ng o f  th is  e xper imen t . 

The  ep i l i thon tha t d eve loped d ur i ng experiments E and F ,  when 

the mean i n f l u ent BCWS C O D  addit ions were 1 . 9  a nd 4 . 2 
- 3 - 3 g . m  r espec t i ve ly ( = 1 . 1  a nd 2 . 5  gBOD 5 . m  respec t i v e l y ) ,  was 

dominated by photo t rophs . M i c ros cop i c  examination of the 

growths showed that hete rot rophs ( mo s t l y  s. na t a ns ) were common 

i n it ia l ly but the s e  became uncommon to s ca rce la tter i n  the 

e xpe rimen t s . s .  t e n u e  wa s abundant in  both e xp e r iments a long 

with a d i v e r s e  a s s emb l age of  d iatoms ( predomina n t l y  Na v i cu l a  

sp. , F ra g i l l a r i a  sp. , sy n e d ra sp . a nd E u n o t i a  sp. ) and the 

colon i a l  a nd unice l l u la r  gree n  a l gae S ce n e de s m u s  sp, and 

Chl o r e l l  a sp . .  

s .  na t a n s wa s very abundant a t  th e begi nning of  e xperiment G 

( Fig 7 . 2 6 )  · ( mean  in f l u ent BCWS COD loa d i n g = 7 . 3  g . m- 3 ( =4 . 4 
gBOD5 . m- 3 ) but subs equen t ly i t s  re lat ive abunda nce dec l ined 

p rog re s s i v e ly and i t  was uncommon by day twe nty-ni ne . From day 

n ine pho t o t roph s we r e  <lomi na n t  a nd a rU v e r s e  a s s e mb l ag e o f  
d ia tom s , g r e e n  a l g .::t e  ( i n c l u d i n ')  s . t e n u e ) a 11. d  t 1 e 'J l u e  green 

u. l <Jae  ( o s ci l l ii t o c i a  sp . ) occu c c eu . 

I n c r ea s i ng the mea n  i n f l uent BCWS COD load ing fu r U t e r  to 1 4 . 4  

- 3 - 3 g . m ( = 8 . 6 g !30 D
5 . m ) caus e<l  a ma rk l1 cha nge i n  the cha nne l 

ep i l i thon ( F i 7 . 2 7 ) . 'l'he c h lo rophy l l , data show tha t th e 
i n i t ia l  pho tot roph i c  growth wa s much s lower than in e xper iment 

G R nd the f i l amen tou s spec ies s .  t e n u e  and O s ci l l a t o r i a  sp. , 

wh i ch deve loped in  e xpe rime nt G ,  were no t pres ent . By 

contra s t ,  the he terotrophs d e ve loped rapidly  a n d  dominated the 

ep i l ithon . s .  na t a n s wa s mos t  abu ndant but Z o o g l o e a  sp . a nd 

B e g g i a t o a a l b a we re a l so commo n .  Th e abrupt dec l i ne in the 

growth rat e  ( a s AFDW ) between days e i ght a nd twe l ve sug g e s ts 

tha t the 1 2  hou r period of 3 0 ° C  tempera t ures on day 9 had a 
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detrimenta l e f fect o n  the epi l ithon l ea d i ng to the ea r l y  

s lough i ng o n  day 1 5 .  Neve rth e l e s s  the s e  res u l t s a nd tho s e  o f  

the photosynth e t i c  and resp i rat ion r a t e  meas urements ( S e c t ions 

5 . 5 . 2  a nd 5 . 5 . 3 )  show that increa s i ng the mea n  BCWS COD i n  the 
- 3 

cha nne l i n f l uent from 7 . 3 to 1 4 . 4 g . m  ( = 4 . 4  to 8 . 3 
- 3  gBOD 5 . m  ) ca used a ma rk ed i ncreas e i n  th e hete rotroph 

abundance amongs t the channe l epi l i thon . By contrast  a much 

lowe r mean channel  i n f lu ent wastewat e r  concentra ton , of 3 . 8 
- 3 - 3 gCOD . m  ( = 2 . 5 gBOD5 . m  ) ,  as MCDC wa s tewat er i n  e xp e riment C 

( F ig 7 . 2 ) re s u l t ed i n  the abunda nt g rowtn of  heterot roph s a nd 

much h ighe r  epi l i thon respi rat ion rates i nd i ca t ing i ncreased 

h et e rot roph i c  a c t i vi ty ( S ect ion 5 . 5 . 3 ) . Th e d i f ferent 

hete rot roph i c  g rowth enhancement e f fe c t s  of  the two 

wa s t ewa t ers , per u n i t  COD or BOD 5 , i s  apparen t l y  r e lated to 

the i r  d i f ferent compos i t ions wi th r espect to d i s so lved a nd low 

mo l e c u l a r  we i ght organ ic  mat e r i a l  ( S ect i on 5 . 5 . 3 ) .  

7 . 3 . 5  R E L A T I N G  T H E L A B O R A T O R Y C H A N N E L R E S U L T S  TO T H E R I V E R  

S I T U A T I O N  

Th e l abora to r-y channel  experiments p rovide u s e f u l  in forma tion 

on the compa ra t i ve e f fects of s imi la r concent r a t ions o f MCDC 

a nd BCWS was t ewa t e rs o n  ep i l i th o n  d e v e l opme n t  ( S e c t i on s  7 . 3 . 3  
a nd 7 . 3 . 4 ) a n d  me tabo l i c rates  ( S e c t i o n s  5 . 5 . 2  a nd 5 . 5 . 3 ) .  

Howe v e r  the u s e  o f  the ch a n n e l r e s u l t s  for p r ed i c t i o n  o f  th e 

e f f e c t s o f  the d i scharges on epi l ith i c  g rowth i n  the r i ve r  

requ i r es the e s t imation o f  the d i s ta nce below the outfa l l a t  
wh ich th e growth cond i t ions a r e  s imi l a r  to thos e i n  the 

cha nne l .  

Beca u s e  the chan n e l  ep i l i thon respond to the i n-cha nn e l  rath e r  

tha n  i n f l uent wat e r  qua l i ty ,  the cha nne l obs e r vat ions r e l a t e  to 

g rowth at a poi nt some di s tance downs tream o f  a wa s t e d i s cha rge 

rath e r  than directly  below it . This d i s tance may be e s t ima b:!d 

by cons ide r i ng the ratios of  wetted s ur fa c e  area ( WSA ) t o  

vo lume ( V )  i n  the river a nd i n  the channe l ,  the cha nne l ' s  

hyd rau l ic res idence t ime (j ) , d i fferences i n  the two sys tems ' 

f low reg imes a nd o rga ni c  mat er i a l  remova l o cc u r r i ng in the 

wat e r  co lumn in the r i ver . 
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T o  obt a i n  a f i r s t  estimat e  o f  the d i s ta nce down the r iver from 

the d i s cha rge relat ing to the channel  s ituat ion i t  wa s a s s umed 

that on l y  the ep i l i th i c  orga n i sms con t r ibut e to the remova l of  

orga n i c  mate r i a l  and that the d i f ferent f low regime s ha ve no  

e ffect . Under thes e cond i t ions the d i s ta nce a s  r i ver t rave l 

t ime i s  re lated to the d i fferent  ra tios of  wetted s u r fa ce a rea 

to vol ume in ·the 2 sys tems by th e 

t ( mi ns ) = cha nnel  I ( mi ns ) 

fol lowing formu la : 

W�A channe l (� ) 
2 W�A river  (:=3) 

( Equat ion 7 . 2 )  

Th is  equat ion y i e lds a r iv e r  t ravel  t ime of  3 5 7  minutes ( 5 . 9 5 

h )  wh e n  s o l ved fo r the fo l l owi ng cond i t i ons : 

i )  f = 1 1 . 2  m i nutes ( S ection 3 . 7 . 6 )  

i i )  chann e l  
WSA rat io = 52 ( S e ct ion 3 . 7 . 2 ) . 
Vol 

i i i_ )  . WSA . r 1v e r  rat .1o 
Vo l 

____ 1___ x bed rou gh n e s s  factor 

mean depth ( S e c t i o n  7 . 2 . 2 )  

= 1 X 1 . 6 3 

= 1 . 6 3 

M u l t ip l y i ng by th e a verage cu r rent ve locity ( u )  o f  0 . 3 3 

m . s - l 
over the s t udy reach at 2 0  m3 . s - l 

( W i l cock , l 9 84 ( a ) ) 

predicts that the channe l r i v e r  eq u i va l e n t  s i te i s  loca t e n  7 . 3  

km down s t r eam of  th e out fa l l . Howeve r ,  i n  cont ra s t to the 

channe l ,  i n  the r i ver s igni f i cant water col umn remova l of  

organ i c  mate r i a l  may be ant i c ipated . Th is  wi l l  e f fec tively 

shorten th e d i st anc e  from the out fa l l  to th e po i n t  re lat ing t o  
the cha nne l s i t u a t i o n . The wa ter co l umn re mova l o f  o rga n i c  

matte r can  be e s timated from BOD 5 decay data f o r  da i ry 
- 1 

e f f l uents . Us ing the k 1 va l u e  o f  0 . 5 1 d ( B arnett e t  a 1 � l 9 8 2 ) 

a nd the equa t ion for f i r s t  ord e r  decay in a pl u g  f l ow sys tem 

( Append i x  J ,  Equat ion 2 2 ) g i v e s  a reduct ion i n  BOD 5 o f  1 1 . 9 % 

ove r the 5 . 9 5 hour t rave l t ime . 

This procedure ove res timat es the wat erco l umn remova l somewhat 

s ince the a ct iv ity of the benth i c  orga n i sms a l s o  lowe rs the 

organic s ub s trate  concentra t ions a nd thi s  wou l d  r educe the 
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uptake by the s u spended organ i s ms . However neg lect i ng th i s  

e ffect , a n  1 1 . 6 % reduct ion of  the d i s tance pr e d i ct ed by 

equa t i on 7 . 1  gives a di s ta nce of 6 . 4  km below the out fa l l  a s  

the locat ion o f  the channe l - river equ iva l ent s it e . Thi s  

d i s ta nce wou ld b e  further reduced d u e  t o  the channe l be i ng a 

cont i nu ous ly m i x e d  system whereas dye studies  have ' shown tha t  

the Manawa t u  r i v e r  is  ess entia l ly a p l ug- flow ,  once through 

sys t em w ith long i t ud i na l d i spe rs ion h a ving o n l y  a mi nor e f fect 

on org a n i c  remova l ra t e s ( R uth e r ford , e t  a l ,; 1 9 8 2 ) . 

Theoret i ca l  cons i de ra t ions and experi menta l compa r i s on s  o f  

wa ste  t reatment systems show tha t  organic  mate r i a l  remova l 

ra te s a re greater i n  plug f l ow sy s t ems than i n  cont i nuous l y 

mi xed systems ( e . g . ,  Levensp i e l , 1 9 7 2 , R ittmann , 1 9 82 ) . Thu s  

in  a p l ug f l ow sys tem the i n i t i a l s ub s trate  concent rat ion , C o ,  

i s reduced to  the l eve l C ,  atta i ned i n  a n  equ iva l ent 

cont i nuou s l y mixed sys t em ( w . r . t .  f l ow ,  Co , WSA : Vo l ra t i on )  

opera ted at a n  hyd rau l ic res idence t ime ( f) i n  a t ime l e s s  tha n 

r .  

I t  can rea di l y  be shown ( Append i x  J )  f r om the mas s  balance  

eq ua t ion s for the s e  two types o f  s y s t e ms tha t th e t ime ( t 1 ) 

taken i n  a p l ug f low system for the i n i t i a l  s ubs t ra t e  
conce n t ra t ion ( C o ) to be reduced to the conce nt ra t i on C l 
obta i ned i n  a c on t i nuous l y  m i xed sys t em a t  spec i f i ed T and 

k 1 va l ue s  can be c a l cu l a t ed f rom the equa t i on 

( E quat ion 7 . � ) 

For the cha nne l s ys tem data th e va l u e  o f  k 1 can be determ i ner!. 

from the equat ion for a co n t i nuou s ly mixed sy s t em . 

Solving equat ion ( 7 . 2 )  for the fBOD5 k 1 va lues  d er i ved from the 

growth a nd p l ateau pha ses o f  channel  e xper iment s B to H ,  us i ng 

the data i n  figures  ( 7 . 2 1 )  to ( 7 . 2 7 ) , gi ves an a verage t 1 va lue  

of  6 . 6 + 1 . 7  (x  + s )  ( n  = 2 7 ) minute s . Us i n g  th e data from the 

h i gher loaded MCDC was tewater  exper iments ( C  a nd D )  a lone g i ves 

a t 1 v a l ue of 5 . 1 ± 1 . 4  (x  ± s ; n = 9 )  minut es . These imply 



tha t  i n  a plug flow system fBOD5 r emova l wou l d  occur i n  

approx imate l y  ha l f  th e t ime o f  res idence o f  wat e r  i n  the 

cha nnel ( 1 1 . 2  minutes ) .  

3 3 0 

S in c e  the heterot roph i c  commun i ty growth ra te i s  depende nt . on 

the subs trate conce ntrat ion i n  the ove r f l owi ng wa ter , th i s  

impl i es tha t the h e t erotroph i c  growth obs erved i n  the channe l s  

relates  t o  a s i t e  about 0 . 5 9 ( = 6 . 6/ 1 1 . 2 )  t imes the d i s tance of  

6 . 4  km be low the outfa l l  pred icted from c9ns i d e ra t ions o f  the 

WSA : vol ume rat ios i n  the cha nne l and r iv�r a nd wat er col umn 

orga n i c  remova l rat es i . e . , approx i mat e ly 3 . 8  km downs t r eam of  

the outfa l l  a t  a r iver f low o f  2 0  m3
. s - 1 . Simi l a r l y  th e 

t 1 va l u e  pred i c t ed from e xpe r i me nts C a nd D imp l i e s  tha t  the 

heterot rophi c  growth i n  thes e channe l s  re la tes to that e xpected 

a t  a s it e  about 2 . 9  km be low the out fa l l  at a r i v e r  f low o f  2 0  

m
3 . s- l ( i . e . , 5 . 1 / 1 1 . 2  x 6 . 4  km ) . 

Longitud i na l  d i spers ion i ncreases  the d is tance be low the 

out fa l l  requi red to reach the channe l orga nic ma t e ria l 

conc entra t ion beyond that pred i c ted above for a t rue pl ug f l ow 

system . Th i s  e f fect ca n be e s t imated f rom th e Wehner  a nd 
W i lh e l m  equat ion accounting for d i spe rs ion e f fe c t s  i n  systems  

showi ng f i rs t  order  k i net i c s  pres ented i n  graph i ca l  form by 

L evensp i e l  ( 1 9 7 2 ) . 

Us ing the d i spe r s ion and ve loc i ty da ta for �1e reaches between 

s ites B ,  C ,  D and E be low the MCDC out fa l l  in th e Ma nawatu 

River ( F i g  1 . 2 )  at a f low o f  2 6 . 3  m3 . s - l ( Ruth e r ford et a l  
1 9 82 ) ,  thi s  equa t ion pred i c t s  that th e r i ver d i spe rs ion e f fects  

over a d i s tance of  2 . 4  to 3 . 8  km increase  the d i s ta nc e  be low 

the d i s cha rge to the s ite re l a t i ng to cha nnel cond i t ions by 

about 1 0% .  Th us , a t  a river f l ow of  2 0  m
3 . s - 1 , the d i s tances 

below an  outfa l l  of the r iv e r  equiva l e n t  s i tes d e r ived us i ng 

mean t1 va lues  ca l c u l at ed from experiments B to H and from 

e xperimen t s  C and D be come 4 . 2 a nd 3 . 2  km respec t i ve ly . 

Fol lowing the same procedure for r i ve r  f l ows o f  1 3  m3 . s - l ( = 
- 1 9 6 %  low f low ) ( a s s uming u = 0 . 2 9 m . s , h = 0 . 9  m ,  w = 5 0  m )  

a nd 2 8  m3 . s- l ( a s s um i ng u = 0 . 5 m . s - 1 , h = 1 . 0  m ,  w = 6 0  m )  

predicts  d i s tances  below the outfa l l  to the r iver  equ iva l ent  
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s i t e of 3 . 3  km and 6 . 1 km respec t iv e l y  for the a v e rage t 1 va l u e  

gen e ra ted f rom e xper iment B t o  H ,  a n d  2 . 6  and 4 . 7 km 

r e spective ly , for the ave rage t 1 va l ue generat e d  from 

e xper iments C a nd D .  

Th i s  shows tha t as the r iver f low dec l i nes the i nc reased 

WSA/volume r a t io a nd r educed a ve rage ve locity ( u )  resu l t  i n  a 

short eni ng o f  the d i s tance to the r iver equ i v a l e n t  s it e . 

'1'h e d i s ta nc e s  between the out fa l l  a nd the
· 

the or e t i c a l  channe l ­

r i ve r  equ iva lent s it e  a t  low f l ows are  su f f i c i e n t ly short fo r 

th e r e s u l t s  o f  the labora tory channe l e xperime nt s to be u s e f u l  

for ma nagement o f  the Manawat u  R i ve r . Epi l ithon growth a t  s i t e s  

c los e r  t o  the ou t fa l l s cou ld  be i nve s t i gated u s i ng the same 

sys tem by reduc i ng the hyd ra u l i c  res idence t i me o f  the cha nnel  

wa t er . 

Th i s  methodo logy for p re d i c t i ng the d i s ta nce downs tream o f  a n  

ou ·tfa l l  o f  the r iver  equ i va lent s it e  wa s ass e s s ed b y  compa r i s on 

of the uppe r p l a t e  s u r face ep i l i thon growth in exper iment D 
- 3 

( F ig 7 . 2 3 )  ( MCDC COD a dd i t ion t o  i nf l uent = 6 . 5  g . m ( = 4 . 2 

gB00
5

. m- 3 ) ) " w i th tha t  in the Ma nawatu  R i ve r  a t  s it e D ,  3 . 2  km 
downs t ream of the MCDC out fa l l d u r i ng e xperiment PR 2 

( F i g 7 . 9 ) .  
A t  the begi n ni ng o f  th is  e xpe r iment , on 2 1 / l l / 83 , the r ive r 

be nth i c bioma s s  wa s j u s t  becom i ng es tab l i shed a ft e r  a per i od o f  

h i gh f lows ( F i g  5 . 1 2 )  so tha t the b ioma s s  cond i t ions were 

s i m i l a r to thos e  in the channe l  at  th e be ginning o f  the g rowth 

expe r i me nt s . '1'h e ave rage MCDC wa s t ewa t e r  n i s cha rge d u r i ng 

e xper ime nt P R 2 was s u f f ic i ent  to increa s e  the r ive r COD by 5 . 7  

� 2 . 9  ( x � s )  ( = 3 . 7 + 1 . 9  gBOD
5 . m- 3 ) and the theory  ou t l ined 

3 - 1  a bove pred i c t s  tha t a t  the mea n  river f low o f  2 7 . 5 + 8 m . s  

( x  + s )  the r i ver equ i va l ent s i t e  to  wh i ch th e cha n n e l  res u l t s  

r e l ate wou ld b e  4 . 6  krn be low th e l\1CDC ou t£�: l l  i . e . ,  1 . 4  km 

b e l ow s i t e  D .  

'1'he s e  two e xpe r iments provide c lose s t  match a va i l a b l e  o f  a 

cha nne l expe r iment and r i ver growth n ea r  the pred i c ted r iver  

equiva l ent s i te u nder  s imi lar was tewa t e r  l oading cond i t ions . 

However the compa r i son is  furth e r  comp l i cated by the fo l low i ng 

f actors : 
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i }  the average ca l c u lated ba ckground BOD 5 ( Se c t ion 7 . 2 . 1 )  
- 3 

a bove the MCDC out fa l l  o f  2 . 7  g . m due to the background river  

BOD5 and tha t add e d  by the PNCC but  not removed a t  the MCDC 

out fa l l . 

i i }  the f u rther a ve rage i nc reas e  i n  the river BOD5 o f  2 . 2 · + 

0 . 6  g . m-3 ( x  + s }  due t o ' the  BCWS d i s charg e  1 . 4 km ups t r eam o f  

s ite D o n  days 8 to 1 2 ,  1 5  t o  1 7  a nd 2 3  t o  2 5  o f ' e xper iment 

P R2 .  

i i i }  the h i gher l i gh t  cond i t i ons at the . plate d epth i n  the 

river tha n  in the channel ( S e cbOn 3 . 7 . 3 } . 

iv } the h i gher s e ed concentrat ion i n  the river than i n  the 

. channel .  

v }  the d i f fe rent da i l y  d i s charge pa tt erns i n  the two sys tems 

i . e . , cont i nuous d i s charge of  the chann e l  c . f .  d i u rna l pat t e r n  

o f  d i scha rge to the r iver ( S ections 2 . 2 . 3  t o  2 . 2 . 5 } . 

vi } th e a bs e nce of  g razi ng ma cro- i nvertebrates s u ch a s  s na i l s  

a nd ins e c t  la rva e i n  the channel  sys t em . 

v i i } the l owe r ,  var iabl e temperat ure ( i . e . , 1 5  t o  2 0 °C } and 

va riab l e  f low condi t ions in the rive r . 

B.e.caus e o f the s e  d i f ferenc e s  i n  the _riveJ; . and channe l 

condi t ions and the location o f  s ite D 1 . 4  km ups tream o f  the 

predicted river equ iva l ent s i t e ,  the compa r i s on does not 

provi d e  a n  unequ i vocal  tes t of the r i ver equ i va lent s it e  

predict ion methodo logy . Neverth e l e s s  the simi la r ity o f  the 

tot a l  biomas s and a l ga l  bioma s s  dev e l opment rat e s  in channe l  

e xperiment D ( Fig 7 . 2 1 }  a nd r iv e r  e xperiment PR2 ( F i g  7 . 9 }  up 

to day 1 8 , whe n  a spate caused s lough i ng of the river bioma s s , 

doe s  i nd i cate tha t  the app roach is reasonabl e .  The u s e fu l ne s s  

of  the channel s  for pred i c t i ng the h e t e rotrophic g rowth 

respons e to was tewater  add i t ion i s  a l s o  shown by the s imi l a r i ty 

of the max imum a l l owab l e  increa s e  i n  MCDC BOD5 i n  the r iv e r , 

upon comp l e t e  mi x i ng of  1 . 8  g . m- 3 , without cau s i ng a ma rke d  

increa s e  i n  heterotrophic growth at s it e  C i n  s ummer pred i cted 

by the r i ve r  obs e r vations ( S ection 7 . 2 . 2 }  with the c r i t i c a l  

i n fuent BOD5 conc entrat ion caus i ng a ma rked increa s e  i n  

channel  h et erotroph ic growth of betwe e n  1 . 2  a n d  2 . 5  

g . m- 3 p r edicted f r om the cha nnel s tu d i e s  ( S ec t i on 7 . 3 . 3 ) .  
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The s e  resu l t s  show tha t recirc u l a tory , f low-th rough labora tory 

channe l s  hav e  potent ia l for u s e  for compa r i son of the e f fects  

o f  d i f ferent was tewaters  on epi l i thon deve lopment and for 

predic t i ng the e f fects of wa s t ewa ter d i s charges on epi l ithon 

g rowth at a spec i f i c  l ocat i on in a r i ve r . However f u rther 

compa ra t ive  s tu d i e s  o f  the ep i l i thon growth i n  th e channe l s  a n d  

a t  river -cha nne l equ i va lent  s i t es a re requ i red b e fo r e  th e 

l atter  u s e  can be  adopted with confid ence . 

7 . 4 CONCLUS I ONS • 

The r e l a t ionsh ip s betwe en h et erotroph dev e lopment and r i ver 

wat e r  COD or BODS conc entration d i ffered con s i de rably for 

d i f fe rent types of wa s t ewa ter . Macros cop i c  benth ic bioma s s  

obs ervat ions i n  the Manawatu R i v e r  a nd epi l ithon growth ra te  

studies  i n  the r iver and l abo ratory channe ls showed tha t  the 

MCDC wa stewater  has a much grea t e r  s t im u la tory e f fe c t  on 

heterot roph deve l opment for a g i ven BODs concentra t ion tha n 

e i th e r  th e PNCC or BCWS wa s tewa t ers . Th i s  cor robo r a t e s the 

f i nd i ngs of  the laboratory channe l ep i l i thon resp i ra t ion ra t e s  
s t u d i e s  ( S ec t i on S . 4 ) . Howeve r a t  particu l a r l y  h igh MCDC 

wa s t ewater concentrat ions ( g i v i ng a mean c a l cu lated BOD s o f  9 . 8 
g . m- 3 at s it e  C )  ep i l i thon g rowth wa s appa rently i nhibi ted . 

C a l c u l a t ed average in- r iver BOO S concentra t i ons o f  up to 3 . 3  
- 3 - 3 g . m  , due ma i n l y  to PNCC wa s tewa ter a nd up to S . 8 g . m  , d u e  

ma i n ly to the BCWS and PNCC wa s t ewat ers , d i d  n o t  re s u l t  i n  th e 

ma c roscop i c  growth . o f  heterot roph ic fronds  ( i . e . , s ewage fu ng u s  

deve lopment ) .  The s e  resu l t s , and pre v i ous  stud ies on th e 

e f fects o f  prima ry trea ted dome s t i c  s ewage , s ugge s t that  whe r e  

the BOO S re s u l t s  from pr ima ry t reated domes t i c  s ewa g e  or 

mea twork s was tewa te r s  an i n- river BOD S l imit  of S g . m- 3 shou l d  

b e  e f fec tive i n  p reventing the deve l opment o f  ma croscop i c  

h et e rot roph i c  f ronds . 

By contra s t, he tero t roph i c  fronds we re common or abundant at 
- 3 ca l c u l a ted mea n BOOS va l u e s  as low as 2 . 9  g . m whe n  mos t o f  

the orga nic mat eria l wa s d u e  to MCDC was tewater . �h i s  e f fl uent  

had a ma jor impact on s ewa ge fung u s  growth i n  the Ma nawa t u  
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R i v e r . Reduc i n g  the ca l c u l a ted increase  i n  the r iver BOD5 upon 

mi x i ng of th i s  was tewa t e r  to the max imum l ev e l  permi tted by the 
- 3 

current water  r ights ( i . e . , 2 . 4 t o  2 . 9  g . m for r i ve r  f lows of  
3 - l . 1 ) d . d t b � t 3 0  to 1 3  m . s  respec t 1 ve y 1 not p re v en a un c4an s ewage 

fung u s  g rowth from deve lop i ng at s i t e  C ,  1 . 8 km downs t r eam of 

the MCDC outfa l l  during tne s ummer o f  1 9 8 3 / 84 . Howe ver s ewage 

fung u s  fronds we r e  scarce a t  s it e  C dur i ng F eb ruary 1 9 8 5  whe n  

the ca lcu lated increase i n  th e r iver BOD 5 due to the MCDC 

d i s cha rge  ave raged 3 5 % l e s s  tha n the ma x imum l eve l permit t ed 

i . e . , ( 1 . 8  + 0 . 5  gBOD5 . m
- 3 ; i + s )  a nd th� ca l cu l a t ed mea n  

BOD
5 

at  s ite C was 3 . 0  g . m- 3  Th i s  suggests tha t  l im i t i ng the 

MCDC d i s charge to th i s  l eve l wi l l  provi de a n  appropriate  mea ns 

of contro l l i ng the deve l opme nt o f  mac roscop i c  heterot roph i c  

g rowths t o  a n  a c c eptab l e  l eve l d u r i ng summer . Du r i n g  the 

w i n t e r  the a l lowable  BOD5 i nc re a s e  wou l d  need to be lowe r s i nce a 
- 3  

ca l c u la ted i n c r ea s e  o f  1 . 4 gBOD 5 . m  due to the MCDC 

was tewa t er du r i ng winter r e s u l ted i n  mac roscop i c  growth at s i te 

c .  

The reduc t i on o f  the · was t ewa t e r  BOD5 concent ra t ions i n  th e 

Manawa t u  R i v e r  dur ing the p e r iod f rom 1 9 8 3  to 1 9 8 5 , due to the 

r educed noo·5 i nputs r equ i r ed by th e wa t e r  r- i gh t s , re s u l ted 1. n 
the p rogre s s i ve  reduct io n  of  the e x tent of t.h e  s ewage f u n g u s  
zone i n  the r iv e r . Howev e r  the nut r ie nt leve l s  be low the 

d i s cha rg e s  rema i ned we l l  i n  excess  of th e leve l s  k nown to l i m i t  

a lga l g rowth i n  the r i ve r  and h igh pho tot roph i c  commun i ty 

b ioma s s e s  we r e  recorded w i th i n  and be low tlw s ewag<:! fungus 

zone . The g rowth ra t e s  o f  the phototroph s o n  ba r e  su rfaces 

were s ig n i f i c a n t ly great er below tha n  above the wa s t ewater  

d i s charges and th e res u l t s  o f  the g rowth s tud i e s  ind icate that 

n u i s a nce bed b i oma s s  conce ntra t i ons wou l d  be rea ched on b a r e  
s u r fa c e s  in  2 1  to 3S  day s at  the pho to troph dom i na l: ed s i t e s  B 
a nd E F  dur i ng s ummer . Th i s  t ime i n t e r va l  for the deve lopment 

o f  nu i sa nce bed b ioma s s  conc e n t ra t i on s  is more tha n  twice that  

o f  10  to 13  day s prec1 i c ted for  heterot roph i c  b ioma s s  at  

BOD 5 leve l s  o f  5 to  7 g . m- 3 , ma i n ly comp ri
.
s i ng MCDC wastewater . 

Howev e r  th e a l ga l epi l ithon s loughed l es s  read i ly tha n  the 

h et e rotrophs whe n  sub j ect ed to sma l l  spa t e s  o f  up to 

approx imat e ly 70 m3 . s - l s o  t ha t  on c e  e s tab l i s hed the n u i s ance 
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photot roph i c  bioma s s e s  wer e  l e s s  rea d i ly removed by s ma l l  f low 

i ncrea s es . 

A reduc t ion i n  the s i z e  and frequency o f  peak river  f l ows , due 

to natu ra l  c l imat i c fa ctors ,  was a ls o  shown to have had a l a rge 

e f fect on the eco logy of ' the river by a l lowing dens e ma c rophyte 

commu n i t i e s  to d eve lop throughout th e s tudy rea ch . Any 

deve lopments wh i ch wou l d  cause  s imi l a r  change s i n  the nat u ra l 

r i ve r  flow reg ime , such as th e con s t ruction o f  impoundments for 

hydro e l ectric  or wa ter harve s t i ng purpo s �s , wou l d  re s u l t  i n  

increa s ed preva l ence of  d e ns e l y  g row ing ma c rophyt es i n  the 

lower Ma nawatu R i ver . 
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CHAPTER 8 .  GENERAL CONCLUSIONS 

River stud ies , i nvo l v i ng v i s u a l  obse rvations of the benth ic  

b ioma s s  and  the measurement of  growth rates  on a r t i f i c i a l  

s ub s t rates  showed that l imit i ng the r iver BOD 5 conc entra t ion to 

5 g . m- 3 does not prov ide a r e l iab l e  method for p r eventi ng the 

deve lopment o f  macros cop i c  heterotroph i c  fronds ( s ewage 

f u ng u s ) .  Wh i l s t  th i s  cont rol meas u r e  i s  s u itab l e  for 

contro l l i ng s ewage fungus  growth in response to d i s charg e s  of 

p r imary trea t ed dome s t i c  s ewage and meatworks wa s t ewaters , a 

much l ower BOOS conc entrat ion was nec e s s a ry to l imit 

h eterotroph i c  growth fo l l owing the d i s charge of  untreated HCDC 

d a i ry fa ctory wa stewat e r . I n  th i s  i n s tance l im i t i ng th e r i ver 
- 3 BOD5 i ncrease upon comp l e t e  m i x i ng to 1 . 8 g . m  provided a n  

e f f e c t i v e  means of  preve n t i ng s ewage fungus growth at s i te C ,  

1 . 8 km down st ream o f  the MCDC out fa l l ,  dur i ng s ummer lowflows . 

However a l ower a l l owab l e  BOO S incredse  of l e s s  tha n 1 . 4  
- 3 

g . m was req u i red to prevent the common occurrence o f  s ewage 

fungus frond s a t  th i s  s it e  in winter . 

D i f f e re nces- i n  the propor t i o n  o f  the tota l BOOS thn t was 

a v a i l a b l e  to th e ma t r i x  f o r m i ng orga n i sms o f  th e s (�wa ge f u n g 1 1 s  

p r ov i d e d  an exp l a na t ion f o r  the d i fferent re la t ionsh ips 

ob s e r v ed b e tw e e n  wa stewater  BOOS a nd s ewage fung u s  growth . 

W a s tew a t er u l t r a - f i l t r � t i o n  f r il c t i o na t i o n  s t u d i e s  L nd i c R t e d  

tha t  the f i l t rab l e  BOD 5 or the low mo l ecu la r w e i gh t  BOD s o r  COD 

( as mea s u red by u l tra- f i l trat ion technique s )  we re l ik e l y  to 

prov i d e  mo re r e l iab l e  genera l i s ed parame ters f o r  u s e  i n  

contro l l i ng s ewage fung us . However , fu rther compa rat i ve 

s t ud i e s  of the hete rotroph i c  growth response to a qreat e r  r a n g e  
o f  wa s t ewate r s  i s  req u i red be fo re a spec i f ic concen t ra t i on o f  

one of the s e  pa rameters can  be recommended with·  confidence as a 

s ewage f ungus control mea s ure . 

Th e reduction o f  the BOD5 concentra t ion in the Manawatu R i ver 

d u r i ng the s tudy period due to the introduction of  new water 

r i ghts res u l ted in the shortening of  the river reach conta i n i ng 

s ewage fungus . Du r ing a s u rvey on 1 5 February l 9 8S ,  a fter a 
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p e r iod whe n  the MCDC BOD5 i nput wa s 3 5 %  lower than the ma x imum 

l ev e l  permitt ed , onl y  i solated s ewag e  fungus fronds were 

obs e rved . However the reach e s  forme r l y  domi na ted by the 

heterot rophs deve loped heavy a l g a l  dom i na t ed growth s . A l ga l  

growth rat e s  were a l ways s igni fi cant l y  h igher a t  th e s ites  

be l ow than above the was tewater d i s charge s . A l though the s e  

a l ga l domina t ed reaches often added v ery l arg e amounts o f  

o x ygen to the river d u r i ng the day , the i r  nigh t - t ime 

r e sp i ra t ion rates  were frequent l y  s imi l a r  to tho s e  of  reaches 

conta i n i ng moderate or hea vy sewage fungus growths . In 
s i t u  chamber compar i sons o f  the we igh t  spec i f i c  resp i rat ion 

rates o f  a lmos t  pure ly a l ga l ( C l a doph o r a  g l o m e ra t a  domin a t ed ) 

g rowth s with thos e o f  s ewage fungus  unde r s im i l a r  cond i t i on s  

showed that the a lgae ' s  rat es wer e  0 . 6 7 t imes tho s e  o f  the 

s ewage fungu s .  Howe ver when the C l a d oph o r a  growth s had a th in 

h e t erot roph i c  film a t t a ched the communi t y ' s we ight  spe c i f ic 

respira t ion rate was s imi l a r  to tha t  of Ma nawa t u  R i ver s ewa g e  
fu ngus growth . 

A computer  mode l was deve loped t o  s im u l a t e  th e n i g  t -t i me 

d i s so lved oxygen level s under summer low f low c o nd L t ions i. 1  th e 
r-1a nawa t u  Rive r . Th i s  mode l pre d i c ted that the ma x imum n ight ­

t i me resp i ra t ion ra te a l lowab l e  s o  tha t an e l ement o f  wa ter  

p a s s ing down s t ream f rom the  PNCC out fa l l  a t  n i gh t  ma in ta i ned 

i t s  d i sso lved oxygen concentra t ion above the 5 g . m- 3 s t a t u to ry 

m i n imum va r i e d  from 24 . 5  to 20  g . o 2 . m- 3 . d- l for average n ight­

t ime wa ter  t emperatures  of  12 t o  2 l ° C respec t i ve l y . 

A regre s s ion mod e l  ( Equat ion 5 . 9 )  pred i c t ed tha t  the benth i c  

b ioma s s  concentra tions produc i ng the s e  ma x imum a l lowabl e  

respirat ion rates de c l i ned progre s s i v e l y  from 1 4 3  gAFDW . m- 2 a t  
- 2  l 2 ° C t o  3 4  gAFDW . m  a t  2 1 ° C ,  the ma x imum ave rage n i ght- t i me 

t empera ture obs e r ved i n  th i s  s tudy . 

S tu d i e s  o f  ep i l i  thon g rowth on conc rete p la te s  pre< 1 i c ted tha t  

d u r i ng summe r the i n t e rva l o f  r e l a t i v e l y  s tab l e  f l ows requ i red 
- 2 f o r  a bed biomass  o f  3 4  gAFDW . m  to be reached wa s t en days a t  

- 3 BOD 5 leve l s  E 5 to 7 g . m a t  s i t e  C b e low th e MCDC out fa l l. 

B y  con-Lr-1.s t ,  u nde r cu n t 1 i t  i .on�; o f  l ow o r g d n i c  tni'\ter i a l s  
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concentrat ions but high nutr ient l eve l s ,  s imi l a r  t o  tho s e  

e xpected near the d i scharge s  when the wa s�e t reatment sys t em s  

a r e  fu l ly opera t iona l ,  the s t u d i e s  predicted tha t  the n u i s a nc e  
- 2 

biomas s  concentration of  3 4  gAF DW . m  wou l d  dev e lop on bare 

su rface s a fter  a twenty-�n e  day long i nterva l  of  relat i ve l y  

s tabl e  f l ows . 

Current ve locity and the occurre nce o f  spates wh ere shown to be 

important factors regulat ing benth i c  community d evel opment . 

Benth i c  b ioma s s  obs e rvat ions i nd icated that the opt imum ra nge 

of  c u rrent ve loc it i es , mea s ur ed 50 mm abov e the bed , for s ewag e  
- 1  fungus growth wa s 0 . 2 t o  0 . 4 5 m . s  but l i gh t g rowth s oc c u r r e d  

a t  the ma x imum velocity inve s t i gated of 1 . 1 6 m . s - 1 . Growth o n  

ba r e  sur faces inc r ea s ed mark e d l y  at veloc i t i es above 
- 1  

app r o x i ma t e l y  0 . 3  m . s  . 

Obs er va t i o n s  o f  s ewa g e  f u n g u s  b ioma s s  a t  var i o u s  d<�p th s  a nd 

g rowth ra tes on both uppe r ,  s u n - l ight exposed , a nd lowe r ,  

shaded , s u r fa ces o f  concre te p lates s u spended i n  the wat e r  

column o f  the Ma nawa tu River i nd i ca t ed tha t  s o l a r ra d i a t i o n  

i nh i b i t io n  o f  h e t e ro t r oph i c  g rowth i s  not impo r ta n t  i n  th i s  

r iver . 

D u r i ng s umme r flow cond i t ions sma l l  spates , i n  wh i ch the r i ve r 
3 - 1 3 - 1 f low i nc r ea s ed from around 2 0  m . s t o  5 0  to 7 0  m . s  t c a u sed 

p r e f e re n t i a 1 s laugh i ng of  h e t e ro t r oph s ove r a lgae . 3.  t tach e d  to 

conc rete p lates . F l ows i n  excess of  appro x imate ly  1 5 0 

m
3 . s - l s ub s tant ia l ly reduced the c .  g l o m e ra t a  bioma s s  a t  s i tes 

where the current velocity  had previous l y  be en 0 . 3 to 0 . 4  

m . s - l a t  river f l ows o f  a pp ro x i ma t e l y  20  m3 . s - l but had l i t t l e 
appa rent  e f f e c t  o n  th e b iomas s o f  th e mac r ophy t e  P o t a mo g e t o n  
cr i s p u s  a t the same location . Th e  marked reduc t ion i n  the 

frequency of peak f l ush even t s  ( i . e . , f l ows i n  e x c 9 s s  o f  5 00 to 

1 000 m
3 . s - l ) du r i n g  th e s t u r1y oer i od c ompa r.�d w i th p rev i ou s 

y e  a r s <1. pp ii r ..,  n t: l y r e s  1 l t e rl i n t he p r ) l i_ !" P. r il t i o n  o f :. h is  l a  t t e r  

spe c i e s  th roughout  �1e s t urty rea ch . Any dev e lopme n t s i n  the 

upp e r  r i ve r ca tchme n t tha t  recluced the f reque ncy o r  magn itude 

of the peak f l u s h e v en t s  ( e . g . ,  impou ndme nts fo r hydroe l e c t r i c  

powe r gen e r <1 t i. o n o r  'rl<J t e r  ha r v e s t i ng )  wou l d  p robab ly r e s u l t  i n  
mac rophyt e s b e c om i ng abu nda n t  i n  th e l owe r r-1anawa t u River . 
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The r e s u l t s  show tha t  i t  i s  unl ike l y  tha t  the oxygen 

requi r ement of  Manawatu R i ver ' s  D c la s s i fication wi l l  be 

ma inta i ned by a river management s tr a tegy whi ch l imits  organ i c  

mat e r i a l  but n o t  nutri ent concentra t ions . Howeve r i t  i s  

doubt f u l  wheth e r  i t  would be pra c t i cab l e  given current 

wa s t ewater t reatment to �educe the wa s t ewat er nu tr ient i npu t s  

t o  a s u f f ic ient extent t o  cause a marked dec r ea s e  i n  the a lgal  

growth enhancement observed be low the d i s charge s . 

c l ea r ly wo rthy o f  further i nves t i ga t ion . 

Th i s  area i s  

I f  th i s  hypothes i s  i s  subs tant iated the rive r ' s  d i s sol ved 

oxygen standard wi l l  only be cons i s tently  ma i nta i ned i f  part or 

a l l  of  the wa s tewa te r s  a re d i ver t ed to land d i spos a l  d u r i ng the 

s umme r  lowf low per iod . 

The two ob j ec t i v e s  o f  the ma i n tenan c e  o f  a n  adequa t e  leve l o f  

water qua l i ty t o  ens u re a h ea l thy and d i verse  rive r  ecosys tem 

and th e use of  the r iver for d i spo s a l  of large vo l umes o f  

was tewater produ ced near Pa lme rs ton North may not be compa t ib l e  

i n  the Manawatu R i ver wh ere  cond i t ions a re s u i tab l e  for photo­
t roph p rol i fera t i on gi ven a d equa te nutr i ent leve l s ,  h igh summer 

r i ver t empera ture and e x tended s tab l e  flow cond i t ions . 



A B M  

A F DW 

A I  
BCWS 

B G P R  

B M  

B O D 5 
B O D 5 U R  

B R  
C h l a  

Ch l a . S BG P R  

C O D  

C P OM 

D I N  

DO 

D R P  

£ B O D 5 
k

l 
k

2 
k

e 

L M RTC 

M C DC 

t·1 R\'IB 
P A R  

P NCC 

P / H  

Q 
RR 

s p  

T N , T D N  

T P , T D P  
T D N U R  

T D P U R  

W S B G P R  

WS I3 R  

= 

= 

= 

= 

L ist of Abbreviations 

A l g a l b ioma s s  

A s h  f re e  d r y  we i gh t  

A u t o t roph i c  i n d e x  

B o r thw i ck · cws L i m i t e d  

3 4 0  

= B e n th i c  g r o s s  pho t o s y n th e t i c  o x y g e n  p r od u c t i o n  

= 

= 

= 

= 

= 

r a t e  

B e n th i c b i oma s s 
5 day b ioch em i c � l oxyg e n  d e mand 

BOD 5 u p tak e ra t e 

B e n th i c  r e sp i ra t ion ra t e  

Ch l o r ophy l l  a 

Ch l o rophy l l  a s p e c i f i c be n th i c  g ro s s  ph ot o -

s yn th e t i c oxyg e n  p r odu c t i o n  ra t e 

= Ch emi ca l o xyg e n  d e ma n d 

= Coa r s e pa r t i c u l a t e or ga n i c  ma t e r i a l 

= D i s s o l v ed i no rg a n i c  n i t r og e n  

= D i s s o l v e d  o xy g e n  

= 

= 

D i s s o l v e d r ea c t i v e  pho s ph o r u s  

B O D 5 o f  G F / C  f i l t e r e d , s e e d e d  s a mp l e  

F i r s t  o rd e r  BOD 5 d e c a y  r a t e  

Rea e r a t i on r a t e  

Ve r t i c a l e xt i n c t ion c oe f f i c i e n t  o f  l i ght l n  

wa t e r  

= Lowe r r1a nawa t u  R i v e r  T e ch n i c a l  Commi t t e e  

�1a na\va t u  C o op e r a t i v e Da i r y  C ompa n y  

Ma n a w a t u  R e g i o n a l W a t e r  Boa r J  

Pho t o s y n t h e t i c a l l y a va i l a b l e r a d i a t i o n  

Pa l me r s t o n  No r L h C i ty C orp o r a t i o n 
Ra t i o o f  g r o s s 9h c t. o s y n th e s i. s  to r e s p i rr.t t i o n  

r .1. t (' 
= R i v e r  f l ow 

= R i v e r  r e s p i r a t i o n  ra t e  

= S p e c i e s  

= To ta l n i t rog e n , t ot a l � i s s o l ved n i t r oge n 
= T o t a  1 pho s pl 1 o r  1 �:; ,  t o t a l cl i s  s o  1 ve(l p hos ph o r u s  
-= To ta l cl i s s o l vecl n i t rog e n  u pt 1. k e  ra t e  

= To t a l d i s s o l v e d  pho s ph o r u s  up t ak e ra t e  

= We i gh t  spec i f i c benth i c  g r o s s ph o t o s y n th e t i c 

o x y g e n  pro d u c t i o n  r a t e  

= W e i gh t  spe c i f i c  benth i c  r e s p i ra t i o n ra t e . 
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D a t e  = S i t e  = T emp . = c . v .  = De pth = 

B i oma s s  = F l oc A bu n d a n ce = 

R e l a t i ve A bu n d a n ce S c a l e  : Ve ry a bu n d a nt ++++ ,  Abundant +++ , Common + + ,  U n c ommo n + , T ra c e -

Dom ' 
M at r i x Re l . Dom . R e l . Dom . Ma c ro- Re l . Dom . R e l . Dom '  A s s o c i ated 

O rga n i sms Abu n d . Rot i fers  Abu n d . i n ve r t s  A bu n d . P rot oz o a n s  Abu n d .  _A_Lgae 

S .  n a t a n s  
L .  i .J ct eu s  
Z oo g l oea 
B e g g i atoa 
O s c i l l a t o r i a 
C l a d op11 o ra 
U l o t 1 1 1 x 
Lyn g by a.  
S t i geoc l on i um 
F l a vobact e r i um 

E u ch l a n i s 
P h i l od i n a  
P roa l e s 
E p i p h a n e s  
Rot a r i a 
E n  c e n t ru m  

C h i  r on , S pA 
C h i ron  S pB 

0 1  i n ga 
De l e at i d i um 
P .  a nt i pod a r u m  
G . c o r i n n a  
P .  a c u t a  
Hy do ra s p . 
H .  p a ru mb r i pen n i s  
H . u f'lb n penn i s  
P . b i d e n s  
N .  c o n  f u s u m  
A .  c o l c fl i c a 
0 .  a l b i ce ps 
Py c n oc e n t rodes  s p p . 
H i r u d i n e a  
T u b i  f i c i d a e  
N J i d � d a e  
N ema t · 1 o !  
Po  l y c h a e t a  

V o rt i ce l l a  
Opercu l a r i a 
E p i  s ty l i s 
Amph i l e p t i dae  
C .  u n c i n a t a  
C .  cu cu l l u l u s 
P a  rame c i  u m  
C o l p i d i u m 
Bodo  
S t e n t o r  
A s p i d i s c a  
E u p l ot e s  
G l a u c oma 
U ronema 
T a chy s oma 

N a v i cu l a  
F ra g i 1 a r i a 
Syn e d ra 
Cymbe 1 1 a  
Ta be l l a r i a 
A c h n a n thes  
C h  1 o re 1 1  a 
D i  at oma 
S t a u  rast rum  
N i t i s c h i a  
Aste r i o ne l l a  
Gomphonema 
Me r i  den 
An k i s t rodesmu s 
S t a u  r a s t  rum 
S cenedesmu s  
Dy n o b ryon  
D i  atome l l a  
R h oi cos phen i a  
Se l e n a s t ru m  
Oocy s t  i s  
C h 1 o rococcum 
H a nt s ch i a 

Re l . 
Abund . 

w � 
1-' 
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A .  Photot roph/Heterot roph Dom i nance Sc a l e ,  PA/HA ( A fter  W u h rm an n , 1 954 ) 

Cl as s i fi cat i o n Ob s e rv at i on 

0 Ph ot ot ro ph s  o n l y .  

3 Phot ot ro ph s  dom i n ant , b ut sma l l co l on i es o f  s e s s i l e c i l i ates  
c l e a r l y  v i s i b l e  on stone s u r faces  a nd/or  s t rands  o f  f i l ament o us 
hete rot roph i c  m i c roo rgan i sms on u n de r s i des o f  stone s . 

5 Ph ot ot r o ph s  dom i n ant , s na tans or ot h e r  f i l amentous  
h ete rot ro ph i c  m i c roorgan i �n s  v i s i b l e  i n  sm a l l col on i e s o r  
s e s s i l e  cel i a t e s  i n  l a rge co l o n i es··. 

7 Pro po rt i on i n  rel at i v e ab undance  o f  photot ro ph i c a n d  
h et erot ro ph i c  m i c roo rg a n i sm s a ro u n d  1 : 1 .  

9 Hete rot ro ph i c  m i c roorgan i sm s  dan i n an t , aut ot rophs  s t i l l  pe r ­
s i s t i n g i n  cl e a rl y v i s i b l e g ro u ps . 

1 1  Het e rot ro ph i c  m i c roo rgan i sm s  on l y ,  fo rm i n g  m a s s  deve l o pnen t s .  
Th i c k  a n aerob i c  s l udge  be l ow s u r face g rowt h . 

1 3  Het e rotro ph i c m i c roo rgan i �n s  on l y .  Anaerob i c  a s soc i a t i o n s  ev e 
i n  t he s u r face l ayer o f  � rowt h . 

B .  H et e r o t r o ph i c � i c r u n r J a n i sms 

C l a s s 1 f i c at i o n O b s e rv a t i o n 

0 N o t  v i s i l) ] ' ' n n  , , a n c l -'1 . .  1 i ' ' ' l t J l  I ' '' '> .  
1 \: i s i b l n J n  ' t :l l l j - 1H : l d • , o u l  J '-' r' ::. b u t  n o  v 1 s i h l 2 o n  h e t1 . 
2 S tr ct n J s v h l b l e on s L J n e s , no  f l oc u n i t s ( =  1 c1n l en g t h s o f  

f l  QC ) • 
3 I :;  o l a t e  d f l D  c s v i  s i  b l e < 5 I per i s c o pe f i e l d ( = 1 7 7  cm 2 ) • 
4 F l oe s c o nnw n . 
5 F l oe s  ab u n da n t cove r i n g  tn ost  s u r f a c e s .  
6 .  F l oe s cove :' i n g  a l l s u r- f ace s . 

( i i )  Se���.!J.l.9tes  ( Secon d a ry heterot ro ph s )  

I Not v i s i b l e  on  h and-hel d boul de r s .  
I I  I s ol a ted  col o n i e s  on unde r s i des  o f  b ou l ders . 

I l l  I s ol ated  col o n i e s  on s u r faces  o f  bou l der s . 
IV Ab u n d ant  col on i e s  on  s u r faces  of bo u l de r s . 

C .  Ph ot otroph i c M i c roorga n i sms 

C l as s i f i cat i on Ob s e rvat i on 

A Not v i s i b l e  on han d-hel d bou l de r s . 
B V i s i b l e  on h a n d - hel d boul ders  b ut not v i s i b l e on be d .  
C Pr esent  a s  c l ear l y v i s i b l e  col on i e s on  bed . 
D Cov er i n g many s u r faces . 
E Cove r i n g  most  s u r faces . 
F Co ve r i n g bed . 



APPEND I X  C 

Date 

1 6 / 1 2 / 8 3  
0 8 / 1 2 / 83 
0 8 / 1 2 /8 3  
0 1 / 1 2 / 8 3  
0 1 / 1 2 /8 3  
2 4 / 1 1 / 8 3  
2 4 / 1 1 / 8 3  
1 8 / 1 1 / 8 3 * *  

D a t a  f rom i n  s i t u  F r e e m a n  2h� nber S �u ct i e s  on P l a t e  B i oma s s  a t  S i te D 

P l a t e  
I ncuba t ion 

P e r iod ( days ) 

26 
1 7  
2 3  
1 0  
1 6  

3 
9 
3 

T e mpe ra tu r e  

( · c )  

1 8 . 5 
2 1 . 7  
20 . 7  
1 8 . 3  
1 7 . 5  
1 7 . 0  
1 5 . 5  
1 8 . 5  

R R  
( g0 2 . m- 2 . ct - l )  

6 . 8  
1 3 . 4  
1 2 . 5 
1 0 . 9 

9 . 8  
4 . 3  
5 . 6 

3 .  5 

l n l t  1 � 1  
t.l' i) _ - 3  ( g . m  ) 

c;l) 
[ . :';  
' .  5 

.. � i) 
';:::> 

' . I)  
· ;n 
'; :.> 

I n i t i a l  
DO 

( g . m- 3 ) 

l l . O  
l l . l 
10 . 1 
1 0 . 5  
1 0 . 6  
1 0 . 6  
1 1 . 0  
8 . 9  

B i omas s 
( gAB'OW . m - 2 )  

1 2 . 7 
3 4 . 9  
29 . 6  
1 7 . 3  
1 7 . 7  

4 . 8  
8 . 1 

14 . 5  

* ca l c u l a ted assumi ng cons tant pho to s y n th e s i s for 1 2  � o u r s  d a y l i g h t / d a y .  
* *  data not i nc l uded i n  l i ne a r  reg re s s i o n  ana l y s e s  d�� � o  3 e t t l e d  s i l t  and det r i t us . 

l'iS B R  BGPR * 

A I  ( go2 . ( g0 2
. 

gAFDW- l . d - l ) m- 2 . d- 1 ) 

8 3  0 . 3 1 1 0 . 60 
1 6 0  0 . 3 8 1 3 . 60 
1 6 1  0 . 4 2 2 1 . 00 
5 8 5  0 . 6 3 9 . 80 
444 0 . 5 5  5 . 6 5 

3 6 3 7 0 . 90 NO 
8 5 5  0 . 69 4 . 00 

ND 0 . 24 NO 

..... 
I 

'tl 
..... 
I .. "' l:t: --<  

P/R* 
a. ..c:  
0:, ()  
lll tr> Ul • 
ctl N 

--< 0  
..C: tr>  
u -

1 .  5 6  5 1 

1 . 0 1  6 2  

1 . 6 8 1 1 4 
0 . 9 0  3 3 4  
0 . 3 2 1 4 0 

NO NO 
0 . 7 1  4 2 5  

ND ND 

APPEND I X  D Data f rom l n  s i t u  Boy le Chamber S t u d i e s  on the E f f ec t s o f  Nat u r a l  Bed B iomass on R i v e r  O�yg e n  Dep l e t i o n  

S i t e  Da te Tempe ra t u re 
< • c )  

0 08/ 1 2 / 8 3  20 . 7  
D 24 / 1 1 /83 1 5 . 3 
A 2 1 / 0 4 / 8 3  1 7 . 0  
D 1 5 /04/84 1 5 . 3  
A 1 2 / 0 4 / 83 1 3 . 8  
D 1 1 /0 4 / 8 3  14 . 5  

• no data 

BR 
- ? - 1 ( go2 . m - . d > 

l 3  . 13  
1 . 9  

1 9 . 4  
1 4 . 8  

6 . 8  
l 7 .  2 

I n i t i � l  
SOD s 

( g . m- 3 ) 

'.J . 7 
. ' 

* 

4 . 6  
• 
• 

Heterot roph 
B i oma s s  Abundance 

- 2  ( gAFDW . m  ) l e v e l  

36 . 2  5 
1 1  ' 6  3 

so . 0 0 
62 . 0  • 

50 . 2  0 
1 06 . 0 4 . 5  

Phototroph 
Abundance 

l e v e l  

D 
c 

F 
• 

E 
• 

We ight Spec i f i c  
BR 

-1 - 1  ( g02 . gAFDW . d  ) 

0 . 3 8 
0 . 4 2  
0 . 39 
0 . 24 
0 . 1 3  
0 . 1 6 

PAR ABM 
( uE . ( mgCh l a . 
- 2  . s -

1
) 

- 2  m 

400 1 5 6 . 0  
400 2 1 8 . 0  
800 1 84 . 0  
800 29 . 5  
600 40 . 0  

ND * 

900 9 . 5  
NO * 

I ni t ia l DO 
( g . m- 3 ) 

1 1 . 0  
1 0 . 8  
1 2 . 7  

9 . 5 
1 0 . 2 
1 0 . 5  

m ) 

w � 
w 



APPENDIX E 1  Dat a  from Fr eeman i n  s i t u  Chamber S t u d i e s  o n  the E f fe c � s  o f  Na t u r a l  Bed B ioma sa o n  R iver Oxygen Dynamics 

r 

� H 
Ill 

D 
D 
c 
c 
c 
c 
c 
c 
E P  
E P  
c 
c 
oe 
DE 
DE 
DE 
c 
c 
D 

c.:! � 
19 /06 /84 

1 9 /06 / 84 

2 6 /0 4 / 8 4  

2 6 /04/84 

2 3 /0 3 /8 4  

2 3 / 0 3 /84 

2 3 /0 3 /84 
2 3 /0 3 /84 
1 2 /0 3 /84 

1 2 /0 3 /84 
2 2 /0 2 /84 

2 2 / 0 2 /84 

0 2 /0 2 /84 

0 2 / 0 2 /84 

1 8 / 0 1 / 84 

1 8 / 0 l /84 

1 2 /0 l /84 

1 2 / 0 1 /84 

24/ l l /8 3  

-
u 0 

i:! 
0 
E-t � 
c.:! 

� 
E-t 

1 1 . 0 0 

1 1 . 00 

1 5 . 0 0 
1 5 . 0 0 

1 7 . 50 

1 2 . 7 5 

1 5 . 00 

1 7 . 40 
2 1 . 2 5 
20 . 2 5 

1 3 . 00 

18 . 00 

2 3 . 20 
24 . 00 

1 7 . so 

1 7 . 5 0  

20 . 2 5 

20 . 2 5 

1 5 . 7  

I � 
.. 
I e 

.. 0 01 
p; � 

3 . 80 

1 .  50 

1 9 . 60 

1 7 . so 

7 . 60 

4 . 70 

7 . 00 
1 0 . 30 
14 . 60 

4 . 80 
1 5 . 20 

1 1 . 40 

30 . 70 
28 . 2 0 

1 3 . 6 1 

1 3 . 40 

2 1 . so 

1 8 . 30 

5 . 2  

I e 
01 

Cl 0 � 
� < H E-t H z H 

1 . 4  

1 . 4  

7 . 0  

5 .  5 

1 . 2  

1 . 2  

6 . 0  

7 . 1  

1 . 7  

2 . 0  

s . s  

5 . 5  

4 . 6  

1 3 . 8  
3 .  7 

8 . 0  

7 . 3  

14 . 0  

s . o  

N 
I 
E 

5 
� 
01 

Vl 
Vl � 
0 H 
� 

5 3 . 0  
1 8 . 6  

1 0 4 . 4  

9 2 . 6  

2 4 . 0  

2 2  

2 2  
2 4 . 0  
5 5 . 3  
3 1 . 0 

70 . 0  

6 1 . 1  

45 . 8  

48 . 7  

50 . 6  

so . o  

54 . 6  

49 . 8  

a . s  

..... 
< 

1 3 7  
2 3 9  

1 9 7  

1 5 8  

30 7 

3 46 

3 4 6  
3 0 7  
LOO 

6 8  

3 2 3  

2 8 2 

ND 
NO 

l O O  

l O O  

6 6 4  

6 6 4  

ND 

c.:! 
u 

� 5 
� �  :x: g:  � ;j  a: 
E-t 
0 p; 
c.:! 
E-t 
c.:! 
:X: 

2 . 0  

4 . 0  

4 . 0  

4 . 0  

NO 
ND 
ND 
NO 

0 . 0  

0 . 0  

5 . 5  
5 .  5 
2 . 0 

2 . 0  

1 . 0 

1 . 0  
6 . 0  

6 . 0  

4 

�· 
u .... ·'C 
:.:> 

� r-3  
::: > 
� :.w  " >-l  ;,:: 5 t' 
"" 

r 
,_ 
D 
D 

ND 
·m 
r.m 
NO 

E 
f. 
E 
E 
F 
F 
E 
E 
c 
c 
c 

'0 I 
I 3: Cl � 01 

N 
0 
01 

p; 
al 
Vl 
::: 

0 . 0 7 2  

0 . 08 2  

0 . 1 88 

0 . 1 89 

0 . 3 1 6  

o .  2 1 3  

0 . 3 2 0  

0 . 4 3 0  

o .  2 60 

0 . 1 5 0 

0 . 2 1 7  

0 . 186 

0 . 6 7 

0 . 5 8 

0 . 2 7 0  

0 .  2 7 0  

0 . 3 9 3  

0 . 3 7 0  
0 . 6 1 3  

I � 
N 
I 

<i 
N 

0 
0'· 

.. 
.. 
p; "' c.:; � 

6 . 00 

2 . 30 

l 3 . 70 

1 2 . 5 0 

5 . 30 

ND 
ND 

6 . 50 

3 1 . 30 

6 . 00 

1 5 . 40 

1 6 . 40 

3 2 . 20 

3 6 . 1 0 

14 . 7 3 
1 6 . 4 6 

1 1 . 00 

9 . 48 
NO 

• .. 
a: 
c.. 

1 .  5 8  

0 . 94 

0 . 95 

0 . 99 
0 . 70 

NO 
NO 

0 . 6 3 
2 . 1 4 

1 . 60 

l .  2 3  

1 .  5 0  

1 .  39 

l .  58 
1 . 08 

1 .  2 3  

0 . 6 2  

0 . 62 

NO 

• estimated va lues for c l e a r  ( 800 u E . m- 2 . s - 1 ) and ove r c a � t  cond i t ions ( 40 0  uE . m- 2 . s - 1 ) 
• •  ca lculated assuming con s tant gross photos ynth e s i s  at mea s u r e d  ra t e  for 1 2  hou rs/day 

� 
-
13: 
Cl 
� 
01 

N 
0 
01 

• 
• 
:;: l7 � 
Ul 
.,. 

0 . 1 1 5  

0 . 1 2 0  

0 . 1 3 2 

0 . 1 3 5  

0 . 2 2 0  

NO 
ND 

o .
'

2 1 o  

0 . 570 
0 . 2 5 0  

0 . 2 2 0  

0 . 2 7 0  

0 .  700 

o .  740 

0 . 29 

0 .  3 3 0  

0 . 200 

0 . 1 9 0  

ND 

I � 
. -
« I P: <ll 
p.. � 
l:J :X:  
al U  Ul 01  
ItS N 

M O  .S::. O' u �  
1 5 . 7  

29 . 5  

26 . 0  

2 1 . 3  

6 7 . 9  

NO 
NO 

8 3 . 0  
ND 

1 6 . 7  

7 1 . 0  

7 5 . 5  

ND 
NO 

45 . 0  

34 . 0  

NO 
1 2 6 . 0  

ND 

-
I 
Ill 

N 
I e 
c.:! ;:>. 
p:; < "'· 

100 
l OO 
2 1 0  

300 
BOO 

NO 
NO 

400 
8 0 0 *  
8 0 0 *  

800 * 

80 0 *  

BOO * 

800 * 

400 *  

4 0 0 *  

400 * 

40 0 *  

NO 

... 
I 
e . 
01 .!! 
<a 

� 
.s::. 
u 

3 8 3  

78 . 0  

5 2 9  

5 8 7  

99 

90 
90 

99 
690 
4 5 6  

2 7 5  

3 0 7  

NO 
NO 

4 1 2  

6 0 1  

8 4  

7 5  

NO 

� 
I 

E 
01 

8 
� H 
E-t H 
:z: H 

1 1 . 6  

10 . 5  

1 0 . 2  

9 . 3 
9 . 2  
9 . 2  

8 . 5  

9 . 4  
7 . 0  
7 . 8  
9 . 5  
8 . 5  

1 0  . s  

1 0 . 5  

1 1 . 8  

1 1 . 5  

5 . 3  

s . o  

1 0 . 6  

Ul 
c.:! 
Ul � :2 

:z: •t H 
z 

o u  c.:I H  Ul Ul  
O lll 
Ul i:! � c.:;  p; �  
.,./ .,./ 
.,./ 
../' 

../' 

/ 
..,/ 
..,/ 
./" 
./" 

w � � 



A P P E N D I X F R e s u l t s o f  W h o l e  R i v e r  D i s s o l ve d O xy g en Dy n ami c s  St u d i e s  Be l ow t h e  E f f l u e n t  D i s ch a rges  

R each Date Q 

0 - F u  24 / 1 1 /82 3 1 . 0  
0 -E /F 1 5 / 1 1 /83  58 . 0 
0-E /F 1 7 / 1 1 /83  4 1 . 0 

0 -E /F 2 1 / 1 1 /83  34 . 0  
0 -F u  29/ 1 1 /83 22 . 0 
D d- E F  18/0 1 /84 1 7 . 3  
D d-E F 24/0 1 /84 1 4 . 8 
D d - E F  3 1 /0 1 /84 14 . 8 
D d- E F  09/02 /84 18 . 3  

D -E 22/02 /83 20 . 0 
D -E 06 / 1 2 /84 1 9 . 0  
D d-E 1 5 / 1 2/84 30 . 0  

P NCC-B 1 6/0 1 /84 1 8 . 0  
P N C C - B  29/02 /84 1 6 . 8 
MCDC - C u  29/02/84 16 . 8  

B - D 1 5/0 1 /84 1 6 . 9 
B -D 16/0 1 /84 18 . 0 
D -E 06/0 1 /84 1 6 . 8 

* N o  data  

M e a n N i ght  t i me G ro s s  O xy ge n  
�§ s p i rat i �2 _ 1 

-
� �o�� ct i o n

_ 2 _ 1 
( g . m  . d ) ( g . m . d ) ( g . m  . d  ) ( g . m . d  ) 

2 5 . 90 23 . 7 * * 

1 1 . 40 1 3 . 7  * * 

1 1 . 6 0 1 2 . 5 * * 

1 9 . 80 18 . 2 6 . 20 6 . 80 

1 3 . 30 1 0 . 8  9 . 80 7 . 9 0 

2 7 . 90 28 . 8 * * 

3 1 . 90 32 . 5 22 . 80 2 £: . 4 0 
36 . 90 37 . 6  3 1 . 1 0 3 1 . 7 0 
30 . 30 3 2 . 4 1 5 . 90 1 7 . 00 
3 1 . 50 32 . 8 1 2 . 7 0 1 3 . 2 0  

33 . 6 0 33 . 1  34 . 7 0 34 . 2 0  

2 3 . 40 2
1

. 7 * * 

1 8 . 80 20 . 7 7( * 

2 3 . 9 0 26 . 7 1 3 . 50 1 5 . 1 0  
35 . 2 0  39 . 8 -4 . 35  -4 . 90 
22 . 90 1 9 . 3 9 . 20 7 . 7 5 
24 . 50 2 0 . 6 * * 

3 1 . 9 5 2 7 . 8 32 . 6 7  28 . 40 

P / R  T 
( oc ) 

* 1 5 .6 
* 16 . 0 
* 1 8 . 0 

0 . 3 1 16 . 8  
0 .  7 4 .  1 5 . 2 

* 1 5 . 5  
0 . 6 9  1 9 . 7  
0 . 84 1

8 . 2 
0 . 5 2 1 9 . 7  

0 . 4 0  1 9 . 0  

1 . 03  20 . 3 
* 18 . 4  
* 1 7 . 2  

0 . 5 6  2 1 . 0 
-0 . 1 2 20 . 7 

0 . 39  1 7 . 5 
* 1 7 . 0  

1 . 02  18 . 2 

A v e r a ge 
M a c ros c op i c s u rface I n i t i a l  

A b u n da n c e  rad i t at i on BOD5 AFD� Het e ro - P h o t o- (Watt ( g . m 
3 

- - 1  
( g . m  ) t ro p h s t ro p h s h ou r . d ) 

* 4 . 5  c 8280 
2 6  4 . 0  B 6628 
2t) 4 . 0 c 7227  
34 2 . 5  c 6023 
44 3 . 0  0 5597 

1 30 o . o F 281 7 
bu 0 . 5  F 7452 
1 50 1 . 5  F 8382 
1 3 0  1 . 5  F 7 793  

6 0  4 . 0 C -D 6802 
70 5 . 0 D 4004 
60 5 . 0 D 66 1 1  
83 1 . 0 D 5945 

1 00 1 . 0 F 5866 
1 50 6 . 0 D 5866 
1 2 0  5 . 5  D-E 5802 
1 20 5 . 5  D-E 5 94 5  
100 3 . 0  F 6 3 9 1  

9 . 00 
2 . 50 
2 . 00  
5 . 00 
5 . 30 
8 . 00 
5 . 2 0  
6 . 40 
2 . 80 
8 . 90 
8 . 1 5  
6 . 46 
2 . 40 
3 . 7 0 
6 . 80 
4 . 1 0 
4 . 7 0  
5 . 90 

w � 
(Jl 



3 4 6  

APPEND IX G :  Resu lt s  of  Lactos e Ana lyses  on Twenty- four hou r 
F low-r e lated Compos it e  MCDC Was t ewa t e r  Samp l e s  

Da te COD * La ct:?� e La ctose COD a s  
- 3 

( % ) ( g .  m ) ( g .  m ) % tota l COD 

1 9 / 1 2 / 82 3 86 2  9 80 2 8 . 5  

2 1 / 1 2 / 82 ND 9 9 0  ND 

3 1 / 1 2 / 8 2 4 70 3  1 3 1 0  3 1  

0 5 / 0 1 / 83 3 8 5 6  1 0 2 0  3 0  

2 0 / 0 1 / 8 3  3 8 5 1  6 9 0  20  

2 2 / 0 1 / 83  1 89 2  7 9 0  4 7  

2 3 / 0 1 / 83  2 0 3 7  1 0 1 0  5 6  

2 4 / 0 1 / 83 2 3  79  800 3 8  

0 1 / 0 2 / 8 3  4 5 4 2  1 1 20  2 8  

09 / 0 2 / 8 3  3 1 2 1 1 2 80 46 

* resu l t s  o f  a na ly s es by MCDC sta f f  ( M e red i th ,  1 9 83 )  



A PP EN D I X  H Re s ul t s  o f  W as t ew a t e r  N ut r i e n t  An al yses 

( a ) Re s ul t s  o f  N u t r i e n t  An a l y s e s  o f  twe nt y -f o u r h o u r , fl ow -rel at e d ,  
com po s i t e MC DC W a stew a t e r  Sam pl e s .  

T N 3 
T P  3 R at i o  BO D5 : N : P Dat e BO D

5
j ( g .m - ) ( g .rn - ) 

( g .m ) ( x � s )  ( x � s ) 

3 1 / 1 2/82 3 0 5 7  76 . 4 .! 0 . 3 5  6 5 . 5 .! 2 . 7  4 7 : 1 . 2 : 1  

2 0 / 1 1 /83 1850  NO  56 . 2  6 8 : N D : 1 

2 2 /0 1 /83  1892  103 . 4 .! 1 . 5  6 0  3 1 : 1 . 7 : 1  

2 3 /0 1 / 8 2  2038 . 92 .!  1 3  N O  

0 9/0 2 / 83 20 3 5  N O  3 3 . 6 .! 1 . 2  60 : N D : l  

2 9/03/83  14 74  64 . 0 .! 5 .  6 43 . 9 .! 2 . 1 34 : 1 5 : 1  

1 4/03 / 83 10 8 5 66 . 1 � 9 . 9 4 9 . 7  2 2 : 1 . 3 : 1  

1 2/ 0 4/ 83 1 7 6 7  6 1 . 7 .! 7 .  1 5 7 . 9 .! 4 . 5 2 9 : 1 . 1 : 1 

0 8/ 0 5 /8 3  2 0 9 9  N O  3 2 . 2  6 5 : N D : l  

0 9/0 1 /84 7 94 39 . 8 .! 0 . 8 1 7 . 7 _! 0 . 1  43 : 2 . ?. : 1  

1 0 / 0 1 / 34 2 1 3 6  7 5 . 5 .! 1 . 9  4 4 . 6 .! 2 . 0  4 8 : 1 . 7 : 1  

2 5 /0 1 / 8 4  7 7 2  44 . 8 .! 3 . 8  1 0 . 8 _! 1 . 3  7 1 :  4·1 : 1 

* MC DC A n a l y s e s  Re S 1 1 l t s  ( Me r e d i t h ,  1 98 4 )  

( b ) R e s u l t s  o f  N u t r i ent An al ys i s  o f  a tw enty - f o u r  h o u r  f l ow -r el a t e d  
c an po s i t e  s �n � e  of P N C C  wa s t ewat e r  a ft e r  T r e a tm e n t  by Pr i m a ry 

3 4 7  

Se d i m e n t a t � o n  w i t h  Al un f l occ u l at i o n 3 3 B0 05 ( g .rn - ) * Tot a l  N i t ro ge n  ( g .rn - ) Tot a l  Ph o s ph o r u s  ( g .m - ) 

* 

1 90 1 9 . 6  3 . 6  

PNCC An a l y s i s R e s ul t ( An de r s o n , 1 984 ) 



APPENDIX I :  R iver Environme n t a l  Dat a ,  Was t ewater Dis char ge 
Data , and C a l c u lated BODs Values a t  River S i t e s . 

ROW D A T E  

1 1 02 8 2  
2 2 0 2 8 2  

ti J02 8 2 
0 28 2  

5 502 8 2  
6 6 0 2 8 2  
7 �0 2 8 2  
8 0 2 8 2  
9 9 0 2 8 2  

1 0  1 0 0 2 8 2  
1 1 1 1 02 8 2  
1 2  1 202 8 2  

� � 1 a0 2 8 2  
1 0 2 8 2  

1 5  1 50 2 8 2  
1 6 1 6 0 28 2  
1 7  1 7 0 2 8 2  
1 8  1 80 2 8 2  
1 9  1 90 2 8 2  
2 0 2 0 0 2 8 2  
2 1  2 1 0 2 8 2  
2 2  2 2 0 282 

� � 2ti0 2 8 2  
2 0 2 82 

2 5  2 50 2 8 2 
2 6  2 6 0 282 
27  2 7 0 2 8 2  
2 8  2 8 0 282 
29 1 0 3 8 2  
3 0  2 0 3 82 
3 1  �0 38 2  
3 2  0 3 8 2  

�
� 5 0 382 

6 0 3 82 
3 5  �0 38 2  
3 6  0 3 82 

n 9 0 3 8 2  
1 0 0 3 82 

�6 1 1  0 3 8 2  
1 20 3 8 2  

4 1  1 �0 3 8 2 
4 2 1 0 3 82 

t �  1 5 0 382 
1 603 82 

45 1 70 3 8 2  
4 6  1 80 3 82 

t� 1 90 38 2  
2 0 0 382 

49 2 1 0 3 8 2  
50 2 20382 
5 1  2 �0 3 8 2  
5 2  2 0382 
5 � 250382 5 260382 
55 2�0 3 8 2  
5 6  2 0 3 82 
5� 2 9 0382 
5 3003 82 
59 3 1 0�8 2  
60 1 0  82 
6 1  2 0 4 8 2  
62 �0 4 82 

�
� 0 48 2  

5 0 4 8 2  
65 6 0 48 2  

FLOW MC DC 

2 5 . 5 1 2 5�5 
2 3 . 2  1 2 9 3 
1 0 . 5  e 6 2 o  
1 4 .  7 97 6 6 
1 3 .  8 1 1 6 09 
1 � . 5  1 1 28� 
1 . 6 9 1 1 
1 4 . 9 1 3 0 3 1 
1 4 .  6 NO 
1 3 . 1  NO 
1 2 . 7  NO 
1 2 . 6 1 22 2 2  
1 2 . 4  1 7 0 2 6  
1 2 . 4  1 6 1 1 4  
1 2 .  2 NO 
1 2 . 0  NO 

1 2 . 0  1 02 4 0  
1 1 . 9 1 1 1 0 2  

1 42 . 0  1 1 2 4 1  
1 2 . 0 8�29 

4 6 . 1  1 5  9 4  
2 . 7 1 1 1 9 6 
�7 . 9 9650 

0 . 5 N O  
97 . 0  NO 

1 0 5 . 8  9 1 4 6  
6 3 . 4 1 3 9 22 
4 1 . 2  1 0 604  
30 . 0  1 1 050 
3 1 . 0  1 2 4 7 2  
�0 .  3 9 0 3 7  

1 6 . 5 9 7 3 7  
' 87 . 0 1 05�2 

5 0 . 6  1 0 6 6 
3 5 . 6  9 9 7 2 
2 7 . 5  8 7 7 4  
2 1  . 1 9 1 0 1  
1 9 .  2 1 4 48 5 
1 7 . 7 8 1 1 � 
1 5 .  2 1 2 29 
1 4 . 8  6 2 0 7  
1 � . 9  1 1 1 3 4 
1 . 4  1 1 528 
1 2 . 8  1 1 4 1 4  
1 6 . 0 NO 

1 6 .  8 N O 

2 0 . 1  1 6 9 8 1  
1 8 . 2  9 282 
1 6 . 0  1 4 390 
1 5 .  1 NO 
1 4 . 8  1 1 9 1 0  
1 6 . 4  2 1 ��8 
1 9 . 1  1 1 0 
2 1 . 1 1 5 252 
21 . 0  1 4 4 30 
1 9 . 2 1 6 1 2 8 

BC WS TSR 
C ALC U LATED 800 5 AT 

B C D E 
S I TE S  

E F  F 

90 7 8  27 . 2 
8 0 8 9  27 . 8  
81� 80 1 1 . 4 
70 1 5 7 . 7 
87 9 8  2 5 . 5  

0 2 3 . 7  
0 1 . 5 

1 0 280 ND 
77 3 6 NO 

1 0 29 9  N D  
98 1 0  ND 
9 7 1 2 ND 

0 ND 

0 ND 

97 1 7  NO 

1 0 3 2 1  NO 

8 9 8 3  NO 

0 2 � . 4  
0 2 . 7 
0 2 3 . 4 
0 9 . 9  
0 2 4 . 5  
0 1 2 . 8  
6 1 5 .  3 
0 2 1  . 2  
0 1 7 . 2  
0 2� . 7  
0 . 2  
0 8 . 1  
0 1 9 . 6 
0 NO 

8 7 4 0  N D  

9 5 6 2  N O  
0 NO 
0 NO 

1 00 4 4  NO 
1 05 4 6  NO 
1 00 9 4  N O  

2 . 5  
2 . 6  
ll . 3 
3 . 5 
3 . 6 
3 . 7  
3 . 5  
3 . 5 
3 . 5  
3 . 8  
3 . 8 
3 . 9  
3 - 9 
3 . 9  

a - 9 
. 0  

4 . 0  
4 . 0 
0 . 9 
1 . 0 
1 . 8 
2 . 4  
1 . 9 
1 . 3 
1 . 2 
1 . 1 
1 . 5 
1 . 8 
2 . 2  
2 . 2 
i . 4 
0 . 9 
1 . 2 
1 . 6 
2 . 0  
2 . 4  
2 . 8  
2 . 9 

92 1 8  1 4 . 2  3 . 1  
620 2 1 6 . 7 3 . 4  

0 1 1 . 8 3 . 5  
0 9 . 9 3 . 6 

9057 1 3 . 9  3 - 5 
8 3 3 1  NO 3 . 8  
g5 7 6  ND 3 . 3 

896 NO 3 . 2 
7859 N D  2.  9 

0 N O  3 . 0  
0 1 2 . 5  3 - � 

6 . 8  8 . 7  
7 . 4  9 .  1 

1 0 . 7  1 4 . 7  
8 . 9  1 1 . 0 

1 0 . 4  1 � . 5  
1 0 . 4  . 4  

8 . 6  6 . 9  
1 0 . 6 1 4 . 1 -

NO ND 

NO N O  
N O  NO 

1 1 . 6 1 5 . 4  
1 4 . 8  1 1 . 8 
1 4 . 2 1 1 . 3 

ND NO 

NO NO 

1 0 . 7  1 4 . 4  
1 1 . 4 9 . 0  

1 . 6 1 . 5 
1 . 6 1 . 5 
5 . 2 4 . 5 
6 . 1 5 .  1 
4 . 3 3 . 7  

ND ND 
ND NO 

2 . 0  1 . 8 

a · 5 3 . 2  
. 2 r 7 

5 . 5  . 7  
5 . 8  4 . 9 
2 . 6  2 . � 
1 . 5 1 .  
2 . 4  3 . 2 
� - 6  3 . 2  

. 5  3 . 9  
5 . 2  7 . 5 
6 . 5 9 . 5 
9 . 3  1 2 . 0 
6 . 9  9 . 9  

1 0 .  1 1 1 . 4 
6 . 9 5 . 6  

1 0 .  1 8 .  1 
1 0 .  1 1 3 . 2  
1 1 . 0 1 3 . 9  

NO NO 

ND NO 

1 0 . 0  1 1 . 5 
7 . 3  6 . 0 

1 0 . 7  8 . 7  
NO NO 

6 . 3  � . 9  3 . 6  
6 . 5  . 0  � . 7  
9 . 2 4 . 7  . 2  
1 . 3  4 . 1  r 1 
8 . 9  4 . 9  . 4  
5 . 5 3 . 0  2 . 7  
4 . 6  2 . 6 2 . � 
9 . 4  5 . 3  4 .  

N O  N O  NO 
N O  ND :-JO 

ND ND ND 
1 0 . 0 5 . 4  4 . 8  

7 . 6 4 . 1  3 . 7  
7 . 3  3 . 9  3 . 5 

NO N O  N D  
N D  N O  NO 

9 . � 4 . 9  4 . 4  
5 .  3 . 1  2 . 8  
1 . 3 1 . 0 1 . 0 
1 . 3 1 . 0 0 . 9  
3 . 5  2 . 4 2 . 2  
3 .  7 2 . 4 2 . 2 
2 .  8 1 .  9 1 .  7 

ND ND rm 
ND NO rm 

1 . 5  1 .  2 1 . 1 
2 .  5 1 . 8 1 . � 
2 .  8 1 .  9 1 . 
3 . 5  2 . 2 2 .  1 
3 . 6 2 . 4 2 . 2  
1 . 9 1 . 4 1 . 3 
1 . 5 1 . 2 1 . 2 
2 .  6 1 . 9 1 . 9 
2 . 5 1 . 7 1 . 6 
2 . 4 2 . 0  1 . 8 
5 .  � - 4  3 . 2  
6 . 7  . 0 � . 7 
8 . g 4 . 9  ' . 5 
6 .  4 . 0  3 . 6  
7 . 7  4 . 3  3 - 9  
3 .  7 2 .  1 1 . 9 
5 . 4  2 . 9 2 . 7  
8 . 7 4 . 8  4 . 4  
9 . 0  4 . 9  4 . 4  

N O  N O  NO 

NO ND NO 

8 . 1  4 . 8  4 . 4  
4 . 1  2 . 4 2 . 2 
5 . 9  3 . 3  3 . 0  

NO NO NO 8 050 1 8 .  3 3 .  
9 1 1 1  5 . 2  3 . 9  1 1 . 2 1 4 . 8  1 1 . 0 7 . 2 6 . 7  

� - 7  1 g . 6  1 8 . 1 1 � . 8  � . 2  8 . 6  �2 7 9  N O  
859 NO . 3  . 8  1 1 .  . 9  . 1  5 . 7  

87 1 8  N O  3 . 1  9 . 8  1 2 . 2  9 . 4  6 . 5  6 . 1 
0 N O  3 . 1 9 . 5 8 . g 6 . 4  4 . 4  4 . 2  
0 N O  

1 5 .  g 1 1 26 0  0 NO 
1 4 .  1 1 9 6g 7 7 5 1  N O  

3 . � 1 1 . 0 9 .  l - 3  5 . 0  4 . 7  
3 .  1 0 . 5  � . 0  . 7  4 . 4 4 . 1  
� · 9  1 1 . 2 1 . 1  1 0 . 5 6 . 9  6 . 4  

1 4 . 4  1 7 5 5  1 02 65 NO . 0  1 4 . 9  1 8 . 8 1 4 . 0  9 . 1  8 . � 
1 9 . 4  1 7 025 9 0 7 1  N O  3 - 3  1 1 . 3 1 3 . 9 1 0 . 7  7 - g 6.  
38 . 7  1 7 856 8 3 30 NO 2 . 1 6 . 5  7 . 8 6 . 4  4.  4 . 6  
3 0 . 5  1 5280 0 N O  2 . 4  7 - 2  6 . 4 5 . 1  3 - 7  3 . 5  
2g . 1  82�8 0 ND 2 . 8 6 .  1 5 . 4  4 . 2  � . 0  2 . 8  
3 • 6 1 a3 9 8 3 35 ND 2 .  1 

�
- 4  6 . 8  5 . 6  . 2  4 . 0 

24 . 1  1 2 6 1  627 1 ND 2 . 8  . 4  9 . 6 7 . 6 5 . 3  5 . 0 

3 4 8  



ROW DATE FLOW MCDC 

66 70482 29 . 6  1 1 679 
8 0 4 82 4 3 .  1 1 5555 

�� 90482 40 . 5  1 2 1 87 
69 1 00 4 82 68 . 9 1 7 939 
70 1 1  0 482 6 1 . 4 NO 
7 1  1 20 482 54 . 5  ND 
72 1 �0 482 44 . 0  1 3622 

H 1 0 4 82 36 . 6  
1 50 482 3 1 . 7  

75 1 6 0 482 3 1 . 0  
76 1 �0 482 3� . 8  

H 1 0 4 82 2 . 5  
1 90 482 22 . 6  �6 200482 20 . 7  
2 1 0482 1 8 . 7 

8 1 2 20 482 1 7 . 5 
82 2�0 4 82 1 9 . 6  
�� 2 0 4 82 3 1 . 0  

250482 28 . 0  
8 5  2 604 82 22 . 2  
86 2�0 482 2 1  . 1 
87 2 0 4 82 NO 
88 290482 ND 
89 300 482 NO 
90 1 0582 2 1  . 4 
9 1  205 82 2 3 . �  
92 30582 4 1  . 

§� 110582 40 . 7  
50582 32 . 6  

95 60582 27 . 2  
96 �0582 23 . 8  

§� 0582 22 . 6  
90582 22 . 5  

9 9  1 00 582 23 . 5  
1 00 1 1 0582 27 . 8  
1 0 1  1 20 582 �a · 4 1 02 1 �0582 . � 1 0a 1 0582 1 3 4 . 
1 0  1 5 0582 1 1 1 . 8 
1 05 1 60582 9 0 . 5 
1 06 1 70582 63 . 1 
1 07 1 80582 4 9 . 3  
1 08 1 90582 42 . 0 
1 09 200582 40 . 3  
1 1 0  2 1 0582 1 3 4 . 0 
1 1 1  2 20582 1 1 1 . 2 
1 1 2  2 �0582 1 3 4 .  7 
1 1 � 2 0582 254 . 2 
1 1  250582 21 2 . 6 
1 1 5  2 60582 1 6 1 . 6  
1 1  6 2�0582 1 1  4 .  0 
1 1  � 2 0582 1 1 8 .  5 
1 1  290582 7 6 . 5 
1 1 9 300582 
1 20 3 1 0582 
1 2 1 1 0682 
1 22 20682 
1 2� 1 2  

�0682 
0682 

1 25 50682 
1 26 60682 

57 . 0  
55 . 5  
47 . 5  
4 1 . 5  
36 . 5 
3 4 . 0 

NO 
ND 

1 2� 
1 2  �0682 ND 

0 682 2 1 5 . 0 
1 29 90682 1 56 . 0 
1 30 1 00682 1 1 . 0 
1 3 1 1 1 0682 9 6 . 0  
1 3 2  1 20682 NO 
1 3� 1 �0 682 NO 
1 3  1 0682 7 2 . 5 
1 35 1 50682 66 . 0  

a
3 39 
523 

8042 
28�6 
28 3 
201 5 
2 4 4 4  

NO 
1 50 1 
1 222 
1 7 7 1  
1 6 50 
1 42 4  
2�09 

1 6  
ND 

1 849 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 0 
0 0 
0 0 
0 
0 
0 
0 
0 
0 
0 0 
0 
0 
0 
0 0 
0 0 
0 0 

BCWS TSR 

4348 ND 
0 NO 
0 ND 
0 ND 
0 ND 
0 NO 

66 1 8  NO 
9 1 20 NO 

0 NO 
87 "1 3  NO 

0 NO 
0 N O  

2 1 6 1  NO 
44�� NO 

NO 
57 �1 NO 
62 8 ND 0 NO 

0 NO 
83 1 7  NO 
852 4  NO 
8422 ND 
8088 NO 
7756 NO 

0 ND 
0 NO 

7639 ND 
8638  NO 
4 1 9  NO 
6 362 ND 
7284 NO 

0 ND 
0 ND 

7 11 42 ND 
8427 ND 
�8611 ND 
283 NO 

6762 ND 
0 ND 
0 ND 

7 285 NO 
6065 ND 
6787 N O  0 ND 
5650 ND 

0 ND 
0 NO 

687 1  NO 
4770 ND 
7294 ND 
7648 ND 
6740 ND 

0 ND 
0 ND g��� ND 

NO 
8003 NO 
7933 ND 

0 ND 0 NO 
0 ND 
0 ND 

4848 ND 
4 5 47 NO 
5606 NO 
42 1 6 ND 

0 NO 
0 ND 
0 ND 

4 420 ND 

CALCULATED BOD5 AT 
B C D E 

SITES 
EF F 

2 . 4 6 . 2  6 . 8  5 . 5  4 . 0 3 . 7  
1 . 9 5 . 5  4 . 9  4 .  1 3 .  1 2 . 9  
2 . 0  4 . 9  4 . 5  3 . 7 2 . 8  2 . 6  
1 . 5 4 . 1 3 . 8  3 . 2  2 . 6 2 . 5  
1 . 6 NO ND NO NO ND 
1 . 7 NO NO NO NO ND 
2 . 0  5 . 2  6 . 2  5 . 4  11 . 4  4 . 3  
2 . 2 3 . 2  5 . 2  4 . 5 3 . 6 3 . 5 
2 . 5  3 . 9  3 . 6  � . 1  2 . 5  2 . 4 
2 . 5 5 .  1 7 . 3  . 2  4 . 9  4 . 8  
2 . 4 3 . 2  3 . 0  2 . 5  2 . 0  2 . 0 
2 . 7 � · 7 � . lj 2 . � 2 . 3  2 . 2  
3 . 2 . 0  . 5 � · ·  2 . 9 2 . 8 
3 . 4 4 . 5 7 . 5 . 2  4 . 7  4 . 5  
3 . 6  NO NO NO ND N D  
3 . 8  4 . 7  

l · 1 5 . 8  4 . 4  4 . 2  
3 . 5  4 .  1 . 6  5 .  5 4 .  1 4 . 0  
2 . 5  3 .  1 2 . 8  2 . 4 1 . 9 1 . 9 
2 . 7  3 . � � - 0 2 . 6  2 . 0  1 . 9 
3 . 2  � � 4  

. 9  5 . 7  4 . 4  4 . 2  
3 . 3 7 . 6  6 . 3  4 . 9  4 . 6  
ND ND NO ND NO ND 
ND ND ND N O  ND ND 
ND NO ND NO NO NO 

3 . 3 3 . 3 3 . 0  2 . 5  1 . 9 1 . 8 
3 .  1 3 .  1 2 . 8  2 . 4 1 . 8 1 . 7 
2 . 1 2 .  1 3 . 6  3 .  1 2 . 5 2 . 5  
2 .  1 2 .  1 3 . 8  3 . 3  2 . 7  2 . 6  
2 . 4 2 . 11 a · 5 3 . 0 2 . 4  2 . 3 
2 . 8  2 . 8  . 7  � . 9  3 . ) 3 . 0 
3 . 0  3 . 0  5 . 5  . 6  3 . o 3 . 4  
3 . 2 3 . 2 2 . 9  2 . 4  1 . 8 1 . 8 
3 . 2 3 . 2 2 . 9  2 . 4  1 . 9 1 . 8 
3 .  1 3 .  1 5 . 7  4 . 7 3 . 7 3 . 5 
2 . 7  2 . 7  � J 4 . 4 3 . 5  3 . 4  
2 . 5  2 . 5 11 . 1  3 . 5 3 . 4 
1 . 6 1 . 6 2 . 8 2 . 5 2 . 2 2 . 2 
1 . 1  1 . 1  1 . 5 1 . 5 1 . 3 1 . 3 
1 . 2 1 . 2 1 . 2 1 . 1 1 .  0 1 . 0 
1 . 6 1 .

6 
1 . 3 1 . 2 1 . 1  1 . 0 

1 .  1 . 2 . 7  2 . 4  2 . 2 2 . 1 
1 . 9 1 . 9 3 . 0  2 . 7  2 . 4 2 . 3  
2 .  1 2 . 1 3 . 5 3 . 2  2 . 8 2 . 7 
2 . 2 2 . 2  2 . 1  1 . 9 1 . 6 1 . 6 
1 . 1 1 . 1  1 . 5 1 . 4 1 . 3 1 . 2 
1 . 2 1 . 2 1 . 2 1 . 1 1 .  0 1 . 0 
1 . 1 1 . 1  1 . 1 1 . 0 0 . 9  0 . 9  
0 . 9 0 . 9  1 . 1 1 . 1 1 . 0  1 . 0 
0 . 9  0 . 9 1 . 1 1 . 1  1 .  0 1 . 0 
1 . 0 1 . 0 1 . 11 1 . 3 1 . 2 1 . 2 
1 . 2 1 . 2 1 . 8 1 . 7 1 . 5 1 . 5 
1 . 2 1 . 2 1 . 7 1 . 6 1 . 4  1 . 4 
1 . 5 1 . 5 1 . 4 1 . 3 1 . 2 1 . 1 
1 . � 1 . 7 1 . 7 1 . 5 1 . 3 1 . 3 
1 .  1 . 8 2 . 6  2 . 3  2 . 1 2 . 0  
2 . 0  2 . 0  3 . 2  2 . 9  2 . 5 2 . 4 
2 .  1 2 .  1 � . 9  3 . 5 3 . 0 2 . 9 
2 . 3  2 . 3  . 3  3 . 8  3 - � 3 . 2  
2 . 5  2 . 5  2 . 3 2 . 1 1 .  1 . 7 
ND NO NO NO NO NO 
ND ND ND ND NO ND 
NO NO NO NO ND NO 

0 . 9  0 . 9  1 . 1 1 . 1 1 .  0 1 . 0 
1 . 0 1 . 0 1 . 6 1 . 2 1 . 1  1 . 1 
1 . 2 1 . 2 1 .  1 . 5 1 . 4 1 . � 
1 . 3 1 . 3 1 . 7 1 . 5 1 . 4 1 .  
NO ND ND ND ND ND 
NO ND NO NO ND NO 

1 . 5 1 . 5 1 . 4 1 . 3 1 . 2 1 . 2 
1 . 6 1 . 6 2 . 2  2 . 0  1 . 8 1 . 7 

3 4 9  



ROW DATE FLOW 

1 3 6 1 60682 60 . 5  
1 37 1 76 6 82 5 6 . 5 
1 3 8 1 80682  60 . 0 
1 �9 1 90 6 82 7 8 . 0  
1 0 2 0 0 6 8 2  90 . 0  
1 lJ 1 2 1 0 6 82 90 . 0  
1 4 2 220682 7 4 . 0  
1 4� 2 a0682 7 2 . 5 
1 4  2 0682  97 . 0 
1 4 5 250682 7 7  . o  
1 4 6 260682  1 0 1 . 0 
1 4� 2�0 6 8 2  1 4 5 . 0  
1 4  2 0682 1 1  4 .  0 
1 4 9 290 6 82 8 4 . 0 
1 50 300682 70 . 5  
1 5 1 1 07 82 62 . 5  
1 52 20782 56 . 5  
1 5a �0782  5 5 . 5 
1 5 0782  89 . 0 
1 55 50782 1 g6 .  5 
1 5 6 60782 2 . 5  
1 5� �0 7 82 6 6 . 5 
1 5 0782  58 . 0  
1 59 9 07 82 5 1 . 0 
1 60 1 00782 4 5 . 2 
1 6 1  1 1  0 7  82 4 2 . 5 
1 6 2 1 2 0782 4 1  • 0 
1 6� 1 a07 82 
1 6  1 0782 

4 5 . 7  
98 . 1 

1 65 1 507 8 2  1 20 . 6  
1 6 6 1 6 0 7 8 2  98 . 2 
1 6� 1 �0 7 82 7 3 . 9  
1 rJ 1 0782  70 . 8 
1 69 1 9 0 7 8 2  9 8 . 0 
1 7 0 200782 8 1 . 0  
1 7 1  2 1 0 7 82 9 8 0 . 0  
1 7 2  2 2 0 7 8 2  4 0 0 , 0 
1 7 3 2 3 07 82 2 1 1 . 0 
1 7 4 2 4 0 7 8 2  1 4 4 . 0  
1 7 5 2507 82 1 1  4 .  0 
1 '( 6 2 6 0 7 8 2  1 02 . 0  
1 7 7 2707 82 8 9 . 0 
1 7 8 2 8 0 7 8 2  7 8 . 0 
1 7 9 2 9 0 7 8 2  7 4 ,  0 
1 Cl0 3 0 0 7 8 2  1 88 . 0 
1 8 1 3 1 0�82 1 1 7 . 0 
1 b 2  1 0 8 2  1 02 . 0 
1 8 a 20882 1 1  7 .  0 
1 1)  ao882 2 6 3 . 0  
1 85 0 8 8 2  1 4 9 . 0 
1 8 6 50882 1 1 5 . 0  
1 8� 60882 97 . 5  
1 8  �0 882 8 1 . 7  
1 8 9 0882 8 0 . 0  
1 90 90882 7 9 . 5  
1 9 1  1 0 0 882 67 . 0  
1 9 2 1 1 0882  7 1 . 0  
1 9 a 1 20882 1 1  8 .  o 
1 9  1 ao882  7 7 . 5  
1 9 5 1 0882 6 5 . 0 
1 9 6 1 50882 6 2 . 7 
1 9� 1 6 0882 6g . 5 
1 9  1 �0 88 2  5 . o  
1 9 9 1 0882 5 8 . 0  
2 0 0  1 90882 1 02 . 0  
20 1 20 0882 7 7 . 4  
202  2 1 0882 6 6 . 7  
2 0a 2 20882 59 . 4  
20 2�0882 58 . 0  
205  2 0882 5 3 . 0 

MCDC BCWS TSR 

0 508 3 NO 
0 4 1  32 ND 
0 0 NO 
0 0 ND 
0 0 · ND 
0 0 ND 
0 47 B9 ND 
0 44 8 NO 
0 4222 ND 
0 0 ND 
0 0 ND 
0 0 ND 
0 0 ND 
0 4 0 0 4  N D  
0 37 4 1  ND 
0 547 9  N D  
0 4 8 4  N D  
0 0 ND 
0 0 ND 
0 2265 ND 
0 4099 ND 
0 4 230 N D  
0 4299 ND 
0 4 2 1 9  N D  
0 0 ND 
0 0 NO 
0 0 ND 
0 21 59 N O  
0 4 1  0 1  N D  
0 3 2 1 3 ND 
0 0 ND 
0 0 N D  
0 0 ND 
0 1 664 N D  

0 1 29  ND 
0 1 657 ND 
0 1 6 5 6 NO 
0 1 47 3  ND 
0 0 ND 0 0 N D  
0 1 1 20 ND 
0 1 � 4 3 ND 
0 1 6 1 0  ND 
0 1 � 35 NO 
0 1 398 ND 
0 0 N D  
0 0 ND 
0 0 N D  
! )  0 ND 
u 0 N D  
() 0 ND 
0 0 N D  
0 0 ND 
0 0 N O  
0 0 NO 
0 0 N O  
0 0 ND 
0 0 N D  
0 0 NO 
0 0 N O  
0 0 NO 
0 0 N O  
0 0 ND 

1 0000 0 N D  
1 0000 0 N D  
1 0000 0 N D  
1 0000 0 NO 

1 0000 0 N D  
1 0000 0 N D  

1 0000 0 N D  

C ALCU LATED BOD
5 

AT 
B C D E 

S I T E S  
EF F 

1 . 7 1 . 7 2 . 4  2 . 2  1 . 9 1 . 9  
1 . 8 1 . 8 2 . 4  2 . 2  1 . 9  1 . 9 
1 . 7 1 . 7 1 . 6 1 . 5 1 . 3 1 . 3 
1 . 4 1 . 4 1 . 4  1 . 3 1 . 1 1 • 1 
1 . 3 1 . 3 1 . 3 1 . 2 1 . 1 1 . 1 
1 . 3 1 . 3 1 . 3 1 . 2 1 . 1  1 . 1  
1 . 5 1 . 5 2 . 0 1 . 9 1 . 7 1 • 6 
1 . 5  1 . 5 2 . 0  1 . 9 1 . 7 1 . 6 
1 . 3 1 . 3 1 . 4 1 . 5 1 .  4 1 . 4 
1 . 5 1 . 5 1 .  1 . 3 1 . 1 1 . 1  
1 . 3 1 . 3 1 . 2 1 . 1 1 . 0 1 . 0  
1 . 1 1 . 1 1 . 0 1 . 0 0 . 9  0 . 9  
1 . 2 1 . 2 1 . 1 1 ; 1 1 . 0  1 . 0 
1 . 4 1 . 4 1 . 8  1 . � 1 . 5  1 . 5  
1 . 5 1 . 5 2 . 0  1 .  1 . 6  1 . 6 
1 . 6 1 . 6 2 . 4  2 .  1 1 . 9 1 . 8 
1 . � 1 . � 2 . 4 2 . 2 1 . 9 1 . 8 
1 .  1 .  1 . 7 1 . 5 1 . 3  1 . 3 
1 . 3 1 . 3 1 . 3 1 . 2 1 . 0 1 . 0  
1 . 1 1 . 1  1 . 2 1 . 1 1 . 0 1 . 0 
1 . 4 1 . 4 1 . 8 1 . 7 1 . 5 1 . 4  
1 . 6 1 . 6 2 . 1  1 . 9 1 . � 1 . 6 
1 . 7  1 . 7 2 . 3  2 .  1 1 .  1 . 8 
1 . 9 1 . 9  2 . 5 2 . 3 2 . 0 1 . 9  
2 . 0 2 . 0  1 . 9 1 . � 1 . 4 1 . 4 
2 . 1 2 .  1 2 . 0 1 .  1 . 5 1 . 5 
2 .  1 2 .  1 2 . 0  1 . 8 1 . 5  1 . 5 
2 . 0  2 . 0  2 . 6 2 . 1  1 • 8 1 . 7 
1 . 3  1 . 3 1 .  1 . 5 1 . 3 1 . 3 
1 . 2 1 . 2 1 . 4  1 . 3 1 . 1 1 . 1 
1 . 3 1 . 3 1 . 2 1 . 1  1 . 0 1 . 0 
1 . 5 1 . 5 1 . 4 1 . 3 1 . 1  1 . 1 
1 . 5 1 . 5 1 . 4 1 . 3 1 .  2 1 . 1 
1 . 3 l . a 1 . 4 1 . 2 1 . 1  1 . 1 
1 . 4 1 .  1 . 5 1 . 4 1 . 2 1 . 2 
0 . 7  0 . 7 0 . � 0 . 7 0 . 6  0 . 6  
0 . 8 0 . 8 0 .  0 . 8  0 . � 0 . � 
0 . 9  0 . 9  1 . 0  0 . 9 0 .  0 .  
1 . 1 1 . 1 1 . 0 1 . 0 0 . 9 0 . 9  
1 . 2 1 . 2 1 . 1 1 . 1 0 . 9 0 . 9  
1 .  2 1 .  2 

, u 1 . 2 1 . 1 1 . 1 
1 . 3 1 . 3 1 .  1 . 3 1 . 2 1 . 2 
1 . lj 1 . 4 1 . 6 1 .  4 1 . 3 1 .  2 
1 . � 1 . 5 1 . 6 1 . � 1 . 3  1 . @ 1 . 0 1 . 0 1 . 0 0 . 9  0 . 9  0 .  
1 . 2 1 . 2  1 . 1 1 . 0  :) . 9 0 . 9 
1 . 2 1 .  2 1 . 2  1 . 1 1 . 0 1 . 0 
1 . 2 1 . 2 1 . 1  1 . 0 0 . 9 0 . 9  
0 . 9 0 . 9 0 . 8  0 . 8 0 . 7 0 . � 
1 . 1  1 . 1 1 . 0 0 . 9 1) . 9 0 .  
1 . 2 1 . 2  1 . 1  1 . 0 ) . 9 0 . 9  
1 . � , a 1 . 2  1 . 1 1 . 0 1 . 0 
1 .  1 .  , a  1 . 2 1 . 1 1 . 1 
1 . 4 1 . 4 1 .  1 . 2 1 . 1  1 . 1 
1 . 4 1 . 4 1 . 4 1 . 2 1 . 1 1 . 1  
1 . 6 1 . 6 1 . 5 1 . 4  1 . 2 1 . 2 
1 . 5 1 . 5 1 . 4 1 . 3 1 . 2 1 . 1 
1 . 2 1 . 2 1 . 1 1 . 0 0 . 9  0 . 9  
1 . 4 1 . 4 1 . 4 1 . � 1 . 1 1 . 1 
1 . 6 1 . 6 1 . 5 1 .  1 . 2 1 . 2 
1 . 6 1 . 6 1 . 6  1 . 4 1 . 2 1 • 2 
1 . 6 1 . 6 1 . 5  1 . 4  1 . 2 1 . 2 
1 . 7 1 . 7 1 . 6 1 . 5 1 . 6 1 . 2 
1 . 7 3 . 5 3 . 4  3 . 0 2 . 2 . 6  
1 . 2 2 . � 2 . 2 2 . 0  1 . 8 1 . 8 
1 . 4 2 .  2 . 7 2 . 5 2 . 2  2 . 1  
1 . 6 3 . 2  3 . 0  2 . 7  2 . 4 2 . 3  
1 . 7 3 . 5 3 . � 3 . 0  2 . 6  2 . 5  
1 . � 3 . 5  3 . 3 . 0  2 . 6  2 . 6  
1 .  3 . 8  3 . 6 3 . 2 2 . 8 2 . 7 

3 5 0  



ROW D AT E  

206  250882 
2 0� 260882 
20 2�0882 
209 2 0882 
2 1 0 290882 
2 1 1 300882 
2 1 2  3 1 0882 
2 1 � 1 0982  
2 1  20982 
2 1 5 280882 
2 1 6 290882 
2 1 � 300882 
21  "31  088 2 
2 1 9 1 09 82 
220 209 8 2  
2 2 1  �0 9 82 
222 0 9 8 2  
2 2� 50982 
2 2  609 8 2  
2 25 7 09 82 
2 2 6  80 9 82 
2 2� 9 0 9 82 
2 2  1 00 982 
2 2 9  1 1 0987 
230  1 2 0982 
2 3 1  1 �0 9 82 
2 3 2  1 09 8 2  
2 3� 1 5 0982 
2 3 1 6 0 9 8 2  
2 3 5  1 �0982 
2 3 6  1 0982 
2 3l 1 9 0982  
23  2009 8 2  
2 39 2 1 0982  
2 4 0  220982 
2 4 1  2�0 9 82 
2 4 2  2 0982 
2 4� 250982 
2 4  260 9 8 2  
2 4 5  2�C 9 8 2  
2 11 6  2 o g P, c:  zu� 2 9 0 9 B:' 
2 4  300l_;l82 
2 4 9  1 1 0 82 
250 2 1 082 
25 1 � 1 082 
25 2  1 082 
25 � 5 1 082 
25 6 1 082 
255 7 1 082 
256 8 1 082 
25� 9 1 082 
25 1 0 1  082  
2 5 9  1 1 1 0 82 
260  1 � 1 082 
2 6 1  1 1 082 
262 1 � 1 082 
2 6 � 1 1 082 
26 1 � 1 08 2  
265 1 1 082 
266 1 9 1 082 
26� 20 1 0 82 
2 6  2 1 1 082 
269 2 2 1 0 82 
270 2� 1 082 
2 7 1  2 1 082 
272 2 5 1 082  
2 7� 2 6 1 082  
27 2� 1 08 2  
2 7 5  2 1 082 

FLOW MCDC 

48 . 5  1 0000 
5 3 . 5  1 0000 
60 . 0 1 0000 
4 5 . 5 NO 
53 . 1 ND 
62 . 3 NO 
49 . 0 NO 
65 . 5  1 6005 
9 1 . 5  2 1 3 4 7  
45 . 5  NO 
53 . 1 NO 
62 . 3  NO 
49 . 0  NO 
65 . 5  1 6005 
9 1 . 5  2 1 3 4 7  
6 2 . 3  1 45 72 

NO 1 6 5 1 2 
NO 908 1 

92 . 6  NO 
62 . 6 NO 
60 .  8 1 5 0  
6 4 . 0 1 1 1  29 
64 . 4  NO 
46 . 5  6846  
65 . 9 NO 
99 . 6  ND 
73 . 0 1 3 205 
6 4 . 0  1 3766 
59 . 5 1 0 1 25 
5 2 . 7 1 1 1 3 8 
50 . 5  ND 
4 5 . 2  1 40 5 5  
46 . 8 N D  

1 2 3 . 3  1 72 6 6  
84 . 7 ND 
6 7 . 0  ND 

55 . 8 1 07 30 
54 . 8 ND 

57 . 2 Nll 
7 7 . 0 1 29 5 ') 
"{ b . 1 �; ) 
82 . 4 Nil 
67 . 1.! 1 2 4 00 
5 4 . 0 1 26 7 '( 
4 6 . � 1 45 3 9  
4 3 . ND 
42 . 4 1 1 2 3 1 
4 6 . 3 1 89 55 
59 . 3  1 96 1 6  
50 . 5 1 4  5 5 
42 . 0 1 �686 
29 . 0  1 6 3  
29 . 0 1 90 1 4 

1 0 5 . 0 1 �8 6  
53 . 0  1 7 6 8  
4 5 . 0 1 85 5 9  
40 . 6  NO 
4 0 . 0 1 87 9 4  
50 . 5  N O  
3 9 - � NO 
35 . N O  
36 . 5  2 1 1 1 9  
3 . 5  1 6 252  �5 . 4  1 1 69 7  

1 . 5 1 42 4 4  
70 . 7  1 40 9 8  

1 06 . 6  1 8 3 1 8 
1 36 . 8  NO 
1 09 . 5 2 0 4 9 6  
1 1 7 . 0  N O  

BCWS TSR 
C ALCULATED 8005 A T  

B C D E 
SITES 

EF F 

0 NO 1 . 9 4 . 1  3 . 9  3 . 5  3 . 0  2 . 9 
0 NO 1 . 8 3 . 8 3 . 6 3 . 2  2 . 8  2 . 7  
0 NO 1 . 7 3 . 4  3 . 3  3 . 0  2 . 6  2 . 5  
0 NO 2 . 0 NO NO N O  N O  NO 
0 · NO 1 . 8 NO NO NO NO NO 
0 NO 1 . 6 NO NO N O  NO NO 
0 NO 1 . 9 NO NO NO NO NO 
0 7 . 0 1 . 6 4 . 2 4 . 0  3 . 6 3 . 2 3 . 1  
0 1 4 . 7 1 . 3 3 . 8  3 . 7  3 . 4 3 . 0  2 . 9  
0 NO 2 . 0  NO NO NO NO NO 
0 NO 1 . 8 NO NO N O  NO NO 
0 NO 1 . 6 NO NO N O  NO NO 
0 NO 1 . 9 NO NO -ND N O  N D  
0 7 . 0 1 . 6 4 . 2 4 . 0  3 . 6  3 . 2  3 . 1  
0 1 4 . 7  1 . � � - 8 3 . 7  3 . 4 3 . 0 2 . 9  
0 1 3 . 0  1 .  . 1 3 . 9 3 . 6  3 . 1 3 . 0 
0 5 . � NO NO ND N O  NO NO 
0 1 0 .  NO NO NO NO NO NO 
0 1 4 .  8 1 . 6 NO NO NO NO NO 
0 1 2 .  8 1 .  NO NO NO NO NO 
0 2 . 3 1 . 7 3 . 1 2 . 9  2 . 7  2 . 6 2 . 3  
0 1 2 .  9 1 . 6 3 . 5 3 - 3  3 . 0  2 .  2 . 5  
0 0 . 0  1 . 6 NO NO NO NO NO 
0 8 . 6 2 . 0  3 . 5 3 . 3  3 . 0  2 . 5  2 . 5 
0 1 3 .  1 . 6 NO NO ND NO NO 
0 1 5 . 7 1 . 3 ND ND N D  ND ND 
0 1 3 . 6  1 . 5 3 . 4  3 . 2 2 . 9  2 . 5  2 . 4  
0 1 4 . 8 1 . 6 3 . 8 3 . 6 3 . 2  2 . 8  2 . 7  
0 1 � . 4  1 . � � - 4 3 . 2 2 . 9 2 . 4 2 . 4  
0 1 . 4 1 . . 0  3 .  ·r 3 . 3  2 . 8 2 . 7 
0 1 7 . 2 1 .  0 ND ND ND ND N !J  
0 1 1 . 4 2 . 0 5 . 2  4 . 8 4 . 3  1 . 5 3 . 4  
0 7 . 0 1 . 9 NO N D  N D  ND ND 

0 1 0 . 9 1 . 1 2 . b 2 . 5 2 . 3 2 . 0 2 . 0  
0 1 1 . 7 1 . 4 ND ND ND ND ND 

0 2 1  . 1 1 .  5 ND ND ND ND ND 
0 1 6 . 5 1 . 7 3 . 7  3 . 5  3 .  1 2 . 6 2 . 5  
0 7 .  6 1 .  7 ND N D  N D  ND ND 
0 6 .  6 1 .  7 ND ND ND ND ND 
0 1 3 .  0 1 . lj 3 . 2 3 . 0 2 . 7 2 . 4  �2 . 3  
0 2 1  . (3 1 , , . . , i'� L' IJD Nll N [) i J L) 
0 2 3 . 2 1 . ' •  ND ND 1\j[) �m N D  
0 1 5 .  1 l . 'J � . 5  3 . 3 2 . 9  � .  5 ..:. . 4  
0 1 4 .  2 1 . 8  . 2  3 . 9 3 r z . 9 2 . 9  , _;  
0 8 .  1 1 . 9 5 . 2 4 . 9 4 . 3 3 . 5 3 . lj 
0 2 2 . 8 2 . 0 ND ND ND ND ND 

0 22 . 1 2 .  1 4 . 8  11 . 5 3 . 9 � . 2  � . 1 
0 8 .  5 1 . 9 6 . 2  5 . 8  5 .  1 . 2 . 1 
0 22 . 6  1 . 7 � . 1 4 . 8  4 . 2 3 . 6  3 . 5  
0 2 2 . 5  1 . 8 . 9  4 . 5  4 . 0  3 . 4  3 . 3  
0 1 9 . 1 2 .  1 5 . 4  5 . 0  4 . 4  3 . 6 3 . 5  
0 1 4 . 4 2 . 7 9 . 2 8 . 5  7 . 2  5 . 8 5 . 6  
0 1 0 . 5  2 . 7  9 . � 8 . 6  7 . 3  5 . 9 5 . 6  
0 2 1  • 1 1 . 2 2 .  2 . 5  2 . 3  2 . 0  2 . 0 
0 1 9 . 5 1 . 8 5 . 5  5 .  1 4 . 5  3 . 8  3 . 7  
0 1 9 . 6 1 . 9 6 .  1 5 . 6 4 . 8 3 . 9  3 . 7  
0 1 4 . 8 2 . 1 NO ND NO NO NO 
0 2 2 . 9  2 . 1  6 . 8  6 . 3  5 . 3  4 . 2 4 . 1  
0 22 . 7  1 . 8 NO NO NO N O  ND 

7 7 7 1 2 . 1  2 . 1  NO NO NO NO NO 
1 490  1 8 . 4 2 . 2  NO NO NO N O  NO 
1 55 1  23 . 2 . 3 8 . 6  8 . 3  7 . 0  5 . 5  5 . 2  
1 576 2 3 . � 2 . 2 6 . 7  6 . 5  5 . 5  4 . 3  4 . 2 
1 57 4  2 3 .  2 . 3  5 . 6  5 . 5  4 . 7 3 . 7  3 . 5  

0 1 7 . 9  2 . 0  5 . 5  5 .  1 4 . � 3 . 4  3 . � 
0 2 1  . 6  1 . 5  3 . 5 3 . � 2 .  2 . 4 2 .  
0 1 6 . 4  1 . 2 3 . 0  2 . 2 . 6 2 . 2 2 . 1 

2 205 1 3 . 6 1 . 1 ND ND NO ND NO 
2797 1 9 . 3  1 . 2 3 . 2  3 . 2  2 . 9  2 . 5 2 . 4 
2 9 9 2  2 5 . 5  1 . 1  ND NO NO NO NO 

3 5 1  



ROW 

276 
2 7� 
27 
2�9 
2 0 
28 1  
282  
2 8� 
28 
285 
286 
2 8� 
28 
289 
290 
2 9 1 
292 
29� 
29 
295 
2 9 6  
2 9� 
29 
2 9 9  
300 
30 1 
302 
3 0u 30 
3 05 
306 
307 
308 
309 
3 1  0 
3 1 1 
3 1 2 
3 1 ti 3 1  
3 1 5 
3 1  6 
3 1  � 
3 1  
3 1 9 
320 
32 1 
3 2 2  
32� 
32 
3 2 5  
326 
327 
328 
3 29 
330 
3 3 1  
332 
3 3 � 
33 
3 3 5  
336 
3 37 
338 
3
�

9 
3 0 
3 11 1  
3 4 2  
3 4rl 34 
345  

DAT E FLOW MCO C  

2 9 1 082 89 . 0  1 0 4 0 3  
30 1 082 3 3 . 0 1 1 4 20  
3 1 1 082 1 00 . 0 1 90 0 9  

1 1 1 82 �8 . 3  1 9 1 92 
2 1 1 82 1 5 . 0  1 40 5 5  
� 1 1 82 252 . 0 1 3 3 3  

1 1 82 1 28 . 0  97 35  
5 1 1 82 89 . 0  1 3 255 
6 1 1 82 74 . 0  1 5 6 4 8  
� 1 1 82 

1 1 82 
7 1 1 82 

1 0 1 1 82 
1 1 1 1 82 
1 2 1 1 82 
1 u 1 1  82 
1 1 1 82 
1 5 1 1 82 
1 6 1 1 82 
1 � 1 1  82 
1 1 1 82 
1 9 1 1 82 
2 0 1 1 82 
2 1 1 1  82 
22 1 1 82 
2� 1 1 82 
2 1 1 82 
25 1 1 82 
2 6 1 1 82 
2 7 1 1 82 

6 1 . 0  ND 
58 . 0  1 6 480  
4 8 . 0 1 6 36 3  
56 . 0 22023  
48 . 0 NO 
4 3 . 0 NO 
82 . 0 NO 
82 . 0  NO 
59 . 0 N D  
50 . 0  NO 
4 2 . 0 2 5 4 0 3  
34 . 0 NO ti . 0 3 5 3 9 7  
� . 0  NJ 

3 . 0 ND 
3 3 . 0  NO 
3 3 . 0  2 5 5 8 1  ti l . O  260 1 5 

4 . 0  2 4 6 3 5 
3� . 0 28 1 3 3 
7 . 0 ND 

2 8 1 1 8 2 1 4 9 . 0  2 1 1 4 7 
2 9 1 1 82 208 . 0 2 6 u 3 5  
3 0 1 1 82 1 1 8 . 0  2 3 1 7  

1 1 282 79 . 0  2 0 5 7 7  
2 1 282 60 . 0 1 6 755  
� 1 282 5 0 . 0 1 87 0 9  

1 282  76_. 0  1 8 340  
5 1 282 55 . 0 3 0 2 0 4  
6 1 282 51  . 0  22968  
7 1 2 82 4 5 . 0 N D  
8 1 282 39 . 0 1 9 7 5 � 9 1 282 35 . 0  1 7 7 4  

1 0 1 282 3 1 . 0  3 3 38 1  
1 1 1 2 82 2 46 . 0 3 5 0 9 8  
1 2 1 282 6 1 3 . 0 2 9 4 8 3  
1 u 1 282 2 47 . 0 2 0 6 0 1  
1 1 282 1 4 8 . 0  1 4 40 0  
1 5 1 282 88 . 0  25767 
1 6 1 282 66 . 0 1 7 5 2 0  
1 7 1 282 54 . 0 NO 
1 8 1 282  55 . 0 NO 
1 9 1 282 68 . 0 1 2 2 1 0  
20 1 282 73 . 0  1 6 583  
2 1 1 282 227 . 0 NO 
22 1 282 33 2 . 0  ND 
2� 1 2 82 1 0 9 . 0 2 1 3 5 4  
2 1 2 82 79 . 0 ND 
25 1 2 8 2  ND N O  
2 6 1  282 NO NO 
2� 1 282 25 6 . 0  1 7 4 82 
2 1 2 82 1 5 1 . 0 2587 4 
2 9 1 2 82 1 1 1 . 0 NO 
30 1 282 
3 1 1 282 

1 0 1 8 3 
20 1 8 3 
�0 1 8 3 

0 1 8 3 
5 0 1 8 3 
60 1 83 

97 . 0 NO 
9 � . 0 1 67 8 0  
8 . 0 2 0 2 �2 

ND 2 1 6 1 9 
62 . 0 1 7  4 2 1 
5 1 . 0 1 6 7 5 4  
42 . 0  2 0 7 38 
52 . 0  1 4 7 5 2  

BCWS TSR 
C ALCU LATED BOD5 AT SITES 

B C D E EF F 

27 86 6 . 3  1 . � 2 . 5  
0 2 4 . � 2 .  5 . 8  
0 1 8 .  1 . 2 � . 2  

2758  1 2 .  2 1 . 4 . 0  
2654  8 . 6  1 . 0 1 . 9 
2776  2 6 . 6  0 . 9  1 . 5 
29 1 4 1 2 .  5 1 . 1 1 . 9 
30 1 9 2 4 .  4 1 . u 2 . 8 

0 2 1 . 0  1 .  3 . 6  
0 2 2 . 5 1 . 6 N D  

3 9 9 9  27 . 4 1 .  6 4 . 4  
29 69 2 3 . 7  1 . 8 5 . 2 
5 9 9 0  25 . 0  1 . 6 5 . 6  
5866 28 . 6  1 . 8 NO 
5 9 0 8  9 . 9 1 . 9 ND 

0 2 6 . 7 1 . 3 NO 
0 20 . 2  1 .  � ND 

60 68 28 . 6  1 .  ND 
56 6 4  22 . 0  1 . 8 ND 
5 6 4 2  2 4 . 6  2 . 0  7 . 9  
7g59 2 3 . 2 2 . 1 NO 
6 5 1  2 5 . 2  2 . 2 1 2 .  3 

0 22 . 6  1 . 9 ND 
0 26 . 8  2 . 2  NO 

4660 30 . 2  2 . 3 NO 
6880 1 2 . 7  2 . u 9 . 7  
3292 27 . 4  2 .  1 0 . 4  
9050 2 3 . 0 1 . 9 7 . 4  
clll 70 2 1  . ti 2 .  ?. 1 0 . 5 

0 1 0 .  1 .  l ND 
0 7 . 7 1 . (1 2 . 5 

8667 2 1 . 1  0 . 9 2 . 2 
88 3 8 1 9 .  9 1 . 1 3 .  1 
8 1 1 6  28 . 0  1 . 3 3 . 9 

1 1  3 0 6  2 4 .  9 1 . � 4 . 2  
1 1  320 8 .  5 1 . 7 5 . 3 

0 3 1 . 7 1 . 4 
� - 7 

0 1 8 . 2 1 . 6 . 9  
1 05 9 2  2 5 . 8  1 . 7 6 . 0  

9 9 7 0  3 0 . 6  1 . 8 ND 
1 1 5 3 5  3 1 . 8  2 . 0  6 . � 1 1 4 5 8  2 5 . 1 2 . 1 6 . 
1 1 07 4  1 5 . 4  2 . 3  1 2 .  1 

0 8 . 2  0 . 9  2 . 3  
0 27 . 9  0 . 7  1 . 2 

1 0 620  2 7 . 4  0 . 9  1 . 7 
1 09 2 6  3 1 . 4  1 . 0 2 . 0  

9408  2 5 . 0 1 . 3 4 . 2 
1 2 1 62 2 6 . 4 1 . � 4 . 0 
1 1  0 3 32 . 9 1 . 6 NO 

0 25 . 5  1 . 6 ND 
0 28 . 0  1 .  4 3 . 2  

9976 6 . 8  1 . 4 3 . 6 
1 2006 9 . 8  0 . 9 NO 
1 0350 3 3 . 3  0 . 8  ND 

4 0 6 2  2 1 . 7  1 . 1 3 .  1 
0 1 8 . 9 1 . 3 ND 
0 22 . 9 ND �D 
0 1 2 . 3 'JD NO 
0 3 0 . 0 0 . 8  1 . 5 
0 30 . � 1 • 0 2 . 7 

75 1 5 2 0 . 1 . 1 NO 
4 11 90 1 4 . 8 1 . 2 NO 

0 2 . 6  1 . 2 3 . 0  
0 30 . 8  1 . 3 3 . 6 
0 3 2 . 9 4 . 0  ND 

0 30 . 9  1 .  � 4 .  1 
0 2� . 3 1 . 6 4 . 7 

9988 2 . 5  1 .  8 6 . 4  
1 1 6 7 2  1 9 . 2  1 . 6 4 . 3  

2 . 7  
5 . 3  
� . 1  

. 0 
2 . 0  
1 . 5 
2 . 0  
2 . 9 
3 . 3  

ND 
4 . 7  
5 . 2  
6 .  1 

NO 
ND 
ND 
NO 
ND 
NO 

8 . 3  
NO 

1 2 . 7 
ND 
NO 
NO 

1 0 .  6 
1 0 . 2 

8 . 5 
1 1 . 7 

NO 
2 . 3 
2 . 5 

ti · 5 
. 5  

5 . 5  
6 . 7  

� - 4 
. 1 

7 . 2  
N D  

8 . 5  
8 . 8 

2 . 4 2 . 0  2 . 0  
4 . 5 3 . 5 3 . 3  
2 . 7  2 . 3  2 . 3  
3 . 6  3 . 0 2 . 9  
1 . 8 1 . 6 1 . 6 
1 . 4 1 . 2 1 . 2 
1 . 7 1 . 5 1 . 4 
2 . 5 2 . 1 2 . 0 
2 . 8  2 . 2  2 . 2  

ND NO NO 
4 . 0  3 . 1  3 . 0  
4 . 4 � · 3 3 . 2  
5 �  1 . o 3 .  8 

N NO NO 
ND NO ND 
NO ND NO 
NO NO NO 
ND ND NO 
NO ND NO 

6 . 8  5 . 2  4 . 9  
NO NO JD 

1 0 . 3  7 . 6  7 . 2  
ND ND NO 
NO NO NO 
NO NO NO 

8 . 5  6 . 3  5 . 9  
8 . 2  6 . 0 5 . 7  
7 .  1 5 . 4 5 . 1  
9 . 4 6 . 9 6 . 6  

rm ND ' J D 
2 . 0 1 . 6 1 . 5 
2 . 2 1 . 8 1 . 7 
3 . 0 2 . 4 2 . 3  
3 . 7 2 . 8 2 . 7  
4 . 4  3 . 3  3 . 1 
5 . g 3 . 9  3 . 7  
2 .  2 . 1  2 . 0 
5 . 0  � . 6 3 . 4  
5 . 7  . 2  3 . 9  

ND NO NO 
6 . 6  4 . 6  4 . 4 
6 . 8  4 . 7  4 . 4  

1 3 . 6  1 0 . 4  7 . 0 6 . 6 
2 . 2  2 . 0 1 . 7 1 . 6 
1 . 2 1 . 1 1 . 0 0 .  9 
2 . 0  1 . 8 1 . 5 1 . 5 
2 . 5 2 . 2 1 . 8 1 . 7 
4 . 8  4 .  0 3 .  1 2 . 9 
5 . 3  4 . 3  3 . 2 3 . 1 

N O  NO NO ND 

N O  ND ND NO 
2 . 9 2 . 4 1 . 8 1 . 7 
4 . 5  3 . 7  2 . 8 2 . 7  

NO ND NO N D  
NO N D  NO ND 

3 .  1 2 .  6 .2 . 0 1 . 9 
N D  NO NO NO 
N O  N O  NO N D  
N D  N D  N O  N D  

1 . 4 1 .  3 1 . 1 1 . 0 
2 . 5 2 .  1 1 .  7 1 . 6  

NO ND NO N D  

NO NO ND NO 
2 . 7  2 . 2  1 . 7 1 . 6 
3 . 2 2 . 7  2 . 0  1 . 9 

NO NO NO NO 

t T  2 . 9  :? . 1  2 . 0 
3 . 2 ;� . 3 2 .  1 

7 . 6 5 . 8  ll . O 3 . 7  
5 . 7  4 . 5  3 . 1 3 . 0 

3 5 2  



ROW D ATE FLOW MCDC 

3 46  70 1 83 42 . 0  20070 3 47 80 1 83 48 . 0 1 8228 3 48 90 1 83 42 . 0  1 47 4 3  3 4 9  1 00 1 83 39 . 0  1 50 1 2 350 1 1 0 1 83 35 . 0  ND 35 1  1 20 1 83 3 2 . 0  1 5 378 352 1 �0 1  83  �0 . 0 2 1 1 8 3 35� 1 0 1 83 4 . 0  1 �080 35 1 50 1 83 50 . 0  1 657 355 1 60 1 83 � 4 .  0 1 67 5 4  356 1 �0 1 8 3 8 . 0 1 49 46 35� 1 0 1 83 3 8 . 0 1 4 3 4 4  3 5  1 90 1 83 35 . 0  1 3 3 1 8 
3 5 9  200 1 83 7 5 . 0  2 1 5 3 3  
360 2 1 0 1 83 55 . 0 1 1 1 35 36 1  2 20 1 83 43 . 0  9 7 2 4  
3 6 2  2�0 1 8 3  47 . 0  1 1 2 9 1  36� 2 0 1 83 3r 0 1 1 5 4 8  
36  2 5 0 1 83  3 .0 1 55 1 9 365 260 1 83 54 . 0  1 4 6 4 7  
3 6 6  2�0 1 83 58 . 0  1 �2 7 4  36� 2 0 1 83 40 . 0  1 675 36 290 1 83 49 . 0  1 3 1 �2 369 300 1 83 4 4 . 0  1 1 3  0 370 3 1 0 1 83 3 1 . 0  1 1 �5 5  37 1  1 0283 29 . 0  1 4  8 4  3 7 2  20283 25 . 0  8 1 7 7  37� uo283 24 . 0  1 5976  22 . 5  99 1 9  37 0 2 8 3  375 50283 2 3 . 1 1 52 48 376 60283 22 . 5  37� �02 83 24 . 5  37 0283 u2 . 2  3p 90283 1 5 .  0 
3 0 1 00283 77 . 0  
3 8 1  1 1 0 283 4� . 0  382 1 20283 3 . 0  3 8� 1 a0283 28 . 4  
38 1 0283 29 . 0  385 1 50 283 55 . 0  
3B6 1 6 0283  37 . 0 
3 8 7  1 7 02 8 3  3 0 . 0  
338 1 80283 26 . 0 
.:; 8 9  1 9 02 8 3  23 . ::>  
390 2002 8 3  : 3 . 7 39 1 2 1 0 283 20 . 0 

1 1 49 2  
1 3 37 9  955 1 
1 1  930 

9 4 1 2 1 3700 1 3700 1 2684 1 6770 
1 50 5 9  7687 
1 9 9 7 0  1 3 4 20  3 j8Cl 2 1 5 4 7  
1 2  4 1 9 

39 2 2202 8 3  1 9 . 4  1 305 1 
3 9 � 2uo 283 1 9 . 4  5 29 8  
3 9  2 0283 1 8 . 3 887� 
395 2502 83  1 8 . 3  699 4 
396 260283  1 5 . 1 680 3 
3 97 2 7 02 83 1 1 . 0 7 40 ':> 
3 9 e  28028 3 1 u . s �6 9� �9 9  1 0 3 8 3  1 5 . 6  1 2 30 5 00 2 0 3 8 3  1 o . 3  9 1 69 40 1  uo 3 8 3  22 . o 6672 402 0 3 8 3  20 . 0  6 3 4 0  4 0u 5 0383 25 . 5  6 1 9 2 40 60383 23 . 5  4 4 8 �  4 05 �0383 1 9 . 2 5 3 8  406 0 3 83 1 7 . 7  5�86 407 90383 25 . 1 7 40 408 1 00383 a4 . 3  6549 409 1 1 0383 8 . 5  2705 4 1 0 1 20383 40 . 5  4267 4 1 1 1 a0383 29 . 5 6 4 0 4  4 1 2 1 0 3 8 3  23 . 7  a576 4 1 u 1 50383 3� . 9 835 4 1  1 60383 � . 4  82�3 4 1 5  1 7 03 8 3  1 9 . 0  1 6 3 7 

sews TSR 
CALCULATED BOD

5 
A T  

8 C D E 
S ITES 

EF F 

1 1 1 !j 4 23 . 5  1 . 8  0 1 6 .  9 1 . 7  0 24 . 9  1 . 8 1 1 220 1 . 9 1 . 9 1 2 402 26 .-4 2 . 0  1 091  5 24 . 4 2 . 1 7565 1 4 .  1� 2 . 2 0 32 . 2  1 . � 0 28 . 1 1 . 7 0 25 . 0  2 .  1 
1 1 2 117 28 . 2  1 . 7 1 0760 29 . 0  1 . 9 
1 0 4 39 26 . 5  2 . 0  7 1 1 3  2 4 . 7  1 . � 9769 32 . 4  1 .  0 1 7 . 4  1 . 8 0 26 . 2  1 . 'i 

0 26 . 7  2 . 0  783 1  26 . 1 1 . 9 1 0528 20 . 4  1 . 6 
1 1 472 29 . 8 1 . 5 1 0632  23 . 1 1 . 9 0 1 7 . 6 1 . � 0 2� . 4  1 .  

9656 2 . 1  2 . 2 9899 29 . 8 2 . 3  
1 1 1 27 29 . 4  2 . 5  1 1 6 2 3  1 4 . 2 2 . 6  1 0283  20 . 9  2 . l 0 24 . 2  2 .  0 1 9 . 4  2 . 7  
1 1 209 8 . 4 2 . 5  1 2006 7 .  8 2 .  1 
1 1 409  20 . 7 1 . 0 
1 0657  1 5 . a 1 . 3 876 4  1 5 . 1 . 7 0 1 6 . 6 1 . 9 0 7 . 4  2 . 3  
1 1 0� 5  1 7 . 4  2 . �  1 1 966 2 7 . 0  1 .  
1 0 1 U  27. 7 2 . 0  
1 1 1 1 3  2 6 . ?, 2 . 2 

g ,  < ';  2 3 . 4  .J . <l 
c 2 1 . 0  2 . fi 
0 2 1 . 0 3 . 0 

1 1 0 '7 1 9 . 8  2 . 9 69 1 3  25 . 9 2 . 9 
1 1 7 7 5  2 4 . 7 2 . 9 

88?9 24 . 6  3 . 0  1 0639 2 4 . 5 3 . 0 
c 1 4 . 3 ti · 4 0 2 4 . 1 . 2 

:�v 1 9 1 8 .  5 3 .  2 9808 1 4 .  5 3 . 4 8782 2 4 . 0  3 - 3 0 1 6 . 8  2 . 9  0 20 . 3 3 .  1 0 23 . 7  2 . 6 0 23 . 3 2 . 8  0 9 . 7 3 . 2  0 1 0 . 1  3 . 4 9 1 65 6 . 9  2 . 7 
1 2 0 4 1  1 7 . 2 2 . 2 
1 1 7 7 3  1 3 . 6  1 . 8 0 1 7 . 6 2 . 0 0 1 2 . 8  2 . 4  0 1 6 . 3  2 . 8  1 23 47 20 . 3  2 . 2  1 1 50 8 5 .  9 2 .  1 1 0237 2 1 . 9  1 . 0 

6 . 2  5 . 2  5 .  1 5 . 4 
ND 6 . 4 8 . 5  a · 4 . 8 6 . 5 

4 . 6  5 . 4 � - 5  
. 1  

3 . 5  3 . 9 
� . 9  . 8  � . 7  

• 1 3 . 7  5 . 2  4 . 2  4 . 2 
5 . 5  6 . 7 5 . 3  8 . 3  6 . 5 8 . 3 7 .  1 7 . � 4 .  1 . 8 2 . 5  4 . 4  5 . 2 6 . u 7 .  4 .  1 
� -

9 
. 2 

7 . C' ' 1 . 7  1 2 . 7 
8 . 1 8 . 6 5 . 2  7 .  1 6 . 2  7 .  1 
9 . � 
8 . 1 9 . 9 7 . 9  5 . 7 � . 9  

. 9  
4 . 5  5 . 7  6 . 1  5 . 5  4 . 0 2 . 3  a · o . 4  4 .  1 � · 5 . 2 2 . 2  

7 . 7  4 . 6 4 . 4  7 . 2  
ND 8 . 4 9 . 4  

a · o . 2 5 . 6  6 .  1 7 . 1 
L · 3 . 5 4 . 6  
3 . 4  
� . 4  

• 1 6 . 7  5 . 4 5 . 0  6 . 8  3 - 7  3 . 6 
� : 6  8 . 2  1 1 . 0 9 . 2 7 . 0 5 . 9  9 . 9 7 . �  2 .  3 . 5 5 . 5  4 . 5  5 . 3 9 . 5 5 . 6 5 . 7  

1 0 .  1 
8 . '-l 
6 . �) 

1 0 . �  1 1 . 3 1 0 . 0 9 . 3  9 . 8  9 . 9  5 . '1 7 . '-:>  
1 0 . ) 
1 3 . 1  1 0 . 8  4 . 9  � · 1 . 2  � . 9 . 9  5 . 2 7 . 9  6 . 6  4 . 2  2 . 6  3 . 9 
6 · 6 . 3  6 . 5 2 . 6  

5 . 9  4 . 0 3 . 8  3 . 6 2 . 5 2 . 3  3 . 4 2 . 3  2 . 1  5 . 4 3 . 7 3 . 4  
ND ND ND 6 . 2  4 . 1 3 . 8  

6 . 9  4 . 5  4 . 1  2 . 4 1 . 7 1 . 6 
� · 3  2 . 3  2 . 1  . 2 2 . 7  2 . 6  4 . 7  3 - �  3 . 1 5 . 4 3 .  3 . 4  5 . 4  3 . 6  3 . 4  3 . 7 2 . 7  2 . 6  3 . 6  2 . 6  2 . 4 2 . 6  1 . 8 1 . 7 2 . 7 1 . 9 1 . 7 3 .  1 2 .  1 1 . 9 � . 0  3 . 4  3 . 2  . 2  3 . 0  2 . 8  4 . 0  2 . 8  2 . 7  5 . 2  3 . 5 3 . 3  2 . 8  2 . 0  1 . 9 2 . 8  1 . 9 1 . 8 
5 . 4  � . 5  3 - � 6 . 3  . 0  3 - i 5 . 9  ti · 7  � . 4 7 . 9  . 9  . 5  
6 . 5  4 . 0  3 . � 5 . 0 3 . 0  2 .  
4 . 2  2 . 6  2 . 3  7 . 1 4 . 4  4 . 1 5 . 4 3 . 5  3 . 3 2 . 0  1 . 6 l . b 2 . 8 2 . 1  2 . 0 4 . � 2 . 9  2 . 8  3 .  2 . 3  2 . 1 
3 . 9  2 . 5 2 . 3 7 . 0  4 . 5  4 . 1 4 . 4 3 .  1 2 . 9  4 . �  2 . 9  2 . 7  7 .  , , . 8 4 .  / j  
6 .  4 'L O 3 .  ·,· 
4 .  6 2 . 9 • 

7 . 2 4 . 3  � , 'l 7 . 9  4 . 7 3 : g  7 . 0 4 . 1 6 . 5  a · 8 3 . ? 6 .  8 . 0 3 . 6 6 . 8  4 . 0 3 . 6 ti · 9 2 . 2  2 . 0  
. 7  ? . ':> ? • (� � . 4 ll , 2 . 8 5 . 0 � - b . ':>  7 . 3  4 . 2  3 . 8 3 . � 2 . 5 2 . 3 � · 2 .  5 2 . 3 . 3  2 . 2 2 .  1 3 . 0  2 . 0  1 . 9 3 . 6 2 . 4  2 . 2 6 · 8  2 . 5  2 . 3 . 1  4 . 1 3 . <)  5 . 2  3 . 7  3 . 5 

3 . 5 2 . 6 2 . 4  2 . 1 1 . 5 1 . 5 3 . 0 2 . 1  2 . 0  2 . 1  1 . 9 1 . L 5 . 0 3 . 6 3 .  5 . 2  3 . 7  3 . 5  2 . 3 1 . 9 1 . 9 

3 5 3  



ROW DATE FLOW MCDC 

4 1 6 1 80383 52 . 6  1 5588 
41 � 1 90383 N D  7 6 5 7  
4 1 200383 ND 89 1 2  
4 1 9  2 1 0383 22 . 0 6962 
420 220383 1 9 . 6 53 47 
4 2 1  2�0383 1 8 . 0  5 58� 422 2 0383 23 . 5 782 
4 2� 2503 83 90 . 0 1 06 38 
42 260383 1 0 3 . 0  74 L6 425 2�0383 5 1 . 0  7 1  6 
426 2 0383 �8 . 5 6420 
42� 290383 4 . 4 86 46 
42 300 383 84 . 2  8962 
4 29 3 1 0� 83 42 . 0  8 1 69 
4 30 1 0  83 31 . 5  4 1 69 
4 3 1 20483 26 . 5  ND 

432 �0483 4@ . 0  1 0694 
4 3� 0 483 4 . 0 7 600 
43 50483 32 . 3  899 !1 
4 35 60483 3 2 . 5  672 1  
4 3 6  �0483 29 . 4  8 1 �8 4 37 0 483 2 6 . 0 5 6  7 
438 90483 48 . 1 ND 
4 f, 9 1 00483 3 1 . 6  ND 
4 ' 0 1 1 0483 26 . 4  8 1 89 
4 4 1  1 20483 25 . 4 6 423  
4 42 1 �0483 2 1 . 5  4 Ll 1 1  
4 4� 1 04 83 2 1 . 0  6 3 1 5 
4 11 1 50 483 1 9 . 3 1 0 1 5 1  
11 45 1 60483 �8 . 5  8524 
446 1 �0 483 5 . 7  7269 
4 4� 1 O ll 83 3 3 . 4 7 9 � 2  
4 4  1 90483 27 . 8  6 6 7 4  
4 4 9  2004 83 27 . 0  1 1 97 4 
450 2 1 0483 42 . 2  1 1 1 00 
4 5 1  220483 �� - � 1 0 1 2 1  
452 2�0483 � 1 28 62 4 5 ti 2 0483 1 1 6 . 5  1 3 3 9 
45 250483 7 1 . 0  75 1 4 
455 260483 5g . o  7 6 36 
45 6 270 483 4 . 0  ND 
457 280483 1 58 . 0 9 1 4� 458 290483 88 . 0  805 
459 300483 69 . 0  9930 
4 6 0  1 0583 67 . 0  
4 6 1  20583 5 5 . 0 
462 �0583 4 4 . 0 
46� 0583 40 . 0 
46 50583 3 4 . 0 
465 60583 9 6 . 0 
466 �0583 1 4 � . 0 
46 � 0583 1 5  . 0  
46 90583 1 20 . 0  
469 1 00583 85 . 0  
470 1 1 0583 1 5 9 . 0 
47 1 1 20583 1 05 . 0 
47 2 1 ti0583 1 86 . 0 
47 3 1 0583 1 05 . 0 
lr7 4 1 50 5 8 3  r p . o  
475 1 60553 8 � . l 
476 1 70583 �2 . 0 
47 � 1 80�83 5. 0 
47 1 90583 1 57 . 0 
4�9 200583 1 1 9 . 0 
4 0 2 1 0583 6 1 0 . 0  
4 8 1  2 20583 400 . 0 

ND 
3 377 

ND 

ND 

rm 
NO 

60 1 2  
60 1 7  
9 0 1 1 

ND 

ND 
932 1  

NO 
ND 

1 �) 
1 O ll f) t) 
1 2 .:) 1 () 
1 2 720 
4 6 1 9 
86 1 5  
86 1 5  
86 1 5 

482 2�0583 585 . 0 65 1 � 48� 2 0583 35 � . 0  1 38 
118 250583 2 1 . 0  ND 

485 260583 1 52 . 0 3775 

BCW S 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

899 3  
0 
0 
0 

9 1 1 2  
9 3 42  
9 285 

0 
0 
0 

9 0 9 �  9 3 5 11 
927 4 
9 3 1 1 

0 
0 
0 
0 

948 1  
5'(20 
92 1 2 

0 
0 
0 
0 

9 3 1 8 
8258 
9065 

0 
0 
0 
0 

92 36 
8996 
88 1 5 

TSR 
CALCU LATED BOD

5 
AT SITES 

B C  D E  EF F 

21 • 6 1 . 7 4 . 6  4 .  1 3 . 4  2 . 5  2 . 4  
2 1 . 0  ND ND ND ND ND ND 

1 5 . 7  ND ND ND ND ND ND 
1 6 . 8  2 . 9  5 . 8 5 . 0 3 . 8  2 . 5  2 .  4 
20 . 0  3 .  1 5 . 6  4 . 8  

ti ·
6 2 . 3 2 . 2  

9 . 8  3 . 5 6 . 5 5 . 7  . 4 3 . 1 2 . 9  
9 . 7 2 . 9  6 .  1 5 . 5  4 . 4  3 .  2 3 . 0  

1 0 . 0  1 . 3 2 . 5  2 . � 2 .  1 1 . 7 1 . 7 
1 1 . � 1 . 2 2 . 0  1 .  1 . 6 1 . 4 1 . 3 
1 4 .  1 . 8 3 . 2  2 . 9 2 . 5  2. 0 1 . 9 
1 5 . 1 2 . 1 3 . 8  3 . 4 2 . 8 2 . 2  2 . 1  
1 7 . 6  1 . 9 3 . 9  3 . 5 3 . 0 2 . 6 2 . 2 
1 5 . 0  1 . 3 2 . 4 2 . � 2 : 0  1 .  1 .  6 
1 4 . 0  2 . 0  3 . 9  3 .  3 . 0  2 . 3  2 . 2  
1 2 . 0 2 . 4 3 . 7  3 . 3 2 .  7 2 .  1 2 . 0 
1 4 . 3  2 . 7 ND ND ND ND ND 
1 3 . 3 2 . 0  4 . 4  4 .  1 3 . 4 2 . 7 2 . 5  
1 0 . 0  1 . 8 3 . 4 � . 1 2 . � 2 . 1  2 . 0  
1 7 . 0 2 . 4 5 .  1 . 6 3 .  2 . 9 2 . 7  
1 2 . 0  2 . 3  4 . 4  4 . 0  3 - g 2 . 5  2 . 3  
4 . 9 2 . 5  5 . 2  4 .

L � · 2 . 9 2 . 7 
1 1 .  1 2 . 7  4 . 8 7 .  . o  4 . 4  4 . 2  
1 6 . 4  1 .  8 ND ND ND ND ND 
1 � . 5  2 . 4 ND N O  NO ND N D  

1 . 4 2 .  7 5 . 7  5 .  1 4 . 1 3 . 1 2 . 9 
1 6 . 2 2 . 8 5 . 3 8 . 0 6 . 6  5 . 0 4 . 8  
1 3 . 6 3 . 2  5 . 2 8 . 5  7 . 0 5 . 2  4 . 9  
1 0 . 6 3 - 3  6 . 2  9 . 5 7 . 7  5 . 7  5 . 4  
3 - 5  3 . 5  8 . 5 4 · 6  6 . 1  4 . 5  4 . 6 
9 . 2 2 . 1  4 . 11 . 0 3 . 4  2 . 7 2 .  

1 5 . 2  1 .  9 � . 5 �J 2 . � 2 . 3 2 . 2 
1 5 . 8  2 . 4 . 7  5 . 7  4 . 5 

4 .  6 4 . 4  2 . 7 5 . 0 7 . 6  6 . 3 '· · 8 !.; • 
7 .  9 2 . '1 7 . 1  9 . 5 7 . 9  6 . 0  � . 8 

1 2 . 2  2 . 0  4 . 7  6 . 3  5 . 4 4 . 3  11 , 2 
7 .  7 1 .  5 2 . 9  2 . 7  2 . 4 2 . 1  2 . 0  

1 1 . 9 1 . 3 2 . 8  2 . 7  2 .  4 2 . 1 2 . 0 
8 . 0  1 . 2 2 . 4 2 . � 2 . 1  1 . 8 1 . 8 
5 . 9  1 . 5 2 . 6  2 .  2 . 2 1 . 9 1 . 8 
6 . 6 1 . 8 3 . 3  4 . 7  4 .  1 3 .  ll 3 .  3 
9 . 1  1 . 9 ND NO ND NO ND 
8 . 5 1 .  0 1 . 6 2 . 1 2 . 0 1 . 7 1 . 7 
7 . 9 1 . 3  2 . 3 2 . 2 2 . 0  1 . 7 1 . 6 
5 . 6 1 .  5 3 . 0 2 . 8 2 . 5 2 . 1 2 . 1 

1 2 . 5 1 . 5 ND N O  NO ND ND 
4 .  7 1 . 8 2 . 4 2 . 3 2 . 0 1 . 8  1 . 8  

1 1 . 1 2 . 0 ND ND ND ND ND 
6 .  8 2 . 1  ND NO N D  N D  N D  

5 . 4  2 . 4 ND N D  ND ND ND 
8 . 5 1 . 3 ND N D  NO NO N O  

8 .  2 1 .  1 1 . � 1. 5 1 . 3 1 . 3 1 . 2 
1 1 . 5 1 . 0 1 . 5 1 . 4 1 . 3 1 . 2 1 . 2 
8 . 1  1 . 1  2 . 0 1 . 9 1 . 7 1 . 6 1 . 6 
5 . 0  1 . 4 NO NO NO NO NO 

6 . 4  1 . 0 NO NO NO NO NO 

4 . 4  1 . 2 2 . 2 2 . 9 2 . 7 2 . 5 2 . 5  
0 1 1 . 9 1 . 0 NO N O  NO N O  N O  

0 1 1 . 1 1 . ? NO 
') 9 . ? 1 .  Nfl  
CJ 3 . 9  1 .  ? '{ 

% S :;  3 . 0 1 . 5 3 . 3 
8982 7 . 6 1 . 4 3 . 0  
7 6 1 8 5 .  9 1 .  0 1 . 4 

0 1 . g 1 . 2 1 . 9 
0 5 .  o .  � 0 . 9  
0 2 . 7 0 .  1 . 0 
0 1 0 . 0 0 . � 0 . 8 

9? 11 5  1 0 . 4  0 .  1 . 3 
9? 11 1 0 . 9  0 . 9  0 

9 1 2 4 4 . 7 1 . 0 1 . 3 

m 
j l  

�� .  6 
4 . 4  
3 . 9  
1 . 8 
1 . 9 
0 . 9 
1 . 0 
0 . 8  
1 . 5 

N O  

1 . 8 

NO NO NO 

ND NO D 
;.> , 11  � . 2 2 . 2  
4 . 0 3 . 7 3 . 6 
3 . 5 3 - 6 3 . 2  
1 . 7 1 .  1 . 5 
1 . � 1 . 6 1 . 6 
0 .  0 . 8 0 . 8 
0 . 9 0 . 9 0 . 9  
0 . 1 o . L o . z 
1 . 5 1 .  1 .  

NO NO 0 

1 . 7 1 . 6 1 . 6 



ROW D AT E  FLOW 

486 2�0583 1 3 4 . 0  
48� 2 0583 1 3 4 . 0  
48 290583 1 29 . 0 
4 89 300583 1 04 . 0  
490 3 1 0583 1 07 . 0 
4 9 1  1 06 8 3  1 9 1 . 0  
49 2 20683 204 . 0  
4 9� �0683 306 . 0  
49 0683 2 1 9 . 0 
495 50683 1 58 . 0  
496 60683 1 1 4 . 0  
4 9� 70683 9 6 . 0 
49 80683 1 1 1 . 0 
499 90683 1 60 . 0 
500 1 00683 270 . 0  
50 1 1 1 0683 2 37 . 0 
502 1 20683 1 9 1 . 0 
50� 1 �0683 1 4 1 . 0 
?0 1 0683 1 1 0 . 0 
505 1 50683 93 . 0  
?06 1 60683 83 . 0  
507 1 7 0683 90 . 0 �u� 1 80 6 5 3  9 ? . 0  
5 0 9  1 9 0 6 63 0 2 . � 
5 1 0 200683  80 . 0  
� 1 1  2 1 06 83 8 1 . 0  
� 1 2 �20683 72 . 0 5 1 � 2�0683 7 0 . 0  
s 1  � 2 · n 683 1 r . I) 
5 1 5  2506 83 1 2 � . 0 
:.> 1 6  � 60 t_> P J 9" . 0  
I) i 7  2 7 0 h L 3  fl il . \l 
� · s : s o 0 b 3  3� r . o 
5 1 9  r..'9 0 6 8 3  353 . 0 
520 300683 1 97 . 0 
5 2 1  1 06 8 3  2 �2 . 0 
522 70783 1 6 . 0 52ti �0783 98 . 0  
52 0783 98 . 0 
5 2 5  507 83 88 . 0  
�26 60783 80 . 0 
5 2� � 07 83 72 . 0  
52 0783 6 6 . 0 
5 29 7 0 7 83 70 . 0 530 1 00783 69 . 0  
5 3 1  1 1 07 83 97 . 0 
532 1 20783 86 . 0 
5 3� 1 � 0783 77 . 0 
53 1 0783 1 1 2 . 0  
5 35 1 507 83 90 . 0  
536 1 60783 87 . 0  
53� 1 70783 1 4l . o  
53 1 80783 1 6  . 0  
5�9 1 90783 362 . 0 
5 0 200783 2 1 0 . 0  
54 1 2 1 078 3  1 4 4 . 0  
542 220783 1 1 3 . 0  
54 � 2 �0783 1 00 . 0  
54 2 0783 95 . 0  
545 250783 8 1 . 0  
546 260783 79 . 0  
5 4� 2�0783 70 . 0  
54 2 0783 64 . 0  
549 2907 83 60 . 0  
550 300783 55 . 0 
55 1 3 1 0�83 5 1 . 0  
552 1 0  8 3  50 . 0  
55� 20883 59 . 0  
55 �0883 5 1  . 0  
555 0883 1 70 . 0  

MCDC 

365 1 
36 5 1  
365 1 
1 06 3  

NO 
2 480 
2 1 2 5  
300 
300 
300 
300 
300 
300 
300 
300 
300 
286 
286 
286 
286 286 
2 8 6  
2 · %  ? • .· �� 
23·� 
2 13 6  
28 6 
2 8 6  200 
1 7 6 
1 '( .; 1 7 h 
2 1  I 'I � ') L I c_ 
5 4 5 
5 4 5 
5 11 5 
5 40 � !I Q 
5 11 0 
5 11 0 11 25 
42 5 
4 2� 
1 0  
1 0  
1 0  

200 
200 
200 
200 
400 
400 
400 
300 
3 00 
300 
300 
200 
200 
200 
1 83 
1 8 3 
1 8� 39 
3 9 4 
39 4 

1 08 1  
1 08 1  
8 4 1  

BCW S 

0 
0 
0 
0 

901 4 
9 290 
7880 

0 
0 
0 
0 
0 

9247 
90�0 90 8 

0 
0 

884 1 
8576 8922 
7 999 

0 
') 
fJ 7 il 2 3 832 3 

8 b J j  
8 cl 1 8 

c 
I) 
l 
( l  

s :� 1 :;,  
5 �121) 
4 1 7 9  

0 
0 
0 0 

9 1 87 
8b7  3 
603 1  

0 
0 
0 

30 1 7 
1 58 1  
3 1 7 4  
3 1 50 
3 1 2 1  

0 
0 

30 �9 29 3 
3 1 00 
31 6� 1 49 

0 
0 

957 
1 695 
1 6  7 1  
1 6 64 
9 1 9  

0 
0 
0 
0 
0 
0 

TSR 
C ALCU LATED BOD 5 AT 

B C D E 
SITES 

EF F 

8 . 2  1 . 1 1 . 4 1 . 3 
7 . 9 1 . 1 1 . 4 1 . � � . 6  1 . 1 1 . 4 1 .  
. 8  1 . 2 1 . 3 1 . 3 

6 . 8  1 . 2 NO NO 
7 . 3  1 . 0 1 . 1 1 . 5 
4 . 2  0 . �  1 . 0 1 . 4 
9 . 9  o .  0 . 8  0 . 8  
6 . 5  0 . 9  0 . 9  0 . 9  
9 . 9  1 . 0 1 . 0 1 . 0 

1 0 . 7  1 . 2 1 . 2 1 . 2 
6 . 5  1 . 3 1 . 3 1 . 3 
6 . 1  1 . 2 1 . 2 2 . 0  
5 . 6  1 . 0 1 . 0  1 . 5 
5 . 0  0 . 9  0 . 9  1 . 2 
4 . 4  0 . 9 0 . 9  0 . 9  
9 . 7 1 . 0 1 . 0 0 . 9  

1 1 . 4  1 . 1 1 . 1 1 . 7 
1 0 .  1 1 . 2 1 . 2 1 . 9 
9 . 1 1 . � 1 . � 2 . 2  

1 1 . 0 1 .  1 . 2 . 3 
1 1  . 0 1 . < 1 . ll 1 . <. 

e . . '1 i .  '. i . 4 1 . � 
J . o 1 . :: l . lJ 1 . 3 f) . b  1 . .. 1 � -, � . - 2 :  7 . 9  1 . 4 1 . 4 
5 . 0  1 . 5 1 . 5 2 . 6  
� . 9 1 . 5 1 . 6 2 . 7 
. 0  1 . 1 1 . 1 1 . 1 

8 . 9  1 . 1 1 . 2 1 . 1  
7 .  lj 1 . · 1 . -< 1 . � ; 

• li 1 . ) 1 . �  1 . ; ..j . -, c . ; t) . f( 1.,. . ':. s . s O . b  0 . 8 0 . 9 
2 . 4  0 . 9 1 . 0 1 . 1 
� . 1 0 . 9 0 . 9  0 . 9  
. 3 1 . 1 1 . 1 1 . 1  

6 . 7 1 . 3 1 . 3 1 . 3 
6 . 7  1 . 3 1 . � 1 . 3 
8 . 0  1 . � 1 .  2 . 3 2 . 7  1 . 1 . 5 2 . 5  
3 . 8 1 . 5 1 . 6 2 . 3 
1 . 2 1 . 6 1 . 7 1 . b 
1 . 2 1 . 5 1 . 6 1 . 5 
4 . 3  1 . 5 1 . 5 1 . 5 
5 . 5  1 . � 1 . � 1 . 5 
6 . 5 1 .  1 . 1 . 5 
4 . 7 1 . 4 1 . 5 1 . 8 
8 . 5 1 . 2 1 . 2 1 . 4 
� - 1 1 . � 1 . 4 1 . 6 . 2 1 .  1 . 4 1 . 3 
5 . 5 1 . 1  1 . 1 1 . 0 
� - 2 1 . 0 1 . 0 1 . 2 
. 2  0 . 8 0 . 8 0 . 9  

8 . 9 0 . 9 0 . 9 1 . 1  
8 . 6 1 . 1 1 . 1 1 . 3 
4 . 8  1 . 2 1 . 2 1 . � 6 . 5  1 . 3 1 . 3 1 .  
7 . 3  1 . � 1 . 3 1 . 3 
9 .  5 1 . 1 . 5 1 . 5 

1 0 .  1 1 . 5 1 . 5 1 . 6 
9 . 9  1 . 6 1 . 6 1 . 8 
7 . 6 1 . 6 1 . 7 1 . 9 
9 . 9 1 . � 1 . 7 1 . 8 
6 . 6 1 .  1 . 9 1 . 8 
7 .  3 1 . 9  2 . 0  1 . 9 
7 . 2 1 . 9 2 . 0  1 . 9 
7 .  1 1 . 7 1 . 9  1 . 9 
4 .  1 1 . 9 2 . 1 2 . 0  
4 . 3 1 . 0 1 . 1 1 . 0 

1 . 3 
1 . 3 
1 . 3 
1 . 2 

NO 
1 . 4  l . g 0 .  
0 . 8  
0 . 9  
1 . 1  
1 . 2 
1 • 8 
1 . 4  
1 . 1 
0 . 8 
0 . 9 
1 . 5 
1 . 8 
2 . 0 
2 .  1 
1 . 2 
1 .  2 
1 . 2 
2 . 1 
2 . 2 
2 . 4 
2 . 5 
1 . 0 
1 . 0 
. ..., I • < ' ..., I • '  
0 . ·-� 
0 . 9 
1 . 1 

1 . 2 1 . 2 
1 . 2 1 . 2 
1 . 2 1 . 2 
1 . 1  1 . 1 

NO NO 
1 . 4 1 . 4 
1 . 2 1 . 2 
0 . 7  0 . 7  
0 . 8  0 . 8 
0 . 9  0 . 9  
1 . 0 1 . 0 
1 . 1  1 . 1 
1 . 4 1 . 7 
1 .  1 . 4 
1 . 1 1 . 0 
0 . 8 0 . 8  
0 . 8 0 . 8  
1 . 5 1 . 4 
1 . 7 1 . 6 
1 . 9 1 . 9 
2 . 0 1 . 9 
1 . 1 1 . 1 
1 . 1 I . 1 
1 . 1  1 .  1 
1 . 9 1 . 9 
2 . 0 2 . 0 
2 . 2 2 . 2  
2 . 3 2 . 2  
0 . 9 0 . 9  
1 . 0 1 . 0 
1 . 1 1 . 1 
1 . r. 1 .  i 
) • � r . ..  
J . 9 u . ':) 
1 . 0 1 . 0  

O . b ) . 8 0 . 8  
1 . 0 0 . 9  0 . 9  
1 . 2 1 . 1  1 . 1 
1 . 2 1 . 1 1 . 1  
2 . 2 .2 . 0  2 . 0 
2 . 2 ) . 1  c . i 
2 . 1 ) . 0 1 (; . -' 
1 . 4  1 .  3 i . j 
1 . 4  1 . 3 1 . 3 
1 .  � 1 .  2 1 .  2 
1 . 1 . 3 1 . 3 
1 . 4 1 . 3 1 . 2 
1 . 6 1 . 5 1 . 5 
1 . 3 1 . � 1 . 2 
1 . 5 1 .  1 . 4 
1 . 2 I . 1 1 . 1 
1 . 0 0 . 9 0 . 9 
1 . 1  1 . 0 1 . 0 
0 . 8  0 . 8 0 . 8  
1 . 0 0 . 9  0 . 9  
1 . 2 1 . 2 1 . 2 
1 . 3 1 . 2 1 . 2 
1 . 2 1 . 1 1 . 1 
1 . 2 I . 2 1 . 2 
1 . 4 1 . 4 1 . 4 
1 . 5 1 . 5 1 .  
1 . 6 1 . 6 1 . 5 
1 . 7 1 . 7 1 . 6 
1 . 7 1 . 6 1 . 6 
1 . � 1 . 6 1 . 6 
1 .  1 . 7 1 . 6 
1 . 8 1 . 7 1 . 7 
1 . 7 1 . 6 1 . 6 
1 . 9 1 . 8 1 . 8 
1 . 0 1 . 0 0 . 9  

3 5 5  



ROW 
CALCU LAT ED 8005 AT SITES 

DATE FLOW MCDC BCW S TSR B C 0 E EF F 

556 50883 1 05 . 0 84 1 
5 57 60883 94 . 0 7 1 06 
55 8 7 0883 7 7 . 0 4929 
5 5 9  80883 5 8 . 0  5 8 1 3 
560 90883 6 1 . 0  1 700 
5 6 1  1 0 0883 9 9 . 0  6

8
1 3 3 

5 6 2  1 1 0883 7 9 . 0  3 6 6  
5 6 3  1 20883 59 . 0  83 1 0  
56 4 1 3088 3 52 . 0  6240 
5 65 1 4 088 3 5 0 . 0 4 4 20 
566 1 50883 64 . 0  680 4 
5 6 7  1 60883 62 . 0 705 1 
56 8 1 70883 54 . 0  9656 
5 69 1 8 08 83 4 9 . 0 1 0002 
5 7 0  1 90883 45 . 0 30 45 
5 7 1  200883 4 1 . 0  47 4 2 
57 2 2 1 0883 5 1 . 0  1 1 889 
5 7 3  2 20883 1 42 . 0 1 5 599 
5 7 4 23088 3 1 20 . 0  1 0 863 
5 7 5  24 08 83 87 . 0 7 20 6 
5 7 6  250883 1 0 6 . 0 7 1 96 
5 7 7  260883 8 5 . 0 7 3 7 3  
57 8 270 88 3 7 2 . 0  1 1 3 1 2  
5 7 9  280883 6 6 . 0 7 0 82 
580 290883 60 . 0  863 1 
5 8 1  300883 5 5 . 0  8992  
5 8 2  3 1 0885 55 . 0  6896 
583 1 09 8 3  7 0 . 0 NO 58 4 20983 4 9 . 0 9 1 1 7  585 3 09 8 3 4 5 . 0 5 1 64 
� 8 6  40 9 8 3 62 . 0 2 5 1 48 587 5 09 83 4 8 . 0 1 1 4 69 
58 � 6 0 9 8 3  4 1 . 0 ND 589  7 0983 87 . 0  N D  
5 9 0  809 83 57 . 0  1 0 3 1 6 
':)9 1 9 0 9 8 3  1 00 . 0 N D  
5 Y 2  1 009 8 3  1 4 2 . 0  1 49 38 
5 9 3  1 1 0 9 8 3  4 62 . 0  1 4 3 3 2  ':)9 4 1 2 0 9 8 3  357 . 0 1 6 99 0  5Q 5 1 3 09 8 3  2 1 9 . 0 1 3 1 6 ' >  
� j 6  1 4 0 9 3 3 28� . 0 1 3 3 3 (  
5 9 7  1 S09b3 257 . 0 NIJ 
��8 1 6 0 9 5 3  N D  2 4 3 3 1  
59 9 1 7 0 9 8 3  20 1 . 0 1 1 22 3  
600 1 80 9 8 3  1 4 4 . 0 1 4 1 4 6 
6 0 1  1 9 0 9 8 3  1 1 0 . 0 1 4 287 
602 200983 1 7 2 . 0  1 2 874 
60 3 2 1 0 9 83 1 23 . 0 2 4 0 � 3  
60 4 220983 1 1 6 . 0 2 7 897 
60 5 2309 83 1 1 8 . 0 1 2 228 
606 2 4 0983 89 . 0  1 6758 
6 0 7  250983 1 06 . 0  2825 1  
60 8 260983 1 40 . 0  1 2773  
6 0 9  270983 1 79 . 0  1 3 082 
6 1 0 280983 1 3 4 . 0 NO 
6 1 1 290983 97 . 0  NO 
6 1 2 300983 79 . 0 NO 
61 3 1 1 083 7 4 . 0 1 2 867 
6 1 4 2 1 083 2 3 7 . 0  1 3 1 3 4 
6 1 5  3 1 083 1 20 . 0 NO 
6 1 6  4 1 083  1 56 . 0 1 5 498  
6 1 7 5 1 083 53 0 . 0 3 0 36 2  
6 1 8 6 1 083 352 . 0  2 1 3 2 3  
6 1 9 7 1 083 2 60 . 0 1 76 3 3 
6 2 0  8 1 083 1 50 . 0 1 906 1 
6 2 1  9 1 083 1 3 8 . 0  1 9 4 4 6  
6 2 2  1 0 1 083 1 2 5 . 0  1 7 954 
6 2 3  1 1 1 083  1 0 1 . 0  1 2 463  
62 4 1 2 1 083  85 . 0 1 3 1 5 4 
6 2 5  1 3 1 083 9 6 . 0 20853 

0 5 . 2  1 . 3 
0 5 . 1 1 . 3 
0 8 . 5  1 . 5 
0 4 . 9 1 . 8 
0 4 . 9  1 . 7 
0 4 . 9  1 . 3 
0 5 . 3  1 . 5 
0 8 . 8 1 . 7 
0 1 0 . 6  1 . 9 
0 5 . 3 1 . 9 
0 6 . 6 1 . 6 
0 8 . 7  1 . 7 
0 8 . 2  1 . 8 
0 1 2 . 7  2 . 0  
0 8 . 9  2 . 1 
0 1 0 . 2  2 . 2  
0 4 . 2  1 . 9 
0 4 . 2  1 . 1 
0 9 . 9  1 . 2 
0 8 . 4  1 . 4 
0 6 . 2  1 . 2 
0 1 3 . 9 1 . 4 
0 1 0 . 7  1 . 5 
0 1 2 . 0 1 . 6 
0 1 2 . 0  1 . 7 
0 9 . 6 1 . 8 
0 1 1 . 0 1 . 8 
0 6 . 9 1 . 5 
0 7 . 9  1 . 9 
0 1 2 . 0  2 . 0  
0 1 1 . 3 1 . G 
0 1 5 . 1 1 . 9 
0 '( . 6 2 . 1 
0 4 .  6 1 .  )j 
0 1 3 . 7 1 . 7 
0 1 1 . 1  1 . 3 
0 1 1 . 6 1 . 1 
0 8 . 7 0 . 8 
0 1 0 . 6  0 . 0 
0 1 5 . 0  0 . 9 
o 1 2 . 7  o .  r.l 
f' 1 3 . 9 0 . 9 
0 7 . 8 N IJ 
0 1 7 . 2 0 . 9  
0 1 5 . 5  1 . 1 
0 1 3 . 3 1 . 2 
0 1 0 . 2 1 . 0 
0 1 2 . 6  1 . 1 
0 7 . 3  1 . 2 
0 1 5 . 9  1 . 1  

g 1 �J  � J  
0 1 3 . 2 1 . 1 
0 1 1 . 3 1 . 0 
0 1 1 . 5 1 . 1 
0 1 4 . 0  1 . 3 
0 1 4 . 9  1 . 4 
0 4 . 2  1 . 4 
0 6 . 1  0 . 9 
0 1 1 . 6 1 . 1 
0 1 0 . 5 1 . 0 
0 7 . 5 0 . 7 
0 1 2 . 4  0 . 8 
0 8 . 1 0 . 9  
0 1 3 . 7 1 . 0 
0 8 . 0 1 . 1 
0 1 5 . 9 1 . 1 
0 1 2 . 3 1 . 2 
0 1 7 . 8 1 . 3 
0 1 7 . 7 1 . 2 

1 . 3 
2 . 2  
2 . 2  
2 . 8  
2 . 0  
2 . 0  
2 . 0 
3 - 3 
3 . 2  
2 . 9  
2 . 8  
2 . 9  
3 . 8 
4 . 2 
2 . 8  
3 . 5 
4 . 4 
2 . 3  
2 . 2  
2 . 3  
2 . 0  
2 . 3  
3 . 3 
2 . 8 
3 . 3 
3 . 6 
3 .  1 

NO 
3 . 9  
3 . 2 
6 . 0 
4 .  4 

NO 
ND 

3 . 6 
N O  

2 . 2 
1 . 1 
1 . 3 
1 . 6 
1 . J.. 

N , l  
N D  

1 . b 
2 .  1 
2 . 6  
1 . 8 
3 . 2 
3 . 7 
2 . 2 
3 . 3 
4 . 0 
2 . 0  
1 . 8 

NO 
N O  
NO 

3 . 2  
1 . 5 

N O  
2 . 1 
1 . 4 
1 . 5 
1 . 6 
2 . 4  
2 . 5 
2 . 6  
2 . 5 
2 . 9  
3 . 5 

1 . 3 
2 . 1 
2 .  1 
2 . 7  
1 . 9 
1 . 9 
1 . 9 
3 .  1 
3 .  1 
2 . 8  
2 . 7 
2 . 8 
3 . 6 
4 . 0 
2 . 7  
3 . 3 
4 . 3 
2 . 2 
2 .  1 
2 . 2  
1 . 9 
2 . 3  
3 . 1 
2 . 7  
3 . 2 
3 . 5 
2 . 9  

NO 
3 . 7  
3 . 0 
5 . 7 
4 . 2 

ND 
NO  

3 . 5  
N O  

2 . 1 
1 . 1 
1 . 3 
1 • 5 
1 . 3 

NO 
N D  

1 . 5  
2 . 1 
2 . 4  
1 . 7 
3 . 0  
3 . 5  
2 . 1 
3 .  1 
3 . 8  
1 . 9 
1 . 7 

NO 
N O  
NO 

3 . 0  
1 . 4 

NO 
2 . 0 
1 . 3 
1 • 4 
1 . 5 
2 . 3 
2 . Ti 
2 . 4 
2 . 3 
2 . 7  
3 . 2 

1 . 2 1 . 2 1 . 2 
2 . 0  1 . 9 1 . 8 
2 . 0  1 . 9 1 . 8 
2 . 5 2 . 4 2 . 4  
1 . 8 1 . 7 1 . 7 
1 . 8 1 . 7 1 . 7 
1 . 8 1 . 7 1 . 7 
2 . 9  2 . 8 2 . 7  
2 . 8  2 . 7  2 . 6  
2 . 6  2 . 4 2 . 4  
2 . 5  2 . 4 2 . 3  
2 . 6 2 . 5 2 . 4 
3 ': 4  3 . 2 3 . 1  
3 . 7  3 . 5  3 . 4  
2 . 5 2 . 3 2 . 3 
3 . 0 2 . 8 2 . 8 
3 . 9  3 . 7  3 . 6  
2 . 1 2 . 0 2 . 0 
2 . 0  1 . 9 1 . 9 
2 . 1 2 . 0  2 . 0  
1 . 8 1 . 7 1 . 7 
2 . 1  2 . 0 2 . 0  
2 . 9  2 . 8 2 . 7  
2 . 5  2 . 4  2 . 3  
2 . 9 2 . 8 2 . 7  
3 . 2 3 . 0 3 . 0 
2 . 6  2 . 4  2 . 4 

NO NO N O  
3 . 3 3 . 0 2 . 9 
2 . 7 2 . 5  2 . 4  
� . 1  4 . 8 11 . 6  
3 . 8 3 . 5 j . 4  

Nf) N O  �. i) 
NO NO N O  

3 . 1  2 . 9 2 . 8 
NO N O  NO 

2 . 0 1 . 9 1 . 9 
1 . 0 1 . 0 1 . 0 
1 . 2 1. 2  1 . 2 
1 . 4 1 . 4 1 . 4 
1 .  3 1 .  2 1 .  � 

ND N t! N D  
N D  N D  �I D 

1 . 4 1 . 3 1 . 3 
1 . 9 1 . 8 1 . 8 
2 . 2 � . 0 1 . 9 
1 . 6 . . 5 1 . 4  
2 . 7 ;2 . 5 2 . 5 
3 . 2 '? . 9 L .  8 
1 . 9 1 . 8 1 . 7 
2 . 7  2 . 5 2 . 4  
3 . 4  3 . 1  3 . 0 
1 . 8  1 . 6 1 . 6 
1 . 5 1 . 4 1 . 4 

NO NO NO 
NO N O  NO 
NO NO NO 

2 . 7 2 . 4  2 . 4  
1 . 3 1 . 2 1 . 2 

NO NO NO 
1 . 8 1 . 7 1 . 6 
1 . 2 1 . 2 1 . 2 
1 . 3 1 . 2 1 . 2 
1 . 4 1 . 3 1 . 3 
2 . 1 1 . 9 1 . 9 
2 . 1  1 . 9 1 . 9 
2 . 1  1 . 9 1 . 9 
2 . 0 1 . 8 1 . 8 
2 . 3 2 . 1 2 . 0 
2 . 8 2 . 5 2 . 4  

3 5 6  



ROW D AT E  FLOW MCDC 

626 1 4 1 0 8 3  7 7 . 0  1 1 4 42 
62� 1 5 1 083  7 7 . 0  2 4 1 1 0  
62 1 6 1 08 3  300 . 0  1 1 8 1 9 
6 29 1 � 1 083  1 6 7 . 0 1 5 1 7 5 
630  8 1 08 3  1 1 6 . 0  
6 3 1 1 9 1 083  9 3 . 0 
632  20 1 083  49 . 0 
6 3� 2 1 1 083  1 2 . 0 
63 22 1 083  82 . 0  
6 35 2� 1 0 83 8 9 . 0 
63 6 2 1 08 3  1 0 4 . 0  
6 3� 25 1 083  8 0 . 0 
63 2 6 1 0 8 3  7 1 . 0  
6�9 2 7 1 083 6 0 . 0 
6 0 28 1 083  �3 . 0  
6 4 1  2 9 1 083 9 . 0 
6 4 2  301 083  55 . 0  
6 4 � 3 1 1 08 3  5 2 . 0 
6 4  1 1 1 8 3 5 1 . 0  
645  2 1 1 83 6 6 . 0 
6 4 6  � 1 1 83 48 . 0  
6 4� 1 1 83 29 4 . 0 
6 4  5 1 1 8 3 1 2 9 . 0 
6 !1 9  6 1 1 83 6 2 0 . 0 
650 � 1 1 8 3 1 0 1 . 0  
65 1  1 1 83 84 . 0 
652 9 1 1 0. 3 3 9 0 . 0  
6� � 1 0 1 1 8 3 2 1  6 . 0 
6� 1 1 1 1 8 3 1 1 U . Q  6':15 1 2 1 1 8 3 1 1 6 . 0  
6 � u  1 � 1 1 8 3 1 2 . 0 
6�7 1 � 1 1 83 6 0 . 0  
6l,8 1 5 1 1 8 3 
6')9  1 6 1 1 83 
66 0 1 7 1 1 8 3 
6 6 1  1 8 1 1 83 
662 1 9 1 1 8 3 
6 6 R  20 1 1 83 
66 1 2 1 1 1 8 3 
6 6 5  22 1 1 8 3  
6 (> 6  2 ?, 1 1 8 3  
6 6 7  2 '-l  1 1 33 
6 6 8  2 5 1 1 8 3 
6 6 9  2 6 1 1 83 
670 27 1 1 8 3 
6 7 1  28 1 1 83 
67 2 29 1 1 8 3 
6 7� 30 1 1 83 
67 1 1 28 3  
675 2 1 2 83 
676 � 1 2 8 3  
67l 1 28 3  
6 7  5 1 2 8 3  
6�9 6 1 2 8 3  
6 0 � 1 28 3  
6 8 1  1 28 3  
682 9 1 2 8 3  
6 8� 1 0 1 2 8 3  
68 1 1 1 2 8 3  
6 8 5  1 2 1 2 83  
68 6 1 � 1 2 8 3  
687  1 1 2 83  
688 1 5 1 2 8 3  

6 4 . 0 
5 2 . 0 
4 4 . 0  
3 8 . 0  
35 . 0  
3� . 0  2 . 0  
44 . 0  
3 3 . 0  
3 1 . 0  
27 . 0 
2 3 . 0 
20 . 7 
1 8 . 8  
1 8 . 4  
25 . 8 
25 . 0  
2� . 2 1 . 9 
1 7 . 9  
20 . 2  
1 9 . 4  
1 8 . 6  
2 1 . 6  
29 . 1  
2 7 . 0  
45 . 3  
29 . 0  
30 . 7  
3 4 . 0  �6 . 8  

1 2 9 7 6  
7 7 0 0  

1 2 680 
9 9 85 

1 1 87 2  
1 85 72 
1 1 6 27 1 3628 
1 1  4 � 1 
1 99 6 
1 2 4 3 6  

96 36 
7890  
9875  
7 4 3 3  

NO 
NO 

3 30 3 1  
22949 
1 7 0 7 

NO 
1 1 2 4 11 
309 �3 
1 85 9 
1 5�8 9  

9 0 6  
99 2':; 

1 1  �6 � 
1 1 v 6 3  

5 9 7  r 

�L�1 
4 4 8 11 
4 3 2 4  

4 35� 1 r C O b :; 
1 89 2 8 
1 8 1 59 

7 1 3 11 
67 47 
7 7 3 3  
4455  
8 3 3 1  
3 1 0 6  
7 4 7 8  
6 7 3 0  

1 2 37 1 
1 25 3 2  

6 1 �5 �0 5 
0 8 2  

8 1 5l �7 0  
0 0 5  

6 6 5 2  
46 7 1  
9 8 2 2  
7 9 6 1  
4 2 5 1  
4 4 82 689  1 6 1 2 83  2 . 3  

690 1 7 1 2 8 3  63 . 0  6255 
69 1 1 8 1 283  9 . 0  1 �0 7 7  
69 2 1 9 1 2 8 3  
6 9� 20 1 2 83 
69 2 1 1 2 8 3  
6 9 5  2 2 1 2 8 3  

39 . 0  4 3 1  
3 4 . 0 1 00 3 4  
52 . 0  1 �65 1 
3 4 . 0  2 2 6  

BC WS TSR 
C ALCU LATED BOD5 AT SITES 

B C D E EF F 

0 1 4 . 5  1 . 4 
0 1 4 . 2  1 . 4 
0 1 6 . 6  0 . 8  
0 2 1 . 0  1 . 0 
0 1 � . 2 1 . 1 
0 1 . 2  1 . � 
0 8 . 7  1 .  
0 1 0 .  1 1 . 0 
0 1 � . 3  1 . 3 
0 1 . 3  1 . 3 
0 1 2 . 7 1 . 2 
0 1 5 . 9  1 . 4 
0 20 . 3  1 . 4 
0 1 9 . 0 1 . 6 
0 1 7 . 5 1 . � 
0 1 7 . 8  1 .  
0 22 . 2  1 . 7 
0 9 . 4  1 . 7 
0 1 5 .  1 1 . 7 
0 1 5 . 7  1 . 5 

NO NO NO 
0 5 . 8  0 . 8  
0 1 1 . 4 1 . 1 
0 1 1 . 4 0 . 7  

NO NO NO 
0 9 . 2 1 . � 
0 1 2 . 2  0 .  
0 8 . 4 0 . 9 
0 2� . 3  1 . 1 
0 1 . 9 1 . 1 
0 29 . �  1 . 4 
0 23 . 9 1 . 6 
0 1 9 . 4  1 . � 
0 28 . 3 1 .  7 
0 28 . 2  1 . 9 
0 24 . 2 2 . 1  
0 1 0 . 6  2 . 2  
0 28 . 0  2 . 3  
0 29 . 7 2 . 5 
0 1 6 . 7 1 . 9 
o 1 . 4 2 .  a 
0 1 7 . 9 2 . 1 
0 1 9 . 8 2 . 6 
0 2 2 . 5 2 . 9 
0 2� . 2  3 . 1 

3097  2 . 9  3 . � 
52 7 2  1 7 . 8  3 .  
5 1 0 2 22 . 6  2 . 7 
627 4 2� . 1 2 . 7 
6302  2 . o  2 . 9  

0 30 . 6  3 . 3  
0 2 1 . 2 3 . 5  6422  24 . 7  3 . 2  

1 2 4 3 1 . 1  3 . � 
2668 1 8 . 6  3 .  

0 1 0 . 2  2 . 9  
0 1 � . 4  2 . 4  
0 . 7  2 . 5 
0 27 . 5  1 . 8 
0 1 9 . 1 2 . 4  �95� 22 . 7  2 . 3  

07 1 9 . 6 2 .  2 
496 11 1 9 . 0 2 . 1 

0 28 . 5  1 • 9 
0 23 . 3  2 . 2 
0 25 . 9  1 . 4 
0 2 1 . 6  2 .  0 
0 1 2 . 2  2 . 2 
0 1 2 . 7 1 . 7 
0 2 4 . 6 2 . 2 

2 . 9  
4 . 6 
1 . 2 
1 . 9 
2 . 3 
2 .  1 
3 . 0  
1 . 8 
2 . 8  
3 . 4  
2 . 3 
3 .  1 
� . 1  

. 9  
4 . 0  
3 . 7 
3 .  1 
3 . 6 
3 . 2  

NO 
NO 

2 . 0 
2 . 9  
1 . 0 

NO 
2 . 7 
1 . 6 
1 . 8 2 . 5 
2 . 0  
2 . 8 3 . 5 
3 . 4  
2 . 9 
2 . 7 3 . 2  
3 . 4  � . 5  

. 0  
5 . 6 ·r • s 
.3 . 0 
5 . 1 
5 . 6 
6 . 6  
5 . 5 
7 . 5 
3 . 8 
5 . 6  
5 . 6 
9 . 3 
9 . 9  
6 . 0  
4 . 7 
6 . 4  
6 . 4  
5 . 5  
5 . 3  
3 . 2  
3 . 9 
5 . � 
4 .  
3 . 2  
2 . 9 
4 . 0  
3 . � 
3 .  
5 . 0  
4 . 2  
3 . 9 

2 . 7 
4 . 2  
1 . 2 
1 . 8 
2 .  1 
2 . 0 
2 . 8  
1 . 7 
2 . 6  
3 . 2 
2 . 2  
2 . 9  
2 . 8  
4 . 5 
3 . 7 
3 . 4  
2 . 8 
3 . 3  
2 . 9  

NO  
NO 

1 . 9 
2 . 8  
1 . 0  

ND 
2 . 5 
1 . 6 
1 . 7 
2 . 4  1 . 9 
2 . 6 3 . 2  
3 . 1 
2 . 6 
2 . 5  
2 . 9  
3 .  1 
3 . 2  
3 . 6 
5 . 1 
7 . 0 
7 . 1 
4 .  5 
5 . 0 
5 . 7  
6 . 2  
9 . 0 
5 .  1 
7 .  1 � · 3  

. 1 
8 . 5 
6 . � 
6 .  
6 . 8  
5 . 5  
4 . 8  
4 . 6 
2 . 9 
3 . 4 
7 . 0 
6 . 0 
4 . 0 
2 . 6  
3 . 5  
3 . 0  � . 2  

. 4  
3 . 8  
3 . 5 

2 . � 2 . 0  2 . 0  
3 .  3 .  2 3 .  1 
1 . 1 1 . 0 1 . 0 
1 . 6 1 • 5 1 . 5 
1 . 9 1 . 7 1 . 7 
1 . 7 1 . 5 1 . 5 
2 . 4 2 . 1 2 . 0  
1 . 5 1 .  4 1 . 3 
2 . 2  2 . 0  1 . 9 
2 . 7  2 . 5 2 . 4  
1 . 9 1 . 7 1 . 7 
2 . 5 2 . 2  2 . 1  
2': 4 2 .  1 2 .  1 
3 . 8 3 . 3  3 . 2  
3 . 1  2 . 4 2 . 6  
2 . 8 2 .  2 . 3 
2 .  4 2 . 1 2 . 0  
2 . 7 2 . 4  2 . 3  
2 . 4  2 . 1 2 . 0  

NO NO NO  
NO NO NO  

1 . 8 1 . 7 1 . 6 
2 . 4  2 . 2 2 . 1  
0 . 9  0 . 9 0 . 9  

ND NO N O  
2 . 1 1 . 9  1 . 8  
1 . 4 1 . 4 1 . � 
1 . 6 1 . 4  1 .  2 .  1 1 .  9 1 .  8 
1 . 6 1 . 5 1 . 4 
2 . 2 .2 . 0  1 . 9 
2 . 7 ? . ll 2 . 3 
2 . 1) .� . 3 2 . 2  
2 . 2 1 . 9 1 . 8 
2 . 0  1 . 8 1 . 7 
2 . 4  2 . 0  1 . 9 
2 . 5 2 . 1 2 . 0 
2 . 6  2 . 2  2 . 1 2 . 8 .� . 4 2 . 2 
4 . 2  3 . 6  j . 5 
5 . b � . Cl  i I , ') 
5 . 7 >; .  8 ' . 6 
3 . 6 3 . 0 , , 8 
� . 9 3 . 2  3 . 0  

. 4  3 . 6 3 . 4  
4 . 8 3 . 9 3 . 6  
6 . 9  5 . 6 5 . 2 
4 . 0 3 . 4 � . 2 
5 . 6  4 . 7  . 4  
5 . 7  4 . 7 4 . 4  
6 . 2 5 . 1 4 . 7  
6 . 5  5 . 3  4 . 9  
5 . 2  4 . 2 4 . 0  
5 . 2  4 . 3  4 . 0 � . 2  4 . 2  3 . 9  

. 1  3 . 3  3 . 1  � . 8 3 . 1 2 . 9 

. 6  2 . 9  2 . 7 
2 . 4  2 . 0 1 . 9 
2 . 7 2 . 2  2 . 1  
5 .  4 1j . 5 4 .  2 
4 . 7  3 . 9  3 . 7  
3 . 2  2 . � 2 . 5  
2 . 1  1 .  1 . 7 
2 . 8  2 . 3  2 . 2  
2 . 5  2 . 2  2 . 1  
2 . 5 2 . 1 2 . 0  
3 . 5 2 . 9 2 . 7 
3 . 1 2 . 7 2 . 6 
2 . 7  2 . 3 2 . 2 

3 5 7  



ROW D AT E 

696 2 3 1 2 8 3  
6 9 7  2 4 1 2 8 3  
698 2 5 1 2 8 3  
699  2 6 1 2 8 3  
700 27 1 28 3  
7 0 1  2 8 1 2 8 3  
7 0 2  2 9 1 28 3  
7 0� 3 0 1 283 
70 31  1 28 � 
7 05 1 0 1 8  
706 2 0 1 8 11 
7 0� 
10 

�0 1 84 
0 1 8 4  

709 5 0 1 8 4  
7 1 0  60 1 84 
7 1 1 7 0 1 8 4 
·r 1 2 80 1 8 4  
7 1 � 90 1 84 
7 1  1 00 1 8 4 
7 1 5 1 1 0 1 8 4 
7 1 6 1 2 0 1 8 4  
7 1 7 1 3 0 1 8 4  
7 1 8 1 40 1 8 4  
7 1 9 1 50 1 8 4 
7 2 0  1 60 1 8 4 
7 2 1  1 70 1 8 4 
7 2 2  1 80 1 8 4  7 2 �  1 90 1 8 4 
72 200 1 8 4  
7 25 2 1 0 1 8 4 
7 2 6  220 1 0 4 72� 2�0 1 8 4 
72 2 0 1 8 4  
729  250 1 84 
730 260 1 8 4  
7 3 i  27 0 1 8 4 
732 2ao 1 8 4  
7 3 � 290 1 84 
7 3  I 300 1 8 4  
7 35 3 1 0 1 8 4 
7 3 6  1 02 8 4  
7 37 202 8 4  
7 38 �028 4  
7 3 9 1 0 2 8 4  
7 4 0  502 8 4  
7 4 1  602 8 4  
7 4 2 �02 8 4  
7 4� 0 2 8 4  
7 4 902 8 4  
7 4 5 1 00 2 8 4  
7 4 6  1 1 02 8 4  
7 47 1 202 8 4  
7 4 8  1 ti02 8 4  
7 4 9  1 02 8 4  
7 5 0  1 502 8 4  
7 5 1 1 60 2 8 4  
7 5 2  1 �0 2 8 4  
7 5� 1 0 2 8 4  
7 5  1 902 8 4  
7 5 5  200284  
756  2 1 0284  
75� 2 20 2 8 4  
75  2�0 2 8 4  
7 5 9  2 02 8 4  
7 60 2502 8 4  
7 6 1  2 602 8 4  
7 6 2  2�0 28 4  
76 ti 2 02 8 4  
7 6  2902 8 4  
7 65 1 03 8 4  

FLO\� MCDC 

33 . 0  5 80 6  
28 . 0 8296  
24 . 3 6 0 4 3  
22 . 6 7 0 32 
2 1 . 1 1 1 0 8 
50 . 7 6 3 3 3  
3� . 9  ND 
2 • 3 7 3 7 0  
25 . 0  � 1 3 0 
23 . � 1 0 25 
2 1 . 4509 
20 . g 4 1  65 
1 6 .  4�4 1  
1 4 .  9 5 4 4  
1 6 . 8  Lg�� 1 6 . 6 
1 7 . 3 2952 
1 6 .  1 2975  
1 5 . 4  7 8 6 3  
1 5 .  1 N O  

1 5 . 1  4 9 2 0  
1 5 . 4  4 6 2 8  
1 � . 5  7 0 8 1  
1 . 8 3 0 9 3  
1 6 . Q 1 85 9  
1 6 . � 
1 6 ,  I 

3732  
1 1 7 6  

1 8 . 2  47 7 5  
30 . 8 ND 
2 6 . 6 ND 
1 8 .  ND 
1 5 . 6  N D  
1 5 . 8 N D  
1 5 . 8 488 1 
1 4 . 7  3 4 8 4  
1 4 .  2 N D  
1 4 � 1 63 1 9  
1 9 . 0  3 3 1 4 
1 5 . 9  37 1 8  
1 4 . 8 3559  
1 4 .  2 5�0 1  
1 3 . 9  3 65 
1 3 . 8 5 4 2 3  
2 6 . 4 3 4 3 3  62 . 8 

1 . 0 
3522 
7 7 6 7  

32 . 5 ND 
23 . 5  3 487 
1 9 . 4  �356 
1 7 . 2  977  
1 9 . 3 2033  
9 1 . 5  52�7 

1 1  3 .  9 1 g5 9 
83 . 0  405  
47 . 8  ND 
59 . 1 7290  
� 1 . 1  6 9 7 3  

7 . 9  ND 

3 6 . 1  4008  
2 . 5  3 0 29 
22 . 4  240 5  
20 . l 4 0 2  
1 9 .  ND 

1 8 . 8  5 7 1 9 
1 8  . o  480 4 
1 7 . 7 75�8 
1 7 . 2 4 1  4 
1 7 . 0  36 35  
1 6 . 9  4579  
1 6 . 8  3557 

BCH S r;..R 
CALCULATED 800

5 
AT 

8 C D E 

S I T E S  

EF F 

0 9 . 2 2 . 2 
0 2 3 . 3  2 . 5 
0 29 . 7 2 . 7 
0 2 3 . 0  2 . 9  
0 1 3 . 7  2 . 9  
0 2 7 . 3  1 . 7 
0 29 . 3  2 .  1 
0 ? 3 . 0 2 . 4  
0 2.'( • 2 2 .  6 
0 1 2 . 1  2 . 0 
0 1 9 . 0 2 . 1 
0 3 0 . 5 2 . 2 
0 27 . 9  2 .  5 
0 1 9 . 0  2 . 7  
0 2 4 . 0 2 . 5  
0 2 2 . 0 2 . 5 
0 3� . 0  2 . 5  
0 2 . 5  2 . 6  
0 1 8 . 7 2 . 7  
0 25 . 3  2 . 7 
0 1 7 . 7 2 . 7  
0 2 1 . 2 2 . 7 
0 26 . 8  2 . 5  
0 2 2 . 5 2 . 3 

6 3 38 1 9 . 3 2 .  5 
9 59 5  2 3 . 5  2 . 6 
O Q !J•.J 9 . 9 2 . 6 
99 53 1 0 . 4 2 .  4 

0 1 9 . 2  1 . 7 
0 2 7 . 2  1 . 9 
0 2 1 . 6  2 . 4 

9 7 1 6 3 0 . 2  2 . 7  
1 0 1 4 3  27 . 8  2 . 6 
1 08 4 ';  25 . 8  2 . 6 
1 1 073 2 5 . 9  2 . 8  
1 1 0 5 3  20 . 9 2 . 7 

0 1 9 . 6 2 . 8 
0 1 8 . 5  2 . 2 

1 1 1 2 3 2 1 . 1  2 . 5  
1 1 36 9  3 0 . 1 2 . 7 
1 1 7 �0 30 . 3  2 . 7  
1 0 5 2 2 7 . 1 2 . 8  

9 9 3 1  1 6 . 4 2 . 8  
0 8 . 8 1 . 8  
0 1 5 . 9 1 . 6 
0 25 . � 1 .  2 

�0 3 2  26 . 1 . 6 
9 3 7  2 7 . 7  2 . 0 

1 1 �25 28 . 4  2 . 2  
1 1  1 1  2 3 . 4  2 . 4  

0 1 9 . 4  2 . 2  
0 7 . 1 1 .  0 

1 0 8 2 3  1 4 .  1 0 .  9 
1 2 4 5 2  8 . � 1 . 0 
1 1 3 4 2  9 .  1 . 3  
1 1 9 5 3  9 . 8  1 . 2 

9 2 1 2 2 1 . 2  1 . 6 
0 1 2 . 5  1 . 5 
0 20 . 6 1 . 6 

1 02 �9 1 7 . 2 1 • 8 
1 02 9 25 . 2 2 .  0 

6 85 2  1 9 . 2  2 . 1  
1 2 5ti9 26 . 4 2 . 2  
1 1 0 9 25 . 6 2 • 3 

0 1 9 . 3  2 . ti 
0 2 3 . 2  2 .  

5952  25 . 0 2 . 5  
1 1 60 2  22 . 9  2 . 5 
1 2 1 1 4 1 9 . 9 2 . 5  
1 2 1 4 2 22 . 4  2 . 5  

3 . 9 
5 . 2  � - 4 

. 6  
5 . 0  4 . 3  
5 . 7 5 . 0 
7 . 6 6 . 6  
2 . 9  2 . 6 

NO NO 
4 . 7 4 .  1 
3 . 7 3 . 2  
3 . 6 3 . 0 
� - 9 3 - ti . 0  � :  1 4 . 9  
6 .  1 5 . 0 
6 . 3 5 . 2  
5 .  1 4 . 2 
� - 9 3 . 3 

. 2  3 . 5 
7 . 0 5 . 8  

NO N O  

5 . 5  4 . 5  
5 . 2  4 . 3  
5 . 9  5 . 0 
3 . 8 � - 2 

ti · 5 . 0  
. 5  8 . 6  

� - 2  7 . 2 
. 1  8 . 5 
ND N D  

N O  ND 

ND ND 
ND N D  
ND N D  

5 . @ 1 0 . 0 
4 .  1 0 .  1 

NO ND 

6 . 2  4 . 9  
� - 7 3 . 0  

. 4 9 . 0 
4 . 5 9 . 6 
5 . 6  1 0 . 9 
4 . 7  9 . 6  
5 . 8  1 0 . 2 
2 . 9 2 . 4  
2 . 5  2 .  1 
2 . 3 2 . 0 

ND !JD 
3 . 2  5 . 7  
� - 6 7 . 9 

. 7  9 .  1 
3 .  1 2 . 5  
1 • 5 1 . 4 
2 .  1 2 . 7  
2 . 0  3 . 1  

NO ND 

2 . � 3 . 8 
3 .  5 . 5  

NO ND 

2 . 6  2 . 2 
2 . 8 5 . 5 
3 . 0  6 . 2 
3 . 9 5 . 8  

ND ND 
4 . 7 8 . 5 
4 . 5  3 . 6  
6 .  1 5 .  1 
4 . 6 6 . 7  
4 . � 9 . 3  
4 .  1 0 . 0  
4 . 3 9 . 6 

2 . 7  2 . 2 2 . 1  
3 . 5 2 . 9  2 . 7 
3 - � 2 . 7 2 . 5  r 3 . 0  2 . 8 

. 9  4 . 0 3 . 7 
2 . 0  1 . 7 1 . 6 

NO ND NO 

3 .  1 2 . 5 2 . 3  
2 . 4 1 . 9 1 . 7 
2 . 2 1 . 8 1 . 6 
2 . 4 1 . 9 1 . 8 
2 . 5 1 . 9 1 . 8 
2 : 9 2 . 2 2 . 1  
3 . 5 2 . 6  2 . 4  
3 . 7  2 . 8  2 . 6 
3 . 0 2 . � 2 . 1 2 . � 1 .  1 . 7 
2 .  1 . 9 1 . 7 
4 .  1 3 .  1 2 . 8  

NO NO ND 

3 . 2 2 . 4 2 . 2  
3 . 0  2 . 3  2 . 1  
3 . 5  2 . �  2 . 5  
2 . 3  1 .  1 . 6 
4 . 2 3 . 3  � - 0 
6 .  1 lj . 7 • 3 
5 . 1  '3 . 9  � - 0 
6 . 1  J 1 , 7 I ,  3 

ND ND ND 

NO ND ND 

ND ND ND 
ND N D  ND 

ND N O  N D  
7 . 0  :J . ll 4 . 9 
7 . 0 5 . 3  4 . 8 

ND ND NO 

3 . 1 2 . 2 1 . 9 
2 . 0  1 . 4  1 . 3 
5 . 8 Ll , 2 3 . 7 
6 . 1 4 . � � - 9 
6 . 9 4 . · g 6 .  1 l! . 3 3 . 
6 . 4  1, , 5  4 . 0 
1 . 7 1 . 3 1 . 2 
1 . 5 1 . 2 1 . 1 
1 . 6 1 . 3 1 . 2 

N D  N O  ND 
3 . 9  3 . 0  2 . 7  
5 . 3  � - 9 3 . 5  
5 . 9  . 3  3 . 9 
1 . 7 1 . 2 1 . 1 
1 . 1  0 . 9 0 . 9  
2 .  2 1 . 9  1 . 8 
2 . 5 2 . 1 2 . 0  

N D  ND N D  

2 . 9  2 . 4  2 . 2 
3 . 9  3 . 0  2 . 8 

N D  N O  N O  

1 . 6 1 . 3 1 . 2 � - 8 2 . 9  2 . 7 
. 2  3 . 2  2 . 9  

3 . 9  2 . 9 2 . 6 
N D  N D  N D  

5 . 7 4 . 1 3 -
l 2 . 4 1 . � 1 .  � - A 2 . 2 . 6 

• 3 . 7  � - 4 
6 . 6  5 . 0 . 6  
7 . 1  5 . 4  � . 0  
6 . 8  5 . 2  . 8  

3 � 8  



ROW 

7 6 6  2038 4 
7 6 7  3 0 3 8 4  
7 68 4 0 38 4 
7 6 9  5 0 3 8 4  
770 6 0 3 8 4  
7 7 1  7 03 8 4 
7 7 2  80 3 8 4 
7 7 3  9 0 3 8 4  
7 '7 4 1 00 3 84  
7 '7 5  1 1 03 8 4  
7 7 6  1 2 0 3 84  
777  1 303 8 4 
7 7 8  1 4 03 S 4 
7 " 9  1 5 0 3 3 11 7Bo 1 6 0 3 b 4  
7 8 1 1 7 0 "3 8 4  
7 8 2  1 80 3 8 4  
7 8 3 1 9 03 8 4  
7 8 11 200 3 8 4  
7 8 5  2 1 03b4  
7 8 6  2 2 0 3 8 4  
7 87 2 :S 0 � 8 11 
7 8 8  2 U ] j b 4  
7 89  2503 8 11 
7 9 0  260 3 8 4  
7 9 1  .2 7 0 3 8 4  
7 9 2  280 3 8 4  
7 9 3  2903 8 4  
7 9 4 300 3 8 4  
7 9 5  3 1 0 � 8 4  
7 9 6  1 0 11 8 4  
7 97 2 0 4 8 4  
7 9 8  3 () 1 1 8 4 
7 99 4 0 4 8 1� 
80 0  50 48 4 
80 1 6 0 11 8 4  
8 0 2  7 0 48 4 
80 3  8 0 !1 8 4 
80 4 9 J 4 8 4  
805 1 1)0 11 8 4  
80 6 1 1 0 4 8 4  
b 0 7  1 2 0 118 !, 
8 8 8  1 � i } lj f) 11 
o o q  1 ·W 11 b 4 
8 1  b 1 ') 0 11 8 11 
8 1 1 1 60 48 4  
8 1 2 1 7 0 4 8 4  
8 1  3 1 8 0 ! 1 8 4 
8 1 4 1 9 0 4 8 4  
8 1 5  2 0 0 4 8 4  
8 1 6 2 1 0 4 8 4  
8 1 7 2 2 0 4 8 4  
8 1 8 23 0 4 8 4 
8 1 9 2 4 0 4 8 4  
820 2 5 0 48 4 
8 2 1  2 6 0 4 8 4  
8 2 2  27 04 8 4  
82 3 280484  
82 4 2 9 0 4 8 4  
825  3 0 0 4 8 4  
8 2 6  1 05 8 4  
82 7  20584  
828  3058 4 
829 40584 
8 3 0  50584  
831  60584  
832  7058 4 
8 3 3  80584  
8 3 f!  9 0 5 8 4  
8 3 5  1 00 58 4  

1 6 . 6  6 6 6 8  
N D  6 6 9 3  

1 6 . 7 30 4 1 
1 6 . 8 4 820 
28 . 6 9 3 1 5 
6 6 . 0 6 1 6 2  
3 3 . 4 1 4 96 
2 4 . 4 32 4 9  
23 . 5  3896  
25 . 5  3 0 1 7  
22 . 7 222'{ 

1 0 3 . 0  1 5 4 7 2  
85 . 0  NO 

1 1 G . n  1 7 0 /' ti 
1 1 9 . 0 1 8') 6 1)  
1 6 3 . 7 1 7 8 1 7 
1 80 .  1 1 37 1 9  

97 . 5  1 6 359  
63 . 2  1 4 8 1 5  
5 6 . 0 1 2 7 0 2  
4 1L "i 7 9 ') 5  
11 8 .  i 6 7 09 89 . 6 1 'i 1 7  f, 6 3  2 1 4 826 
48 : 9 1 4 93 4 
36 . 6  9 4 7 4  
� 1 . 3  1 907 6 
3 1 . 0  1 326 4 
27 . 3  1 1 7 8 3  
25 . 3  9 4 55 
2 4 . 5  1 089 1 
2 4 . 4  8 2 1 -. 
32 . 4  3 2 4 6  30 . 0  3 4 1 9 
26 . 0  4 7 3 8  
2 4 . 7  7900 
23 : 2  7 7 3 3  
2 3 . 3  1 02 6 2 
32 . 0  1 4 67 7  
3 4 . 8 867 8 
27 . 7  ND 
2 4 . 8  N D  
2 3 . 3 1 5 1 0 4 
2 2 . 4 1 1 0 1 0  
2 1  . 7 1 0 11 5 1  
2 1  . 4 80 1 ;, 
2 1 . 2 7 0 1 8 
2 1 . 1 1 0 11 5 1  
2 1  . 2 80 1 3 
20 . 7  7 0 1 8 
20 . 5  ND 
2 0 . 4  3804  
2 0 . 5  3 3 50 
20 . 1 3056 
2 0 . 5  1 967  
2 0 . 0  582  
4 1 . 3  4200 
5 0 . 1 1 203 
39 . 8 97 4 
6 0 . 9 8882 
38 . 4  2 3 6 8  
53 . 6  0 
4 1  • 7 0 

ND 0 
29 . 3 0 
2 5 . 8 0 
7 1  • 4 0 
6 7 . 7  0 
55 . 2  0 
4 8 . 0 0 

1 1 3 4 5  1 5 . 4  2 . 5  
0 1 6 .  2 ND 

0 1 5 . 9  2 . 5  
1 1  29 7 1 4 . 5 2 .  5 
1 2 1  28 1 2 .  5 1 • 8 
1 7 1 9 9 1 2 . 6  1 . 1  
1 1 42 1  1 4 . 9  1 . 6 
1 1 3 9 4  1 7 . 3  2 . 0  

0 1 7 . 2 2 . 0  
0 1 3 . 9 1 . 9 

1 1  85 3 1 5 .  1 2 .  1 1 ? 1 3 8 1 9 . 7 1 . ;' 
110 5 2  1 8 .  1 i . •  

1 1 ·, ') 1 8 . ') i . 
� G V j 8  ') . 7  1 .  

0 1 1 . 0 1 . 0 
0 1 0 . 5 1 . 0 

9 1 85 1 3 • 1 1 . 2 
1 1  5 0  !I 1 9  . 8 1 • 5 
1 1 7 9 :S 1 8 . 2 1 . G 
1 1 6 o G  1 1 . 2 1 . q 

8 1 Q R 1 6 . 5 1 . t'> 
d 1 4 . 0 1 . 3 
0 1 7 . 8 1 . :., 
0 1 8 . 4 1 . 8 

72 4 2  1 6 . 9  2 . 1  
1 0 7 7 2  1 5 . 1  2 . 0  

6 4 35 1 7 . 2 2 . 3  
0 1 5 . 7  2 . 5  
0 1 2 . 2  1 . 9 
) 1 1 . 1  2 . 0 

9 0 '. 0  1 6 . 9  2 . 0 
0 1 5 . 1  1 . 7 

1 2 1 ') 3  1 2 . 2 1 . 7 
1 2 0')5 1 3 . 0 1 . 9 
1 1 1 1 3  9 . 8  2 . 0 

0 7 . 3 2 . 1 0 6 . 6 2 . 1  
1 1 3 4 2  1 5 . 5 1 . 7 
1 08 9 1 1 2 . 4 1 • 6 
1 0 6 1) 1 1 3 . 4 1 . 9 

9 3 0 ·� 1 0 • 0 2 • 0 9 11 0 3  1 5 . !1 2 . 1 
0 1 3 . 2 2 . 1 
0 8 . 3 2 . 2 

9 39 1 1 2 . 9 2 . 2  
9 47 4 9 . 0 2 . 2  
5093  9 . 0 2 . 2 

0 1 1 . 4 2 . 2  
0 1 2 . 7  2 . 3 
0 1 0 . 7  2 . 3 
0 1 0 . 5 2 . 3 
0 1 2 . 2  2 . 3  
0 1 3 . 5 2 . 3  
0 1 0 . 7 2 . 3  

1 0 658 9 . 8 3 . 3 
1 05 1 9  3 . 2  2 . 0  

0 7 . 7 1 . 8 
0 1 0 . 5 2 . 1  

1 1 1  3 0  4 .  0 1 . 6 
8 3 6  ND 2 . 1 

1 1 5 7 3  N D  1 • 7 
1 0 60 0  N D  2 . 0  

9 6 7 9  ND N D  
0 ND 2 . 5  
0 ND 2 . 9 

1 0 3 5 1  ND 1 . 5 
1 03 80 ND 1 .  5 
1 04 9 6  ND 1 .  7 

95 62 ND 1 . 9 

6 . 0  
ND 

4 .  1 
5 . 0 
4 . 7  
2 . 0 
2 . 0  
3 . 2  
3 . 5  
3 . 0  
2 . 9  
2 . 7 

N L• 
• c 

? 7 � •  I 
2 . 1 
1 . 8 
2 . 9 
3 . 9  
3 . 9 
3 . 6 
3 . 1 
3 . 2 
3 . 9  
4 . 8 
4 . 6 
6 . 4  
6 . 4  
6 . 6  
5 . 4 
6 . 1  
5 .  1 
2 . 6 
2 . 8  
3 . 6  
5 .  1 
5 . 3  
6 . 3 
6 . 2  
4 .  1 ND ND 8 . 3 
6 . 8 
6 . 8 
5 . 8  
5 . 4  
6 . 9  
5 . 8  
5 . 5 

NO 
4 .  1 
3 . 8  
3 . 8 
3 . 2 
3 . 6  
3 . 0 
2 . 0 
2 . 3 
3 . 1  
2 . 7  
1 . 7 
2 . 0  

ND 

2 . 5  
2 . 9  
1 . 5 
1 . 5 
1 . 7 
1 . 9 

1 0 . 7  
ND 

3 . 4  
9 . 7 
7 . 7 
4 . 2  
4 . 7  
6 . 7  
3 . 0  
2 . 5 
6 . 9 
3 . 5 

N D  
j . )  
3 . 3 
2 . 0  
1 . 6 
3 . 6 
5 . 2  
5 . 4 
5 . 6  
4 . 4  
3 . 0  
3 . 5 
4 . 3 
5 . 9  
8 . 1  
7 . 5 
5 . 8 
4 . 8 
5 . 4 
7 . 7 
2 . 3 
6 . 1 
7 . 2 
8 . 5 
4 . 7  
5 . 6  
8 . 8  
6 . 5 

N D  ND  
1 1 . 0 

6 . 1 
6 . 0  
9 . 0  
8 . 7  
8 . 3  
5 . 2  
4 . 9 

N O  
3 . 6 
3 . 4 
3 . 3 
2 . 8 
7 . 8  
5 .  1 
1 . 9 
2 . 1 
4 . 5  
2 . 5 
2 . 4 
2 . 8  

N D  
2 . 3 
2 . 6 
2 . 0  
2 . 0 
2 . 3 
2 . 5 

7 . 5 5 . 8  5 . 3  
ND ND ND 

2 . 4  1 . 8 1 . 7 
6 . 9  5 . 3  4 . 8  
5 . 8  4 . 7  l.J . 4  
3 . 4 2 . 9 2 . 8 
3 . 6 3 . 0 2 . 8 
4 . 9 3 . 9  3 . 7  
2 . 2  1 . 7 1 . 6 
1 . 9 1 . 5 1 . 4 
5 . 1  4 . 0 3 . 7 
3 � 0 ? . 6 2 . 5 

NO tlD J:O 
2 .  8 � .  � ! . 11 
2 . 8  � . 5  ? . 4  
1 . 8 1 . 6 1 . 6 
1 . 5 1 . 3 1 . 3 
3 . 1 2 . 8 2 . 7  
4 . 3  3 . 8 3 . 6 
4 . 5 3 . 9 3 . 8  
4 . 6  3 . 9 3 . 7  
3 .  6 .L 1 :.' .  9 
2 .  6 ;: . ; 2 .  2 
3 .  0 (� . b 2 .  5 
3 . 5 3 . 1 2 . 9 
4 . 7 4 . 0 3 . 8 
6 . 6  5 . 6  5 . 3  
5 . 9  5 . 0 4 . 7 
4 . 6  3 . 8 3 . 6  
3 . 7 3 . 1

. 
2 . 9  

4 �' i :.J 3 
6 : 0  It : 9 4 :  b 
1 . 9 . . 6 1 . 5 
4 .  8 ll . 0 � · 8 
5 .  6 11 . 7  11 . 4 
6 .  9 : , . 8  5 . 5 
3 . � � . 2 3 . 0 
4 . 5  ) . 8  3 . 6  
7 . 2 6 . 2 "' . 9 
5 • 4 li • 7 lj • ') tJ O n N f' NO  N D  NO 
8 . 8 '/ . 4 7 . 0 
4 . 9  L . 1 3 . 9 
4 . 8 L . O  3 . 8  
7 . 2 6 . 0 5 . 7 
6 . 9  � . 8 ') . 5 
6 . 6  :; . .  5 5 . 2 
4 . 1 .: . 4 3 . 2 
3 . 8  5 . 2 3 . 0  

N D  N O  N D  

2 . 8 2 . 4  2 . 2 
2 . 7  2 . 2  2 . 1  
2 . 6  2 . 2  2 . 1  
2 . 2 1 . 9 1 . 8 
6 . 2  5 . 2  4 . 9  
4 . 2  3 . 7 3 . 6 
1 . 6 1 . 4 1 . 3 
1 . 8 1 . 5 1 . 5 
3 . 9  3 . 5 3 . 3 
2 . 1 1 . 9 1 . 8 
2 . 0 1 . 8 1 . 7 
2 . 3 2 . 0 1 . 9 

ND ND N D  

1 . 9 1 . 6 1 . 5 
2 . 2  1 . 9 1 . 9 
1 . 7 1 . 6 1 . 6 
1 . 8 1 . 6 1 . 6 
2 . 1  1 . 9 1 . 8 
2 . 2 2 . 0 1 . 9 

3 5 9  



ROW 

8 3 6  1 1 0584 80 . 6  
8 37 1 20584  5 6 . 7  
8 38 1 3 05 8 4  4 3 . 1 
83 9 1 40 5 84 3 8 . 9 
8 4 0 1 5 0 5 8 4  37 . 6 
8 4 1  1 60584  7 8 . 8 
8 4 2  1 70584  3 4 . 8  8 4 3 1 80 5 8 4  39 . 8  
8 4 4 1 90584  3 2 . 5 
8 4 5  200 5 8 4  6 4 . 0 
8 4 6  2 1 0584  4 3 . 3  
8 47 220584 3 5 . 1  
8 48 23058 4 3 1 . 3 
8 4 9  2 4 0 58 4 28 . 8 
850  250584 2 5 . 5  
85 1 260 5 8 4  1 8 1 . 0  
852 270 5 8 4 2 1 8 . 0 
8 5 3  280 5 8 4 1 1 8 . 0 
85 4 290584 7 4 . 0  
8 5 5  300 5 8 4  75 . 0  
856 3 1 05 8 4  69 . 0  
857 1 0 684  63 . 5  
85 8 20684 57 . 5  
8 59 3 06 84 5 6 . 2 
860 40 6 8 4  53 . 4  
8 6 1  50684 1 3 1 . 2  
862 60684  1 1 2 . 8 

�g� �g�gt l6 : g  
8 65 90684  50 . 4 
8 6 6  1 00684  4 3 . 4  
8 6 7  1 1 0684  65 . 2  
868  1 2 0684 4 4 . 0  
S 6 9  1 3068 4 3 8 . 5  
870 1 4068 4 40 . 0 
8 7 1 1 50 6 8 4  3 3 . 7 
8 7 2  1 o 0 6 8 4  3 1 . 0 
8 7 3 1 J. 0684 2 7 . 6 
87 4 1 oo 6 o 4  2 7 . 5  

0 9 496 
0 0 
0 0 
0 1 0 598 
0 1 0 80 9 · 
0 1 05 25 
0 0 
0 48 43 
0 0 
0 0 
0 1 0 6 9 1  
0 1 1 6 2 1  
0 1 1 7 40  
0 1 0 9 20 
0 1 05 1 3 
0 0 
0 0 
0 1 0864  
0 1 1 9 45  
0 1 0 757 
0 1 0 6 4 4  
0 9 6 1 7  
0 0 
0 0 
0 0 
0 7 0 3 0  
0 68 30 
0 1 1 1 0 2 
0 1 0 3 6 6  
0 0 
0 0 
0 0 
0 7509 
0 1 1 584  
0 7 5 4 8 
0 0 
0 0 
0 0 
0 0 

ND 1 . 4 1 . 4 
ND 1 • 7 1 . 7  
N D  2 .  0 2 .  0 
ND 2 . 2 2 . 2  ND 2 . 2  2 . 2  
ND 1 • 4 1 • 4 
ND 2 . 3  2 . 3 
ND 2 .  1 2 .  1 
ND 2 . 4  2 . 4  
ND 1 . 6  1 . 6  
ND 2 . 0  2 . 0  
NO 2 . 3  2 . 3  
NO 2 . 5  2 . 5  
NO 2 . 7 2 . 7 
NO 2 . 9  2 . 9  
NO 1 • 0 1 • 0 
NO 0 .  9 0 .  9 
NO 1 • 2 1 • 2 
NO 1 • 5 1 • 5 
NO 1 • 4 1 • 4 
NO 1 • 5 1 • 5 NO 1 • 6 1 • 6 
NO 1 • 7 1 • 7 
NO 1 • 7 1 • 7 
NO 1 • 8 1 • 8 
NO 1 • 1 1 • 1 
NO 1 • 2 1 • 2 
N O  1 • 5 1 • 5 
NO 1 .  7 1 .  7 
ND 1 • 9 1 • 9 
ND 2 .  1 2 .  1 
ND 1 . 6  1 . 6  
N O  2 . 0 2 .  0 
N O  2 . 2 2 . 2  
ND 2 . 2  2 . 2  
N D  2 . 5 2 . 5  
ND 2 . 6  2 . 6  
N O  2 . 8 2 . 8 
ND 2 . 8 2 . 8  

1 . 8 1 . 6 1 . 5 1 . 4 
1 . 6 1 . 4 1 . 3 1 . 2 
1 . 9 1 . 6 1 . 5 1 . 4 
3 . 0  2 . 6 2 . 3 2 . 3  
3 . 1  2 . 7  2 . 4 2 . 3  
1 . 8 1 . 6 1 . 5 1 . 5 
2 . 1 1 . 8 1 . 6 1 . 6 
2 . 4  2 . 1  1 . 9 1 . 8 
2 . 2  1 . 9 1 . 7 1 . 6 
1 . 5 1 . 3 1 . 2 1 . 2 2 . 8  2 . 4 2 . 2  2 . 1 
3 . 4  2 . 9  2 . 6 2 . 5  
3 . 7 � 3 . 2  2 . 8  2 . 7 3 . 8 3 . 3  2 . 9  2 . 8 
4 . 2 3 . 5 3 . 1 2 . 9 
0 . 9  0 . 9  0 . 8  0 . 8  
0 . 9  0 . 8  0 . 8  0 . 8  
1 . 5 1 . 3 1 . 2 1 . 2 
2 . 0  1 . 8 1 . 6 1 . 6 
1 . 9 1 . 7 1 . 6 1 . 5 
2 . 0 1 . 8 1 . 6 1 . 6 
2 . 1  1 . 8 1 . 7 1 . 6 
1 . 6 1 . 4 1 . 3 1 . 2 
1 . 6 1 . 4  1 . 3 1 . 2 
1 . 6 1 . 4 1 . 3 1 . 3 
1 . 3 1 . 2 1 . 1 1 . 1 
1 . 4 1 . 3 1 . 2 1 . 2 
2 . 0  1 . 8 1 .  7 1 . 6 
2 . 3 2 . 0  1 . 9 1 . 8 
1 . 8 1 . 6 1 . 5 1 . 4  
1 . 9 1 . 7 1 . 6 1 . 5 
1 . 5 1 . 4 1 . 3 1 . 3 
2 . 6  2 . 3 2 . 1  2 . 1 
3 . 2  2 . 9 2 . 6  2 . 6  
2 . 8 2 . 5 2 . 3 2 . 2 2 . 3 2 . 0  1 . 8 1 . 8 2 . 4  2 . 1 1 . 9 1 . 9 
2 . 6  2 . 3  2 . 1  2 . 0 
2 . 6  2 . 3  2 . 1  2 . 0  

Man aw a t u  R iver F l ow a t  S i t e  A ( m 3 . s - l ) 
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Key:  FLOW 

M:: DC Manaw a t u  C ooperat ive D a i r y  C omp a n y  BOOs add i t i o n  
t o  t he r i ver ( kgBoo 5 . d- l } 

se ws 
TS R 
BODs 

Borthw ick C WS da i ly k i l l  f i gures ( lamb un i t s ) .  
Tot a l  Sur f ace Rad i a t i o n  ( MJ . m-2· . d- 1 ) .  

- 3 g , m  . 



APPE N D I X  J :  R� l a t i n g  a co n t i nu ou s l y mi x e d  to a p l u g  f l ow sy s t em 

( deve loped w i t h t he as s is t an ce of  Or P . C . Aus t in ) . 
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C o n s i de r t h e  c o n t i n u o u s l y  mi xe d a n d  p l u g  f l ow sy s t ems g i v e n  i n  F i gu re J . l  
be l ow .  

F i g J . l :  Eq u i v a l e n t  C o n t i n u o u s ly M i xe d  a n d  P l u g F l ow Sy s t e ms . 

F ,  C 0 V 
F = T = 1 1 . 2  mi n s  

C o n t i n u ou s ly mi xed sy s t em ( = c h a n n e l  sy s t em ) . 

t 

P l u g  f l ow sy s t em . I f  F ,  C ,  c 1 , WSA : vo l rat i o  a re t h e  s a me 
a s  i n  t h e  c on t i n u ou s l y mi x2 d sy s t em what i s  t h e  t r a ve l  t i me t . ? 

F rom co n t i n u ou s l y mi x e d  sys t e m  mas s b a l a n c e  

i . e . , F . C 0 - r . c 1 
c 0 - 1 
Cl 

c 0 
Cl 

k 1 

= 

= 

1 
= -· - - - c: l · � l r ' o 

( 1 ) -:- F ( = �) 

( 3 )  

( � )  

( s )  

F o r  t h e  p l u g  f l ow sy s t em c o n s i de r  t h e  ma s s  ba l a n c e  occ u r r i n g  o ve r  a s m a l l 
s ec t i on d v .  

d v  

M a s s  b a l a n c e  f o r  t h i s  s ma l l s ect i o n Ma s s  o f  s u b s t rate i n = mas s  o f  
s u bs t ra t e  o u t  + s u bs t r a t e  u s ed i n  
r e a ct i o n  



f r om ( 6 )  

RH S 

LH S 

i . e • , F C 0 - F ( C + dC ) - r dv = o 

where react i on rate r - � = -k c dt 1 

Fdc = rdv 

(c l de j- v 
/co r 

1 dv F 

J:'  L{ 1 dv = 
F 

= 
� [

v
i � ] 

1 [ v - o] = 
F 

V 
- F  /c1 

=le
! 

dC dC ( r r k 1C CO CO 

dv 

dC ( 7 ) ) - -dt 

( 6 ) 

( 7 ) 

( 8 )  

( 9 )  
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( l O ) ( F =con st ant ) 

( 1 1 )  

( 1 2 )  

( 1 3 )  

( 1 4 )  / c 1 - 1  dC ( k l const ant fo r constant T )  = k c ( 1 5 ) C O 
= - 1 l n C  c l k 1 CO ( 1 6 )  

= - 1 ( 1 nC 1 - l nC0 ) ( 1 7 )  k l 
= - 1 ( 1 n C 1 

( 1 8 )  
k � 1 



C omb i n i n g - 1 l n 
( 1 3 )  + ( 1 8) k l 

l n  c l = -
CO 
c l = 

c 0 

c l = 

Probl em 

c l V = 

� F 

-k 1V 
F 

= - k lt 

-k lt 
e 

Coe - k l t 

(:!. = t )  
F 

( 1 9 ) 

( 20 ) 

( 2 1 )  

( 22 )  
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W h at i s  t h e  t i me t at wh i c h t h e  s ub st r a t e  c o n c e n t r at i on i n  t h e  pl u g  
fl ow sy s t em c 1 e q u a l s t h at i n  t h e  c o nt i n uo us fl ow sy s t em c 1 a t  
hyd r a u l  i c r e s  1 den c e  t i m e  i ? 

So 1 ut i o n : 

C om b i n i n g ( 4 )  + ( 2 2 )  1 \ = � e - k lt ( 2 3 ) 
1 + k 1r 

( l +k 1i) e - k lt ( 2 4 )  
X ( 1  + k lt ) �  1 = 

t ake  l n � 0 = l n  ( l +k 1 r) + l n  e - k lt ( 2 5 ) 

0 = ln  ( l +k li ) - k lt ( 2 6 ) 

l n  ( l +k l f) = k lt ( 2 7 ) 

t = l n  ( l +k {f)  : :!.. ( 28 ) 
k l 

F 

w h e r e  k 1 fo r c h a n n el c a n  b e  f o u n d  f rrnn c - 1 
i • e .  k l 

0 ( 5 )  t h e  f o rm u l a fo r a c o n t i n u o u s l y m i xed = r. 
s y s t em 

1 
r 
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