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ABSTRACT 

Although s ub surface d rainage o f  pas t ure soils is widely p rac ticed 

in New Zealand there is l i t t l e  informatio n  availabl e  which detail s the 

l ikely b enefits o f  such drainage s chemes . As drainage is becoming 
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increas ingly expens i ve there is a need for mo re quant i t a t ive da ta on which 

to  b as e  assessments o f  the l ikely cos t-ef fectiveness o f  proposed s chemes . 

The e ffec t o f  subsurface drainage on certain s oil and plant properties 

was inves tigated at a res earch s i te on a sheep and b ee f  farm 6 km f rom 

Palmers ton No rth . The so il type was a yellow-grey earth , with poo r  

d rainage due t o  water  p erching o n  the f ragipan . O f  nine plots , each 

0 . 4 ha in a rea , three were l e f t  undrained and s ix were mol e  dra ined . 

Three o f  the drained plo ts had conventional pipe col lec t ing drains and 

the o ther three us ed maj o r  mo le channel s as collecting d ra ins . The 

resea rch s i t e  was gra zed as part  o f  the normal farm rota t ion . Da ta were 

coll ected in 198 1 prior to the ins talla t ion of drains , then from 1 9 8 2  to 

1 9 84 .  

Wa tertable levels were mon i tored in a series o f  four groundwa ter 

obse rva t ion wel ls on each plo t  and the gravimetric wa ter con tent of the 

top 30 mm o f  each plo t was determined on a regular basis from so il co res . 

So il t empera ture mea surements were made at SO mm dep th on a pipe-mole 

and undra ined plo t ,  us ing th ermi s t o r  th ermometers , and  at  100 mm depth on  

all the  pipe-mo le and undrained plo ts  us ing mercury-in-glass thermometers . 

Pas t ure growth rates were measured in caged areas us ing a 

capac i tance pas ture meter and by mowing . Res idual p as ture left by the 

gra z ing animal was determined us ing small quadra ts , the pas ture meter and 

by visual a s sessmen t . Bo tanical compo s i t ion was determined by point 

ana lys is  and disse c tion of samples r emoved from the caged areas . Available 



soil nitrogen , phosphor� and s ul phur in  the top 75 mm o f  each plot ,  and 

the total l e vels o f  these three nut rients in gra s s  and c l o ver grown on 

the plo ts , were measured us ing s tandard procedures . Two radioa c t i ve 

iso topes ( 32p and 35s )  were us ed s imul taneously to  s tudy the plant roo t 

a c t i vity on the undrained and pipe-mole plo ts . 

Da ta f rom groundwa ter observa t ion wells showed tha t mole dra inage 

was very effect ive at lowering the wa t ertable following hea vy ra in in 

winter or sprin g .  There was n o  s ignificant difference b e tween wa ter-

table depth on the pipe-mol e  and mole-mole plo ts . The close p roximi ty 

of the wa tertable to the surface on the undrained plo ts was ref l ec ted in 

high soil wa ter content values for  the top 30 mm o f  soil . 

Di f ferences in water content o f  the surface soil b e tween drained 

and undra ined plots did not affect  the levels of extrac table phospha t e ,  

s ulpha te , ammonium or nitra te o r  the pH in the top 7 5  mm o f  soil . Soil 

tempera ture measurements at SO and lOO mm dep th showed that drained plo ts 

did no t warm any mo re quickly in spring than did undra ined plo t s . A 

s impl e ma thema t ical analys is con f i rmed tha t the lowering o f  the so il hea t  

capa c i ty b y  drainage woul d no t be expec ted t o  a f fect  soil temp e ra ture 

s igni ficantly in a yel low-grey earth under pas ture. 

Th ere was little  difference in pa sture growth ra tes and u t ilisa tion 

during the very dry winter and spring o f  1 9 82, but during mob gra z ing in 

the we tter win ter o f  1983 utilisa t ion was approxima tely 2 5% greater on 

d rained than undrained plo t s .  Subsequentl� u tilisa tion o f  pas ture by 

sheep which were s e t  s tocked in spring continued to b e  poo rer on the 

undra ined plo ts , with approxima t ely 35% more res idual d ry ma t te r  

remaining on the und ra ined than on the drained plo ts .  From the t ime of  

mob gra zing in July until the end of  s p ring bo th mowing and the  pas ture 

meter  da ta showed tha t  growth rat es were approximately 30% greater o n  

the drained plo ts . 
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Point analysis a t  the end o f  s pring revealed that on the undrained 

plo ts there was a 3-fol d increas e  in the incidence o f  weeds , a 4-fo l d  

increase in the incidence o f  b are ground and a 2-fo ld decrease in the 

incidence of cl over compared with the drained plo ts . Almo s t  

ident ical results were ob tained from herbage dissec tions . 

There was also a dec rease in the concentrat ions o f  N ,  P and S in 

the dry ma t ter of grass and c lover g rown on the undrained plo ts compared 

with that grown on the drained plo ts . 

mos t part small and ephemeral . 

These differences were for  the 

Iso tope uptake s tudies s howed tha t in winter dra inage enab l ed b o th 

grass and clover  roo ts  to extrac t bo th sulphate and phosphate from a 

greater depth , with approximately 6 %  o f  the rela tive roo t a c t ivity 

o ccuring at  40  - 80 mm depth on the undrained plots  compared with 

approximately 15%  on the d rained plo ts .  In s pring, app roxima tely 1 6 %  

o f  the relat ive roo t a c t ivi ty was a t  8 0  - 200 mm depth o n  the undrained 

plo ts  compared with approxima t ely 2 6 %  on the drained p lo ts.  

The benefits  of  drainage became apparen t only a f ter grazing on a 

we t s o il and were probably due to the effect  tha t d rainage had on the 

wa t e r  con tent and so s t rength of  the surface soil . Drainage inc reas ed 

the b ea r ing s t rength o f  the surface so il, minimi z ing t reading damage to 

both the swa rd and the soil s t ruc t ure and therefo re enhancing both 

pas t ure u t il isa t ion during gra z i ng , and subsequent regrowth. 

A s impl e ma thema t ical mo del was developed ,  which used wea ther data 

to p redic t the wat e r tab le l evels in bo th drained and undrained soil . 

By varying ce r t a in s o i l  proper t ies and drainage des ign parame ters wi thin 

the model , the l imi t ing s t eps in the drainage process in the Tokomaru 

s il t  loam were inves tiga t ed . The model was also des igned to calcula te 

iv 

the number of days over the winter-spring period on wh ich the surface soil 

would  be so  we t tha t grazing would have the adverse consequen�described 



abo ve . In a year o f  average rainfall , mole d rainage reduc e d  the number 

of  such ' unsafe ' gra zing days f rom 69  to  10 . By comparing the numb er 

o f  'unsa f e' g razing days for differ ent rainfall regimes some idea o f  

the cos t-effec tivenes s o f  drainage may be ascer tained. 
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CHAPTER 1 

GENERAL INTRODUCTION 

1 . 1  The Need fo r Research into the Effects o f  Drainage 

2 

I t  has b een es timated ( Fletcher , 1 9 8 2) tha t despite  an increas e in 

s ubsurface dra inage pract ices in recent y ears , approxima t ely 4 2% 

( 6 , 370 , 000 ha ) o f  the arabl e  land in New Zealand has a wetness  l imi ta t ion 

and woul d be l ikely to b enefi t  f rom drainage . Poor drainage apparently 

impos es severe r es t ri c t ions on  agricul tural , fores try and hort icul tural 

p ra c t ices and pro du c t ion . 

Al though many farmers in New Zealand have adopted var ious dra inage 

p ract ices to a l l evia te wetland prob l ems , there is l i t tle experimen tal 

data defining the b enefits o f  theseprac tices in terms of produ c t ion . 

Th e r el a t ionship between crop growth and wet soil has b een s tudied 

extens ively overs eas , as the review by Wes s eling ( 1 9 74 )  shows . However ,  

much o f  this res earch is o f  l imi ted app l i cab i l i ty b ecaus e of the un ique 

c l imat e ,  so ils and dominantly pas toral form of agricul ture in New Zealand . 

Drainage o f  agricul tural land is b ecoming increas ingly expens ive. 

As Tillman ( 1 984 ) recen tly pointed ou t ,  if drainage of pas ture land cos ts 

$7 50 per hectare , this is  a pproximately equiva lent to the expenditure on 

fert il izer over nea rly twenty y ears . Yet  compared to fertiliser  research, 

f unds devo ted to dra inage research are very meagre . 

There are few quant i t a t ive da ta available  in New Zealand wh ich show 

the e f fects of wa terlogging on pas ture yield and animal performance . 

No r a re there da ta s howing how success ful dra inage sys tems a re in 

all evia ting thes e effects . Thus , al though many fa rmers recognise tha t 

expendi ture on land drainage is a neces sary pa rt of land develo pment , 



many o thers remain to b e  convinced that i t  is economical l y  wo r thwhile . 

At a t ime when the economics o f  farm inputs are b eing examined mo re 

c r i t i cal ly , and in view o f  the l arge area o f  land involved ,  i t  is  

imp o r tant to ob tain q uant i tative data on the effec ts o f  drainage sys tems 

on  pas ture . Such d a ta can form the basis o f  a cos t-benefit  analysis 

when drainage is b eing planned . 

1 . 2  Claimed Bene f i t s  o f  Drainage 

A s ummary of th e cla imed b enef i ts likely to result  from the 

ins t a l l a t ion  of s ub s u rface drainage systems is pres en ted by Thomas and 

Evan s  ( 1 9 7 5 ) .  They s ta te tha t the advantages o f  adequa te dra inage 

are : 

( i ) Wel l d ra ined s o ils  warm up earlier in spring provid ing 

earlier grass produc t ion . 

( ii ) Drained grass land can carry s tock earli er and l a ter in 

( i i i) 
( iv) 

the yea r  w i thou t  the same r isk o f  poach ing . 

danger a t  h igh s to cking rates is reduced . 

Poaching 

A wider range of grasses and fo rage crops can be grown . 

The advers e effects o f  drough t are reduced b ecause of  the 

development o f  a more extens ive roo t  sys tem .  

( v) Deeper and more extens ive roo ting sys tems can extract 

nu trients f rom a grea ter volume o f  soil . 

(vi ) S o il s t ruc ture is improved as the result o f  bet ter root 

penetra t ion , and damage to  soil  s t ruc ture by the passage 

o f  wh eeled veh icles and cul t iva t ing implements ( trac to rs , 

fertili zer drill s , harrows and so on) is reduced . 

3 

(vii ) Minera l i za t ion  of  n i t rogen is increased due to bet ter aera t ion . 

( vii i ) B e t ter use can be made of irriga t ion  because the risk of  

overwa t ering is reduced . 



( ix) Well dra ined soils are l ess prone to give rise to certa in  

animal d is eases , e . g . , l iver f l uke . 

Al though the above l i s t  was based on Uni ted Kingdom experience , 

mos t  o f  the points are potentially relevant  to pas toral farming in 

New Zealand . I t  is the aim o f  th is thes is to determine whether o r  not 

there is any sub s tance t o  the claimed b enefi ts of  drainage under pas ture 

and to determine the magni tude o f  these b enef its . A detailed review 

4 

o f  the above fac tors is  no t p resented here , but  appears in the appropriate 

sect ions of  the thes i s . 

1 .  3 An Overview of  Drainage Techniques 

As pointed out above , f ield dra inage has received much l ess 

a t t en t ion from the research worke r  than many o ther aspects of  agricul ture . 

Al though various drainage prac t ices have been widely adop ted to con trol 

excess ive soil we tness , par ticularly in Europe , the Uni ted Kingdom and 

parts of the Uni t ed Sta t es , the t echniques us ed have genera lly fo llowed 

a pa t tern which has b ecome tradit ional for the soil and farming in the 

part icular area . 

A number of  reviews o f  land drainage techniques exis t ,  for example 

those by Hudson et al . ( 1 9 6 2 )  and Donnan and Schwab ( 19 74 ) .  I n  add i t ion, 

recent drainage research in the United Kingdom condu c t ed by the Fie ld 

Dra inage Experimental Uni t  ( FDEU) is described in annua l repo rts  and 

associated pub l icat ions (Rycro f t , 19 7 2 ;  Steinhardt and Traffo rd , 1 9 74 ;  

Tra f ford , 1 9 7 5 ) .  Cur rent New Zealand drainage prob lems and p ract ices 

have b een outl ined by Bowl er ( 19 80) . 

Land dra inage methods available include surface d rains (open drains, 

furrows , channels ,  bedd ing , grassed waterways ) and subsurface drains 

( field  pipes , comb ined pipe and mol e ,  mo le , s ubsoil ing) . In  the pas t  in 



New Zealand large areas were drained using sur face methods . Hudson e t  

a l . ( 196 2)  argue , however , tha t farmers have used open dra ins much too 

f reely . Cons idera tion mus t be given to fac tors such as val uable loss 

of ground in drain construc t ion , cleaning and maintenance costs , farm 

access and s tock  los s es especial ly du ring calving and lamb ing . 

In con tras t ,  carefully desi gned s ubsurface drainage sys tems ensure 

b et ter con trol of surp l us soil wat er and p rovide a more favourabl e  

environment fo r roo t a n d  crop growth ( Schwab e t  al . ,  196 6 ; Will iamson 

and Kri z ,  1 9 70 ; Cannell , 1 9 79 ) . In addi t ion , s ubsurface drains do no t 

interfere with s tock o r  ma chinery movement and maintenanc e is l imi ted to 

o u t fall pro te c t ion and remol ing , if  required . Th e cond i t ions wh ere 

surface drainage is preferred to s ubsurface drainage have been l is t ed 

by  Bowler ( 1 980) . 

5 

The a im o f  all good des ign , regardless o f  drainage method ,  migh t be 

defined as "minimizing the cos t and maximiz in g  the benefi ts"  ( Tra f fo r d ,  

1 9 7 5) . When p lanning drainage sys t ems , a t tent ion should be  given to the 

p resent and future land us e ,  the soil type and dep ths of  soil  horizons , 

and the caus e o f  the wetland problem.  These factors have been clearly 

out l in ed by Hudson et  al . ( 1 9 6 2 )  and Bowler ( 19 80) . Acco rding to 

Trafford ( 19 75 ) , the maj or design decisions to be  conside red when planning 

a dra ina ge sys tem are : 

General layou t 

Drain dep th 

Dra in spac ing 

Pipe s i z e  

Materials 

( i) 

( ii) 

( iii) 

( i v) 

(v) 

(vi) S econdary drainage t reatments . 

In fine-textured soils (clays to  silt  loams )  the hydraulic 

condu c t ivity is s uch that  even closely-spaced p ipe drains are insufficient 

to con t rol excess ive s o i l  wa ter . Fo r example , Trafford ( 1 9 75 )  has sugges ted 
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that in a h eavy c l ay soil sa t i sfactory drainage may be achieved by 

pipe s pacings as  c lose as 3 m wi th gravel backfill  to the surface.  

exp ens ive measures can rarely be j us tified on economic grounds . 

S uch 

Mol e  drainage is an inexpens ive fo rm of drainage pa r t i cula rly 

s ui ted to f ine- textured soils . Ch il ds ( 194 3) and Trafford and Ry cro f t  

( 19 73) h ave a t t r ibuted the effectiveness o f  mol e  drains t o  their close 

spacing. A s ingle mole drain is a channel , usually circular in cross-

s e c t ion and about  lOO mm in diame ter , formed b elow the land surface by 

drawing a torpedo-shaped car tridge through the ground . In a typical 

sys tem parallel mo le drains are drawn 2 m apart  at a depth of about 4 5 0  mm .  

The fol lowing chap ters describe an inves t iga tion into the e f f i c i ency 

of dra inage and i t s  effect on certain soil  and pas ture proper t i es.  Also 

incl uded is a comparison of two mo le drainage trea tments ; pipe-mo l e ,  

where the col l ec t ing drain i s  conven t ional pipe , and mo le-mo l e  where the 

collec t ing drain is a mole channel . 

1 . 4 Ob ject ives o f  th is S tudy 

At  the p res ent t ime the decision as to wh ether to drain or not is 

based largely on prac t i cal experience , due to the lack of p recise  da ta, 

as re ferred to above. The need exis ts therefore , fo r careful ly planned 

drainage res earch to evalua t e  the effec tiveness of subsurface dra inage in 

r el a t ion to the removal of excess water  and the redu c t ion of pugging in 

winter and spring. In addit ion , da ta on pas ture responses to subsurface 

drainage are requ i red. 

It was th erefore proposed to evaluate mo le drainage under grazed 

pas ture as i t  a f fects : 

( i) Ce r t a in physical proper ties o f  the soil , w i th an emphasis  

on s o il wa ter.  



( ii )  Pas ture produc tion and u tilisation by the grazing animal . 

( iii) Pas ture speci es compos i t ion and chemica l compo s i t ion . 

( iv) Soil  nutrient s ta t us , p lant roo t  d i s t ribu t ion and the 

depth o f  nutrien t up take . 

( v) Soil  tempera ture . 

It was hoped tha t af ter  monitoring the effec t o f  drainage on the 

above so il and plant proper t ies , data  could be presen t ed which would 

clearly q uant ify and explain any b enefits of drainage under pas ture.  

Having es tab l ished wha t  ( i f  any) the benef i ts o f  drainage were , 

and which propert ies had the greates t influence on thes e bene fits,  it 

was hoped tha t  the advantages to  be gained from mol e  dra inage could be  

exp ressed in a manne r which a ll owed the effects of  mol e  drainage to  be  

7 

d e t e rmined for d ifferent winter-spring wea ther pa t terns . Thus , ano ther 

obje c t ive o f  the s tudy was to develop a model which would help in 

extrapola t ing the resul ts ob tained in the field s tudy to o ther s i t es , 

and to o ther y ears . 



CHAPTER 2 

... 



2 . 1 I n t rodu c t ion 

CHAPTER 2 

GENERAL DESCRI PTION OF THE 

KEEBLE FARM DRAINAGE EXPERIHENT 

9 

The f iel d experiment wh ich was the focus o f  this s tudy is outl ined 

in this chapter . A b rief  descrip t ion of  the phys ical environment a t  the 

s ite is g iven . Then the p l o t  l ayout and drainage sys tems are des cr ibed. 

Finally the parame ters measured are l is ted . 

2 . 2  The Experimental Si t e  

Th e Keeble  property on which the research s it e  is  located is 

s ituated near Palmers ton North a t  grid reference NZM$ 1 Nl49/09330 1 ,  a t  

a n  al t i tude o f  6 0  met res . The res earch paddo ck was nearly flat  and 

had  at the commencement o f  this inves t igation a sward composed o f  

p redominat ely ryegrass  (Lo li um perenne) and whi te c lover (Trifol ium 

repens ) .  

The Keeb le property i s  a sheep and beef farm owned b y  Massey 

University . In the winter mon ths a mob of 2 700 ewes is ro tationa l ly 

grazed around th e farm's paddocks inc l ud ing the res earch area . In late  

win t e r-early spring the research area is  set  s to cked at  a rate  of  1 7  ewes 

ha-1  f in p reparat ion or lamb ing . 

The ave rage annual rainfall fo r Palmers ton No rth is 995  mm, wi th an 

average winter rainfall o f  280 mm and an average summer rainfal l o f  

2 4 1  rmn .  A feature o f  the c l imate of  the Palmers ton No rth area is the 

w in t e r  and spring wate r s urplus as i llus trated in Fig . 2 . 1 . 
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The s o il type is  Tokomaru s il t  loam , which is  clas s i f i ed as an 

Aer i c  Fragiaqual f  ( So i l  Survey Staff , 1975)  and as a gleyed yel l ow-grey-

earth (New Zealand Soil Bu reau Staff , 1968).  Th e  so il has  been des cribed 

e l s ewhere in de tail , with mo rphological data being p resen ted by Pol lok 

( 19 75 )  and phys ical da ta by  Scat ter et  al . ( 1 979a) . 

Pol lok ( 1 9 75) drew a t t en t ion to some o f  the outs tanding fea tures 

o f  this pro f i l e  (Appendix A) . He s ta tes that  the soil  cons ists  o f  a 

s il t  loam A ho r i zon o f  medium texture , underlain by a s trongly deve loped, 

h eavy t ex tured clay l oam B horizon . At the res earch s i te the permeable 

A horizon extends down to a dep th o f  300 mm where the impermeable B 

horizon b egins and extends to a dep th o f  approxima tely 700 mm . 

Ano ther charac t eris tic  o f  this soi l  is  the p res ence of  a densely 

packed f ragipan loca ted approximately 700 mm below the soil surface . 

Th is horizon impedes the movement o f  percol a t ing s o il wa ter ,  and 

consequen tly a perched wa tertab le is of ten p resen t under undra ined 

condi t ions . Th is resul t s  in s a tura t ion of  the topso il fo r long periods 

during the win ter and s p r ing when rainfall usua l ly exceeds evapo trans pira t 

2 . 3  P l o t  Layout  and Drainage Trea tments  

The research paddock was 4 . 6  ha  in area and was divided into  9 plo ts 

as indica ted in Fig . 2 . 2 .  Each plot  was 80 m in  l ength and 50 m wide , 

g iving a plo t area o f  0 . 4  ha . 

b u f fer s t rips . 

The plo ts  were s eparated by 10 me tre wide 

In the spring of 1 9 8 2  three treatments we re imposed on the a rea: 

( i) Mo le and pipe drainage : Slo t ted plas tic 'Novaf low' pipe 

was ins tall ed a t  a depth o f  700 mm, w i th a 40 metre spac ing, 

and a gradient of  1 % .  Mol e  drains were pul led a t  a depth 

o f  about  4 5 0  mm, wi th 2 metre spacin gs , on a grade o f  1 . 4 % ,  
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( i i) 

a t  righ t  angles to the pipe . The drainage wa ter was 

col l ec te d  in ' Novaco i l " , (a s ealed  p las tic p ipe) at the 

plot  boundary and carried to maj or dis charge drains laid 

on  a grade of  1 . 4 %  which l ed ,  via a s ingle pipe , to the 

outfal l . All p las t i c  pipes were 1 1 0  mm in diame ter wh ile 

the mo le  drains were 75 mm in d iame ter . Backfil l above 

the pipe was s imply the soil removed in trench ing . 

Mo le  only drainage : Mole  drains were pul le d  a t  2 me tre 

spacing , at  a depth of about 450 mm, as des cribed for the 

1 3  

p ipe-mo l e  treatmen t . Ins tead o f  convent ional pipe drains, 

maj o r  mol es , also 75  mm in diame t e r ,  were pull ed at righ t  

angles t o  the mino r mo l es a t  a grade o f  1 . 1% .  The maj o r  

mol es were pulled a t  a spacing o f  2 0  me tres and a t  a depth 

o f  6 00 mm .  They discharged into sealed plas tic pipes a t  

the plo t boundary a s  desc ribed above . 

j un c t ioned to maj or mo l es by spearing . 

Mino r mo les were 

( ii i) Undrained : No drainage t rea tment was ins tal led . 

Each t reatment was repl ica t ed 3 times , once in each row and col umn , 

to g ive a Latin square design as depicted in Fig . 2 . 2 .  The individual 

plots  were not  fenced and th e ent ire area was available for gra zing as 

p art of  the no rmal f a rm ro tation . 

2 . 4  Parame ters Measured 

Intens ive mon i t oring of certain cl imate , soil and p lant pa rame ters 

took place in the y ea rs 1 9 81 through to 1 9 84 , inclus ive . 

parame ters measured were : 

The main 

1 )  Rainfal l :  A con tinuously recording rain gauge which s iphoned 

automa tica l l y  was ins talled a t  the s i t e , and this enab led ra infall 

amounts and intens i ties to b e  measured . 



ii) 

14  

Drainage wa ter : At the j unc t ion where the pipe  f rom each dra ined 

plot me t the main  collect ing la tera l ,  a wei r  was ins tal led to 

measure the f low of wa ter from the drains . 

iii) Soil  temperatur e :  Soil  tempera tures were measured by mercury- in-

iv) 

v) 

vi) 

glass so il thermome ters placed at a dep th of  lOO mm and thermis tor 

thermometers placed at 50 mm . 

S o il mo is ture and wa tertable depth : Soil mois t ure was moni to red 

using a neu t ron mois ture meter and by gravimetric samp l ing . 

Water tab le dep th was measured using a grid of  observa t ion  wells 

on each plo t . 

Pas t ure growth and util iza t ion : Four techniques were used to 

measure pas ture u t il i za tion and growth . These were c u t t ing caged 

areas , cu t t ing quadrats , visual assessment and a pas t ure meter . 

Bo tanical composit ion : Two methods were used to assess the 

compos i t ion of the pas ture sward . These were dissec tions o f  cut 

samples removed from the area , and point analys es carried out on 

the area . 

vii) Chemical analyses o f  bo th soil and pas ture : Level s of  nit rogen , 

phosphorus and s ulphur in bo th soil and plan t samples were determine d 

us ing s tanda rd procedures . 

viii) Pl ant roo t  d i s tribution : The activi ty of  plan t  roots  at  different 

dep ths within the soil profile was s t udied us ing the radioa c t ive 

tracers 32p and 35s .  

Detailed descrip tions o f  the techniques used and results  ob tained 

are given in the following chap ters . A number o f  dif ferent s ta t is tical 

tes ts were used to tes t  the s igni ficance of  differences in parame ters 

b etween t reatments , as will b e  expla ined in the appropriate s ec tions . 



CHAPTER 3 



THE EFFECT OF MOLE DRAINAGE ON SOIL WATER 

3 . 1 Introduction 

I n  Chap ter 1 the claimed b enef i ts o f  dra inage were l i sted , and 

these  b enefi t s  will be examined c r i tically in subsequent chapters . 

But  the speci fic ro le o f  any drainage sys tem is to remove excess wa ter 

from the roo t  zone as quickly and as cos t-effec t ively as possib l e . 

Th is chap t er discusses the effect  o f  drainage on wa tertab l e  leve ls and 

soil wa t er content . 

1 6  

I f  d rains are ins tal led i n  f ine-textured soils , s uch a s  the 

To komaru s i l t  loam , b u t  w i thou t  mol ing or any al tera t ion  to the s t ruc ture 

of the impermeab le subso il , there will  be  l i t t l e  wa ter movemen t in the 

s ub s o il and so the wa tertable  will frequently be  clos e to the surface . 

Tra ffo rd and Rycro f t  ( 19 7 3) showed that  pipe-mo l e  dra inage ma intains 

watertab le l evels lower than dra inage with pipes alone . They found 

that mol ing improved the drainage e f f iciency , b o th in the amount o f  

s urplus wa ter removed and i n  the control o f  the wa tertable a t  desirable 

l evels . Mole  drainage modif ies dra in performance by p rovid ing for the 

quicker disposal of  wa ter , so tha t  the wa ter tab le is lowered and subj ect  

to much smaller  fluc tua tions in l evel (Bowler , 1980 ) .  

As a consequence of  lowering t h e  wa ter tab l e ,  dra inage also affects  

the soil  water con tent . Dif ferences in wa ter content be tween drained 

and undrained s i tes are general ly l arges t close to the so il surface 

(Beven , 1 9 80).  

When carried out  under favourab le condi t ions , rno l ing is a soil 

t rea tment which initia t es the development of improved soil s t ruc ture 
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( S ca t ter  e t  a l . ,  19 79a : Leeds-Harrison et  al . ,  1982) . In  a mol ing 

experiment on a clay soil , Rycrof t ( 19 72)  showed tha t above the mole 

channels the  effective condu c t ivity was 4 100 mm d-1 whi l e  in a plot  

wi thou t  this  s e condary treatmen t  the maximum effective conduc tivi ty was 

only 260 mm day- 1 . 

L i t t l e  a t ten t ion has b een paid to the detailed fo rm o f  the o u t f low 

hydro graph o f  mole  drainage sys tems , and as a resul t sys t emat ic analyses 

o f  land-drainage s to rm hydrographs are  rare . The work o f  Ch ilds ( 1 943) , 

B even ( 1 9 80 )  and Reid and Parkinson ( 19 84) are the except ions . 

Ch ilds ( 194 3) s t udied the hydrographs f o r  a mol e-drained f ield over 

a numb er of years and demons t ra ted the rapid manner in wh ich excess wa ter 

i s  removed .  Mos t  wo rkers have no ted that flow in the drains is a func t ion 

of the water  balance of the soil , the quan t i ty of rainfal l and the 

permeab ili ty of the soil , particularly the permeabi l i ty a round the mol e  

channel . 

The mode o f  ac t ion o f  mole d ra ins has also received l i t tl e  crit ical 

a t t en t ion . Nicholson (1948)  s ta tes that mol e  channels work by opening 

up and fissuring the s ub-so il and thus providing pathways for wa ter 

movement to  the mol e .  This f issuring i s  said t o  b e  caus ed by the mo le 

plough blade . Recent work (Goss e t  al . ,  1 983) also s ta t es tha t the 

p r inc ipal route  of wat e r  f rom the soil  to the mol e  drain was no t uni formly 

through the s ubsoil but  was via l arge f issures formed by the mo le plough 

b lade . Leeds-Harrison et  a l . ( 19 8 2) showed tha t drain flow was much more 

rapid when mo le channels were pul led us ing a mole plough than when they 

were formed by hydraulically j acking an expander horizon tally through the 

s o il . They concluded that the f is sures fill and empty a t  l ow tens ions 

and p rovide a direct ro ute  o f  wa ter  f low to the mole channel which results 

in the rapid removal o f  wa ter from the upper s o il layers . 

I t  is unl ikely that the ac t ual crack l e f t  by the b lade wil l pers i s t  



over many s easons . Howeve� dye s tudies in the f ield have pointed to  

preferential pa thways for  water movement d irectly above the  mol e  along 

gras s roo t and worm channels . Sco t ter and Kanchanasut ( 19 8 1 )  ob served 

that some dye-s t a ined worm channels extended from the surface to mole 

dep th and grass roo ts have b een obs erved to ramify through the s oil to 

b eyond mole depth . I t  appears tha t the dis turbance caus ed by the mol e  

1 8  

b lade allows roo ts , humus and earthworms to pene tra te the B ho r i zon above 

the mo les , and i t  is these factors , coupled wi th a tendency for dry ing 

cracks to occur where the blade has b een , which permanently enhances the 

conduc t ivity o f  the B horizon above the mole . 

An unders tanding o f  the mechanisms by which the mo le channel drains 

farm land is important so that improvements to the des ign o f  drainage 

sys t ems may be made . As a f irs t s t ep to improving the e f f i c i ency o f  

mole d rainage , the maj o r  cons t raint i n  the sys tem need s t o  b e  determined ; 

t ha t  is  the s tep o f  mos t res is tance i n  the movement o f  wa ter f rom the 

s o il surface to the outfal l . Possib l e  l imiting steps are : 

( i) Wa ter flow through the soil towards the mole . 

( ii )  Wa ter flow a round and into the mole  itsel f .  

( ii i )  Wa ter flow down ilie mole channel . 

( iv)  Wa ter flow from ilie mol e  to ilie collecting pipe or mo l e . 

(v) Water flow down the pipe to the outfall . 

In this chapter, the eff ec t s  o f  mol e  dra inage on wat e r tabl e  levels  

and s o il water content in  a dry y ear and in a normal year are examined . 

Analyses o f  wa tertable and drain flow data allow a discussion o f  the rate 

l im i ting s teps in the draina ge process in soils s uch as the Tokomaru sil t 

loam , and the implications o f  this fo r d rainage system des ign . 



3 . 2 Mat er ials and Methods 

3 . 2 . 1 Watertab l e  l evel s  

1 9  

O n  each o f  th e plo ts, f o u r  perfora ted aluminium gro undwa ter ob servat ion 

wel ls 50 mm in diame ter were ins talled , each well b e ing 450 mm deep . 

On the undrained plo ts , thes e wells were placed equidis tant from one 

ano ther as illus t ra ted in F i g .  3 . 1 .  On each o f  the d rained plo ts , two 

ob servation wells  were ins talled close  to a mole channel ( approxima tely 

150 mm f rom the mole) , while the o ther two wells were placed midway between 

mole channel s so that t hey were 1000 mm from each mol e .  Wa tertable levels 

were measured us ing a d ip s t ick to which were f ixed two wires , an 

o s c i llator and a speaker . When the wires reached the water level in 

the t ub e  the electric circu i t  was completed and this cau sed an audible 

sound in the speaker . The water level could then b e  read from 

graduat ions marked on the dip s t ick . 

3 . 2 . 2 Water  con tent o f  the soil 

Water content  was measured using a neutron mo is ture meter and 

gravimet r ic sampl ing . The neutron mois ture meter was cal ibra ted by 

gravimetric s amp l ing adj acen t  to  the access tube . The pos i t ions o f  

the access tub es are depic t ed i n  Fig .  3 . 1 .  The me ter  was used to  

measure the volumetric water content at  100 mm intervals f rom a dep th o f  

200 mm to a depth o f  1 200 mm . The volumetric wa ter  content at  100 mm 

was determined gravime trically in the labo ra to ry from cores removed from 

the p ro f ile near the a c ces s t ubes and the bulk dens i ty .  The wa ter content 

of the top 30 mm o f  the soil pro f ile was also determined gravime trically 

from 20 bulked cores removed from each plo t with the assis tance o f  a soil 

corer . 

3 . 2 . 3  Dra inage from the pl o ts 

Flow da ta were obtained by  v-no tch weirs ins talled ? t  the corner o f  
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each o f  the dra ined plo ts , as depict ed in Fig . 3 . 1 .  The wei rs we re 

housed in p i t s , dug where the p ipe collecting drainage water f rom the 

plo t met the main co l l ec t ing lateral . S tevens reco rders were used to 

mon i tor f low through the weirs . A recorder and weir a re depic t ed in 

Fig . 3 . 2 .  The weirs were cal ib ra t ed over a range o f  f low ra tes us ing 

a s top wa tch and measuring cyclinder . 

3 . 2 . 4  S ta tis t ical analys is 

In  mos t ins tances the s ta tis t ical s igni f icance o f  differences 

b e tween t reatmen ts was es tab lished us ing an analysis o f  variance based 

on a spli t-plo t design.  The use  of such a design to analys e a series 

o f  s uccessive obs ervat ions on differently t reated plots  is some times 

r ef erred to as a spli t-plo t in t ime (Li t t l e  and Hills , 1 9 7 2 ) . Lea s t  

s igni f icant d i f ferences were then calcula ted for P � 0 . 05 and where 

appli cab le P � 0 . 0 1 . 

Th e  s tatis t ical s ignif i cance o f  differences b e tween drained and 

p ipe-mole  plots  in mean values for the volume tric water  con t en t  fo r 

ce rtain dep ths , as d e t e rmined us ing the neut ron mois ture meter , we re 

assessed us ing a s impl e  t-tes t .  

3 . 3  Resul ts and Discuss ion 

3 . 3 . 1 Effec t of  drainage on the wa t ertable  l evel 

3 . 3 . 1 . 1  1 9 82 - a d ry year . 

2 1  

1 9 82  was a very dry year with a small autumn rainfall to tal 

b eginning a t rend wh ich continued on until  the end of spring . Fig . 3 . 3  

displays th e ra infall for the winter-spring p eriod o f  1 9 82 . The to tal 

rainfall for the au t umn perio d (March to May) was 1 7 3  mm wh ich falls in 

the 10-20 percen t il e .  This was followed b y  a winter ( June to Augus t )  
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F igure 3 . 2  View o f  V-no t ch we i r  and S t evens record e r . 
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t otal o f  1 8 1  mm which falls in the same percentile .  The total rainfal l 

for  the s pring mon ths ( Sep tember to  Novemb er) o f  1 90 mm was also low 

compared w i th o ther  years and was in the 20- 30 p ercentil e .  

Fig .  3 . 3  also s hows the watertable l evels measured during the 

winter-spring perio d of 1 9 8 2 . Even in a dry y ear , dra inage has some 

effec t ,  albei t small , on the watertab le level , as the wa tertable  decl ines 

more rapidly on the drained plo ts than on the undrained p lo ts .  However ,  

on very f ew days was the wat e r tab le close to the soil  surface on the 

undrained plo ts ,  and so the b ene f i t s  of drainage are l ikely to be  

minimal in such dry y ears . 

3 . 3 . 1 . 2  1 98 3 - an average year  

The rainfall measured on the res earch s ite for  the winter 

period  was 1 9 1  mm , a rel a t ively l ow to tal , regi s t er ing  in the 10-20 

percentil e .  Th e  s pring to tal o f  2 29 mm was about average , fall ing in 

the 4 0-50 percent il e .  Fig . 3 . 4  displays the measured fluctua t ions in 

watertable  l evels on b o th drained and undraine d  plots , and also the daily 

rainfall totals . S tandard deviat ions fo r wat e r tabl e  dep ths were typ ical ly 

about 30 mm on the u�dra ined plot  and , following rainfal l , as h igh as 

80 mm on the drained p lo t .  The reason for this high var iab i l i ty in the 

drained plots  was due l ar gely to the positioning of the t ub es , as wil l 

b e  explained in Sec t io n  3 . 3 . 3 .  

The variab i l i ty o n  the undrained plots was p robab ly due to 

differences in the micro-topography o f  the area , wi th the surface wa ter 

frequently obs erved on the undrained areas ei ther  accumula t ing in low 

areas within the p lo t  o r  else  running off  the s ligh tly eleva t ed po rt ions 

of the plo t  onto the buffer  zones s urrounding the plo t .  S uch dif ferences 

are to  be expec ted as i t  is  unlikely that any a rea o f  land is sufficiently 

f lat  to give unifo rm wa tertable l eve ls . The variab il i ty in wa tertab l e  
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l evels within the undra ined plo ts was largely due to some lower values 

observed on certain confined areas , illus trated in Fig . 3 . 1 .  Al so, it  

was small compared with the  large d ifference in  wa t e r table level s  between 

the drained and undrained p lo ts . On Plo t 7, only the top one quarter o f  

the p lo t  had a dif f erent watertable  level to the res t o f  th e p lo t ,  while 

on Plo t 5 the wat er t able was qui t e  unifo rm in behaviour . The top one-

third o f  Plot  3 was elevated above the res t o f  the research paddo ck ,  

resul t ing in lower watertable values than might o therwis e  be expec ted 

for an undrained plo t .  To differentiate b e tween thes e a reas , pegs were 

d riven into the s o il to mark the perimeters of the area with the lower 

watertab l e  level and this area was des igna ted ' dry ' . The area outs ide 

the pegs was des igna t ed ' we t ' ,  and this cons titu ted 80% o f  the undrained 

plo t area . 

The wa tertable rose up the soil pro file  following rain f a l l  and then 

decl ined with the excess wat er leaving the undra ined plo ts slowly , 

whereas fo r the drained p l o ts , the watertable level dropped very rapidly . 

Differences in wa tertable l evel s b e tween mo le drained and un drained soil 

were also meas ured b y  Harris ( 1 984 ) . The internal d rainage problem in 

Tokoroaru s il t  loam is clearly illus t rated in Fig . 3 . 4 ,  wi th signif icantly 

( o f t en at P � O . O U h i gher watertab l e  levels on the undrained plo ts  

throughout winter and spring . I t  is apparent, tha t due to the impermeab le 

subsoil , very l i t tl e  deep drainage can occur . The rel a t ive impor tance 

of deep d ra inage and evapo transpiration in removing excess wa ter f rom 

the undra ined plots will be dis cus s ed in Chapter 7 .  

From the d i f f e rence b e tween watertab l e  levels on the drained and 

undrained plo ts  s hown in Fig . 3 . 4 ,  i t  can be concluded, tha t fo r a year o f  

average rainfall the effect  of  drainage o n  wa tertable  l evels is very 

pronounced . Fo r such years , mol e  drainage is an e f f ec tive way o f  lowering 

the wat er tab le • 



3 . 3 . 2  Comparison of the performance o f  pipe-mole and 

mole-mole drainage sys tems 

2 7  

Measurements in observation wells showed tha t  there was very l i t tle 

d ifference b etween the wa tertable l evels  in soil  drained by mo l es in 

conj unc t ion  with coll ec ting pipes and so il drained by a maj o r-mino r 

mole ne twork . Fur ther evidence o f  the s imilar i ty in performance o f  

the two drainage treatments is found b y  cons idering the flow data as 

measured by v-no tch weirs . 

Al though v-no tch weirs were ins talled to cont inuous ly monitor  the 

quan tity of drainage wat e r  from each of the dra ined plo ts , fo llowing 

h eavy rain the pits  housing thes e weirs flooded so tha t the weirs were 

r endered inoperab l e ,  and p eak flow data were los t .  I t  was pos sible 

h owever, to record smaller f low events and the decay curves following 

l arger flows . 

Char t s  from the weirs showed l i t tl e  difference b etween th e 

hydrographs for the pipe-mol e and mo le-mole treatments . Typical 

examp les of these hydrographs are shown in Fig . 3 . 5 .  The response t ime 

( i . e . , the t ime b e tween the s tart  o f  rainfall and the commencemen t o f  

drainage) was the same f o r  bo th t reatments and the volume o f  wa ter which 

drained f rom the plo ts was also approximately equal . 

A s eries o f  decay curves for  the two drainage trea tmen ts is 

p res ented in Fig . 3 . 6 .  I t  is noted  that  the curves almo s t  coincide , 

s ugges t ing l i t tle difference in the rate a t  which wat er l eaves the 

dif ferent plo ts af t er f low has peaked . 

In spite  of  the p i ts flooding and the subsequent lack o f  info rma tion 

conc erning the magnitude o f  peak f lows , i t  was possible to e s t ima te  f rom 

t he charts the t ime o f  peak flow . Table 3 . 1  shows the response time for 

the two dif ferent drainage trea tments , l is t ing bo th the t ime flow began 

in the drain fo llow ing rainfall and the time this flow peaked or the pits 

f looded . There was l i t tle difference in the respons e  t im� between the 
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Tab le  3 .  1 Response times for the pipe-mo l e  and mol e-mo l e  drainage sys t ems in 1 9 8 3  

( i . e .  the t imes f low b egan af ter  rainfall and the t imes flow peaked). 

Time and amoun t 
Time of  f low in dra ins 

--

of  ra infall Pipe-mo l e  Mol e-mo l e  

Da te Ra infall S ta r t  Time S ta r t  Time 
in 1 9 8 3  Time ( mm) Plo t o f  f low o f  pea k  Plo t o f  f low o f  pea k 

2 7/6 4 pm- 1 0pm 1 5 . 1  4 7pm lOp m 6 7pm lOpm 
8 7pm lOp m 9 7pm lOpm 

1 8/7 lOam- 2pm 9 . 3  4 l lam 3pm 2 1 2am 4pm 
8 1 2am 4 pm 6 1 2am 4pm 

9 1 2am 4 pm 

4 /8 lam- 2pm 2 . 0  4 Spm 2am 2 Spm 2am 
6pm- 1 2pm 5 . 7  8 5pm 2am 6 5 pm 2am 

9 5pm 2am 

22/8 7pm ( 2 1/8) 2 7 . 8  1 4am 6am 2 4am 6am 
-Barn ( 2 2/8) 4 4am 6am 6 4am 5am 

8 3am Sa m 9 4am 6am 

8/9 9am- 1 2am 5 . 0  1 9pm l Opm 2 8pm lOp m 
9pm- 10pm 5 . 4  4 8pm lOpm 6 9pm 1 1 pm 

� 8 8pm l Opm 9 8pm 9pm 

9/9 1 2am- l pm 5 . 6  1 1 2am I pm 2 1 2am l pm 
4 1 2am l pm 6 1 2am 2pm 
8 1 2am 2pm 9 1 2am 2pm 

1 0/9 5am- 9am 1 2 .  1 1 6am 7am 2 6am 7am 
4 6am 7am 6 5am 6am w 
8 6am 7am 9 6am 7am 0 
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pipe-mole drainage t reatment and the mole-mole t rea tment .  Tab le 3 . 2  

gives s ome examples o f  the volume o f  wa t er tha t flowed through th e wei rs 

fo r the twelve hour period immediately a ft e r  flow began in the drain . 

I t  shows that there was very l i t tle difference in the volume of  wa ter 

tha t drained f rom the plo ts  with diff erent drainage treatments . 

Desp i t e  the cons is tency o f  the individual response times f o r  

individual f low events across a l l  o f  the plo ts i t  is no t pra c t i cal to 

p ropo se a mean respons e t ime . A wide range of values was obse rved for 

d if ferent events , depending p r imarily upon both antecedent mo is ture 

content and the int ens ity of rainfall , as was also found by Reid and 

Parkinson ( 1 984 ) . The f i rs t  entry o f  Tab le 3 . 1 for early winter flow 

in the d rain shows that the flow did not peak un til approxima tely s ix 

hours a f ter rainfall commenced , as opposed to events in Augus t where 

flow in the drain peaked sho rtly a f ter the b eginning of rainfall . Fo r 

early winter f lows , th e rap id conduc t ion o f  a frac tion o f  the rain wa ter 

down the cracks br ings abou t a compara t ively quick ini t ial outflow 

response , but  the movement o f  the greater mass o f  wa ter through the soil 

is re tarded by absorp tive losses to the dry so il ma trix ,  so tha t peak 

f lows are somewhat delayed . 

The cracks associated w i th mo le channels , resul t ing f rom summer 

dry ing , can allow f low to occur following h eavy rainfall in ea rly winter , 

even though the soil is s till relatively d ry . Th es e early win ter flows 

from drained so il help ensure a lower wa t er tab le than fo r undra ined soil 

during la ter winter s to rms . Subsurface drainage ac ts to main tain this 

advantage throughou t the winter-spring p er iod , by keeping the wa tertable 

level l ower on the drained soil than on the undrained soil . 

Turner et  al . ,  ( 19 7 6 )  repo rting on the monito ring o f  flows from a 

1 2  ha s i te on the same soil , found s imilar resul ts to those presented in 

this s tudy . They showed that the discharge inc reas ed from 40 percent 
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Vo l ume o f  wa t e r  ( m  ) t h a t  f l owed t h rou�;h t h e  w e i r s d u r i ng 

t h e  f i r s t  1 2  hou rs a f t er t h e  commenc eme n t  o f  f l ow . 

Da t e  
in 2 7 / 6  7 pm 2 8 / 6  9am 30/6 6am 9 / 7  8pm 1 0 / 7 9am 1 6 / 7  4 a m  

1 98 3  .. + + .. + .. 
P l o t  2 8 / 6  7am 9pm 6 pm 1 0 / 7 8am 9 pm 4pm 

4 p i pe-mo l e  2 9  1 9  1 3  ) 1 1  1 
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o f  inc iden t  rainfall in early June t o  a maximum o f  8 2  percent fo r a 

mid-season event .  This increase in discharge from inc ident rainfall 

r e f l ec ts changes in soil water s to rage as the wet s eason progresses . 

I f  nei ther the pipe-mole or  the mole-mole treatment drains mo re 

wa ter in to tal , or at  a f as ter rat e ,  then their wa tertab l e  levels will 

b e  approximately equal , as was the case for the year 1983 . The conclusion 

to be drawn f rom these da ta  is that two years a f t e r  ins tall a t ion b o th 

t reatmen ts were draining p lo ts in an ident i cal manner . 

An impor tant criticism of major-minor mol e  networks is  tha t af ter 

a few years it is quite likely that a maj or  mol e  will collapse and 

c ease to function properly . The minor mo l es woul d then be unable  to 

d is charge and l a rge areas would r emain wa terlogged . No comment 

concerning the l ife expectancy o f  e i ther drainage trea tment can be made 

h ere , as th is s tudy was no t of a suff i cien tly long durat ion to draw any 

s uch concl us ions . All tha t can b e  s ta ted i s  tha t for the two years of  

t h is s tudy th ere did  no t a ppear to b e  a b reakdown in e i ther drainage 

t reatment and that they were almo s t  i dentical in performance .  

3 . 3 . 3  Comparison o f  the watertable level c lose to 

the mole with the l evel midway b e tween mol es 

As mentioned in Sec t ion 3 . 2 . 1 ,  four ground water obs e rvat ion wells  

w ere ins talled on  each of the  dra ined plo ts ,  two tubes b eing pos i t ioned 

adj acent to the mo le  channel and two midway b e tween mole  channels . 

When the watertable levels measured in all the wells on a particular 

dra inage t reatment in 1 9 8 3  were averaged , then the values depicted in 

F i g . 3 . 4  we re ob tained . I f  the observat ion wells close to the mo l e  

were cons id ered separa tely from those midway b etween the mole , then the 

data  presen t ed in Fig . 3 . 7 were ob tained . 
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The watertable level measured in the observat ion wel ls next to the 

mol e  was general ly lower than the l evel in the wells midway be tween mole 

channels . This difference was mos t  pronounced following heavy rain 

when the wat ertab le was c lose to the surface . However , th e s tandard 

deviations of the mean values drawn in Fig.  3 . 7  are qui te la rge , 

indic a t ing a h igh degree o f  variab ility in the measu red wa tertable 

l evels . Th is variabili ty b etween tub es can be exp lained by conside ring 

the me tho ds used to ins tall the observation wells . The tubes on Plo ts 

1 ,  2 ,  4 and 6 were ins talled in a careful but  s low manner using a hand 

auge r .  I t  was thought that t o  improve the s peed o f  ins talla t ion , use 

of a power auger to drill the wells in the dens ely packed Tokomaru s ilt 

loam , would be of  great assis tance . In retrospec t ,  this was an unwise 

choice , as some of the tubes ins talled on Plo ts 8 and 9 us ing this method 

performed in a di fferent manne r to the o ther tubes . I t  would appear 

tha t  they did no t allow water  to leave the aluminium tube as quickly as 

the o ther tub es , giving erroneous readings fo r the watertable level . 

A s imp le experiment was carried out to determine whether or no t 

the water l evel in the t ub es adjacent to the mole on  Plo ts 8 and 9 was 

in fact  declining in a much s lower manner than the l evel in tubes on the 

o th e r  drained p lo ts . The experiment was conduc ted in July 1 9 84 ,  two days 

a ft e r  heavy rain , when the wat ertable in all tubes was well below the 

surface and drain flow had effectively c eased but the soil pro f i le was 

s t il l  moist . Wa ter was poured down all aluminium t ub es adj acent to mo le 

channels to b ring the wa ter l evel in the tubes back to the surface . 

On P lo ts 1 ,  2 ,  4 and 6, water was able to l eave the t ub es very rapidly and 

a ft e r  4 hours the level was b elow 4 50 mm depth . On P l o t s  8 and 9 ,  in 

mos t  o f  the t ub es a f ter the 4 hour perio d  the water level had only dropped 

about 200 mm . 
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A comparison is made in Fig . 3 . 8 between wa t e r tabl e  l evels measured 

midway b e tween mole channels  and those levels measured next to the mole 

on Plo ts 1 ,  2 ,  4 and 6 .  Th ere is a s igni f i cant ( P  � 0 . 0 5 )  difference 

between the wat e r table l evel close to the mol e  channel compared with 

that midway b etween mol e  channels .  This sugges ts that fo r mos t  o f  the 

t ime the maj or  l imi t ing factor  in the drainage pro cess in Tokornaru s i l t  

loam is  the rate  of  wat er movement through t h e  s o i l  towards t h e  mole 

channel , rather than any res tric t ion impos ed o� the water  entering the 

mol es or by the carrying capacity o f  the mo les or p ipes . For a shor t  

per iod o f  t ime , fol lowing heavy rainfall ,  t h e  floo ding o f  the weir pits 

indi cated  tha t the pipes were f lowing at maximum capa c i ty .  But  a f ter a 

few hours the ra te o f  f low in the p ipes fell rapidly .  This d i ff erence 

in wa tertab le levels fo r posi t ions close to the mo le and midway b etween 

mol es , a long wi th wha t  i t  impl ies abo u t  water  movemen t  in the Tokomaru 

s il t  loam ,  will be dis cussed further in Chapters 7 and 8 .  

3 . 3 . 4 E f f ec t  o f  drainage on soil water  con tent  

3 . 3 . 4 . 1  1 9 8 2 - a d ry y ea r .  

In a dry year, the d i f f erence i n  the water con tent of  the 

top 30 mm o f  the pro f ile b etween drained and undra ined was rel a t ively small 

and ephemeral . Gravimet r i c  wat er cont ents measured in the top 30 mm o f  

the soil pro f il e  f o r  1 9 82 are shown i n  Fig . 3 . 9 .  

Like the gravimet ri c  data, the neutron mo is ture me ter data shows tha t  

in a dry year drainage has l it tle e f f e c t  on the wa t e r  con tent near the 

soil  surface . The vo lume tric  wa ter  content profiles , as determined on 

two days in Augus t us ing the neu t ron mo is ture meter, are shown in Fig . 3 . 10 .  

The wa t er con tent near the top  o f  the drained soil pro f ile was no t 

signi f icantly d i ff e rent to  tha t o f  the undrained soil . However below a 

depth o f  200 mm the undrained plo t s  were significantly (P � 0 . 05 )  wet ter 
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than the dnd.ned plots  and surpris ingly this difference cont inued b elow 

the moling depth down to a l evel o f  approximately 1 . 1  m .  This sugges ts 

that the s o il pro f ile did no t thoroughly rewet over the win t er of 1982 . 

The drained plots had less wa ter  in  their pro f ile b ecaus e some of the 

water entering the p lo t  flowed down the recently pull ed mole blade cracks 

and mo le channels which had been opened by summer shrinkage . As less 

water was l e f t  in the drained p ro f il e , there was less to redistribute and 

rewe t the lowe r par ts of the s o i l  pro f ile , so tha t the drained plo ts did 

not get as  wet at dep th as the undrained plo ts .  There woul d therefore 

h ave b een a l i t tl e  less wa ter ( 1 2  mm) in the drained p ro file for plan t  use . 

3 . 3 . 4 . 2  19 83 - an  average yea r .  

Gravimetric  s amp ling showed that in an average year, from 

the end o f  June to early Octob e� the top 30 mm of s o il was consis tently 

we t ter on the undrained than on the d ra ined plots , averaging 0 . 64 

compared wi th 0 . 5 7 .  The d a ta a r e  shown in Fig . 3 . 1 1 .  The s imilarity 

b e tween the wa ter content o f  the  surface soil measured for the pipe-mo le 

and mol e-mo le treatmen ts s erves to emphasize the po in ts  made above in 

S e ction 3 . 3 . 2  concerning the s imilari ty in performance of these two 

drainage sys tems . 

Though there was no d i f f erence in the water con t en t  of  the soil a t  

the top o f  the pro f il e  for the two drainage trea tments , there was a 

s ignificant ( o ften a t  P � 0 . 0 1 )  difference between the undrained and 

drained plo ts . Th is is  to b e  expected in light of  the data presented 

in Fig .  3 . 4  wh ich show tha t  the watertable was nearly a lways closer to 

th e soil surface on the undrained plo ts  than i t  was on the drained plots . 

The d i f ference in soil wat er con tent b e tween drained and undrained soil 

was grea t e s t  in the spring mon th of September . As th is is a t ime o f  good 

pas ture growth and modera t e  s to cking rates , the impo rtance of lower ing the 
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soil wa ter con t ent  by d ra inage takes on special s ignif icance , as will 

b ecome apparent in later s ec t ions . 

4 2  

Neut ron moi s t ure me ter data gathered in 1 9 8 3  also show that 

d rainage was e f f e c t ive in lowering the water content of the soil prof il e .  

Da ta reco rded on two days in Augus t are pres ented in Fig . 3 . 1 2 .  A 

f eature of  thes e  data , which were typical of  the d a ta ga thered over the 

winter-spring perio d ,  is  the s igni f icant (o f ten at P � 0 . 0 5 )  diffe rence 

in the volumetric water  conten t  of the drained s o il compared wi th the 

un drained s o il in the 0-400 mm zone . There was approximately 1 6  mm mo re 

wa ter in the undra ined p ro fi le . In contras t with the 1982 data , in 

August 1983 there was no s igni f i cant difference in volume tric water 

content between the drained and undrained pro f i l e  b elow the mo le channel 

depth . Cons i de ra t ion o f  rainfall and evapo transp iration for autumn and 

early winter of  1 9 83 shows s u f ficient excess rain fell to recharge fully 

th e soil pro f i l e  by late July . 

3 . 4  Conclus ions 

The following conclusions may be drawn : 

i )  I n  a year o f  average rainfall , i t  is impor tant to lower the water­

table l evel in a soil  wi th an internal drainage problem , o therwise 

the soil profile  r emains waterlo gged fo r many win ter-spring days . 

Mol e  drainage is an e f f e c t ive means by which to lower the wat er­

table in a yellow-grey earth soil . 

ii )  In  a yea r  when ra inf al l is  well b elow average , the wa tertab le 

rarely approaches the s o il surface and so a r t i ficial drainage is no t 

needed . The bene f i ts o f  drainage in such y ears would be minimal . 

I f  mole drains are  opera ting efficiently , drainage may decrease 

s lightly soil water s torage and be a disadvantage in a dry summer 

following a d ry winter . . . 
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i i i )  In a y ea r  o f  averag e  rainfall ,  the water content o f  the surface 

so il is  considerably lower in a drained so il than in an undrained 

soil  for mos t of the win ter-spring p eriod . 

44  

iv) Fo r mos t of the t ime , the rate at which the wa tertable declined was 

no t determined by the carry ing capac ity of the moles or col l ec t ing 

pipes , b u t  ra ther by the ra te  o f  wa t er movement through the so il 

to  the mole . The wa tertable  was of ten about 200 mm shallower 

midway b e tween mol es than i t  was near the mol es . 

v) I f ,  for most  of the t ime , the greates t r es is tance to the movemen t  

of  drainage wa ter i s  wat er flow from the bulk of  the soil t o  the 

mol e ,  then the wa tertable could be lowered deeper in  the pro f il e  

more quickly b y  a closer mole s pacing than the trad i t ional 2 metres . 

vi)  Fo r the two years  immediately af ter their ins tallatio n ,  there was 

no d if f erence in wa t ertable l evels ,  d is charge hydrographs or  surface 

s o il wat er con ten t ,  b etween plo ts drained by pipe-mole or mol e-mol e  

drainage trea tmen ts . But  fur ther work is needed to assess  the 

long term v iab il i ty of mole-mole  drainage sys tems . 
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CHAPTER 4 

THE EFFECTS OF DRAINAGE ON PASTURE UTILISATION , 

GROWTH RATES AND TREADING DAMAGE 

4 . 1 Introduct ion 

Two of the claimed b enefits  of drainage l is t ed in Chapter 1 are 

increa s ed pas t ure growth rates in s pring and decreased t reading damage 

to b o th soil and pas tur e .  These  b enefi t s  supposedly resul t from the 

lower wa t ertable and surface s o il water con t en t  induced by drainage . 

4 6  

I t  was establ ished i n  Cha p t e r  3 tha t ,  in a year o f  average rainfall , mole 

drainage  lowered the wat e r tab l e  l evel and cons equently decreased the water 

content of the surface s o il . In  this chapter the effec t  o f  drainage on 

pasture u t il isation dur ing grazing and on subs equent regrowth ra tes will 

b e  discussed , as wil l the effec t of  dra inage on treading damage .  

Pastoral agricul t ure  invo lves interac t ion between the anima l ,  the 

s o il and the plant . The grazing animal can rapidly and substant ially 

a lter  b o th the produc tivity and bo tanical compos i t ion of  a sward . 

Grazing over the wint er-spring period is a l so of t en to  the detriment o f  

s o il s t ru c t ure (Gradwel l ,  1 9 68 ) . These changes in pas ture and so il 

p ropert ies are induced by defolia t ion , treading and excret ion (Mat thews , 

1 9 7 1 ;  Curl! and W ilkins , 1 9 83) . 

Kell e t t  ( 1 9 7 8) found tha t pas ture yield losses can be large if 

t r ead ing damage is no t controlled . Es t ima tes o f  losses under average 

grassland management range f rom 25-4 0 % ,  with a 5-20% yield loss result ing 

from immed ia tely damaged and b uried herbage , and a fur ther loss of 1 0-20% 

due to reduced production from the damaged sward . 

·-
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Al t hough the mechanisms b y  which t r eading damage a f f ects  the sward 

are under s too d ,  p r imarily due to the work of Edmond ( 19 58 ,  1 9 6 3 ,  1964 , 

1966) , l i t t le actual f ield work has b een carried out in New Zealand to 

determine the extent to which t r eading damage diminishes bo th utiliza t ion 

and regrowth . Many o f  the s tudies into the effect o f  t r eading have 

used large numbers of non-grazing animals , herded down a rac e ,  to tread 

pastures for brief periods of t ime ( Edmond , 1 9 66 ; B rown , 1 9 68) . This 

is quite  d ifferent  to normal pasture management and so th e resul ts  are  

of  l imited appl icab il it y .  

Al so , al though Edmond ( 1 9 6 3 )  conduc ted experimen ts t o  inves tigate  

the effects  o f  t reading at  different  soil mo i s t ure l evels , l i t tle work 

has b een done to compare the extent  of treading damage o n  drained and 

undrained so il s .  Only one resea rch proj ec t on  the effec t o f  dra inage 

on  pasture produc t ion has b een reported in  New Zealand . In a f ield 

study conduc ted at Invermay Research S ta t ion , Sco tt ( 19 6 3 )  concluded 

tha t where winter graz ing is prac tised on wet soils , pa s ture product ion 

will suffer apprec iab ly and tha t  dra inage will all eviat e  th is damage . 

It  is of  in teres t to no te  that he also found drainage to be  o f  doub tful 

value in increas ing pas ture produ c t ion in the absence of winter grazing . 

This is in conflict with da ta presented by Hoogerkamp and Wold ring ( 1 967 )  

wh ich showed that lowering the wa t er table  increased winter pasture 

production  on an ungrazed heavy clay soil in the Netherlands . However , 

the f indings of Gradwel l ( 1 9 6 7 ,  1 969)  tend to suppor t  the wo rk of S co t t . 

Gradwell f ound that perennial ryegrass and white clover are especially 

wel l adapt ed to growing in soil low in oxygen , so tha t draining a so il 

is unlikely to directly increase the growth rate of an ungra zed pas ture 

sward .  Overs eas wo rk has also s ugges ted that the maj or  b enefits  o f  

dra inage b ecome apparen t only when gra zing occurs (Traffo rd , 1 9 7 7 ) . 
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Treading damage b ecomes mos t  l ikely when the surface s o il i s  near 

s a t ur a t ion,  as soil a ggrega t es are  s o f t  and unstable  under very wet 

condi t ions ( Edmond , 1 9 66 ) . This ins tab il ity resul ts in the soil b ecoming 

p ugged when grazed . Impor tant factors which determine the extent o f  

treading damage of  any given s o il type are i t s  wa ter content , the 

quan t ity o f  ground cover and the type and numb er of  grazing animals  

( Thomas and Evans , 1 9 7 5) . When the water content a t  the soil sur f ace is 

high , the b ear ing s t r ength o f  the surface soil is less than the hoo f  

pressure and s o  treading damage r esul ts (Kel l e t , 1 9 78) . 

I f  wa ter in itself  is no t inj urious to pas ture growth , it remains 

to elucidat e  whether or no t waterlogging has an adverse effec t  on pasture . 

In the next two chap t ers, s tudies o f  the effects  o f  dra inage on some plant 

and s o il propert ies a r e  describ ed . In this chap ter , analys is of  pas ture 

growth and u t il isa t ion data reveals some of  the b enef its  of  drainage and 

allows discus s ion of the mechanism that gives rise to these b enef it s . 

4 . 2  Mat er ials and Methods 

4 . 2 . 1  Pas ture produc t ion 

Pas t ure  produc t ion measurements were made by mowing a herbage 

sample ( 2 . 3  x 1 . 0 m) p ro t ected by  a cage during grazing . Th is r ep resented 

t he herbage potentially availab l e  to s tock , and by cu t ting an equal area 

of herbage from the gra zed pas ture the herbage no t ea ten by s tock was 

measured s imul taneo us ly . The cage was then shif ted to a new pos i t ion . 

Pasture production over the regrowth period was ob ta ined as the diff erence 

b etween the herbage d ry matt er ins ide the ungrazed cage and the h erbage 

d ry ma t ter above mower heigh t  in the grazed area a t  the preceding harves t .  

Two large cages , each 3 . 3  m x 1 . 5  m ,  were us ed per plo t .  The cages were 

no rmal ly cut immedia tely a f ter grazing . During s e t  s to cking the cages 

were cut b efore the pas ture in the caged areas b ecame so �long that i t  



could no t be easily mown . 

As an  al t e rna t ive technique, a capa c i tance pas ture meter  was also 

us ed to measure pas t ure produc t ion  in  the caged areas . Th e  meter used 

was �lodel 8 20 2 ,  supplied by Des ign Elec tronics o f  Palmers to n  Nor th .  

An advantage of  the pas t ure  meter was tha t measurements could b e  made 

mo re frequently than with the mowing technique . 

4 . 2 . 2  Pas ture u t il isa t ion  

4 9  

Pas ture utilisa t ion was calcul a t ed after  res idual dry ma t ter had 

b een measured us ing a small q uadrat ( 0 . 4  m x 0 . 4  m) thrown randomly a cross  

the plots . The herbage it  enclos ed when i t  landed was cut a t  ground 

level with elec t r ic shears , bagged and oven-dried at 60°C to det ermin e  

the mass of dry mat ter . 

As an al t erna t ive technique , the capaci tance pas ture meter was also 

used to measure r es idual dry mat te r .  The advantage of  the met e r  is tha t 

it allows many readings to b e  taken o n  each plot . The meter was 

cal ib rated agains t known dry matt er yields measured by the quadrat method 

des cribed above . Time l imitat ions over the spring months res t r ic ted 

the measurement o f  res idual dry mat ter to drained Plo ts 4 and 8 and 

undrained Plots 5 and 7 .  

S tanding herbage dry mat ter was also asses s ed visually . 

The pas ture meter unde�&imated the amount  o f  herbage lef t on the 

undrained plo t as i t  was unab le to take into accoun t the herbage tha t  lay 

b elow the muddy s urface . Th is resul t ed in the overes tima t ion o f  

utilisation o n  undrained plo ts . To avoid th is prob lem when quadrats were 

cut , the areas of herbage ins ide the quadra t on the undra ined plots  were 

washed free from mud and s tood uprigh t  b e fore cutt ing . Becaus e the 

herbage on the drained plo ts  was so sho r t , the elec tric shears t ended to 

scat ter the short lengths o f  pas ture during cut t ing ,  making it difficul t 

to collect all of the res idual herbage and so underes t ima ting the amount 



o f  res idual dry mat ter . 

was too h igh . 

This  r esul ted in  a value for u t il i sa t ion that 

After grazing o n  certain areas of the undrained p l o ts , pugging 

damage was less severe and the u t ilisa t io n  o f  pas ture was grea ter than 

was the case fo r the rest o f  the plo t .  This variab il i ty in the amount 

o f  pugging damage and pas ture u tilisation w i th in undrained plo ts can be 

s o  

expla ined by variab ility in  wat er table l evels . As the watertab le level 

has a direct b earing on pas ture u t il isatio n  and o n  the extent  o f  pugging 

damage,  any variab il ity in the l evel of the wa ter tab le is likely to be 

mirrored in both pas t ure u t il isa t ion and soil s tr eng th values . I t  was 

t hought tha t by sub-dividing the undrained plots into wet and dry area s ,  

a s  described i n  Sec t ion 3 . 3 . 1 . 2 , the variab i l i ty i n  such parameters as 

pas ture u t il isa t ion coul d be unders tood b e t t er . Variab ility b e tween 

plo ts due to loca t ion w i t h in the paddock can b e  t aken into account by 

the experimental des ign us ed in this s tudy . 

Becaus e o f  the range in  wa tertable l evel s ,  and associa ted d i f ferences 

in the degree of ut ilisat ion and pugging damage ,  it was poss ible to 

correlate wa tertable  l evels with the degree of pugging damage and pasture 

u t ilisa t ion . A ranking o f  1 was given to areas where the herbage had 

b een fully ut ilised , tha t  is remaining grass was about  10 mm in length , 

whil e  a ranking o f  5 indica t ed that virtually none o f  the pas ture had 

b een eaten b u t  had j us t  b een fla t tened into the mud . 

ranking scheme appear in Fig . 4 . 2 . 

4 . 2 . 3  Dung return to the plo ts 

Details o f  the 

Dung return to th e p lo ts was measured us ing a quadrat (0 . 4  m x 

0 . 4  m) wh ich was thrown randomly thirty t imes wi thin each plo t ,  and the 

p i ec es of dung ins ide the quadra t  counted . S ub-samples , cons is ting of  

thirty pieces of  dung were placed in bags and returned to the labo ra to ry . 

There they were oven-dried a t  60°C and weighed . Know�ng the average 
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weight o f  a p iece o f  dung and the average numb er of  pieces in the quadra t ,  

i t  was possible t o  cal culate  the mass o f  dung re turned per uni t  a rea on 

each plo t .  

4 . 2 . 4  S ta tis t i cal analys is 

Two s ta tis tical tes ts  were used to es tablish the s ignif icance o f  

diff erences between trea tments . Where the da ta sets were large enough 

to wa rrant i t ,  an analysis o f  variance was carried out according to the 

spl it -plo t in t ime des ign (Li t t l e  and Hills , 1 9 7 2 )  and l east  signif icanct 

d i fferences de termined . 

Fo r sma l l er da ta s ets, such as  pas ture u til isation during mob 

grazing o r  measurements o f  the quant i ty o f  dung re turned to plo t s , a 

s imple  t-tes t  was used . 

4 . 3  Resul ts 

4 . 3 . 1  Effect o f  drainage on pas ture u t ilisation in winter 

4 . 3 . 1 . 1  19 82  - a dry winter 

During the winter of  1982  the research paddo ck was grazed 

by a mob of 2 700 ewes on two o ccasions . The first grazing occurred in 

early June and the second in mid Augus t .  On bo th occas ions utilisa t ion 

was approxima tely 80% of the available pas ture and grazing was even across  

the ent ire area on  bo th drained and undrained plo ts . The wa tertab l e  was 

about 450 mm from the surface in the drained and undra ined plo t s  during 

both grazings , and there was no heavy rainfall .  

4 . 3 . 1 . 2  1 9 8 3  - an average winter  

In 1983 , the research area which had a pas ture cover o f  2400 

- 1 kg DM ha was grazed by a mob o f  2 700 ewes , a s tocking rate of  490 sheep 

- 1  ha , for  three days commencing on 2 1  July . The watertable was 

approximat ely 100 mm f rom the surface on the undrained plo ts as opposed to 
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400 mm on  the d ra ined plo ts . Treading damage to bo th the s urface soil 

and the pas ture swar d  on we t areas o f  the undrained plo ts  was very 

severe as illustrated in F i g .  4 . 1 . In con tras t to  the previous year,  

there were large d i f f erences in  p as ture utilisa t ion b e tween the drained 

and undrained plo ts as depicted in Fig . 4 . 2 .  Mean values for pas ture 

u t i l isa t io n  on the d rained plo ts  (values for the pip�mo le and mo le-mole 

plo ts  have b een comb ined) and the wet areas of the undrained plo ts are 

p r es ented in Tabl e  4 . 1 .  The visual assessment repor ted in Table  4 . 1  

was done f rom pho tographs by a p erson experienced in visually es tima t ing 

pas ture cover . The pas ture met er measured a u t ilisa t ion increase o f  19% , 

the quadrat cut method 34 % ,  and the visual asses sment an increase o f  

2 1 % ,  due to  drainage . As d iscus s ed above , the poor agreement b etween 

the absolut e values ob tained us ing the diffe rent techniques is expec ted 

cons idering the muddy s ta t e  of the soil and pas ture at th e t ime o f  

measurement . However ,  all measurement techniques gave h ighly significant 

d if f erences (P � 0 . 0 1 )  in utilis a t ion between wet areas o f  the undra ined 

plo t s  and the d rained plo ts . 

I t  mus t b e  s tressed that the utilis a t ion values report ed here are 

for the we t ter areas of the undrained plo ts . For the small drier areas 

on these plo ts ,  utilisation  was somewhere b e tween the extremes obs erved 

on the drained plots  and the wet areas of the undra ined plo ts , and was 

dependent o n  wa tertab le depth . 

Resul ts o f  the visual ranking o f  pas ture util isa t ion around each of  

the wa tertab le ob serva t ion wells  appear in Tab le 4 . 2 . When the wa tertab l e  

was about 50 mm from the s urfac e ,  s evere pugging damage and poor pas t ure 

u t il isa t ion were ob s e rved . Even when the wa ter table  l evel was 1 10 mm 

b elow the s urfa c e ,  th e soil s us ta ined an una cceptable amount of  damage 

and pas ture was under-ut il ised . I t  was concluded tha t a wa tertable 

depth shallower than 200 mm was l ikely to cause severe pugging damage and 
. . 



F i gure 4 .  1 P l a t e  i l l us t ra t i n g  the seve r i ty o f  t r ea d i ng dama g e  o n  

u n d r a i n e d  plo ts ( P l o t  7 )  a f t e r t h e  July, 1 983  g ra z i n g . 

No t e  how the s u r fa c e  s o i l  was smeared so tha t i t  

b ur i ed pas t ure . 

5 3  



F i g u re 4 . 2  

P l o t 8 

P l o t 5 

P l a tes il l u s t ra t ing d i f f e renc e i n  pa s t ure u t i l i s a t ion 

b e twee n  d ra in e d  ( P l o t 8) and und ra in e d  ( Pl o t  5) plo t s  

a f t er t h e  July, 19 8 3  g r a z i n g . 
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Tab le 4 . 1 

Technique 

Plo ts 

Undrained 

Drained 

Pas t ure u t il ised during mob grazing in July , 1983 . 

Mean val ues for a part icular measurement techni que 

followed by a different l et ter are s ignificantly 

different at P � 0 . 0 1 .  

Util isa tion ( /�) 

Quadra t Meter Visual  

6 5  a 58 a 4 5  

99 b 7 7  b 6 6  

5 5  
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Tab l e  4 . 2  Relat ionship b e tween pas ture u til isa t io n ,  pugging and 

depth to the wat e r table observed in Jul y , 1 9 8 3 . 

Mean val ues o f  a parameter followed b y  a d i f f erent 

letter  are  s i gn i f icantly dif ferent at P � 0 . 0 1 .  

Paramet ers measured 

V isual assessment 
of pas t ure  ut ilisa t ion 

Pas ture  u t il isa t ion  
mea sur ed us ing 
quadra t method ( % )  
Mean dep th to 
Wa t er table (nun) 

* 
No meas uremen t  mad e .  

S it e  cond i t ions 

Severe pugging S ligh t pugging 

5 ( Po o r )  3 

65a  * 

5 0a l l Oa 

Unpugged 

1 (Good )  

99b 

2 7 5b 



poor pas ture utilisa t ion . 

4 . 3 . 1 . 3  1984 - an average winter 

Though very large and impor tant differences were found in 

the amounts of herbage u t il i s ed by th e animal on the drained plo ts 

compared with the undra ined plo ts in 19 8 3 ,  the interes ting ques t ion 

remains as to whe ther or no t u t il isa t ion would have b een as poor on the 

wet areas of  th e undrained plo ts i f  the sheep had no t had the o p t ion of 

gra zing and camping on dra ined plo ts . That  is , could they have b ee n  

forced to  ut i lise more pas ture on t h e  undrained plo ts?  To go some way 

towa rds answering th is ques t ion  it was decided that the mob grazing in 

19 84 would be carried out  in a s lightly d i f f eren t  manner . Ins tead o f  

gra z ing the entire paddock for three days , the paddock was divided into 

three s trips , each s trip containing one repl ica t e  of the three drainage 

t rea tments . The entire mob o f  2 700 sheep was placed on each s trip for  

-1 
a period of one day , giving a s to cking rat e  o f  14 70 ewes ha , three 

t imes th e s tocking intens i ty of 1 983 . The aim in us ing such a h igh 

s tocking rate  was to force the sheep bo th to utilise  the herbage on the 

wet areas o f  the undrained plo t ,  and to s p end some t ime camped ther e .  

5 7  

During each o f  the three days the sheep spen t  on the res earch area 

( 20 - 22  July) , it was ob served tha t they s t ill avo ided the undrained 

plo t  where the wa t er tab l e  l evel was appro ximately 30 mm b elow the surface 

and p referred to congrega te  on the two drier drained plo ts where the 

wa tertable was approximat ely 4 20 mm b elow the surface . This was borne 

out  in the u t il isa t ion da ta ob tained and presented in Tab le 4 . 3 . Th es e  

da ta were ob tained us ing the pas ture meter , and i t  i s  not ed tha t 

variab il i ty b e tween plo ts  i s  small . The mean u t i l is a t ion for the drained 

plo ts  was 83% whils t that for the wet areas of the undrained soils was 4 8 % ,  a 

highly s ignificant (P � 0 . 01 )  difference o f  35% . Des p i t e  the fact that in 
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Table 4 . 3  Pas ture u t ilised dur ing mob grazing in July , 1 9 84 , 

measured us ing the pas ture met e r . 

Pas t ure  U t il isation 

Drained plo ts 

Plo t Pre-grazing Pos t-grazing Util isat ion 
(kg ha- 1 ) (kg ha- 1 ) ( %) 

1 940 370 8 1  

2 1 930 3 20 83  

4 1 990 290 85 

6 1 6 8 0  280 83 

8 1 74 0  320 8 2  

9 1 8 2 0  3 20 82  

Undrained plots 

3 1 820 950 4 8  

5 2 0 1 0  860 5 7  

7 1 6 60 1000 4 0  

. . 
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1 984 the  s tocking r a t e  was  three t imes wha t it  had  been in  1983 , 

u t i l i s a t ion was even poo rer than that measured in 1983  on the wet areas 

of the undra ined plots . 

Fig . 4 . 3  s hows the e f f ec t  that water table  height has on pas ture 

u t i l isa t ion , along with the 1 to 5 scale deta il ing the ranking s cheme . 

A wa tertabl e l evel closer to the soil surface than 100 mm is associated 

with s evere pugging damage and very poo r u t ilisat ion . A wa tertabl e  

level b elow 300 mm will ensure l i t tle pugging damage and good utilisation . 

When the wa tertab l e  l evel was b etween 1 50 and 250 mm , the pugging damage 

s us ta ined by the soil , and the quantity of herbage utilised , ranged 

b etween values that are poor ( ranking 3 and 4) to modera te ( ranking of 2) . 

Thes e  resul ts con f i rmed the wa tertable l evel o f  200 mm proposed in 1 9 8 3  

a s  b e ing the minimum dep th needed o n  the Tokomaru s ilt  loam for goo d  

pas ture utilisa t ion b y  sheep and minimal pugging damage . 

4 . 3 . 2  Effec t o f  drainage on pas ture u t ilisation in spring 

4 . 3 . 2 . 1  1 9 8 3  - an average s pring 

As already des c r ibed in Chap t er 2 ,  the research paddock was 

-1 
set  s tocked wi th 1 7  ewes ha in Augus t  1 9 8 3  and th is graz ing pres sure 

was maintained throughout lambing and unt i l  the end of the y ear . Rainfall 

for the spring of 1 9 8 3  was abou t average so that on many days the water-

table  was less than 200 mm f rom the soil surface on the undrained p lo t s , 

as s hown in Fig . 3 . 4 . A consequence of  shal low wa ter tables was that 

the poor ut ilisa t ion obs e rved for the winter mob grazing on the undrained 

plo ts cont inued on in to spring . 

The d ifferences in the amount of pas t ure remaining on the wet areas 

o f  und rained Plo ts 7 and 5 and the drained Plo ts 8 and 4 ,  as measured in 

the sp ring o f  1 9 8 3  by the quadrat cut t ing technique , are shown in Fig . 4 . 4 .  

-1 
Be tween 300 and 4 50 kg ha more pas ture was l ef t  s tanding on the wet a reas 
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E f f ec t  o f  wa t e r table  l evel o n  pas t ur e  u t i l i sa t io n .  

Th e rankings used were : -

1 .  Ful l y  u t i l ised  - r ema i n i n g  h e rbage 

a p p ro x ima t e l y  10  mm i n  l ength . 

2 .  Mod e ra t e  u t i l i sa t io n  - rema i n in g  h e rb age 

20 t o  30 mm in  l eng th . 

3 .  App ro xima t ely  o ne hal f o f  t h e  pa s t ure  

u t il i s e d  - r ema in ing herbage  about  

50 mm or  grea t er in  l eng t h .  

4 .  Top o f  pa s t u r e  u t il i s ed - mos t  o f  t h e  

herb a g e  was f la t t ened and  unea t e n . 

5 .  No h e rb a g e  ea t en - he rba g e  j us t  

f l a t t ened i n to the  mud . 
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Mean va l ue s  o f  pas t u r e  cover o n  the  p i p e -mo l e  (0 - - 0) 

Plo t s  4 and 8 and und r a i�ed (e--4) Plo t s  7 a nd 5 
mea sured us ing the  quad ra t t echniqu e .  Lea s t  

s ig n i f i c a n t  d i f f e rence (LSD) a t  the S i.  l e v e l  
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a t  the t ime of  measurement than o n  the drained areas . Thes e dif ferences 

b etwe en d ra ined and undrained p lo ts were s ignif icant at  P � 0 . 0 5 . 

Data fo r s tanding d ry mat ter on Plo ts 4 ,  8 ,  5 and 7 ,  measu red us ing 

the pas ture meter , a re s hown in Fig . 4 . 5 and confirm the resul ts 

p resen ted in Fig . 4 . 4 .  B e tween Augus t and la t e  Oc tob er there was on 

average 35% mor e  d ry matter  on the undrained plots  than on the drained 

p lo ts ,  but  by the end of spring , the quantity o f  pas ture present on the 

drained plot s  and we t a reas of the undrained plots  was simila r .  

The grea t e r  quan t i ty o f  pas ture measured on the we t areas in th e 

s p r ing p eriod was no t due to higher growth ra tes on these plots  

( S ec t ion 4 . 3 . 3 . 3 ) but  rath e r  becaus e the sheep were no t util i s ing the 

pas t ure p resen t . Al though the severe treading damage ob served dur ing 

mob gra zing in wint er was no longer occurring , the sheep were s ti l l  

f inding much o f  the pas ture on the undrained plo ts too soiled o r  o l d  and 

unpala tabl e  to eat . 

4 . 3 . 2 . 2  D i fferences in Camping B ehaviour 

Differenc es in dung return to the p lo ts showed that the 

sheep p referred to camp on the dra ined plo ts . Heasurements o f  th e 

amount o f  dung p resent on drained and undrained plots  on two spring days 

in 1 9 8 3  appea r  i n  Tab le  4 . 4 .  In both October and Novemb er the 

differences in dung return to d rained and undra ined plo ts were h i ghly 

s ignificant (P � 0 . 0 1 ) . In Octob er ,  on average , there was approximately 

f ive t imes as much dung on the drained plo ts , while in Novemb e r  there was 

approximately a threefold diff erenc e .  This diminishing dif ference 

b etween drained and undra ined plots is in keeping with the smaller 

d i f ferences in wa ter tabl e  l evels and pasture ut ilisa t ion observed towa rds 

the end o f  s pring . 
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F i gu re 4 . 5 
Dote in 1 9 8  3 

Mean va l ues o f  pas t ur e  cov e r  o n  the p i pe-mo l e (0- -0 )  
P l o t s  8 a nd 4 and o n  the und ra i ned (e--e ) P l o t s  7 a n d  

5 mea sured us ing t h e  pas t u r e  m e t er . Leas t 

s i gn i f i c a n t  d i f f e renc e  ( LSD ) a t  the 1 %  a nd 5% l ev e l . 



Tab le 4 . 4 

Da te in 1983  

3/ 1 0 / 8 3  

1 5 / 1 1 / 83 

64  

Mean values for the  densi ty o f  dung on  drained and 

undrained p lots . 

Mean val ue s  for a particular da t e  followed by a 

different l e t ter are s ignificantly different a t  P � 0 . 0 1 .  

Dens ity o f  dung on  plots ( g  m-2) 

Drained 

72 a 

8 2  a 

Undrained 

1 3  b 

2 8  b 
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4 . 3 . 3  Effect o f  drainage on pas ture production 

4 . 3 . 3 . 1  1 9 8 1  - background y ear 

The unifo rmity of the plots was es tabl ished in the first 

year of the s t udy p rior to ins tal lat ion o f  drainage . Fig . 4 . 6  depic ts 

pas ture pro duction during the y ear 198 1 ,  measured us ing the mowing 

t echnique desc ribed in S e c t ion 4 . 2 . 1 .  There were no s i gnif icant 

d if ferences in pas ture production between the plots  at any harvest . 

4 . 3 . 3 . 2  1 9 82  - a dry year 

In the dry y ear, mol e  drainage did no t signif icantly a f fect 

pas ture pro duc t ion . Past ure produc t ion as measured by the mowing 

technique in the relat ively dry year 1982  is shown in Fig . 4 . 7 . Becaus e 

pas ture p rodu c tion on the pipe-mol e  and mol e-mo le  plots was a lmo s t  

id en tical the values f o r  t h e  6 plo ts were averaged and termed ' drained ' .  

4 . 3 . 3 . 3  1 9 83 - an average year 

In a year of average rainfall, mol e  d rainage had a 

s ignificant e f f ec t  on pasture produ c t ion . Pas ture growth rates for 

1 9 8 3 , as measured by the mowing technique, are shown in Fig . 4 . 8 .  The 

values fo r the l eas t s ignif i cant difference (LSD)  at  the 1 %  and Si. l evel 

c an only be used to tes t the s ignif icance of diffe rences in Fig . 4 . 8  

a f ter Jul y ,  the time of  mob grazing . There was no s igni f icant 

di f ference in growth rates between drained and undrained plo ts for the 

f irs t hal f  o f  the year ,  tha t is up until the end o f  July , when the mob 

grazing occurred . Aft er the wint er grazing , during the months o f  

August , S ep t emb er and Oc tober and t o  a l esser extent Novemb er ,  pas ture 

product ion was s ignificantly (P � 0 . 0 5) higher on the drained plo ts than 

it was for the wet areas o f  the undrained plo ts . Regrowth was 74% 

h igher on the drained area than on  the wet areas for  the Augus t - S ep tember 
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period and 49%  h igher for the Octob er - November perio d . B e tween July 

-1  
and January a total of  2500 kg ha more dry mat t e r  grew on the drained 

soil t han on the we t areas . This is equivalent to a 30% inc reas e in 

the amount of pasture produced on the dra ined plo ts over the we t areas 

of the undrained plo ts fo r the period July to January . 

S imilar resul ts fo r growth rates in the caged areas were ob tained 

6 9  

us ing the p as t ure meter , a s  illustrated i n  Fig .  4 . 9 .  S igni f i cant ( o f ten 

at P � 0 . 01 )  differences in regrowth ra tes extend from the t ime of mob 

s to cking in July through to Novemb e r .  The extra herbage pro duced on the 

-l 
drained soil compared to  the wet  areas was 1 5 50 kg ha , a 30% inc reas e .  

The p as ture meter data concur wi th the resul ts  ob tained by cut ting the 

area wit hin the cages , in tha t bo th show tha t ,  following gra z ing , produc t ion 

was 30% h igher on dra ined plo ts than on undrained plo ts .  

I t  should be mentioned again, tha t the data quot ed fo r growth on 

the undrained plots are for the wet areas of the plots as def ined in 

Sec t ion  3 . 3 . 1 . 2 .  Though these wet a reas made up 80% o f  the undrained 

plo ts, if the rema ining 20% of  the plots had b een included then average 

growth rates for the undrained plo ts would have b een somewha t higher . 

The undrained plot which would have been mos t  a f f ected was Plo t 3 ,  as 

one third o f  its  area was drier than the res t o f  the undrained plo ts . 

Fo r this drier po rt ion o f  Plo t 3 ,  pas ture growth was almo s t  the same as 

that measured on the drained plots . 

4 . 4 Discuss ion 

A s epara te s t udy undertaken at the research s i te (Cl imo and 

Richardson , 1984 )  has shown that a relationship exis ts b e tween the ma tric 

pot ential  at the top o f  the soil profile and resis tance to pene tra t ion . 

Resi s tance to pene trat ion changes drama tically over a compara t ively 

narrow range of mat ric pot entials and co rresponding gravi�etric wa ter 
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cont ents . A decrea s e  in soil s trength and b earing capac i ty ,  along with 

the related increase in susceptibility to damage a t  high water  contents 

has also been repo rted by o th er workers (Gradwe l l , 1965 ; Edmond , 196 6 ;  

Massey e t  al . , 1 9 74 ) . 

S tatic  loads fo r sheep and cat tl e  have been estimat e d  to b e  

between 80  t o  400 kPa (Kellet t ,  19 78) . Clime (pers . comm . ) found that 

serious t reading damage was l ikely when the resis tance to penet ra t ion of  

Tokomaru s il t  loam was l ess than values 0 . 2  to 2 times the s ta t i c  load 

for sheep ( 200 kPa ) which corres ponded to  a water conten t  in the top 

30 mm of the soil pro f il e  of  approximately 0 . 6 .  There were many days 

in the winter-spring p erio d of 1 9 8 3  during which the wa ter  conten t  of the 

soil at the surface of undrained plo ts was much greater  than 0 . 6  

( Fig . 3 . 1 1 ) . On the s e  days , soil s trength would have b een low and 

therefore damage to b o th soil and pas ture would be likely to resul t from 

grazing . The drained so il on the o ther hand was usually drier than the 

undrained so il , so tha t  i t  would have a h igher bearing capa c i ty and could 

s upport the gra z ing anima l , thus incur ring l es s  damage . 

The difference in the extent o f  treading damage b e tween the drained 

and undrained plots  was mo s t  evi dent following mob s to ck ing for thre e  day 

p eriods in July o f  1 983 and 1984 . On the undrained plo t s, t reading 

damage was s evere wi th pugging of the soil s urface and the burial of 

pasture in the mud . In contras t, soil s truc ture on the dra ined plo ts  was 

observed to be rel a tively unal t ered by the hoo f of the sheep and d amage 

to pas ture was k ep t  to a minimum . 

Treading damage and soiling of pas ture was the l ikely caus e o f  the 

poo r ut ilisa tion by grazing sheep under b o th mob and s e t  s tocking . 

Smearing and s evere pugging o f  the soil surface , and trampl ing of the 

herbage into the mud occurred during grazing of the undrained plo ts in 

we t condi t ions . Because the soil  surface on the undrained plo ts  was wet 
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the sheep gra zed p re ferentially the drained plots , and even when these 

plo ts had b een s tripped of availab l e  pas ture , the buried and soiled 

herbage on th e undra ined plo t was unpala table and was no t gra zed . 

Th e d i f ference in u tilisation measured a f ter mob gra z ing in 1983 , 

of  approximately 25% for pas ture on a wet and dry so il equates  to a 

- 1  d i f f erenc e in animal intake o f  approximately 400 - 500 kg DM ha ; a 

large quant i ty o f  p as ture , particularly in winter o r  early spring . 

An increase in the q uantity o f  pas ture the animal is able to utilise  

i f  gra z ing o ccurs dur ing a we t period in winter o r  spring is  an impor tant  

bene f i t  of  dra inage . S imila r  resu l t s  are pres ented by Sco t t  ( 1963)  and 

Kell e t t  ( 1 9 7 8 ) . 

The resul ts ob tained from the mob grazing in 1984 show tha t ,  even 

un der pressure , the gra zing animal is unable or unwill ing to utilise 

pas ture grown in wet areas . When the s tocking rate  was increased , 

ins tead o f  p ressure o f  numb ers forcing the gra z ing o f  wet areas , the 

grea ter numb er o f  hoofs  only increased the amount o f  damage done to the 

pas ture and soil on the wet  areas . Though the val idity o f  any 

conc lus ions drawn concerning a decrease  in utilisa tion with increasing 

s tocking rates on undrained s o il s  may b e  ques tionabl e ,  the 1 9 84 resul t s  

d o  c larify the mechanism b y  which the availab il ity o f  h erbage t o  the 

anima l is reduced . 

The pattern o f  dung return s hows that animal s  avo id camping on areas 

where i t  is we t underfoo t .  Few general conclus ions can b e  drawn concerning 

the e f fects  of dung d is tribution on s o i l  fertility b ecause in this experiment 

the anima l s  had the op tion o f  camping on either drained o r  undrained p lo ts .  

No rmally, an en tire pa ddock would be e i ther dra ined o r  undra ined and the 

dis tr ib u t ion o f  dung would b e  more uniform.  One r eason for  d raining · 

we t a reas o f  a parti cular paddock would be  to minimise non-uniform nutrient 

return due to s to ck avoid ing wet area s . 



The marked difference in pasture recovery o r  regrowth ra tes 

b etween drained and undra ined plo ts in 1983 is a lso most likely 
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· a t tributabl e  to the s evere damage done to the pas ture on the undrained 

plo ts by the hoo f  o f  the animal during the mob grazing , and subsequently 

during set s tocking . As ment ioned previously , a t  the time o f  mob 

gra zing the surface soil quickly b ecame muddy so that much o f  the pas ture 

was t rodden into these large areas of puddled soil by the sheep , and was 

buried . As a consequence o f  this damage, regrowth rates were low . 

The 30% increase in the amount o f  pas ture p roduced on the drained plots 

over the wet a reas is comparable  to  the 20% increase in product ion tha t 

Kel l e t  ( 1 9 7 8) found f rom an undamaged sward compared to a swa rd damaged 

during grazing . Likewise  Curl l and Wilkins (19 83)  found t rea ding unde r 

set  s tocking induced a 25% reduct ion in herbage growth rates . 

Other workers have also shown that  treading damage can s i gnificantly 

reduce sub sequent herbage yields (Edmond , 1958 , 1964 , 1970 ; S co t t , 1 96 3 ; 

Brown , 196 8) . Th is reduct ion has b een at tributed to a decl ine in plant 

numb ers a f ter grazing , due to l ea f  crushing and b ruising ( Edmond , 1 9 5 8 ,  

1 96 3 ;  Hudson e t  al . ,  1962) , and a reduc tion in t il ler dens ity ( Edmond , 

195 8 ;  Campbell , 1966 ; Mat thews , 1 9 7 1 ) . Kel l e t t  ( 1 9 7 8) s t a tes that 

animals graz ing on f irm ground do relatively li ttle  damage to growing 

point s . But on soft  soil  treading damage occurs and many growing points 

a re b roken and b uried . Treading also induces indirect e ffec ts on pas ture 

growth  through s o il compac t ion and puddling ( Gradwell , 1 960 , 1 96 5 ) . 

I t  is unl ikely that the greater dung re turn to the dra ined plots  

enhanced growth rates . Soil test  values (S ec t ion 5 . 3 . 3 . 2 ) showed tha t 

the so il at  the research s ite was not deficient in the maj or nu trients 

so that  a large response in growth rates would not be expected if nutrients 

were added to the s o i l . 

The data obtained in 1983 and 1984 rel a t ing watertab le depth to 



7 4  

pas ture util i s a t ion and pugging damage indicated that a watertab l e  l evel 

of . 200 mm was the minimum depth needed in the Tokomaru s i l t  loam to 

avoid t reading damage by sheep . To this depth was at tached the a rb itrary 

but use ful notation o f  s a fe/unsafe  gra z ing.  I f  the watertab l e  was 

shallower than a l evel o f  200 mm from the soil surface then gra z ing 

woul d mos t  likely caus e s evere damage to the soil s truc ture , poor 

pas ture u t il is ation and impaired r egrowth rat es ; such a day was t ermed 

unsafe  for gra z ing . I f  the watertab l e  was deeper than a l evel o f  200 mm 

from the surface , it  was mos t  l ikely that graz ing would b e  saf e ,  in tha t  

pugging damage , pas ture u tilisa t ion and regrowth ra t es woul d b e  at  

levels wh ich we re acceptab l e .  On a s imilar soil type , Lago cki (19 7 8) 

also  found fo r sheep graz ing , that the b earing s trength of  the t ramp l ed 

soil  was low when wa tertables were less  than 200 mm from the surface . 

4 . 5  Conclus ions 

The following conclusions may b e  drawn : 

i )  The benefits  o f  d ra inage under pas ture only become apparent  once 

grazing commences on wet soil . The benefits  are  improved pas t ure 

utilisa t ion dur ing grazing and greater subsequent regrowth rat e s . 

ii)  Dra inage increased pas ture utilisation by approximately 25%  dur ing 

mob grazing on a winter day when the surface soil was wet .  

Drainage also inc reased pas ture u tilisa tion under s e t  stocking in 

spring . 

i i i )  Drainage increas ed pas ture p roduction by 30% , from t h e  t ime o f  mo b  

grazing i n  winter t o  mid summer , i n  a year with average rainfall . 

iv)  Tread ing damage to  the plant  was apparen tly th e maj o r  cause of  poor 

pas ture u tilisa t ion and impaired growth rates on the undrained plots . 

v)  Th e extent o f  t reading damage to both plant and soil was related  to 

. 

the wa tertable depth . The b enef i ts of  drainage arise primarily 
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b ecause mol e  drainage lowers the water content o f  the surface soil , 

wh ich increas es the bearing s trength a11d therefore l e s s ens the 

extent of  treading damage . 

v i )  For the Tokomaru s i l t  loam, the minimum watertabl e  dep th needed t o  

avoid pugglng damage from sheep a n d  for goo d  pas ture u t il is a tion 

and regrowth , was approximately 200 mm . I f  the wat e rtab l e  is 

deeper than 200 mm then sheep grazing is usually safe . 

vi i) In a d ry year (such as 1982) , th e  b enefits of drainage a re minimal 

because th ere are very few days when the wa tertab le is shallower 

than 200 mm on either drained or undrained soil . However, b ecause 

of the impo rtant b enefits a fforded by drainage in average or 

wetter  years there can be  l i t t l e  doub t that drainage is  worthwh il e .  
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CHAPTER 5 

THE EFFECTS OF DRAINAGE ON THE BOTANICAL 

AND CHEMICAL COMPOSITION OF PASTURE AND 

ON THE PLANT ROOT SYSTEM 

5 . 1 Introduct ion 

In Chapter 4 the effect of  drainage on pas ture u t il i sa t ion during 
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graz ing in b o th winter and  spring was describ ed . The effec t  o f  drainage 

on pas ture  growth rat es was also discus s ed . Quantity is  only one 

p roperty of the pas ture sward ; also of considerab l e  impor tance is the 

qual ity o f  the pas ture . Pas ture qua l ity has two aspects , f irs tly there 

is the botani�al composition of  the sward , and s econdly the chemical 

composition o f  the p lant tissue . The effec t of  drainage on the b elow-

ground parts o f  the sward , namely the roo t sys t em, should also b e  

considered . 

The work o f  Edmond (196 2 , 196 3 ,  1964 , 1966) has shown tha t treading 

damage can caus e a sub s tantial al terat ion to the bo tanical compo s i t ion o f  

a pasture sward . H e  found that the sward changed in tha t species mo re 

tolerant of  tr ead ing damage , such as perennial ryegras s ,  tended to domina te 

a t  the expense o f  thos e t ha t  were more  s ensitive to treading , such as 

whi t e  c lover . However , S co t t  ( 1963) found that whi t e  clover and ryegrass 

were relatively insens itive to treading during winter gra zing of undra ined 

so il and only the cocks fo o t  (Dactyl is glomerata)  and Yorkshire fog 

(Hol cus lanatus ) components of the sward were appreciably  reduced . 

The botanical composition o f  a sward can b e  an indicator o f  the 

moi s t ure conditions in the soil . However , there have b een f ew s tud ies 

of  the rel a t ionship b e tween drainage and bo tanical compqs i t ion . 

Minderhound et a l . ( 1 960) found tnat with l es s  effec tive drainage , more 



wat er tolerant species were found in the sward . However , in con tras t 

Hoogerkamp and Woldring ( 19 6 7 )  reported that for well-fertilized and 

intensively s tocked grassland the changes in the bo tanical compo s it ion 

related to the groundwater  level were small . 

Good  aerat ion and mo is t ure conditions throughout  the great er par t  

o f  the soil pro f ile s t imula t e  the growth and develo pment o f  roo ts i n  all 

d ir ec t ions ( Rowe and B eardsell ,  1973) . Ideally an ext ensive deep roo t 

sys t em explores a larger soil  volume for water and nutrients by the 

intens ive contact of roo t  hairs which are formed mor e  prof usely when the 

external supply o f  oxy g en is adequate (Russell , 19 7 7) . I f  during their 

development , roo t s  meet a wat erlogged zone with reduced aerat ion, their 

growth w ill  be s uppres s ed .  Daub enmire ( 1959)  describ es the effects o f  

reduced aera t ion cond i t ions o n  roo t  development a s  follows : 

i )  Roots  a r e  sho r t er and roo t  sys tems occupy l e s s  space and 

b ecome shal low ; 

ii)  Roo ts may b e  l e s s  numerous , roo t branching less  complex ,  and 

roo t hair fo rmat ion is usual ly suppressed ; 

iii )  Development o f  advent i t ious roo ts from the base of  the s tem is  

o f t en s t imul a t e d ; thes e roo ts  are bet ter adap ted to cond i t ions 

of poor aerat ion than a re the original roo t s ; 

iv) The respira t ion of the roo ts changes from aerob ic to anaerobic 

with a consequent accumulation of toxic by-products and a reduced 

release of energy f rom the same amount of carbohydrat e ;  

v)  The rate of absorption o f  water and nutrients , and the ra te of 

t ranspiration are  reduced . 

Al though the e f f ec t s  o f  waterlogging on the roo t  network o f  crops 

and fruit  t rees have b een s tudied in detail , l i ttle  a t tention has b een 

g iven to  the performance o f  the roo t sys tem of pas ture when it  is 

s ubj ected to  excess ive soil mois ture.  Gradwel l  (19 6 7 , 1969)  found tha t  

7 7  
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grass and c lover roo ts are relat ively tolerant of anaerobi c  conditions 

and shoo t growth was no t adversly affected when the oxygen diffus ion 

flux (measured with a b a re platinum elec trode)  dropped to 1 x 1 0
- 7  

g 

-2  . - 1  c m  m1n , a value prohib i t ive to  the roo t growth of mos t  o th er species . 

One o f  the claimed b enefi ts of  drainage ment ioned in Chapter 1 

is that it  encourages a more extensive and deeper roo t ing sys tem which 

can extract nutrients f rom a greater volume of soil and reduce the 

adverse e f f ec ts of drough t . To determine whe ther or no t there was any 

sub stance to this cla im ,  use was made o f  two radioac tive tracers to 

compare the pat tern of nutrient uptake on undrained plo ts  with that on 

drained plo ts . Iso tope data were analysed using the conc ept o f  roo t  

a ctivity wh ich has been used by s everal workers (Jackman and Moua t , 1 9 7 2 ;  

B rash , 1 9 7 3 ; Gregg , 1 9 7 6 ; Gillingham , 19 7 8 ; Syers e t  al . ,  1 9 84 ) . 

An important assump t ion in all tracer s tudies is tha t when the 

tracer is introduced into the sys t em,  it forms an equilibrium b e tween 

the different phas es , which are in cons tant exchange (Newbould , 1 9 6 9 ) . 

I f  this assumpt ion is s atisfied then plants wil l absorb the tracer and 

nu trien t  in direc t proportion to their occurrence in solution . The 

quanti ties of the availab l e  nutrient (for exampl e  
32

s)  and t racer c35s)  
adsorb ed from a s o il compartment can  then b e  relat ed as  follows : 

= (5 . 1 ) 

where the s ub scrip ts p and s deno te the amount o f  iso tope p r es ent  in the 

plant and s o il respe c t ively , and kf is a cons tant refl ecting the 

propo r t ion o f  the pool of l ab ile nutrient s amp l ed by the plan t . The 

value o f  kf a t  different depths is usually assumed to b e  very s imilar 

and this was found to be the case by Nye and Fo s ter ( 1 9 6 0 ) . Assuming 

kf is cons tant at all  dep ths , rela t ive roo t ac t ivity in compartment 

i ( RRAi ) may be defined as follows : 
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= 328 35 }: 328 358 100 s , i  sp , i/i= 1  s , i  p , i  (5 . 2) 
where n is the number o f  compartments . Revi ews o f  the cond i t io ns tha t 

need to b e  s a t is fied for this equation to b e  val id are pres ent ed by 

Fried and Bro eshart ( 19 6 7) , Newboul d  ( 1969)  and B rash ( 19 73 ) . 

No research appears to have b een carried out in New Zealand o r  

ove rs eas to determine the e f f ec t  o f  drainage o n  the concent ra t ion o f  

nu trients in pas ture h erbage . Neither has there been any comprehens ive 

inves t iga t ion into the effect  o f  drainage on the plant roo t network o f  

p as ture .  The changes in these impor tant cha rac t eristics o f  the swar d  

induced b y  drainage , along wi th alterations i n  b o tanical compo s i t io n  

are discus sed i n  this chap ter . 

5 . 2  ��ter ials and Methods 

5 .  2 .  1 Bo tanical composition 

Bo tanical compo s i t ion was determined us ing two d i f ferent techniques . 

The f irs t involved dis s ec t ion o f  samples taken when the caged areas were 

harve s t ed in 1 9 82 , 1 9 8 3 , and part o f  1 9 84 . A s ample o f  approximat ely 

100 g o f  pas ture was removed by  clipping f rom the caged a rea (before the 

two s t rips were mown) . Af ter thoroughly mixing the pas tur e samp l e ,  the 

botan ical compo s i t ion o f  approximat ely half the sample was determined . 

The sub-sampl e was dis s ec ted into three catego r i es ; ( i) grasses 

(ma i nly perennial ryegrass (Lolium perenne) and browntop (�gro s t is 

tenuis ) ,  wi th some annual poa (Poa annua) swe e t  vernal grass (Anthoxa thum 

odo ratum) , danthonia ( No todanthonia clavata) Yorkshire fog ( Ho l cus 

lana tus ) , and timo thy ( Phleum prat ense) ) ;  ( i i )  clovers (mainly whi t e  

clover (Trifol ium repens)  and sub terranean clover ( Trifolium sub t erraneum) . 

with s ome red clover ( Trifolium pra t ense) and lo tus maj o r  (Lo tus 

pedunculatus) ) ;  and ( iii)  weeds (bu t tercup ( Ranunculus repens) , 



pennyroyal (Mentha pulegium) , hawkbi t  (Leontodon taraxaco ides ) , 

hawksbeard ( Crepis capillaris ) and daisy ( Bell is  perennis ) ) . After  

dissec t ion,  composi t ion was determined gravime trically on a d ry mat ter  

bas is . 

80 

The second method , point analys is , was carried out  on the research 

a rea in Decemb e r ,  1983 , and April , 1984 . A grid with three prongs 

1 00 mm apart was p l aced every three metres along the d iagonals  o f  each 

plot and the species directly b elow each needle inden t i f ied . The 

s pecies were divided into the following ca tego ries ; perennial ryegrass ,  

other grass es , clovers , buttercup , weeds , bare ground and dead mat erial . 

5 . 2 . 2  Chemical compo s i t ion of pas ture 

To tal phospho rus (P) , nitrogen (N) , and sul phur ( S )  l evels in grass 

and c lover were det ermined for s elected s amples collected when the caged 

areas were harves ted in 1 9 8 3  and part of 1984 . Level s  o f  P and N were 

measured fol lowing Kj eldahl diges tion , by the autoanalysis method of 

Twine and Will iams ( 1 9 7 1 ) . The concentra t ion o f  S in herb age samp l es 

was d e t e rmined us ing an induc t ion furnace (leco model 6 3 2-300 ) in 

conj unction with an automat i c  t itrator (Leco model 6 3 2-000 ) . The method 

is deta i l ed in Laboratory Procedures for the S o i l  and Plant Analysis 

Laboratory (Anon , 1 9 7 7 )  and by Tabatabai and Bremner ( 1970) . B ecause o f  

time cons traints and the ob serva t ion that differences i n  l evels o f  S for 

herbage grown on the drained and undrained p lo ts were neith er l arge o r  

long las ting , f ewer sampl es were analysed for S than fo r P and N .  

5 . 2 . 3  Soil  nutrient s t a tus 

Twenty soil cores , 20 mm in diameter and 75 mm in depth , were 

removed from each plo t using a soil corer . The cores were bulked , a i r  

dried and passed through a 2 mm s ieve b efore analys is . In the dry y ea r ,  
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19 82 , cores were taken b i-mon thly whereas in the wint er-sp ring o f  1 9 8 3  

and summer o f  1984 sampl ing was carried out  monthly . Soil  pH was 

measured with a combinat ion el ectrode a f ter s t irring 10 g o f  soil in 

25 ml o f  dis tilled wa ter and l eaving to s tand overnight . 

Availab l e  pho spho rus (H2
Po4-P) was es tima t ed us ing the bicarbonate 

method of Olsen et  al . ( 19 54 ) . This involved shaking 1 g o f  soil 

mixed wi th 20 ml of O . SM NaHC03 for 30 min in 50 ml polyca rbonate 

cen trifuge tubes on an end-over-end shaker a t  0 . 3  H� at 20° C .  On 

completion o f  shaking the sampl es were centrifuged a t  1 6 7  H� for 5 min 

in a S o rval l  RC2-B centrifuge (at 5°C) and the extra c ts passed through 

a memb rane f il ter (< 0 . 4 5  �m) . Inorganic P in aliquo ts o f  the extrac ts 

was det ermined by the Watanabe and Olsen ( 19 6 5 )  modif icat ion o f  the 

Murphy and Ri1 ey ( 1 962)  method , except tha t the b icarbonat e  extracts were 

no t neutralized prior to colour development .  Absorb ance was measured 

at  7 1 2  nm us ing a Pye Unicam SP 1 800B spec tropho tometer . 

Availab l e  s ul phur (so4-s )  was determined as foll ows : 5 g o f  soil 

were shaken with 2 5  ml of 0 . 04M Ca (H
2
Po4 ) 2 (Searle ,  1 9 7 9 )  fo r 1 6  h on 

0 an end-over-end shaker a t  20 C ,  cen trifuged ( 5  min a t  1 6 7  H�) then rnemb ran 

f i ltered (< 0 . 4 5  �m) and an aliquo t o f  solution retained . The aliquo ts 

were dried down over-nigh t ,  analysed by the me thod of Johnson and Nish i t a  

( 19 5 2 )  and compared to s tandards i n  the range 0-80 � g  S us ing a Pye 

Unicam SP 1 800B spec t ropho tometer at 6 70 nm. 

Ammonium (NH4-N) and n i trate (N0 3-N) were determined as fo l lows ; 

4 g o f  so il were shaken with 4 0  ml o f  2M KCl for 20 min on an end-over-e1 

shaker at 20°C ;  centrifuged a t  1 6 7  H� for 5 mi� then f il t ered ( <  0 . 45 � �  

NH4-N was determined s epera tely f rom No
3-N acco rding to the procedure 

outl ined by Bremner and Keeney ( 1966) . 
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5 . 2 . 4  Rel a t ive root  a c t ivity 

32 35  
Either radioactive phosphorus ( P)  or s ul phur ( S)  are commonly 

used as t racers to determine the pattern o f  nu trient up take . Whereas 

o ther workers have used one or the o ther of these iso topes to determine 

r elative root  a c t ivity (RRA) , in this s tudy they were us ed s imul taneous ly 

for the f i rs t  t ime . 

A solution containing 
3 2

P and 
35

s was l oaded into gelat in capsul es 

in a method s imilar to that  outlined by Goh et a l . ( 1 9 77)  and Gill ingham 

( 19 78) . The maj o r  difference in the method was the manner in which 

the capsul e  was f il l ed wi th rad ioactive tracer . A gun type mechanism 

was const ructed which held the capsule while  the needle  of the ovij e c tor 

gun penetrated i t . Into each capsule was dispens ed 1 ml o f  solution 

containing 5 . 8  pCi o f  
3 2

P and 7 . 3  pCi o f  
35

s .  

On e ach o f  the pipe-mole  and undrained plo ts , a transect o f  seven 

g el a t in capsul es spaced a t  5 cm intervals was l aid a t  the required 

t reatment depth .  These trea tment dep ths were 20,  60 , 110  and 1 70 mm . 

The depths were chos en to repres en t  the s o il sampling zones o f  0 - 4 0 ,  

4 0  - 8 0 ,  8 0  - 140 and 140 - 200 mm ,  respectively . Vert ical holes to 

the required depth were made using a wooden template and a metal rod as 

describ ed by Gill ingham (19 78) . A f ro z en capsul e  was placed into each 

hole using long twee zers and guided to the b o t tom o f  the hole  with a rod . 

Each hol e  was then backfilled with soil from the appropriate depth which 

had b een removed f rom a pi t  nearby . 

B e tween implacing the gela t in capsules and harves t ing the pas ture , 

soil cores f rom the relevant treatment depths were coll ected to det ermine 

the quantity o f  H
2Po4-P and so4-s ,  accord ing to the pro c edures ou tl ined 

in S ect ion 5 . 2 . 3 . 

The pas ture was harves ted  approximat ely  10 - 1 4  days a f ter 

isotope placement . Above the placement depths o f  80 , 1 1 0  and 1 70 mm a ll 
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the herb age 150 mm on e i ther s id e  of the t ransec t or ' ho t l ine ' was 

gathered us ing electric shears and a wooden quadrat . Above the 20 mm 

placement depth the area was divided into two regions ; from the ho tl ine 

to 75 mm and from 75 mm o u t  to 150  mm . RRA values from these two 

regions were added to give the total value for the 0 - 4 0  mm zone . 

In the labo ra to ry , herbage samples were dissected into grasses and 

clover using long tweezers . 
0 

After drying (60 C for 16 h)  the samples 

were gro und us ing a small electric coffee mill . Samp l es o f  ground herbage 

(0 . 1 5 g)  were taken and d iges ted  a c co rding to the Kj eldahl procedure 

( S e ct ion 5 . 2 . 2 ) .  For s c intillat.ion counting , 1 m1 a liquo ts o f  the 

diges t were taken and transferred to vials containing s cintilla tion 

cocktail ( 1 0  ml of Triton X100 - toluence 1 : 2 conta ining 4 g PPO 

and 0 . 1  g POPO per l itre} (Pa t t erson and Green , 1 9 6 5 ) . Th e liquid 

s c in t illa t ion counter (Beckman LS-350) was s e t  so that  one channel would 

to tal the counts per minut e  due to the decay o f  
3 2

P ( a  s e t t ing o f  7 20 -

1000) and another channel was g iven a window width f rom 30 - 720 t o  

3 5 d e termine the counts p er minu t e  due to the d ecay o f  S and low energy 

32
P .  A specif ic f ract ion o f  the counts o f  

32
P o ccurring in the 7 2 0  -

1000 r eg ion always falls b elow the 7 20 set t ing and by d e te rmining this 

fract ion  (0 . 39) it  was poss ib l e  to s eparate the coun ts in the 30 - 7 20 

window into those  due to emiss ions f rom 
3 5

s and those  due to emissions 

3 2  from P .  An external s tandard was used with an automa tic quench 

control to ensure that all  samp l es exhibi t ed s imilar coun ting effic iencies . 

Two isotope trials were l a id down in 1 9 8 3 ; the f irs t in Sep t ember 

and the s econd in December  to dete rmine the e f f ec t  of drainage on the 

RRA during winter and spring . 

5 . 2 . 5  S tat is tical analysis  

The s ignificance o f  d i ffer ences in mean values o f  botanical 
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composi t ion between drainage trea tments was d e termined us ing the t-tes t .  

For the chemical composi t ion  o f  h erbage and soil tes t data, wi th 

thei r  greater sample  space , variab il i ty was assessed from an analysis 

of variance based on the s pl i t-plot in t ime des ign followed by the 

determinat ion o f  l eas t s ignif icant difference (Li ttle and Hills , 1 9 7 2 ) . 

The s ignificance o f  differences in r elat ive roo t  a c t ivity b etween 

drainage trea tments was d e t ermined usin g  the t-tes t ,  as outlined by 

Syers e t  al . ( 1 984) . 

5 . 3  Resul ts 

5 . 3 . 1  Effect  o f  mo l e  drainage upon botanical composi tion 

5 . 3 . 1 . 1  1 982  - a dry y ea r  

I n  1982 , drainage d i d  no t s igni ficantly affect  the 

b o tanical compos it ion of the sward . The p ercentage o f  clover and weeds 

in the sward for each treatment, determined by diss ection in the labora to ry , 

appears in Fig . 5 . 1 .  

5 . 3 . 1 . 2  1 983 - an average y ear 

Fol lowing mob grazing in late July 1 983 and set s tocking 

t hroughout spring , it b ecame no t i ceable in l a t e  spring and early s ummer 

that differences in the species composit ion were developing b etween the 

wet areas of the undrained plo ts and the drained plo ts . On the wet areas 

there was an obvious increase in the quant i ty of weeds , par t icularly 

buttercup which is tolerant of waterlogged conditions . 

The results ob ta ined f rom a point analys is carried out  on 5 December , 

1983 appear in Table  5 . 1 .  By far the greater part o f  the pas ture sward 

was comprised o f  grasses , particularly p erennial ryegrass . The 

p�eponderance o f  grasses masks any d i f ferences tha t may develop b e tween 
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F i gure 5 .  1 Clover and weed con t e n t  o f  swa rd ( expres s e d  as a 

p e rc en t age)  on p i p e-mo l e  (0- -0) , mo l e-mo l e  (D-···0) 
and u n d ra i ne d  (e--e) plo t s  mea s u r ed by h e rbage 

d i s s e c t ion in 1 9 8 2  • 



Tab l e  5 . 1 

Plo t s  

Dra ined 

Undra ined 

Pas ture compos ition ( expres s ed as a p ercentage )  for 

drained and wet areas o f  undrained plo ts measured by 

the point analys is t echnique on the 5 December , 1983 . 

Mean val ues for a category followed by a different 

l etter are s ignificantly different at  P � 0 . 0 5 .  

Species 

O th er Bare 
Weeds B u t tercup Ryegrass Grasses Clover Ground 

4 a 0 a 6 1  a 1 2  a 1 2  a 2 a 

8 b 5 b 56 a 9 a 5 b 8 b 

86  

Dead 
Mat erial 

9 a 

9 a 



other s pecies in the sward . This is illus trat ed in Table  5 . 1  where 

the d if f erences in the quantities of  weeds , but tercup and bare ground 

b etween the drained and wet areas of the undrained plo ts "·e re not l arge 

in abs olute terms . Never theless , there were s igni f icant ( P  $ 0 . 05 )  

8 7  

d i f f erences i n  the incidence of  some components o f  the sward b e tw een 

dra ined and undrained plo ts, with a 2-fold difference in the incidence o f  

weeds and a 4-fold difference i n  the incidence o f  bare ground . Ther e  

was also  a l arge decr ease  (P  $ 0 . 05 )  in the inc idence o f  but tercup , a s  

wel l  as  a 2-fold increase  (P  � 0 . 05)  i n  the inc idence o f  clover when 

go ing f rom undra ined to drained plo ts . 

Resul ts for the clover and weed component o f  the sward , a s  d e t ermined 

by h erbage dissec t ions carried out on s amples collected f rom the pas ture 

cages , are presen t ed in Tab le 5 . 2 .  For all  harves ts except 7 November  

and 20 January , the p ercentage of  clover on the  drained plots  was 

approximately equal to that  on the wet areas of the undrained plo ts . 

However , towards the end o f  spring and in the m iddle o f  a mild summer , 

when conditions were favourable  for good clover growth there was a 

s igni f icant ( P  � 0 . 05)  difference in the percentage o f  clover b e tween 

the we t areas of the undrained and the drained plo t s . For the January 

harves t there was a pproximat ely a 2-fold increase in the p ercentage of 

clover on the drained plo ts compared with the we t a r eas of  the undrained 

plo ts . 

Tabl e  5 . 2  also shows that the sward on the wet areas of  the undrained 

plo ts had a higher weed con tent than the sward on the drained plots . 

Th is d i f f e rence was signif icant ( P  $ 0 . 05)  in bo th the November and 

January harves ts . There was a pproximately 3 t imes the quantity of weeds 

in the sward on the wet areas compared with the drained plo ts . This is 

in good a greement wi th the r esul ts ob tained by the point analysis metho d . 

To determine whe ther or  no t the differences in s pecies compos i t ion 



Tab le 5 . 2  

Da t e  of  

harve s t  

28 July 

4 Oc tob er 

7 Novemb er  

1 Decemb er 

20 January 

Clover  and weed con tent o f  sward ( express ed as a 

percentage) measured during spring a nd early 

summer o f  1983/ 1984 by d issec t ion . 

88 

Mean values of a ca tegory for a harvest fol lowed by a 

dif feren t l e t ter are s ignificantly different a t  P � 0 . 0 5 . 

Clover ( %) Weeds ( %) 

Pipe-mo l e  Mole-mole Undrained Pipe-mo le Mole-mo l e  Undrained 

2 a 3 a 1 a 1 a 1 a 1 a 

4 a 5 a 4 a 1 a 1 a 3 a 

7 a 9 a 5 b 3 a 2 a 9 b 

6 a 6 a 4 a 2 a 2 a 4 a 

16  a 13 a 7 b 2 a 2 a 10 b 
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b e tween dra ined and wet a r ea s  pers is ted , another point analysis was carried 

o u t  in April 1984 , the r esul ts of  which appear in Tabl e  5 . 3 .  By then , 

a l l  d if ferences b etween plo ts in the amoun t  o f  c lover and bare g round 

had d isappeared . However , there was stil l approximately 3 times the 

incidence o f  weeds ( P  � 0 . 05) on the wet a reas than on the drained plots . 

5 . 3 . 2  Effec t o f  drainage on the chemical compo s i t ion 

5 . 3 . 2 . 1  1 9 82 - a dry y ear 

In 1 9 8 2 , drainage had no significan t  effect  on the 

concentrations of N ,  P or  S in e i ther grass or clover . The N ,  P and S 

content o f  pas t ure for the spring-summer p er iod o f  198 2 is  shown in 

Appendix B .  

5 . 3 . 2 . 2  1 9 83 - an average y ea r  

During the spring-summer of 1983/ 1984, differences i n  the 

chemical compo s i t ion of herbage between dra ined plo ts and the wet a reas 

b egan to d evel o p . Chemical compo s i t ion da ta for h erbage harves ted in 

this period appea r.  in Fig . 5 . 2 .  The f irst differences are seen in the 

N and P content of c lover samples harves ted on the 4 Oc tob er , 1983  .. 

Clover grown on thP wet areas o f  the undrained plo t8  had a s ignificantly 

(P  � 0 . 05 ) l ower N and P con t en t  than did clover grown on the dra ined 

p lo ts . For th e October harves t there was no dif ference in the chemical 

compos ition o f  gras s es sampled on the d ifferent drainage trea tments . 

One mon th later  in November , there wer e  quite pronounc ed d i f f erences 

in the chemical compos i t ion of h erbage from the dif feren t  trea tments . 

The p erc entage o f  P in c lover on the pipe-mo l e  plots was 0 . 3 7 compared 

with 0 . 23 on  the undrained p lots . The percentage o f  N in clover on the 

p ipe-mo l e  p l o ts was 4 . 9 7  compared with 3 . 68 on the undrained plot . These 

differences b e tween d ra ined and undrained plo ts in the l evels o f  N and P 



Table 5 . 3  

Pl o t s 

Drained 

Und rained 

Pasture composition ( express ed as  a p ercentage)  for 

drained and wet a reas o f  undrained plo ts measured by 

the point analys is technique on  the 2 April , 1 9 84 . 

Mean values for a catego ry followed by a different 

l etter  are s igni f icantly dif ferent at P � 0 . 0 5 .  

S pecies 

Other Bare  
Weeds But tercup Ryegrass Grasses Clover Ground 

2 a 0 a 6 5  a 6 a 24 a 1 a 

6 b 1 a 64  a 5 a 2 2  a 1 a 

9 0  

Dead 
Mat erial 

2 a 

1 a 
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in  clover were highly s igni f ic an t  (P  � 0 . 01) . The difference in S 

levels b etween clove r  grown on drained and wet areas was no t s ignif ican t . 

For grass grown in Novemb er on the p ipe-mole plo ts the l evels 

of  P ,  N and S were 0 . 4 7 ,  3 . 28 and 0 . 4 2 ,  respectively , compared with the 

levels in grass on the undrained plo t s  of 0 . 39 ,  2 . 7 5 and 0 . 37 ,  res pectively . 

The difference in the p ercentage o f  N in grass on the drained and undrained 

trea tments was highly  s igni f icant (P � 0 . 0 1 ) , whil e the corres ponding 

dif ference for  P and S was s ignif icant a t  the P � 0 . 0 5  lev el . 

Some of  the s ignificant d i f f erences in P ,  N and S con tents obs erved 

for bo th clover and grass in November ha d d isappeared by Decemb er . For 

clover there was no s ignificant diff erence b e tween drainage treatments in 

N o r  S l evels , but the p ercentage of P present in clover sampled on the 

we t areas was s till  s ignif icantly lower (P � 0 . 05)  than j n  clover sampled 

on drained plo ts . For grass  there were no s ignificant differences b etween 

treatmen ts for  S content . Gras s on the drained plo ts s t ill had a 

s ignif icantly (P � 0 . 0 5)  h igher N content than did grass on the undraj ned 

plots . 

By the end o f  the summer o f  1984 all s igni f icant differences in 

the chemical compo s i t ion of herbage had disappeared . 

5 . 3 . 3  Effect o f  drainage on soil nutrient s ta tus 

5 . 3 . 3 . 1  1982  - a dry y ea r  

Al though th ere were some marked s easonal fluc tuations , 

par ticularly for N03-N and so4-s , in a dry year there were no s ignificant 

di fferences in so il t es t  values between drainage treatments . S o il test  

da ta for  so4-s , H2Po4-P , N03-N , NH4-N and pH are  presented in  Fig . 5 . 3 .  

5 . 3 . 3 . 2  1983  - an average y ear 

As for 1982 , th ere were s easonal fluctuations but no 
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.o  
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s i gn i fi cant differences i n  soil test  values between dra inage trea tments . 

So il tes t data ob tained i n  1983 are presented in Fig . 5 . 4 .  Even fo r a 

y ea r  of  average ra infal l ,  in which the watertable over the win t�r-spring 

p eriod was con s iderably h i gh er on the undrained s o il than on drained , 

the  s o il tes t  values for all  plots were approximat ely the same . 

5 . 3 . 4  Effect  of drainage on the plant roo t sys tem 

5 . 3 . 4 . 1  Relative roo t ac tivity during winter 

In winter, drainage had an ef fec t on the relat ive roo t 

a c t ivity (RRA) in the 40  - 80 mm zone . RRA values calculated at  the end 

o f  the winter of 1 983 are shown in Fig . 5 . 5 .  In the region 40 - 80 mm 

b o th grass and clover roo t activity for so
4

-s on the dra ined plots was 

s i gnifican t ly (P  � 0 . 05) greater than on the undrained plo ts . Likewise 

the root a c t ivity of  grass  f or H
2

Po
4

-P was significantly (P $ 0 . 0 1 )  

grea ter on the drained plo ts . Comparison o f  RRA values for this zone 

in Fig . 5 . 5  show that the difference b e tween drained and undrained plo ts 

was more pronounced for so4-s (with an average difference in RRA for 

b o th grass and clover of 1 2%) than for  H2
Po

4-P (where the difference in 

RRA was approx imately 7%) . Soil samp ling a t  the time of the trial 

(Tab le 5 . 4 )  showed tha t there was no s igni f icant difference in H
2Po4

-P 

and so
4-s l evels b e tween dra ined and undrained p l o ts in the 0 - 80 mm 

zone , the r eg ion of  grea t e s t  nutrient  up take . 

5 . 3 . 4 . 2  Relative root act ivi ty during spring 

Unl ike the win ter t rial , root a c t ivity in spring was no t so 

confined to the top of the p rofil e ,  but importan t contribut ions to the 

plant ' s  nutrient  requirements were made by roots in the 160 - 200 mm zone . 

RRA values for both grass  and clover for H2Po4 - P and so4-s , as measured 

on drained and undrained plo ts at the end of the spring in 1983 , are 

p resented in Fig . 5 . 6 .  
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Re l a t ive roo t a c t iv i ty mea sured in S ep t emb e r ,  1983 . 

Mean va l ue s  f o r  upt ake o f  a t ra c e r  by a s pe c i e s  f rom 

a pa r t i c u l a r  zone fol lowed by a d i f f e rent  l ower c a s e  

l e t t e r  a r e  s igni f ic a n t l y  d i f f e re n t  a t  P � 0 . 05 . 
Mea n  va l ue s  fo l lowed by d i f f e re n t  Fppe r case l e t t e rs 

a r e  s i g n i f ic a n t l y  d i f f e re n t  a t  P � 0 . 0 1  • 



Tabl e  5 . 4  

Depth (mm) 

0- 40 

40- 80 

80- 140 

140-200 

0- 40 

40- 80 

80- 140  

1 4 0-200 

S o i l  t es t  data obtained during the S ep tember and 

Decemb er iso tope trials ( 1983) . 

Mean values a t  a particular depth for a nutrient 

followed by a diffe rent letter  are s ignificant ly 

d i f f erent a t  P � 0 . 0 5 . 

S ep t ember 

9 7  

H
2

Po4
-P (pg P g- 1  o f  soil) so -s 4 ( lJ g  S g- 1  o f  soil) 

Drained plo ts Undrained plots  Drained plo ts Undrained plots 

1 6 . 3  a 19 . 0  a 8 . 2  a 9 . 5  a 

1 2 . 3a 1 4 . 0  a 6 . 0  a 7 . 6  a 

8 . 6  a 1 2 . 1 a 6 . 0  a 9 . 3  b 

8 . 1 a 7 . 3  a 7 . 6  a 1 1 . 8  b 

December 

8 . 3  a 10 . 0  a 1 5 . 5  a 1 6 . 0  a 

7 . 0  a 10 . 0  a 1 2 . 1 a 14 . 0  a 

7 . 0  a 1 0 . 2  a 9 .  3 a 9 . 6  a 

7 . 6 a 1 1 . 1  a 7 . 0 a 8 . 0  a 
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f rom a pa r t icul a r  zo ne fol lowed by  a d i f fe re n t  
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at  P � 0 . 0 5 .  Mea n va lues fo l lowed b y  d i f fe rent  
. 

u p p e r  case l e t t e rs a r e  s i gn i f ican t l y  d i f f e r en t  

a t  P � 0 . 0 1  . 
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Drainage cont inued throughout spring to have a n  e ffect  on root 

dis trib u t io n .  RRA was greater i n  the 0 - 40 mm zone i n  the undrained 

plots than in the drained plots , the magni tude of this d if ference b eing 

approximately 10% . The d i fferences were s ignifi cant a t  e ither P � 0 . 05 
or P � 0 . 01 ,  as  shown in Fig . 5 . 6 .  

For grass ,  RRA on the drained plots between the dep ths o f  1 6 0  and 

200 mm for b o th H 2Po4-P and so4-s was s ignif icantly (P � 0 . 05)  grea t er 

than fo r th e undrained p l o ts ; for clover the RRA in the drained plots 

was signi fican tly (P � 0 . 05)  grea ter in the 80 - 1 60 mm zone as well as 

in the 1 6 0  - 200 mm zone . Table 5 . 4  shows that for the December trial 

there were no s ignif icant differences in  the amount o f  plant available 

H 2Po4-P and so4 -s b etween drained and undrained plo ts . 

Drainage did not affect  the lateral spread of  e i ther the grass 

or  clover roo t sys t em in the surface soil . When RRA values for the 

r egion 75  mm f rom the hotline out to 1 50 mm from the ho t l ine were 

t es ted no s ignif i can t d if ferences b etween drained and undra ined plots  

were foun d  for  e i ther grass or  clover . 

5 . 4 Discus s io n  

Th e  resul ts p resen ted i n  S ec t ion 5 . 3 . 1  show the impor tant e f f ec t  

tha t dra inage may have o n  botanical compos it ion . In a dry year , when 

the wa ter tab le l evel was usually well down the soil pro file  and unsafe 

grazing days were f ew in numb er ,  pas ture compos ition was the same on 

drained and undrained soil . As would b e  expected in such years , drainage 

was o f  l i t tl e  b ene f i t  in terms of improving the bo tanical compo s i tion of 

the sward . However , if  during a y ea r  of  average rainfall, grazing is 

al lowed on an unsa f e  gra zing day , then the resul tant treading damage is 

l ikely to be d e t rimental to the bo tanical composi tion of the sward . 

MASSEY :.J N I V!:RS ITY 
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However , i f  during a year o f  average rainfall grazing is allowed on an 

unsafe  gra zing day , then the resul tant t reading damage is l i kely to be 

de t rimental to the bo tanical composition o f  the sward . Al though 

d i f ferences in s pec ies composit ion may be smal l and are unl ikely to be 

manifes t unt il late spring-early summer , the differences can pers is t well 

into s ummer and the poorer qual i ty species may s t ill be presen t  the 

following au tumn . The net  result  o f  this could be a gradual d e teriora t ion 

in the q ua l i ty of the pasture sward on a poorly dra ined soil . 

The f indings in this s tu dy concerning changes in bo tanical 

compo s i t ion induced by treading damage are in agreement with the f ind ings 

of o th er workers (Hopewell , 1954 ) . Curll and Wilkins ( 1983) report  that 

the percentage of  b are ground was increased by treading and tha t t reading 

also reduced th e percentage of clover in a utumn . Brown and Evans ( 19 73 )  

in a review o f  the work of  D . B .  Edmond also s ta t e  tha t clover was found 

to b e  more suscep tible to t reading damage than ryegras s  which is in 

agreement wi th the reduc tion in the incidence of clover on the undrained 

plo ts observed in this s tudy .  Discussing aspec ts o f  treading damage 

S ea rs ( 1 9 4 7 )  s ta ted " • • •  in excess this can open up a sward and pug the 

soil so that pas ture growth is seriously impaired and weeds ob ta in a 

s tart  " . . . . 

Differences in the elemental compo s i t ion o f  grass and clover first 

b ecame apparent in the middl e  of the spring of 1 983 . Thes e differences 

were fairly sho r t  l ived , as by the beginning of the s ummer of 1 98 3  some 

of these differences no longer existed and by the end of the summer 

1983/ 1 9 84 all d i f ferences had d isappeared . However, a t  the t ime o f  

maximum pasture growth in l a t e  October/ early November, considerable 

differences in the levels of the impor tant nutrients N ,  P and S in both 

grass and clover exis ted b etween drained and undrained plots . Grass 
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and c lover g rown on the wet a reas contained significantly less N ,  p and 

S than d id h erbage grown on the drained plo ts . In l a te Oc tob er/ 

early Novemb er this would have equat ed to an increas e  on dra ined plots 

-1  -1  
over wet  areas  o f  very approximately 5 kg  ha  o f  P ,  39 kg  ha  o f  N ,  

- 1  
and 4 k g  h a  o f  S .  

Whe th er the poorer up take o f  nutrients on the wet areas was 

a t tributable to the impaired p erformance o f  shoo ts or roo ts following 

grazing is not clear . Damage to the t issue of the shoots , incurred 

d ur ing gra zing , may h ave b een respon s ib l e  for lower levels of nutrients 

in herbage on  th e wet areas . I t  is also possible  tha t  damage to the 

roo t network at the soil surface (Curll and Wilkins , 1 983 ; Langlands 

and B ennet t ,  1 9 7 3) was the .primary cause of reduced up take on the wet 

a reas . 

Ano ther pos s ible  r eason for the h igher nutrient l evels in the 

h erbage on the drained plo t s  was the grea ter dung return to thes e plots 

as  r eported in S ec tion 4 . 3 . 2 . 2 .  S o il tes t ing d id no t reveal d if ferences 

in nut rient availab il i ty b e tween drained and undrained plo ts but  this may 

b e  b ecause differences would no t b egin to show in s o il tes t  values until 

s ome t ime a f t er sampl ing on the r esearch area ceased . Also, herbage on 

the undrained p lo ts was old  and long whereas the herbage on the drained 

plo ts was young and fas t growing , and therefore more l ikely to have 

higher nutrient l evels . 

The mos t  s t riking feature of  the isotope data is tha t mos t  o f  the 

plant ' s  nutrient  requirement s  are met by  roo t  ext ra c t ion clo s e  to the 

soil surface . Many o th er workers h ave made similar observa t ions 

(Jackman and Moua t ,  1 9 7 2 ; Uyo , 1 9 7 4 ; Syers et a l . ,  1 9 84 ) . In the cold 

w in ter mon ths , roo t  growth is  m inimal (McWilliam , 1 9 7 8) so tha t nearly a ll 

o f  the plan t ' s  nutrient requirements a r e  supplied by  roots f rom the top 

80 nrrn of s o il . Plant roo t s  have no necess i ty to explo re the soil 



vol umes d eeper in the profile ,  as they might n eed to for nutrients i f  

plant growth ra tes were h igher , or  for water  reserves if  the plant was 

under mois ture s tress . So il t es t  values for the pro file showed that 

the reason plant roo ts are  more a c t ive in the 40 - 80 mm zone on the 

dra ined plo ts canno t be  a t tributed to great er nu trient availab il i ty in 

this r egion on th e drained soil . 

There are two likely r easons why the plan t roo t  network was 

inhib i t ed f rom extens ively ramifying deeper than 40 mm on the undra ined 
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soil . Firs tly , the h igh wa tertable wh ich was p resen t  for many days may 

have res tric ted roo t  a c t ivity to the surface zone . Plant roo ts  canno t 

function as well below the wat ertab le as a erobi c  respirat ion is o ft en 

curta i l ed (Russel l ,  1 9 7 7 ) . Secondly , unsafe  grazing in the middle of  

winter may have so damaged the  shoo ts  and roo ts  of  the plant tha t  they 

were unab le to properly support  the roo t sys tem .  If  the shoots  a r e  

damaged then t h e  flow o f  syntha tes and hence respira tory subs trat e  to  

the roo ts may be  res tric ted , and root activity would therefore be l imit ed 

(Har ris , 1 9 7 8) . I t  has also b een reported (Curl! and Wilkins , 1983) tha t  

tread ing b y  grazing animals can reduce roo t weigh t  close to the so il surfa c e . 

If  roo ts close to the surface had b een damaged during grazing then much of 

the roo t  a c t ivity may h ave been confined to replacing the damaged surface 

soil roo ts . Prolif erat ion and replacement at  the surface would have 

b een at the expense of a c t ivity deeper within the pro f ile . 

Lowering the wa t ertable with subsurface d rainage encouraged roo ts 

to pro l i fera te fur ther down into the profi l e ,  even though this zone of  

enhanced a c t ivity may extend for  only ano ther 40  mm o r  so  over the col d  

winter perio d .  

Two o ther f ea tures o f  the plant roo t sys t em are evident i n  Fig .  5 . 5 . 

They are the s imilar i ty in the roo t a c t ivity pat tern o f  grasses and 

clovers in winter , and the grea ter contribut ion to  the so4-s requirements  



o f  the p lant f rom roo ts  deep er within the p rofile than is the cas e for 

Thes e observa t ions are cons is tent with resul ts  ob tained 

during p re�nary tri� carried out in 1981 and 1982 ,  and resul ts 

p res ented by  Brash ( 19 7 3 )  and Gregg ( 1 9 76) . 

In sp r ing, s ign i ficant differences develop ed b e tween drained and 

undrained plots in the amount o f  roo t a c t ivity in the top 40 mm of the 

soil p ro f ile . On the undrained p lo t, a  greater proportion o f  the roo t  

a c t ivit y  was confined t o  this surface zone than was the case for the 

drained p lo t .  This differ ence can p robably be a t tributed t o  the h igh 

watertabl e  l evel on the undrained plo t and the inab il i t y  of  the shoo ts 

and roo t s  damaged during unsafe  grazing to encourage roo t  ac tivi ty a t  

depth . 
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Whereas the deeper por t ions of the roo t  sys t em had b een relat ively 

inac t ive over the winter mon ths , with the greater spring growth ra tes 

the roo t network b ecomes a c t ive a t  depth, extending down into and exploring 

deeper s o il zones for nutrients (Davidso n ,  1 9 7 8) . For the win ter trial , 

RRA was s igni f icantly grea ter in the 4 0  - 80 mm zone on th e dra ined plots 

than for the undrained plo ts and approximately the same b elow a dep th 

of 80 mm . In contras t , dur ing s p r ing , RRA was approxima tely equal for 

bo th t rea tmen ts in the 40 - 80 mm zone , but was s igni f i cantly higher on 

the dra ined plo ts in the zone 80 - 200 mm . These differences in the 

r el a t ive roo t ac t ivity b e tween drained and undrained soil and differences 

b etween s easons can be explained by consider ing the direct  and indirect 

effec t the wa tertable  l evel had on plant roo t development as discussed 

above . 

An int eres t ing feature of the comparison between the plant roo t 

sys tems on dra ined and undrained plo ts  is tha t the roo t sys t em of clover 

s eems to be more affected by drainage than does tha t  of grass . The 

difference b etween drainage trea tments  in RRA for H2Po4-P b elow 80 mm fo r 
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clover was 1 2 % ,  compared with 6% for grass ,  and s imilarly the difference 

in a c t ivity for so4-s was 16% for clover compared with 6% for gras s . 

Th is difference between grass and clover can b e  a t tributed to the 

ab il i ty of grass to recover more quickly than clover following a p eriod 

of wa terlogging and/or unsafe grazing (Edmond , 1 96 6 ;  Gradwell ,  1969) . 

Fo l lowing a win ter o f  rel a t ive inac t ivity for all plant roo t s ,  grass 

roo ts which are more tolerant of wet conditions and t reading damage , 

can qu ickly proli ferate and explore deeper soil volumes . The 

observation tha t  the roo t network o f  clover is more adversly a ffected 

by wa terlogging and/or t r eading damage is consis tent with the data 

presented in S ec tions 5 . 3 . 1 . 2 . and 5 . 3 . 2 . 2  which showed that following 

gra zing the percentage of clover p resent in the sward  decrea s e d . Also , 

th e r educ t ion in the l evels o f  N ,  P and S observed when comparing herbage 

grown on the dra ined plo ts wi th tha t grown on the wet  areas was more 

marked for clover than grass . 

As discussed above , the r el a t ionship between the shoots  and roo t s  

i s  unclear . I t  is no t pos s ible  to s ta t e  whether the part t reading 

damage had in lowering nutrient levels in herbage on the undrained plots  

was b ecaus e the  damaged shoot s  could no t properly support the root sys t em 

as i t  foraged for  nutrients , or  conversely ; if it was tha t the damaged 

roo t network could no t s upply the nutrients needed by the shoo ts  to 

recover f rom the damage incurred during unsafe  grazin g .  Likewise, i t  is  

no t possible to conclude whe ther the observed abili ty o f  grass to recover 

from treading damage more quickly than clover was because of great er 

res il ience in its  shoo ts o r  b ecause of a more compet i t ive or  ext ensive 

roo t ne twork or a combinat ion of these two factors . 

Plan t  roo t s  that penetrate deeper into the soil pro f i l e  can ob tain 

wat e r  there and hence improve the plan t ' s  water rel a tions during t imes 

of mo is ture s tress (Grable , 1966 ; Van de Goor ,  1 9 7 2 ) . Neu tron moi sture 
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me ter data for the mild s ummer of 1 984 , presen t ed in Fig .  5 . 7  show that 

more wa ter was b eing removed f rom dep th on the drained plo ts  than on 

the undra ined plo ts . However ,  th is was to be expected as  a t  ' field 

capa c i ty ' the dra ined plots  had about 20 mm l es s  water for  plant uptake 

above mole depth than did undrained plo ts (see Sec t ion 7 . 3  and Sca t te r ,  

19 7 9a) . Therefore , p lant roots  on the drained plo ts have to meet the  

evapora t ive demand placed on the  plan t  using wa t er extrac ted f rom deeper 

wi thin the profile . Had the s ummer o f  1984 been drier , the roo t  

pa t tern es tabl ished a t  depth on the drained plot  may have helped the 

pas ture produce fo r longer p eriods than the shallower root ing pas ture 

on the undra ined plo t s . 

I t  is sometimes claimed tha t  i t  is pos s ible  to "overdrain" a s o il 

and therefore subj ect  pasture to grea t er s tress in dry p er iods than that 

experienced by pas t ure on undrained s o il . B ecause the summer o f  1 9 83 /  

1 9 84 was n o t  dry , i t  is  not possible t o  s ta t e  that drainage a ctually 

in creas ed pas ture tol erance o f  drought cond i t ions by encoura g ing a deeper 

roo t ing pattern . But  as  discussed , the neut ron probe d a ta sugges t that 

wa t er extrac t ion by the plant roo ts  was greater a t  depth on  the drained 

plot  compared to the undrained . I t  might also b e  remembered, that 

there is only 20 mm mor e  water  available in the undrained pro f i l e  and 

this would q uickly be u s ed in the high evapora t ive demand (up to 6 mm d-l) 
associated with a ho t summer . 

The above dis cus s ion  s erves to h ighl igh t  the impor tant effects  o f  

dra inage o n  the plant roo t sys tem .  Drainage was o f  s l ight benefi t  to 

the roo t  during the wint er months of relative inact ivity . In spring 

however , plant roo t s  on the drained plots had an advantage over the roots 

in the undra ined soil , in that they were able to  explore a grea ter s o il 

vo lume for nutrients . This was mor e  pronounced for clover than gras s . 
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In effect , drainage was minimising any disadvantage the plant might suffer 

due to a h igh wat ertable l evel and/or damage done to the shoots  and 

roo t� dur ing unsafe gra zing . 

5 . 5  Conclusions 

The fol lowing conclus ions may b e  drawn : 

i)  Drainage improved the bo tanical composition o f  an intensively 

grazed sward by minimizing the adverse effec ts  of trea ding damage .  

A t  the end o f  spring in an average yea r  there, was a redu ct io n  

in the inc idence o f  weeds and bare ground and an increase  i n  the 

incidence o f  clover on the drained plots relat ive to the undrained 

plo ts . 

i i )  A t  t h e  end of  spring in a n  average year, the N ,  P and S content i n  

grass  a n d  clover was l ower on  the undrained than on t h e  drained 

plo t s . A number of  factors p robably contributed to this including 

grea t e r  treading damage and lower d ung return on the undrained plo ts 

and the younger nature of  the sward on the drained plo ts . 

i i i )  Drainage a llowed plant root s  t o  u tilise  nutrien ts a t  grea t er d ep ths 

within the soil pro f i l e  in both winter and spring . 

iv) Clover s eemed to  b e  mo re adversely a f f e c ted by the g ra z ing of  

waterlogged soils than did  grass . 
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CHAPTER 6 

THE EFFECT OF DRAINAGE ON SOIL TEMPERATURE AND AERATION 

6 . 1  Introdu c t ion 

In the p receding two chap ters some o f  the effects  of drai nage on 

pas ture have b een discussed . I t  was concluded that for a y ear o f  
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average rainfall , drainage was b eneficial i n  that i t  increased pas ture 

utilisa t ion  by grazing sheep , enhanced r egrowth rates during sprin g ,  and 

improved cer tain aspec ts  o f  the sward , such as bo tanical compo s it ion , 

N ,  P and S levels wi thin the herbage and root dis t r ibut ion . 

In the last two chapt ers many o f• the benefi ts o f  drainage were 

at t r ibuted  to  the ameliorating e f f e c t  d rainage has on the intera c t ion 

b e tween the hoof of the grazing animal , the wet soil and the plan t . 

However , in Chap ter  1 i t  was claimed that some of  the b enefits o f  drainage 

are the r esu lt  of increased s o il t empera tu res and soil a erat ion induced 

by d ra ina ge .  

A direc t effect  o f  low soil t emp eratures is that the growth of roo ts  

will decrease , limit ing the absorb ing s u rface for up take o f  nut rients  and 

wa ter (Hillel , 1982) . Soil temperature influences plant growt h  

indirectly by i t s  ef fec t o n  such fac tors as the availab il i ty o f  nut rient s  

in the s oil , soil mois ture r ela tions , and wa ter uptake . Low s o il 

temperatures will decelera t e  the decompos i t ion o f  o rganic mat ter  so tha t  

lower amo un ts of  nut rients b e come available . Ni tro gen in par t i cular is 

a f f ec t ed (Wes s el ing , 1 9 7 4 ) . 

The replacemen t  of  air by water in the soil pores through waterlogging 

will r esul t  in an increas ed spec i f ic heat  of the soi l ,  wa ter requiting 
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approxima tely 1000 t imes mor e  hea t  to raise i t s  t emperature than an 

equivalent volume of  a i r .  Consequen tly , many soil physics and drainage 

books sugges t a l ink b etween drainage and s o il t empera ture in spring , 

e . g .  (Baver e t  a l . , 1 9 7 2 ; van Beers , 1 9 7 2 ; Marshal! and Holmes , 1 9 7 9 ) . 

Bowler ( 19 80)  claims : ' Th e  effect  that good d ra inage has on the warming 

up of so ils in the early s pring and the consequen t growth respons es in 

pas tu re and spring sown crops is one of its  grea t es t  advantages ' .  

However , despi t e  the unequivocal s ta t ement s  referred to above , i t  

is d i fficul t t o  f ind d a ta t o  suppor t  them , a s  Wesseling (1974)  observes . 

0 Feddes ( 1 9 7 2 )  found seedbed t emperatures were raised about 1 C by  

d ra inage , bu t Trafford and Rycro f t  ( 1 9 73 )  repor t ed drainage of  a heavy 

c lay ha d no measur able� e ff ec t  on seedbed t empera tures . Also soil  

t empera tures measured at  12  and 20 mm depths under pas ture by S c o t t  (1963)  

gave no  con firmat ion  to  the  assert ion tha t drained soils warm up more 

rapidly . Apart  from the work of  Sco t t  (1963 )  no data seem to have b een 

publ ished s howing the effect  on s o il t emperature of drainage under pas ture . 

Al though the depth o f  the wat er table has no d irect  influence on 

pas ture growth , i t  largely determines the soil wa ter content and so 

has a b earing on soil aera tion and the thermal p roperties of  soils . 

1herefore in this Chap ter measurements of  s p r ing soil t empera tures under 

pas ture wi th and wi thout dra inage is described . The resulting da ta 

and values of  the thermal prope r ties of  satur a t ed and drained soil  

cores from the f ield s it e  are  used in  a s imula tion o f  the effec ts  of  

dra inage on soil  temperature . There is also a d is cuss ion o f  the 

l i tera ture conc erning the effect drainage is l ikely to  have on s o i l  

aerat ion . 



6 . 2 Mater ials  and Met hods 

I l l  

Prior  t o  w in t er and spring o f  1 9 8 3, twelve mercury-in-glas s soil 

t emperature thermomet ers were placed a t  100 mm d ep th on the Keebles s i t e .  

S ix thermomet ers were placed i n  the three undrained plots and the o ther � in 

the pip e-mole drained plots . The thermometers were r ead every f ew day s ,  

usually between 1 000 and 1 4 00 hours . 

During August  and early S ep t emb er o f  1984, four thermis to r  thermometer s  

were used to measure soil t emperature a t  50  mm dep t h ,  two in an undrained 

plo t and two in an adj acen t  d ra ined plo t .  Temperatures were monitored 

each minut e  and daily maximum, minimum and mean val ues (and also sometimes 

hourly mean values ) were logged . On bo th plo ts wa tertab l e  l ev el s  were 

mea s ured in the two neares t observat io n  wells .  

Laborato ry measur emen t s  were made  (j o intly with D . R .  S ca t ter)  o f  

thermal d if fus ivity on intact  s o il cores a t  two matric po t en t ials 

correspond ing to a dra ined and undrained pro f ile.  Measurement s  were 

made f irs tly at the equilib rium mat r ic po t en t ial which would b e  r ea ched 

when the wat e r table was a t  mol e-d ep th ( i . e . , -4 . 5  kPa a t  the so il surface) , 

and s econdly a t  a mat r ic po t en t ial  o f  zero , when the soil was effectively 

sa turat ed . The r esul ts  obta ined and a disc us sion o f  the physics 

i nvolved appear in Appendix C .  

6 . 3  Results  and Discuss ion 

6 . 3 . 1  Effect  of  dra inage on sc il t empera tur e  

6 . 3 . 1 . 1  So il t emperature data 

At no t ime was a s ignif icant d i f f erence in s o il t emperature 

at 1 00 mm between the drained and undrained plo ts measured , d es p i t e  the 

pronounced effect  drainage had on the watertable l evels (Fig . 3 . 4 )  and 

grav ime t r ic wa t er con t ents ( Fig . 3 . 1 1 ) . In Fig . 6 . 1 are shown the 
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measured t empera tures in the drained and undrained plo ts dur ing the 

winter and spring of 1983 . Agreement b e tween repl icate thermometers 

was good , with a typical s tandard devia t ion of 0 . 2°C .  

While the da ta in Fig . 6 . 1 show that day-time t empera tures a t  

100 mm dep th were unaffect ed by  drainage , the pos s ib i l i ty rema ined tha t 

d rainage a f f ec ted the magnitude o f  the d iu rnal tempera ture os cilla tions 

nearer the surface . Da ta r el a t ing to this are shown in Fig .  6 . 2 where 

soil tempera tures at 50 mm are depict ed . The difference b e tween 

0 
dupl icate temperature measurements was t ypically about  0 . 2  C ,  but  on a 

f ew o ccas ions ranged up to 0 . 8°C .  Such d if ferences were probably largely 

due to lo cal var ia tions in plant cover . Generally d i f f erences b e tween 

drain ed and undrained plo ts  in maximum, minimum and mean tempera tures 

were negligible , b e ing of s imilar magnitude to the d iff erences between 

dupl icate measurements . Again this wa s despite very different wa tertable  

l evels in dra ined and undra ined plo ts ,  as s hown in  F i g .  6 . 2 .  

6 . 3 . 1 . 2  Discuss ion o f  soil t emperature and dra inage 

The r easons why drainage has no apparent effect  on soil 

t emperature warrant discussion.  There are two reasons commonly advanced 

for d rainage l ead ing to warmer s o il in spring . These are,  f irs tly, its 

e ff ec t  on evapora t ion and s econdly, i t s  effect  on soil hea t capaci ty ( cv) .  

I f  drainage aff ects  the evapo transp ira t ion rate , it  will inevi tably 

a f f ec t  the o ther ways in which the incoming net rad ia t ion is dissipat ed , 

includ ing the soil hea t f l ux .  For example ,  if dra inage exped ites th e 

drying o f  the surface of  a seedbed , evaporation will b e  reduced and 

consequently the soil hea t flux and soil t empera ture will be incr eased . 

Van Duin ( 1963 )  concludes that this is the major mechanism by which 

drainage af fec ts  seedbed t empera ture . 

However, the evapo transpira t ion ra te f rom full-cover pas ture ( l eaf 

area index over about 2 )  f ree o f  wa ter s tres s is determined almost  
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completel y  by  c l imat ic conditions (Johns and Lazenby ,  1 9 7 3 ; Green et al . ,  

1 984 ) . I t  is thus independent o f  any d ifferences in so il water content 

induced by drainage . Further , i t  was ob served that the so il surface 

under pa s tu r e  on bo th drained and undrained plo ts remained mo is t through­

ou t winter and early spring . This meant that even if the l eaf area 

index had b een reduced by heavy gra zing to less than 2 ,  the evapo t ranspiratiDn 

ra te woul d s t ill  have b een the same on bo th drained and undrained plo ts .  

Th is is  b ecause a moist  or sa turated s o il surface loses wat er a t  a 

s im ilar ra te  to sho r t  grass (Hillel , 1982 ) . I t  can therefo re b e  

concluded w i th some confidence tha t  evapo t ransp ira t ion o f  pas ture during 

winter and spring is  no t a f f ec t ed by drainage and therefore the soil h ea t  

flux i s  no t likely to b e  a f f ec ted e i ther . 

Next we need to consider how differences , induced by  drainag e ,  in 

so il thermal proper ties such as heat capac ity ,  affect  so il t empera tur e ,  

g iven the same hea t f lux a t  the surface .  This i s  done i n  the nex t  s e c t ion.  

6 . 3 . 1 . 3  S imula t ions of  soil tempera ture 

The major  o s c illa t ions in s o il surface hea t  f l ux are in 

res ponse to d iurnal and annual changes in solar radiation,  a l though there 

is also the effec t  of meso-sca l e  weather pat terns with a p er iod  of 

s everal days , as can be s een in Fig . 6 . 1  and 6 . 2 .  Here we cons ider 

only the d iurnal and annual cycles . Bo th thes e cycles are of ten 

idea l ised us ing the s imple analy t ic al solu tion for  h ea t  conduction ·.into 

uniform soil  with a s inuso idally varying heat f lux a t  the so il surfac e .  

However , for our purposes this i s  no t very satisfac tory . Fo r the annual 

osc illat ions , which have a damping dep th of about 2 m, only the top 0 . 4  m 

is a f f ec t ed by drainage , so i t  is no t rea sonab l e  to  assume uniform 

thermal propert i es throughout  the s o il pro f ile . This is no t so much o f  

a prob l em for the d iurnal osc illa tions , f o r  which t h e  damping d ep th is  

abou t 0 . 1 m .  B u t  the d iurnal surface soil hea t f lux is no t wel l  
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descr ibed by  a s imple s ine wave on  a c lear day (see  for example Fig . 33  

on  page 1 1 2  of  S e llers , 1965) . Analytical solutions for a lay ered soil 

(van Wij k and Derks en , 1966) and for a more real i s t i c  diurna l surface 

h eat  f lux (Carslaw and Jaeger , 1 9 59 )  have b een pub l ished , but  i t  was 

found simpl er to  use a f inite  difference solut io n  of the one-dimens ional 

diffus ion equat ion . The solution used was tha t o f  de Wit  and van Keulen 

( 19 7 5 ) , excep t that a microcomputer and BASIC were used ins t ead o f  a 

mainf rame computer and CSMP . 

For the a nnual oscill a t ions , the soil hea t  flux dens ity a t  the 

surface ( f )  was described by 

f F s in (�t )  ( 6 .  1 )  

wher e F is the amplitude o f  the oscilla t ions and w their angula r  

-7 -1  
velo c i ty ( 1 . 9 9  x 1 0  s ) .  For s o il with uniform thermal properties , 

i t  follows from equa t ion (13} on page 76 o f  Carslaw and Jaeger ( 19 5 9 )  

that 

F ( 6 . 2 ) 

where Kh is the thermal condu c t ivit y ,  K is the thermal diffusivity 

( equal to Kh/Cv) and Ax is the ampli tude o f  the t empera ture o s c illa tions 

at  d epth x .  Long-term s o il temperature records for Palmers ton Nor th 

s how a mean t emp era ture of  1 3 . 9°C and an annual ampl itude o f  5 . 5°
C a t  

300 mm depth . Us ing this 

and K equal 3 . 6  x 10-4 m2 

-2 
that F equals  5 . 3  W m 

m- 1 K-1 value for Ax and l e t t ing Kh equal 1 . 1  W 

-1 
s (Appendix C) , we f ind f rom equa tion ( 6 . 2 ) 

The s imulated soil t emperatur e  data shown in Fig . 6 . 3  were o b ta ined 

us ing equat ion (6 . 1 ) as the boundary condi t ion for bo th drained and 

undrained so il .  Values for cv and Kh were measured in the labora tory as 

described in Appendix C .  For the drained so il , and for the undra ined 

-3 -1 
soil below 0 . 4  m dep th ,  cv was taken as 3 . 1  }1.1 m K and Kh as 1 . 1  

-1 -1 W 'Ill K • For the top 0 . 4 m o f  undra ined soil , Cv was taken as 3 . 3  MJ 

Of course in r eal ity both Cv and Kh 
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will change seasonally with soil water content , but the assumpt iops 

mad e  allow the effec t of drainage on winter and spring soil tempera tures 

to be es timated . 0 The s imula t ion shows the drained soil to b e  only 0 . 2  C 

warmer than the undrained soil in spring . This difference is equal to 

the s tandard devia t ion for repl icate  tempera ture measurements in the 

f ield , and helps explain why differenc es b e tween dra ined and undrained 

plots could not be  found in 1983 . 

Due to the shallow damping depth of  d iurnal temperature o s ci l lat ions , 

they are more likely to b e  affected by dra inage than are seasonal 

tempera ture changes . To s imulate d iurnal o scillations a real istic  

su rface  f lux dens ity boundary condition is  needed . To ob tain this , 

hourly s o il tempera ture data from 50 mm dep th for a numb er o f  days in 

early S ep temb er were examined ,  and data for a mostly sunny day with 

s imilar maxima and minima to the preced ing and following days were 

selec ted and are plo t ted in Fig . 6 . 4 . I t  fol lows from equa t ion ( 1 4 )  

o n  page 7 7  o f  Carslaw and Jaeger (1959)  tha t  the soil h eat f lux densi ty 

at the surface on a clear day near the equinox can b e  describ ed by 

f - b ,  2nu/w<t< (2n+1) u/w ,  

f = - ub s in (wt) - b ,  (2n+1 ) u/w< t < (2n+2) u/w , 

n 0 , 1 , 2 , 3  

(6 . 3) 

where b is a constant . This equat ion assumes a mean f of z ero over a 

24 hour period . Values for the average s o il tempera ture and b were then 

chosen so that the s imulated t empera ture data (with cv = 3 . 1  MJ m- 3  K-1 
-1 - 1 and � =  1 . 1  W m K ) approxima ted the measured data , as shown in Fig . 6 . 4 .  

f 1 1  7
°

C d b 1 f 39 t.T m-2 d b i A mean t empera ture o • an a va ue o w were use to  o ta  n 

the simula ted data . The difference in shape between the two curves 

horn 1600 to 2000 h is  probably due to intermit tent cloud cover . 
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Equa t ion ( 6 . 3) was then used as the boundary condition to s imulate 

the d iurnal t emperature o s c illations a t  various d epths in dra ined so il 

-3 - 1  - 1  -1  
( cv = 3 . 1 MJ m  K , Kh = l . 1 W m  K ) and undrained so il ( cv = 3 . 3 MJ 

- 3 - 1  - 1  - 1  m K , Kh = 1 . 2 W m K ) • The resul ts are shown in Fig . 6 . 5 .  The 

commonly ob served changes in ampli tude and phase with depth are shown , as 

is the trend  towards a more s inuso idal shape . Drainage is predic ted to 

increase the maximum and decrease the minimum tempera ture at each dep th , 

a l though at  50 mm depth the difference is only 0 . 2°C .  Differences of  

this magnitud e were found between duplicate  thermistors at  this depth in 

o ur experiment ,  so again the predic t ed effect of  drainage is ins ignif icant . 

Finally , the follow ing calculat ion is ins truc t ive . If  mol e  

drainage changes cv in the t o p  4 50 mm of  soil from 3 . 3  t o  3 . 1  MJ m-3 K- 1
, 

and the summer topsoil tempera ture is 1 1°C warmer than the win ter 

t emperature , then the ext ra heat required to warm the undra ined so il 

compared to the drained s o il is 1 MJ m-2 • This corresponds to the 

energy required for 0 . 4  mm o f  evapo transpiration , which can occur in an 

hour on a mild spring day , and is an insignif icant fract ion of the net 

rad iat ion and so il heat flux during spr ing . 

In summary, it  can b e  said that  if the surface is bare , it  is 

predicted tha t drained s o ils  will warm up slightly more quickly in spring 

than undrained soils . However , the expec ted dif ferences in so il 

t empera ture between drained and undrained plo ts with a full cover of  

pas t ure will be  very sma l l  and hard to  detec t .  It  mus t b e  concluded 

therefore, tha t the well entrenched no tion, that by draining a soil under 

pas ture, spring-time temperatures are increased, is a fallacy and is 

no t the reason for the enha nced regrowth rates observed on the drained 

plo ts . 
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6 . 3 . 2  Effect o f  drainage on soil aera tion 

6 . 3 . 2 . 1 Soil aerat ion in an undrained s o il 

Though no measuremen ts were made of  so il a era t ion in this 

s tudy , as a claimed benef it of drainage it warrants some discus s ion . 

Evidence in the l iterature concerning the effect o f  s o il aera t ion on 

pas ture growth is o f ten vague and there have been f ew f ield inves tiga t ions 

in to the relationship between water table l evels , soil aera t ion and 

pas ture growth.  

When considering the effects of flooding , a dis t inc tion should be made 

be tween the short-term effec t s  o f  low aeration and th e eff ects  o f  

long- term wa terlogging . In the f irs t case, there is a change in 

environment wh ich can t emporarily impair metabolic a c t ivity and the 

development o f  the root sys tem ,  whereas in the s econd case, the effec t  

o f  prolonged o
2 def iciency i s  the main inj urious factor (Wes s el ing , 1 9 74 ) . 

I f  a fluc tuat ing wa tertable causes wat erlogging o f  a t emporary 

nature in the surface soil then aerob ic microb ial processes migh t  no t 

be grea tly impeded , because it  has been obs erved tha t anaerob ic microb ial 

proces s es do no t commenc e until the part ial pressure o f  oxygen falls to 

very low values (Grable ,  1966 ; Greenwood , 19 7 1 ,  19 75 ; Ponnamperuma , 

1 9 7 2 ) . Greenwood (1975)  calc ulates that i t  is unl ikely that oxygen-

free reg ions of soil wil l  occur unless there are regions which are 

s epara t ed from the continuous gas phas e  by more than 9 mm o f  wa t er-

saturated soil . Also , the first pores to drain in a so il that has been 

compl etely satura ted with wa ter u sually are continuous with the surfa c e ,  

and so  would be  expec ted to have an oxygen partial pressure s imilar to 

tha t in the atmosphere (Greenwood , 1 9 7 5 ) . 

Even in undra ined soil i t  is unl ikely that the surface soil 

wo uld r ema in anaerobic for pro longed periods , as it  will be  shown in 

Section 7 . 3  tha t three days af t er the ces sation of  flooding and .ponding 
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the wat ertable  will o f t en be  a t  l eas t 100 mm below the pugged soil 

surface . 

6 . 3 . 2 . 2  Direct effects of  soil aerat ion 

on pas ture growth 

If the wat ertabl e  l evel frequently rises and decl ines then 

damage done during t emporary anaerobic conditions will depend on plant 

species , growing s tage and t emperature , as well as the duration of  wa ter-

logging . While some crop species may b e  very sens i t ive to ana erob ic 

conditions (Grable ,  1 9 6 7 ;  Trafford , 1 9 7 5 ; Feddes and Van \Hj k ,  1 9 7 6 ) , 

the pas ture spec ies perennial ryegrass and white c lover are relatively 

tol erant of anaerob ic conditions . Gradwell  (1 9 6 7 )  found tha t  perennial 

ryegrass grew at optimum rates at l evels of soil oxygen tha t would 

s everely r es trict the growth of crop plants . He found tha t " , , ,  only a t  

very low ra tes o f  oxygen supply was the growth o f  the ryegrass 

sub s tantially reduced " .  Van de  Goor (19 7 2 ) , Cannell (1 9 79 )  and 

Wessel ing (1 9 7 4 )  also s tate  that gras ses can withs tand continuous flooding 

for weeks when the s o il temperature is low . For white clover, Gradwell 

(19 6 9 )  found a ; d epression of sho o t  growth at tributable  to oxygen 

deficiency only o ccurred when the flux of oxygen was l ess than 1 x 10- 7 

-2 -1 g cm min , a value s imilar to the f lux of o xygen required for op timum 

growth o f  ryegrass  and lower than the flux required for crop plant s .  

I t  is of  some interes t to no te that Gradwell ' s work r evealed that 

when the o xygen f lux was very low and there was a subs tantial reduction 

in the sho o t  growth o f  white clover , ryegrass shoots cont inued to grow , 

al though roo t ac t ivity was re tarded . I t  appears tha t white clover is 

more susceptible to damage than ryegrass when the soil lacks adequa te 

o xygen . 
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6 . 3 . 2 . 3  Indirect effects of  soil aerat ion 

on  pas ture growth 

So il aera t ion has an indirec t effect on plant growth , a s  

aerat ion is one o f  the proper ties that determine the ra te a t  which 

organic mat ter decomposes and nutrients are rel eased for plant uptake . 

S o il aera tion often controls the equilibrium b e tween the different forms 

o f  pl ant nutrient , such as NH4
+ and N0

3 
, as i t  dic ta tes whe ther the 

dominant process es are oxida t ive or reduc tive . The plant nutrient  

' 
el ement N is perhaps the mos t  s ens i t ive to aera t ion condi tions 

(Wess el ing , 1 9 74 ) . During waterlogging , decomposition of o rganic mat ter 

is s lowed , while part of the available N is immobilized (Broadb ent and 

Nakashima , 1970) . Also, important losses can resul t from denitrificat ion , 

when microorganisms reduce N03
- to nitrit e ,  n itrogen oxide or  nitrogen 

gas (Fo th ,  1 9 7 8) . 

As nit rates may b e  quickly los t  by l eaching, and because mineral-

isa t ion is decelerated a t  high mo is ture contents , i t  is pos s ible that N 

defic iency is at  least par t ially responsible for the slow r ecovery o f  

some crops af ter flooding (Grable , 1966) . Hoogerkamp and Woldring (1967)  

s ta t e  that the watertab le l evel has  some effec t on  the availab l e  N present  

in s o il . Van Hoorn (1958) found that the effect  o f  increas ed wa tertable  

depth on crop yields was similar to tha t caused by  N fertil i zer , and the 

depr ession in yield caus ed by a shallow watertable  could b e  compensated 

for by incr eas ing the ni trogen dressing . 

No diff erences in the quant i ty of  plant availabl e N to a dep th 

of  7 5  mm were measured between drainage trea tments , as discussed in 

Sec t ion 5 . 3 . 3 . 2 .  Pres umably aerat ion at  the soil surface on  the 

undra ined plo ts was suff ic ient to ensure a mineralisat ion ra te  comparabl e  

to that on the drained plo ts .  Also , apparently water table  l evels in 

the top 75 mm of  th e undrained prof il e  were no t creat ing an environment 
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in which grea ter quantities o f  N03 were b eing reduced than was the case 

for th e dra ined plo ts . 

It  might b e  argued , that for a soil with a fluc tua t ing watertable , 

a dif ference between drained and undrained plots in the l evel o f  plant 

available N in the top 75  mm of  the profile would no t be expected . 

Only deeper down in the undrained plots , in more p ermanently wat erlogged 

zones , would available  N levels be lower than thos e  on  drained plo ts .  

However , i t  mus t be  remembered that approximately 70% o f  the roo t 

a c t ivity of  pas ture is confined to the top 80  mm of  bo th the drained and 

undra ined pro f ile on the experimental s it e ,  as illustrated in Fig . 5 . 5  

and 5 . 6 .  Therefore , pas ture roo ts may no t be abl e  to thoroughly 

capitalize on any b enef i ts drainage may o ffer  in increas ing N l evels 

deeper within the pro file dur ing this period . 

In conclus ion, i t  may b e  said that  whil e  it is no t poss ible  to 

d ismiss entirely the effects of  poor soil aera tion on  the p erformance of 

poorly drained pas ture land , it  is unlikely that this is the primary 

cause of the impaired growth rates measured on the undrained plo ts . 

Poor soil aera t ion may have some b earing on  pas ture growth , but i t  is 

only likely to b e  a factor of any importance af ter grazing and s evere 

pugging , smearing , and s tructural damage to the soil surface has 

occurred . Soil aera tion is therefore cons idered to b e ,  a t  mos t ,  a 

secondary factor  and no t primarily respons ible for the poo r growth ra tes 

ob served on the undra ined plo ts . 

6 . 4  Conclus ions 

The following conclus ions may be drawn : 

i)  Contra ry to  the categorical claims in the l i t era ture that drainage 

increases so il tempera tures in spring , so il temperatures measured on 

wa terlogged so il were the same as those  measured on dra ined soil . 



ii)  I f  drainage under pas ture had no s ignificant effec t  on  soil 

temperature , then increa sed t empera tures could no t have b een 

respons ible for the observed growth differences b etween drained 

and undrained plo ts .  

1 2 6  

i i i )  A s imple ma thematical analys is confirmed that the lowering o f  the 

s o il hea t  capacity by drainage would no t b e  expected to a ffect  

s ignificantly soil temp erature under pas ture . 
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CHAPTER 7 

MODELLING THE EFFECT OF MOLE DRAINAGE 

ON WATERTABLE LEVELS AND THE NUMBER 

OF UNSAFE GRAZING DAYS 

7 . 1  Int roduc tion 

I t  has b een shown in previous chap ters tha t grazing on an unsaf e 

day has a s evere and adverse effect upon the pas ture sward . This 
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long las ting effect was at tributed to  the interac tion between the grazing 

animal and the wet surface soil . When the wa ter content of  the surface 

soil is high , the bearing strength is low so tha t gra zing caus es damage , 

both to the pas ture cover and to soil s t ruc tur e . The obvious ques t ion 

to arise is ; at  wha t surface so il wa ter content wi ll grazing c ease to be 

sa fe?  As the wa ter content of  the surface soil is usually related to 

the level of the wa tertable , we already have es tabl ished a cri ter ion for  

unsafe grazing ; a watertable level shallower than 200 mm f rom the so il 

surface . 

Having defined unsafe grazing, i t  would be useful to determine how 

many unsafe grazing days a farmer might expec t in a year . From this he 

might gauge whether or no t mo le d rainage was a wor thwhile f inancial 

inves tment . The prob lem, however, l ies in ga thering enough watertable 

data on which to bas e  a predict ion of the effect of mo le drainage on 

wa tertable l evels and safe grazing for different years . It  is unlikely 

tha t during the cours e of a short  inves tiga tion , the researcher will 

encounter a dry year , an average year and a wet year , as the r esul ts o f  

this p roj ec t illustra t e .  Some of  the problems associated with drainage 

research , namely the t ime and expense it  requires ( Trafford , 1975) , can 



be c ircumvented by developing models to predic t the ef f ec t  o f  mol e  

drainage o n  wa tertabl e  l evels . 

Hillel ( 1 9 7 7 )  defines a mo del as a s impl i fied , and h ence more 

r eadily definable and easier managed , vers ion of reality . The real 

world ,  or even a small part of i t ,  is al together too compl ex for thorough 

comprehension or to def ine in detail . In deal ing with any probl em i t  

i s  eas i er t o  imagine the sys tem t o  b e  s impler than i t  really is , by 

cons idering only the mo s t  impo rtant aspects . Though this is the grea t 

s trength of  modelling, in tha t i t  makes an insurmountab le problem 

manageabl e ,  it is also its  weaknes s in that it deliberately ignores 

o ther less important aspects of the sys tem .  

When a model b egins to depart  markedly from the fac ts i t  becomes 

mislead ing and must be modif ied or replaced (Hillel , 1 9 7 7) . Having 

d efined the ' primary ' effec t s ,  the next mos t important aspec ts or 

s econdary effec ts are included into the model and this s equence of  

improvement and ref inement carried on  until the model is  sufficiently 

accura te in its forecas t .  As H illel ( 19 7 7 )  sta tes "our developing 
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knowl edge o f  any complex sys tem is  achieved by succes s ive approxima t ions " . 

Models are bes t  expres s ed in the precise and obj ective language of  

ma themat ics . An equat ion which describes how the sys tem beha.vJ�s mus t  b e  

fo rmulated from the experimental data . The equa t ion can then be  us ed 

to anticipate how the system woul d behave under changed circums tances , 

and a check made agains t these predict ions . 

In recent years, h igh l evel s imulation languages ( such as CSMP) 

have been developed which make the task of  solving ma thema tical model s  

us ing computers relatively s impl e .  As a digital compu ter makes one 

compu tation at  a t ime and is incapable of operat ing continuously , a 

computer can solve different ial equations describ ing dynamic sys tems by 

imitating continuous pro cesses us ing small but f inite  differences rather 
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than derivatives (Hillel , 19 7 7 ;  de Wit  and van Keulen ,  1975) . 

No model describ ing realis t ically, yet s imply, the influence of  pipe-

mol e  drainage on the wa tertable appears to exis t .  Unhanand and Kad ir 

( 19 7 5 )  describe analytically the wa tertable  decline following flooding 

of un iform soil with a pipe-mole system but go no further than tha t .  

Arms t rong e t  al . ( 1980 ) used an equat ion developed b y  van S chil fgaarde 

( 1 965 )  to mod el wa tertable respons es to climatic inputs , and to 

d emons trate the clear superiority of a pipe-mole drainage sys tem over a 

sys tem o f  pipes alone at  20 m spacing . However ,  their model assumes a 

uniform hyd raul ic conduc t ivity and drainable porosity ,  and for this and 

o ther reasons is overly s implistic . A model propos ed by Broughton and 

Foroud ( 19 78 )  realis tically describes the so il water balance , but describes 

even more simplis tically and empirically than Arms t rong et al . ( 1980) the 

s to rage and flow of soil wat er .  There i s  therefore , a need for a mod el 

which can accura tely predict watertable  l evels  in d rained and undrained 

soils . 

In this chapter , a simple model is d escribed for  predict ing wa ter­

tab l e  levels in b oth undrained and p ipe-mole drained Tokomaru s ilt loam . 

The watertabl e model is then expanded to predict the number o f  unsafe 

graz ing days in a year .  Comparing the effect o f  mole drainage on  the 

number of unsa fe gra zing days for years with d if f er ent winter-spring 

rainfall is an important s tep towards quant ifying the benef i t s  of mole 

drainage . 

7 . 2 Overview o f  Soil Water S tatics and Dynamics 

S o il wa ter has a to tal potential energy (� ) , as a resul t of the net 

sum o f  all of the forces a c t ing upon it  with in th e soil . There are three 

component pot en t ials that contribute to th is to tal ; the pressure po tential 

(P ) ,  the gravitational po tential (g ) and the osmo t ic potential (.n ) , and 
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they are r elated a s  fol lows : 

� + P + TI ·  ( 7 .  1 )  

Wherever the po ten t ial energy of  soil water differs from one  point  to 

ano ther , then th ere wil l  b e  flow as wat er moves from a posi tion of  

higher energy to that o f  lower energy . 

The influence of  TI on such movement is confined to cases where 

solutes are present in the soil-wa ter sys t em and a phas e change occurs . 

For wa ter movement in mos t  New Zealand soils , rr is a fac tor which can b e  

n egl ected .  Thus, we need cons ider only P + � .  a sum of ten call ed the 

hydraulic po tential ( � ) . The pressure potential ( P )  can be e i th er 

po sitive or  negative . I t  is pos itive b enea th th e watertab le due to 

hydrosta tic pressure , and nega t ive above the watertable due to the 

a t t ractive forces b etween wa ter and the solid part icles o f  the so il 

ma trix induced by surface t ens ion and adsorp tion . 

In soil wa t er movement s tudies i t  has become common prac t ic e  to 

express po t entials as energy p er unit  weigh t  of wat er (or head units) , 

giving dimens ions o f  l ength . The gravitational po tent ial (�)  is then 

equal to the nega t ive value o f  the depth z (mm) relative to some 

reference l evel , the soil surface of ten b eing a suitable referenc e .  

Us ing thes e units w e  can wri t e  

p - z (7 . 2)  

where z is the depth below the soil surface . 

Horizontal wat er movement through a sa turated iso tropic soil is 

described by Darcy ' s equat ion which expresses the flow rate Q (mm3 
d
-l

) 

as a funct ion of  the sa turated hydraulic conductivity of  the soil 

- 1  K (mm d ) , the hydraulic potential ( � ) and the cross  s ec t ional area 

2 A (mm ) through which f low o ccurs . 
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The equation is 

Q -KA V� . ( 7 .  3) 

Fo r horizontal , one d imens ional flow in the x d irec t ion , this equa tion 

s impl i f i es to 

Q -KA dPid x .  ( 7  . 4 )  

Da r c y ' s equa t ion ma y  also b e  used t o  d es c ribe unsatura ted flow . Fo r 

unsa tura ted flow in the vertical d irec tion the equa tion is 

Q -kA d<P I dz ( 7 . 5 ) 

-1 where k is the unsa tura ted hydraul i c  conduct ivity ( mm d ) and is a 

s trong funct ion o f  the wa ter content and s o  o f  the rna tr ic po tential o f  

the soil . 

7 . 3 A Model to Predict Watertable Levels in an Undrained Soil 

7 . 3 . 1  The relat ionsh ip between d epth (z ) ,  pressure 

po tent ial (P )  and volume tric  wa ter content (8 )  
Befor e  water movement in a so il p ro f il e  can be described , knowledge 

of  how the pressure po tent ial ( P )  varies wi th dep th ( z ) and the 

relat ionsh ip between P and 8 for the par t icular soil is needed . To 

facilita te the modell ing of wa ter movement in the soil pro f il e  the 

fo l lowing assumpt ions were made . 

( i ) Soil wa ter above the wa ter table is a t  po tential equil ib r ium 

with the watertable at all t imes i . e .  <P is cons tant wi th depth 

in the top 4 50 mm of the s o il pro f ile . For j ustifica t ion o f  

th is assump t ion see Appendix D .  

( i i )  e i s  a l inear func tion o f  p and hys t eresis is ins ignif icant 

( i i i )  

over the range o f  interes t ( i . e .  0 � P � - 4 50 mm) .  
There is no wa ter movement below a l evel o f  4 5 0  mm once 

the p ro file  has rewet in late au tumn or early winter . For 

j us t ifica t ion of  this ass ump t ion see  S ec t ion 7 . 4 . 1  b elow .  
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The reason f o r  the choice of 450  mm i n  t h e  above assump t ions will b ecome 

apparent when the mo del for a drained s o il is considered in Sec tion 7 . 5 ,  

as 450 mm is the depth of  the mole channel . 

Us ing the publ ished soil wa ter retentivity data o f  Sca t ter et  al . 

( 1 9 79a) , along w i th as sump t ion ( i i )  an expression for e as a func tion o f  

P was derived . As s umpt ion ( ii)  leads to the following equa tion for the 

volumetric wa t er con tent (e ) o f  the s o il in hori zons above the wa tertable . 

e ( 7 . 6 )  

- 1  
where ai (mm ) and the poro sity fi a r e  cons tants f o r  soil layer i .  

Below the wa tertable 

e ( 7 .  7 )  

Ass umpt ion ( i )  l eads to expres s ion ( 7 . 8 ) relating P t o  z 

p z -T ( 7 .  �) 

where T equals the dep th f rom the soil surface to the wa tertable in mm . 

7 . 3 . 2  The relationship between the equivalent depth o f  

wat e r  in the s o il pro file  (W)  and the 

watertable  l evel (T) 

Us ing the p receding f unc tional rela t ionsh ips between e , P and T ,  

T may b e  express ed as a func t ion o f  W ( mm) ,  the equivalent depth o f  water 

in the soil pro file .  

depth z is given by 

w in the top 4 50 mm 

where 0 � T � 4 50 mm . 

Combining equa tions ( 7 . 6 ) and (7. 8)  we find e a t  

e 

e 

depth of soil 

450 w f 
0 

Thus , 

+ f i fo r z < T 

is given 

e d z 

for z � T .  

by 

T f e d z + / 50
e d z 

0 T 

( 7 .  9 )  

( 7  . 10 )  
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w /( ai ( ' z-T) ( 7 . 1 1 )  
0 

Integrat ion yields a s er ies of  quadrat i c  equat ions rela ting W and T ,  

o f  the form 

0 ( 7 .  1 2 )  

- 1  
where a i (mm ) ,  S i and 6 i (mm) are the constants appl icab le when T i s  

in layer i .  

Thus , given W ,  T may b e  found us ing 

T ( 7 . 13) 

Us ing publ ished soil water data f o r  the Tokomaru s ilt loam, 

collected at  a site  3 km from the Keeble  farm (Sco t t er et a l . , 1 9 79a) , 

the top 450 mm of  the so il profile was trea t ed a s  four layers with the 

proper ties given in Table 7 . 1 . 

By way o f  an exampl e ,  the values of the coeff icients a 1 , e
1 and o

1 

are determined b elow for when the watertable is in the first or  top l ayer 

of  the so il pro f il e .  Equat ion ( 7 . 1 1 )  becomes 

4 50 350 250 T 
W f (0 . 4 1 9 ) dz + f ( 0 . 44 7 ) dz + f (0 . 48 6 ) d z  + f [. 00024 (z -T) + 0 . 56 6 ] dz . 

350 250 1 50 0 

Integrat ion and rearrangement gives 

0 -0 . 00012  T
2 + ( 220 . 1  - W ) , 

and so values o f  -0 . 000 1 2  mm
-l 

0 ,  and 220 . l mm for a l , e l and 6 1 , 

( 7 . 14 )  

( 7  . 15 )  

respectively . Values o f  a i , S i and 6 1  are shown in Table 7 . 2 , along with 

the range of  W for which they apply . 

A plot o f  equa t ion ( 7 . 1 3) i . e .  the equivalent  wa ter dep th in the 

top 450 mm of s o il (W) against the depth of the wa t ertabl e (T) appears in 

Fig. 7 . 1 .  The mos t  striking feature o f  the graph is the s ens i t ivity o f  

the water tab l e  height in the top 100  mm of  the so il profile t o  any change 

in the wa ter content . If  the wa ter table is a t  the surface a change o f  



Table 7 . 1 Soil water data fo r the four layers o f  Tokomaru 

s il t  loam under cons ideration,  along wi th the 

value of the coefficient ai defined by equa t ion 

( 7 . 6) for each layer . 

e a t  
- 1  

Depth interval (mm) i p -500 mm f ·  ai (mm ) 1 

0- 150 1 0 . 44 5  0 . 56 6  0 . 00024 

1 50-250 2 0 . 390 0 . 4 86 0 . 00 0 1 9  

250-350 3 0 .  36 7 0 . 4 4 7  0 . 00 0 1 6  

350-4 50 4 0 . 39 2  0 . 4 19 0 . 00005 

1 35 



Table 7 . 2  

Depth interval 
( mm) i 

0- 150  1 

1 50-250 2 

250- 350 3 

350-4 50 4 

Coefficients for use in equat ion (7 . 1 3) 

along with range o f  W for whi ch th ey apply . 

136  

- 1  a i ( mm  ) Si o i ( mm) Range o f  W (mm) 

-0 . 000 1 2  0 2 20 . 1 220 . 1  >,. W  >,. 2 1 7 . 4  

-0 . 000095  -0 . 00 7 5  220 . 7  2 1 7 . 4  > w >,. 2 1 2 . 9  

-0 . 00008 -0 . 0 15 22 1 . 6  2 1 2 . 9  > w >,. 206 . 5  

-0 . 0000 2 5  -0 . 0535 2 22 . 3  206 . 5  > w >, 1 9 3 . 2  
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1 mm in  the water content due to  evapo transpira t ion will cause the 

wat e r table to drop 96  mm ,  whereas the next 1 mm of  evapo transpiration 

will cause a d rop of  only 36  mm .  This rapid init ial decline in the 

wa t ertable heigh t  away from the surface  to approxima tely 100 mm ,  

fo llowed by a more gradual l ower ing , is in keeping with wha t was obs erved 

in the f ield after heavy rain . Conversely fo r rainfall ; if  the 

wa tertable is 100 mm below the surface then 1 mm of rainfall will bring 

it to the surface .  

7 . 3 . 3 Evaluating the water content o f  

the soil (W) f rom wea ther data 

Having es tablished the r elat ionship between W and T, given W we 

can f ind T ,  and vic e-versa . The daily change in the wa ter s tored in 

the pro f ile (t:.W)  of undra ined so il can be calculated us ing the fo_llawing 

equa tion (Rose , 1966) . 

t:.W = R - E - S - U  (7 . 1 6 )  

where R rainfall (mm d-1 ) 
E evapotranspira t ion (mm d

-l ) 
s surface runoff  (mm d-1

) 

u deep drainage -1 (mm d ) • 

Due to the very densely packed nature o f  the Tokomaru s ilt loam fragipan 

( S ec t ion 2 . 2) ,  the impermeable subsoil res tricts all or mos t  deep drainage 

through to the underlying s o il once the pro f il e  has wet up . Therefore , 

the d eep drainage term (U)  in equat ion ( 7 . 16)  can be  omitted ( S co t t er et 

a l . .  l 9 79a ) . S imilarly i t  is assumed that la teral flow can b e  neglected , 

b ecause wi thout subsurface drainage on the rela tive flat site ,  the 

wa tertable is nearly horizontal and lateral movement negl igib l e .  

Equa tion ( 7 . 16 ) may thus be  s impl ified to 

t:. W  R - E - S . ( 7  . 1 7)  
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I f  the amount of water  s tored in the soil profile  (W)  is known on 

a part icular day , along w i th the weather data (giving R and E)  for all 

s ubsequen t  days , then �W and so W can be  calculated fo r each day using 

equat ion ( 7 . 1 7 ) . Once W is known for any day then the pos i t ion of  the 

wa ter table for tha t day can be calculated us ing equa tion ( 7 . 1 3 )  with 

the appropria te coeffic ients from Tabl e  7 . 2 .  

There remains one further mat ter to clarify . That  is what  will 

be the magni tude of the surface runof f  t erm (S ) in equa t ion (7 . 1 7 )  

following heavy rainfal l ?  Ven T e  Chow ( 1964 )  sugges ts that anywhere 

between 1 and 5 mm of water can accumulate on the soil surface b efo re 

runo ff begins . This is called surface detention of  wat er ,  as i t  

des c r ibes the wa ter that ponds o n  the surface and i s  unab le to leave as 

runo ff . This wa ter mus t b e  evaporated b efore the wa tertable drops b elow 

the surface . Surface deten t ion is mos t  l ikely a t tribu table to small 

localized differences in the micro topography and/ o r  indents in the soil 

surface caused by the gra z ing animal when the watertab le is h igh and 

the soil is sus cep tible to impact and pugging damage . Such pending was 

commonly ob served on the undrained plo ts following heavy rain . Surface 

runo ff ( S ) was only assumed to o c cur when T was 2 mm above the mean 

s urface level to take surface deten t ion into account . Therefore,  

fol lowing surfa ce runoff  there mus t be 2 mm evapo t ranspiration b efore the 

watertab l e  s tarts to drop b elow the so il surface .  Thus , for any day 

if w > 2 22 . 1  then s w - 222 . 1  ( 7  . 18)  

where 2 2 2 . 1 mm is  the sum o f  the equivalent  depth of  wa ter in the so il 

prof ile when the water tab le is a t  the surface (220 . 1  mm ) plus the 2 mm 

o f  wa ter present due to surface deten t ion . 



7 . 4  Running the Mod el for an Undrained Soil 

7 . 4  . 1  1 9 83 - an average year 

To initial ize the mode� either the watertable l evel (T)  or the 

water con tent (\.J) mus t be known . From tha t day on, wi th the aid o f  
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wat er balance da ta , a budget of W was run and consequent ially wa tertable 

l evel s calculated . Rainfall (R) was recorded by a continuous recorder 

located on s i t e ,  and Pries tly and Taylor evapotranspira t ion rates (E)  

were cal culated as des cribed by S ca t ter e t  al . ,  ( 19 79b) from da ta 

collec ted at Grass lands Division ,  DSIR about 5 km from the experimental 

s it e .  

The model was s tarted o n  the 1 9  Jul y ,  b ecaus e the wa tertable ha� 
b een at the surface twice previously , and i t  was cons idered mos t  l ikely 

that the soil pro file had rewet thoroughly following the mo is ture def icit 

incurred over the summer months . 

A comparison o f  the computed values o f  the wat ertable heigh t with 

those measured on undrained Plo ts 5 and 7 is made in Fig . 7 . 2a .  The 

watertable depths measured in the obs ervat ion wells on Plo t 3 have been 

omi t ted from the measured data p resented in Fig . 7 . 2 . As discussed in 

Chapters 3 and 4 ,  much of  Plo t 3 behaved in a different  manner to the 

rest of the undrained plo ts .  I t  was p roposed that the likely reason 

for this was a difference in topography as some of Plo t 3 was elevated 

above the res t of  the research area . As a cons equence ,  the watertable 

l evels measured in some of the ob servat ion wel ls on Plot 3 were often 

lower than those  measured on o ther undrained plo ts .  This impl ies that 

in fact the horizontal gradient on the watertable on much o f  Plo t 3 

was no t zero as assumed in the model and so the watertable was dropping 

more rapidly than would b e  expec ted under a flat surface .  

Good agreement is  obs erved between measured and modell ed values 

in Fig.  7 . 2a ,  with the model predicting 67 days for which the wa tertable 
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was shallower than the minimum l evel for safe grazing ( 200 mm) compared 

with 64 measured days . The modelled and observed values do no t 

coincide as well when the wat ertable is close to the soil surface as 

they do when it is deep er in the pro f ile . This is b ecause , as discussed 

above , the model is very s ensitive in this region ( the top lOO mm) . 

Thus , any inaccuracy in the value of  W ,  say f rom a small error in the 

rainfall measurement s ,  will  caus e large discrepencies in T. 

One impo rtant conclus ion that can be drawn from this graph is that 

it vindicates assumption ( iii ) above , that the deep drainage component ( U) 

o f  the express ion fo r wat er movement within the pro file ( equation 7 . 1 6 )  

was indeed negl igible . This s erves to highlight  the internal drainage 

probl em the Tokornaru s il t  loam has , as there is no escape for excess 

wa ter down through the profil e ,  caus ing a perched watertable for many 

days during wint er and s pring . This means that excess wa ter can only 

b e  r emoved from the undrained profile  as either evapo transpira t ion or  

surface runo ff .  

7 . 4 . 2  1982 - a dry year 

To determine whe ther the model could accurately predict  wa tertable 

l evels for an unusually dry winter-spring, a comparison of predicted 

wat ertable heights was made agains t those measured during 19 8 2 .  The 

resul ts are shown in Fig . 7 . 2b .  Once again, the model proved to b e  quite 

accurate at  predic ting the number of days the watertable was shallower 

than a level of 200 mm f rom the so il surface, with a predicted value of 

0 days compared with 3 measured days . 

The model predicts that  the wa tertable would no t have risen above 

a l evel o f  4 50 mm . Th e  reason for this is tha t the small volume of  

rainfall that fell  over the autumn-early winter period of 1 9 8 2  was 

insuf ficient to tho roughly rewet the soil pro f ile and bring i t  back to 

' field capacity ' .  I f  the end o f  O c tober 1981  is taken as the' last time 
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the s o il was at f i el d  capacity , a crude water balance can be  cal cula ted 

by sub trac t ing po t ential evapo transpirat io n  from rainfall . At the end 

of the relat ively dry 1 9 8 1 / 1982  s ummer , s o il water s to rage relative 

to ' f ield capacity ' had fallen to -200 mm . Sca tter et al . ( 19 79a)  found 

that up to 240 mm coul d  b e  extracted by pas ture from Tokomaru silt  loam ,  

s o  a d eficit  of  this size i s  f eas ib l e  i n  this so il . For the fol lowing 

autumn-winter mon ths, there was onl y  1 70 mm more rainfall than 

evapo transpira t io n ,  clearly no t enough to fully recharge the whole 

pro f ile . So if f ield capacity is no t reached , the model predicts the 

watertabl e will no t rise above the mol e  depth of 4 50 mm f rom the soil 

surface . 

I t  is probabl e, that where disagreement in Fig . 7 . 2b is most 

pronounced (for example on the 21  July , and 3 - 6 Augus t)  wa ter was 

being temporarily ' held up ' in the soil  prof ile . The soil had no t 

p roperly rewet , and incoming water took some time to distribute i tself 

throughout the pro f ile , causing a t emporary watertab le to occur . 

7 . 4 . 3  1 9 76 - a wet year 

For th e two years discuss ed to dat e , 1983  and 1982 , it is possible 

to check the val ues the mo del predicted wi th those measured on the 

r es earch area . Having to some ext ent es tab lished the validity o f  the 

mo del , i t  may now b e  us ed to predict  the wa tertable levels for other 

years when no measurements were made . As a comparison w i th a dry year 

and an average year , the model was used to predict wa tertab le levels for 

the wet year 1 9 7 6 .  During the months o f  June through to October 1 9 76 , 

6 87 mm of  rain f el l ,  making it one o f  the wet tes t winters on record 

with the winter rainfall falling in the 9 5-100 percent ile range . 

A plo t o f  the predicted wa tertab le heights for the winter and 

spring o f  1 9 76 appears in Fig . 7 . 2c .  As there were no measured values 

o f  the wa tertable level with which to initial ize the model , the 'wa ter 



144 

balance described by S co t ter et al . ( 19 79b) was used , f rom which it was 

cal culated that by 2 June the pro f ile was thoroughly rewet .  

The wat ertabl e in the Tokomaru sil t loam is clo s e  to the surface 

for a cons iderable  numb er of  days if  the volume of  rain fall ing over the 

winter and spring months is large . The predic ted number of  days in 

1 9 76  the watertab le was above the level of 200 mm from the surface was 

1 1 3 ,  compared with 67 days fo r the average y ear 1983 . 

7 . 5  A Model to Predict Watertable Levels 

in a Pipe-Mol e  Drained Soil 

7 . 5 . 1 Lateral movement o f  soil wat er due to drainage 

In Section 7 . 3 . 3 , for the undrained s o il, we ignored sideways 

movemen t becaus e the watertab le gradient was cons idered too small to 

induce any appreciab le s ideways movement .  But in drained soil , due to 

the action o f  the mol e  drain , this component o f  lateral movement will be 

an impo rtant term in equation ( 7 . 1 6 )  as the watertab le usually has a 

gradient towards the mol e ,  along which water  can flow. 

To evaluate  horizontal wa ter flow to �he mol e  dra ins we assume 

tha t such movement will o ccur only in saturated soil and tha t the 

sa tura ted hydraulic  conductivity (K) is cons tant with t ime . In fac t ,  

as was po inted out in Sec tion 3 . 3 . 2, some f low was ob served in the drains 

in early winter befo re the soil b ecame sa turated , but this was due 

primarily , to the preferential flow of some of the free water present in 

the pro f ile down cracks and channels formed during summer drying rather 

than movement through the bulk of the soil . 

The Dupit-Fo rchheimer (DF) assump t ions may be  applied to water 

movement through the soil to the mol es . Thes e assump tions are in effect 

tha t sa turated flow above the watertabl e  is horizontal and that the 

pressure head gradient induc ing this flow is equal to the s lope' of  the 
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wa tertabl e  and is invariant with depth (Kirkham and Powers , 1972) . 

Applying the DF assump tions to Darcy ' s equation for horizo ntal flow 

( 7 . 4 ) gives for f low to the moles 

Q -KA dT/ dx .  ( 7 . 19 )  

Consider the soil adj acent t o  l ength y o f  mo l e  drain with a height h 

through which flow occurs . 

h 

Then 

z - T 
m ( 7 . 20 )  

where z i s  the depth to the mo l e  drain . m Sub s t i tuting equa t ion ( 7 . 20 )  

into equa t ion ( 7 . 1 9 )  yields the following exp ress ion for flow towards 

the mol e  

7 . 5 . 2  

Q K y ( z  - T) dT/ dx . 
m 

Effect of  lateral f low on the wa tertable l evel 

( 7 . 2 1 ) 

To enable  the determination o f  the volume o f  wa ter flowing from the 

so il to the mole ,  the s o il pro f il e  was considered as a series of  

compar tments as depic ted in  Fig . 7 . 3 .  

The l aw o f  conservat io n  o f  mass gives the following equation fo r 

the change in the equivalent  dep th o f  water in compartment c during t ime 

t ,  

( 7 .  22 )  

where Qc , Re  Qc-1 • Rc-1 and D are a s  illus trated and defined in  Fig . 7 . 3 .  

In the l imi t ,  as the values o f  We , t:,. t and t:,.x b ecome ver:;• small , equation 

( 7 . 22 )  redu ces to 

( 7 .  23) 

Re is taken as zero unl ess the watertable is a t  a l evel 2 mm above the 

soil  su rfac e ,  in which case awe/ a t  = 0 ,  and so 

( 7 .  24)  

The value  of Q c is given by equat ion ( 7 . 2 1 ) . 
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r 

c-1 

A c ro s s -s e c t ional v i ew o f  the s o i l  as i t  was ima g ined to 

be s ec t ioned i n to a numb e r  ( f )  of compa r tmen t s  includ ing 
3 - 1  compa r tmen ts c- 1 ,  c and c +  1 .  Q c (mm d ) is the rate  

at  wh ich wa t e r  f lows ou t of  compa r tmen t c ,  Qc -1  is the  

ra t e  a t  which  wa t e r  f lows i n to comp a rtmen t c and  Q0  is  

the t a t e  at  wh ich wa t e r  f l ows a c ross  the  wa t e rshed 

( i . e .  the  mid-po i n t  b e tween the mo l es w i th a spacing 

s ( mm)) wh ich is e qua l to zero . Q f is the f low to the 
3 - 1 mo l e  f rom the f inal compa r tmen t ( f ) . Rc- 1  (mm d ) 

is  the  ra t e  o f  s ur face runo f f  o n to comp a r tmen t c and  

R e  is t he ra t e  of  s ur face  runo f f  o f f  comp a r tment  c .  

Rf i s  the s u r f a c e  runo f f  f rom the f ina l comp a r tmen t  ( f ) . 

D i s  the d a i l y  ra in f a l l  minus evapo t ra ns p i ra t ion 
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For a s o il s uch a s  the Tokomaru s il t  loam, where the A horizon is o f  

width zA (mm) with hydraulic conduc t ivity KA (mm d
- 1

) and the B horizon 

o f  width zB (mm) with a hydraulic  conductivity value of KB (mm d- 1
) , the 

mean sa tura ted hydraulic  conductivity (K) in the x direction for  

compartment c is given by equa t ions ( 7 . 25)  and ( 7 . 26) . 

I f  then (7 . 25 )  

I f  then 

The drainage coef ficient ( I) is defined as the dep th o f  water in 

mill imet res a drainage sys t em r emoves over a period of 24 hours . I t  is 

r epo rted by Bowl er ( 1 980) that  typical values fo r the drainage coefficient 

-1 
for pas ture range between 5 and 15 mm d . Becaus e a ' b o t tle neck ' 

f o rmed at  large f lows a t  the only outfall for the drainage sys tem on the 

res earch s it e ,  it was calculated that 10 mm was the maximum amoun t  o f  

-1 
water that the drains could conduc t  away in any one day i . e .  I • 10 mm d 

fo r the drained plo ts (D . R .  S co t ter , pers . comm. ) .  If  at  any t ime during 

heavy prolonged rain , the watertable was calcula ted to rise to a level 

2 mm above the mean so il surface l evel , then at  tha t time, surface runof f  

from the drained plo ts was as sumed t o  begin . 

We mus t then add the following cons traint to equa t ion ( 7 . 2 1 ) ; 

tha t the f low from the f inal soil compartment f ,  (Qf ) to the drain 

canno t exceed that allowed by the drainage coeff icient . The flux from 

the f inal compartment (Qf ) into the mole is given by e ither the 

app rop ria te f inite difference form o f  Darcy ' s  equat ion , assuming T at 

the mole equals Z m • i . e . 

2 
Kfy (zm - T) / (2�x) , 

or  the l imit ing flux determined by the drainage coe f f icient , 

I (s / 2 ) y ,  

whichever i s  sma ll er . 

( 7 . 2 7 )  

( 7 .  2 8) 
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The sum o f  Qf over a day yields the predicted daily to tal flow in 

. - 1  
the mol e ,  L (mm d ) .  Likewis e  a summa t ion o f  Rf , the runo ff  from the 

soil for the whole day, corresponds to the daily total s urface runo f f ,  S .  

The daily change in the wa ter con tent o f  drained soil can be  calculated 

using equat ion ( 7 . 29 )  

R - E - S - L - U .  ( 7 .  2 9 )  

As shown i n  Section 7 . 4 . 1 ,  deep drainage t o  underlying layers is 

practically non-exis tent  in the Tokomaru s il t  loam,  so U in equat ion 

( 7 . 29 )  can be taken as zero . This gives rise to equat ion ( 7 . 30 )  for a 

drained so il , which is identical to equat ion ( 7 . 1 7) for undrained soil 

excep t for the inclusion of the term (L) which des crib es the effect of 

the mo le drain on the water content  of the soil pro f il e . 

R - E - S - L . ( 7 .  30)  

If  the equivalen t  water depth in all compartments (W) is known at 

the s tart of  a particular day , along with weather data for al l subsequent 

days , then W for all compartment s  for each day can be cal cula t ed us ing 

the equat ions presented above . That is to say , comp utations are carried 

out to s imul ate the effect of mole drainage , rainfall and evapo transpira tion 

on the wa ter conten t  of each compartment over a short time in terval . If  

the water content of each compartment is known at the end of  th e time 

interval , the wa tertab le l evel can also be  cal culated using equa tion 

(7 . 1 3) in conj unction with Tab le 7 . 2 .  Af ter many such cal cula tions the 

watertable l evel in each compar tment at the end o f  the day is arrived at . 

By averaging the wa tertab le depths in all f compartments, as cal cula ted 

at  the end of the day , the average watertable depth for the day is found . 

7 . 5 . 3  Parameterisation of the model 

Cl early the smaller the t ime s tep (6 t)  and the compartment width 

(6x )  then the mo re closely the continuous na ture of the partia'l differen tial 
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equa t ion ( 7 . 2 3 )  is  approximated by the numerical analys is . P rac tical 

limitations , s uch as the c omput ing time required for execution o f  

calculat ions , impose a l ower l imit o f  about 0 . 00 1 d o n  the s i ze of the 

t ime s tep used . On the Tokomaru silt  loam, mos t mole drains are 

pulled so tha t the s pacing b etween success ive mol e  channels ( s )  is 

2000 mm . Th is means that the d is tance f rom the mol e  to the wa tershed , 

midway b etween the moles ( that is l ength s / 2) , is  equal to 1000 mm . 

This s ec t ion o f  soil , b etween the mole and the wa t ershed, was partitioned 

i nto 6 compartmen ts giving �x a value of  1 66 . 7  mm . 

Two different s ets of  pub l ished values fo r the hydraulic conduc tivi ty 

for  horizontal flow in the saturated Tokomaru s i l t  loam were cons idered for 

use in the model . Sca t t er e t  a l . ( 19 79a) found using the auger hole method 

-1 -1 that KA = 3 2  mm d and � = 0 . 3  mm d , whils t S ca tter et  a l . ( 19 82)  

ob tained a value for KA of 3 72 mm d-1 
by measuring s teady-s tate inf1il t ra t ion 

o f  ponded water  f rom two r ings o f  different radii that had been sl ightly 

pres sed into the s o il sur fa c e .  No � value is given by S ca t ter et al . ( 1982)  

so i t  was assumed that the v alue of  � was an o rder of  magni tude smal ler 

than KA . 

The two quo ted values for the permeability in the A horizon differ by 

an o rder o f  magn itude . I t  was suspected that the values given by S ca t ter  

e t  al . ( 19 7 9a)  o f  3 7  mm d-l 
and 0 . 3  mm d-1 were too small for two reasons . 

Firs tly, these values were ob tained on undrained Tokomaru silt  loam and 

therefore take no account  o f  the enhancement  of permeability , part icularly 

in the B horizon , caused by the a c t ion of the mo l e  blade during the pul l ing 

of mole channel s .  The s econd reason was due to the inherent deficiencies 

in the auger hole technique in f ine-textured soil . A common prob lem with 

this method is that the auger hol e  surface is easi ly smeared and cons equently 

water movement into the auger hole is impede d ,  resul ting in permeab il ity 

values that are too low (Sca t t er ,  pers . comm . ) . 
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That the KA and KB values o f  Sco t ter et  a l . ( 19 79a) were too small 

is clearly shown when they are used in the model to predict the decl ine 

in the f low ra te in the mole fol lowing heavy rain . In Fig . 7 . 4  the 

values predicted by the model for the volume o f  flow in the drains are 

compared wi th those measured in the fiel d .  The t ime scale for each 

hyd rograph has been referenced to the t ime when a flow of 0 . 5  x 10
-4 

m
3 

- 1  s occurre d .  The lines drawn a r e  f o r  flow i n  the drains with 0 and 

1 mm d
- l 

evapotranspirat ion , which covers the likely range o f  evapo-

transpirat ion ra tes in winter and early spring . With these conductivity 

values the model predic ts a sharper drop in flow than was observed . 

However , good agreement was found when the conductivity values 

K 372 d-l 
d K 37 d

- 1  . d . h d 1 . h h A = mm an B = mm were �nserte �nto t e mo e , w1t t e 

two different drainage rates generated from the model by us ing the 

dif ferent evapo transpiration rates encompassing all the measured ra tes . 

I t  was mainly on this b asis, that a KA value of  372  mm d
-1 

( f rom Sco tter 

- 1  e t  al . ,  1 9 82) and a KB value of  3 7  mm d were chosen for use in the 

model , rat her than the values of Scotter et al . ( 19 79a) . 

Fig . 7 . 4 sugges ts that an o rder o f  magnitude change in the values 

of the hydraulic conductivity o f  the soil has a s imilar impact on the 

f low rate in the drains as changing the rate of evapo transpiration from 

0 to 1 mm d
- 1

. An implica t ion o f  this is that , at the s tage of  the 

re cession curve depicted in Fig . 7 . 4 ,  the value of the hydraulic 

conductivity is not as critical to  the p erformance o f  the model as might 

be expected . At higher flow ra tes the value of  the hydraul ic 

conduc tivity would be  more important (with high conductivity values 

greatly enhancing the drainage p rocess ) except for the fact that flow in 

the mole is then of ten limited by the drainage coefficient . Th is 

relative ins ensitivi ty of the model to the value of the hydraul ic 

conductivity will also be discus s ed in Section 8 . 2 . 



1 5 1  

3 

2 

-
\, ,.., 
E 

� 
0 
0 r-
)C 
0 

1 

0 �----��----��----��----��----�------�--20 16 1 8 4 0 

F igure  7 .  4 

Hcx.rs be fore a f low rate o f  OS x 10-Lm3s"1 was reac hed 

Comp a risons of s imul a t ions o f  the d e c l i n e  i n  the ra t e  of 

f low in the d ra inage f rom a 0 . 4  p lo t (Q) fo l l owing  ra in  

us i n g  th e h y d raul i c  cond u c t i v i ty va l ues KA = 372 mm d - l 
- 1 

a n d  KB = 37  mm d a n d  the v a lues o f  S ca t t e r  e t  a l . 

( 1 9 7 9 a )  w i th measured r a t e s  o f  decl i n e (.___.) .  

S irnu l a t ions w ere c a r r i e d  o u t w i th 0 mm d- l  (- -) a n d  
- 1  1 nun d (- - - -) evapo t ra ns p i ra t ion . 



7 . 6  Running the Model for a Pipe-Mol e  Drained Soil 

7 . 6 . 1 1983 - an average year 

1 5 2  

As f o r  the undrained soil , the model was initialized b y  calculating 

the equivalent water dep th (W) in the soil from the wa tertable l evel ( T) 

measured on 1 9  July 1983 . By inputing into the model for drained soil 

the same wea ther data (D) as for the undrained soil , a balance o f  W was 

kep t and hence the wa tertab le l evel over the winter-spring period o f  

1 9 8 3  computed . A lis ting o f  the model program, along wi th the simulated 

wa t ertab le depths for the 1 9  July to 26 July 1 9 8 3 , appears in Appendix E .  

A comparison o f  the predicted wat ertable heights with the l evels 

measured on Plots 1 ,  4 and 8 is made in Fig . 7 . 5a .  Agreement is quit e  

reasonable , with the l evels predicted by  the model coinciding closely 

with the measured watertable heights . The mo del predic ts 3 days in 

1 9 83 on whi ch the watertabl e  would have been less than 200 mm deep , 

compared with 6 days on which shallow watertab les were observed on the 

plo ts . 

The number of  compartments (f) used in the model was found to b e  

relatively unimpo rtant . The greates t difference in mean wat ertable 

depths between a s imulat ion with 10  compar tments and one with 6 

compartments on any day was 5 mm . The model was ab le to predict 

accurately values of mean wat ertable depths us ing as f ew as four 

compartments . 

7 . 6 . 2  1 9 82 - a dry year 

As outl ined in Section 7 . 4 . 2 , the soil never fully rewet over the 

dry winter of 1 9 8 2  so tha t ' field capacity ' was no t reached . The model 

therefo re predic ted tha t the watertab le would no t rise above the level o f  

450 mm from the so il surface . A plot of wat ertab le levels measured in 

the field along with the constant 450 mm l evel predicted by the mode l  is 
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shown in Fig . 7 . 5b .  The model predicts 0 days for which the watertable  

would have :been shallower than 200 mm from the  surface , which agre es 

closely with the 1 measured day . The reasons for the poor agreement on 

the 2 2  July , 2 and 3 August were dis cussed in Section 7 . 4 . 2 .  

7 . 6 . 3  1 9 76 - a wet year 

Comparison between p redicted and measured watertable levels for the 

years 1 9 8 2  and 1 9 83 have shown that the model is reasonably accurate in 

its  p rediction o f  wat er table  l evels . Comparisons b e tween measured data 

and computer s imula tions o f  surface soil gravimetric water contents are 

p resented in Appendix F .  Al so in Appendix F is a comparison o f  measured 

and s imula t ed values fo r mid-mole verse next to the mol e  watertable depths . 

Good agreement b etween these measured and s imulated values further 

es tab l ishes the val idity of the model . I t  was , therefore, thought 

r easonable to use the model to predic t the wat ertable levels during an 

unusually wet year , for which no measurements o f  watertab le levels had 

b een made . The model was initialized by s e t t ing the wa tertab 1e at an 

arb itrary 1 5 0  mm from the surface (compared with 0 for undrained so i l )  

on 2 June , 1 9 76 . The wea ther data inputed was the same as that used for 

the undrained model . From Fig . 7 . 5c it  can be  seen that the number o f  

days the model predicts the watertable would have b een above the level 

of 200 mm from the so il surface was 20 . 

7 . 7  Comparing Simulated Wa tertabl e Levels on Drained 

Soil with those on Undrained Soil 

The model was used to compare the differences in watertab le levels 

for drained and undrained so ils for different rainfall regimes . The 

model predic ts large differences in the wa tertab le l evels between drained 

and undrained soils , cl early illus trating the benefits of drain�ge in an 
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average yea r .  I n  Fig . 7 . 6a the p redicted watertabl e  l evels for the 

undrained s o il in the winter-spring p eriod of 1983 , depic ted  in Fig . 7 . 2 ,  

a re comb ined with the predicted values for a dra ined soil , as presented 

in Fig . 7 . 5 . 

Wa tertabl e  l evels pre d ic ted by the model fo r undrained soil 

( S ec t ion 7 . 4 . 2) and drained soil (Section 7 . 6 . 2) for 1982 showed that in 

a dry year dra inage has very l i t tle effect on the level of the watertab le .  

The d ifference between the dra ined and undrained wa tertable levels  

is large f o r  many days over the wint er-spring period of a wet year . 

I n  Fig . 7 . 6b the watertab le l evels predicted in Section 7 . 4 . 3  by the mo del 

for the wet year 1 9 7 6  for undrained so il are combined wi th those predicted 

for  d rained s o il in Section 7 . 6 . 3 .  There were 1 1 3  days when the water-

t able would have b een shallower than a level of 200 mm from the soil 

surface on the undrained soil  as opposed to 20 such days for the drained 

soil . This f ive-fold difference in the number of  safe grazing days 

serves to h ighl ight bo th the effec t iveness and importance o f  subsurface 

d rainage in such wet years . 

7 . 8  A Mo del to Predict the To tal Number 

of  Unsafe Grazing Days 

7 . 8 . 1  The relationship b e tween rainfall and 

water content o f  the surface soil 

To d a t e  our sole cri terion for determining if any given day was a 

safe gra zing day was whe ther the watertable was below a l evel of  200 mm 

from the s o il surface . Soil strength measurements (W . Climo , pers . comm. )  

and field ob servat ions indica ted that i t  was possible  fo r the wat ertable 

to be  well b elow a level o f  200 mm and yet the soil and pas ture be 

s us ceptible  to damage . This happened on days when there was rainfall .  
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The ra in involved was no t heavy enough to bring the wa ter table to 

within 200 mm of the so il surfac e ,  but was sufficient to wet the very 

top of the profil e ,  lowering so il s trength and making gra z ing unsafe . 

Therefore, es t imates o f  the numb er o f  unsafe grazing days b ased solely 

on the wa tertable l evels are inaccurate , in that they wil l tend to 

un de restimat e  the to tal numb er of unsafe grazing days . 

Thus a way o f  p redict ing unsafe grazing days due to rain we t t ing 

the surface soil needs to b e  added to the already discussed unsafe 

grazing day indicator of a wa tertable depth o f  less than 200 mm .  The 

1 5 7 

unsa tu rated hy draulic conductivity (k) o f  soil is very dependent on its  

wa ter conten t , and during rainfall the surface soil  mus t wet-up enough 

to conduc t the excess ra in thro ugh it . The daily excess (D) is the 

rainfa l l  minus the evapotranspiration . As suming s t eady-s tate gravi ty-

indu ced f low in the A horizon of the soil (i . e .  d� / d z  = -1 ) then as 

Q/A - D , equa t ion ( 7 . 5 ) s imp li fies to 

D = k .  ( 7 .  31 ) 

As discus sed in Appendix D, a reasonable es timat e  o f  the relat ionship 

between k (mm d-1 ) and e ove r the range of values o f  interes t in the 

topso il of Tokomaru s il t  loam is 

k = 1 0- 1 7  exp ( 9 2 . 6 6) . ( 7 .  3 2 )  

From equa t ion ( 7 . 5 ) and Tab le 7 . 1 we es t imate fo r t h e  topsoil 

e 0 . 000 1 9 p + 0 . 4 86 . ( 7 .  3 3) 

Comb ining equa t ions ( 7 . 3 1) , ( 7 . 3 2 )  and ( 7 . 33)  we find 

D = l 0- 1 7 exp [ 9 2 . 6  (0 . 000 19 P + 0 . 4 8 6 ) ] . ( 7  . 34 )  

Sub s t i tuting a val ue o f  -200 mm fo r P ( the equil ib rium surf ace ma t ric 

po ten t ia l  when the wa tertab l e  is at 200 mm depth)  we find D equals 
-1 10 mm d . In o ther words , s tea dy rainfal l of 10 mm d-1 , in the absence 
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of  a watertab le ,  l eads to  the s ame p ressure po t en tial and so s trength in 

the s urface s o il as woul d equilibrium condit ions and a wa tertable o f  

200 mm depth . Therefore, the to tal number o f  unsaf e  grazing days is 

determined by the number o f  days for wh ich either 

7 . 8 . 2  

T $- 200 mm o r  D � 1 0  mm . 

Running the model to predict the 

number of unsafe gra zing days 

( 7  . 35 )  

Fig . 7 . 7  compares the number o f  unsafe  grazing days p redicted by 

the model for both drained and undrained soil during the three years 

under consideration . In the dry y ear , 1982 , there were only 1 1  days for 

both the drained and the undrained soil for which grazing would have 

b een unsafe . In the year o f  average rainfall , 1 9 8 3 , the number o f  

unsafe grazing days for the drained soil was 1 0  compared with 6 9  days 

for the undrained soil . This shows the importance of  drainage in years 

of average rainfall . Al though drainage had no effect on the number o f  

safe grazing days for the dry year , drainage ensured a s even fold increase 

in the numb er of safe grazing days in the average y ear . For the wet 

y ear , 1 9 76 , the benefi ts of drainage were even more pronounced , wi th the 

undrained s o il b eing unsafe for grazing on 1 1 9  days compared wi th 33 days 

for the drained soil . 

Fig . 7 . 7  shows that the spring o f  1983  had more days for which 

grazing would have b een unsafe than did the spring o f  the wet yea r ,  1 9 76 . 

If  s tock were allowed to  graze on an unsafe day in early winter , 

u t ilisat ion would be poor and pugging and pas ture damage woul d be  s evere , 

but b ecause pas ture growth rates are low at this t ime o f  the ¥ear , the 

effect on the years to tal pas ture produc t ion may no t be grea t . By the 

time the increased growth rates associated wi th spring begin , the soil 

and pas ture may have recovered suff iciently to be p roducing at  rates 
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comp arable with swards that were not damaged b y  winter grazing . 

Grazing on an unsafe day in spring or  late win ter may have greater 

cons equences . Utilisation will be poo r and damage severe , as des cribed 

fo r unsafe  win t er grazing , but because pas ture growth rates are high 

the advers e effe c t  on the y ears to tal p roduction will be marked . 

Therefore, the s us ceptib ility o f  soil and pas ture to damage , if  gra zed 

when the wat ertable  is close to the soil surface, takes on special 

s igni ficance in the late winter and spring perio d .  

Poorly dra ined so ils that canno t b e  grazed for as many as 69  days 

in an average year and up to 119  days in a wet year present a maj or 

management problem .  As a n  aid t o  the eas ier management o f  grazing 

s chedules during the winter-s�ring of an average o r  wet yea r ,  mo le 

drainage is vital . The large reduction in the number of unsafe days 

in an average or wet year ,  brought  about by the ins tallat ion of mol e  

drainage , makes drainage highly des irab le f o r  s o ils  wi th internal 

drainage prob lems such as the Tokomaru s il t  loam . 

7 . 9  Conclus ions 

The fol lowing conclus ions may be drawn : 

i) A s imple model has been developed which shows the pronounced effect  

mol e  drainage has on the l evel of  the watertable in an average year 

and a we t year . 

ii) The water table mo del was expanded so as to p redict the to tal 

number of unsafe grazing days in a winter-spring period . Mole 

drainage had a pronounced effect on the numb er of unsafe grazing 

days in an average or wet ter year . In a dry year, mol e  drainage 

was of l i t t le or no b enefi t ,  as the small number of unsa fe grazing 

days was the same on bo th drained and undrained soil . 



iii) Some i dea of  the m agnitude  o f  the b enefits o f  mole drainage can 

b e  gained by p redicting that in an average year mol e  drainage 

can e ffect a reduction from appro ximately 69 to 10 in the number 

o f  unsafe grazing days and in a wet y ear from 1 1 9  to 3 3 . 

iv) Insofar as they are able, by the use of  sacrif ice  paddocks or 

s tanding pad , farmers should no t graze sheep on  Tokomaru s i l t  

loam i f  the wa tertab le i s  less than about 200 mm f rom the soil 

surface or  more than abou t 10 mm of rain has fallen in the las t 

24 hours . 
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CHAPTER 8 



8 . 1  In troduct ion 

CHAPTER 8 

MODELLING THE INFLUENCE OF VARIOUS 

PARAMETERS ON THE P ERFORMANCE OF 

A MOLE DRAINAGE SYSTEM 

In Chap ter 7 a model was developed which predicted rea sonably 

a ccurately wa tertable l evels in Tokomaru silt  loam .  Two obvious 

1 6 3  

ques t ions which a r i s e  are , f irstly , whether or  no t the mod el can be  adapted 

fo r use on o ther soil types with a perched watertab l e, and s econdly , can 

the model be used to increas e comprehens ion of the drainage process and/ 

or to improve drainage des ign? The answer to the f irs t ques t ion is 

o utside the scope of this s tudy as it would involve obta ining so il 

wa ter ret en t ivity and conduc t ivity data , and determining the minimum 

watertab l e  depth needed for safe grazing on the soil in ques t ion . 

I nves tigat ions into the second quest ion were carried out , as i t  was 

b el i eved i t  was pert inent to this s tudy and that it would be informative . 

There are certain contentious i ssues surrounding the des ign of  

drainage systems , such as the eff ec t o f  draining large areas on the flow 

in catchment dra ins or r ivers . The mod el was used to provide 

informa.tion on such is sues , and also to determine the eff ec t  of  altering 

d ifferent parame t ers involved in the dra inage proces s  with a view to 

o p t imis ing drainage design . I t  has been es tablished, that the desired 

effect  o f  the drainage sys tem is to lower and maintain the wa tertab le 

b elow a depth of 200 mm .  Therefore, the opt imum drainage sys tem will be  

the  cheapes t one which facili tates a rapid decline of  the wa tertabl e to 

a l evel b el ow 200 mm ,  thus reducing the t ime for which graz ing - is unsafe .  



To lower the watertabl e  from the soil surface to a depth o f  

200 mm ,  4 . 8  mm o f  wa ter mus t b e  removed from the profile  (Fig . 7 . 1 ) .  
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In the following s ec t ions, the model l ed rate at which 4 . 8  mm o f  water is 

removed from the soil for different soil properties , evapo transpiration 

rates , mol e  spacings and drainage coefficients is describ ed and discussed . 

8 . 2 Res ul ts and Discussion 

8 .  2 .  1 Profile of  watertab le d ecline  

A s eries of  s imulated profil es showing the pos ition of the 

wa tertable  b e tween two moles, a t  d ifferent t imes, as i t  dro ps from the 

soil surface appear in Fig . 8 . 1 .  For the firs t 1 2  hours the wat ertable  

declines rap idly due  to  the permeabl e  nature o f  the A horizon and the 

shallow soil dep th from which water is being removed . Af ter 0 . 4 5  days 

the average watertable depth is 200 mm (the dep th fo r safe grazing) . 

As the watertab le enters the B horizon the permeab il i ty falls  off  

markedly , and further decline in  the watertable due to sub surface 

drainage is s low . I t  can b e  seen that the wa tertab le gradi ent is now 

relat ively flat and this is ano ther r eason why flow to the mol es b ecomes 

small . Evapo transpiration is  then the major factor causing a lowering 

in the water tabl e  level , as will be d iscus sed in Section 8 . 2 . 4 . The 

fall in the wa tertab le now occurs a t  a more regular ra te as wat er leaves 

through the top o f  the profil e  at the evapo transpirat ion rate , which 

is assumed constant in this s imulat io n .  

8 . 2 . 2  Eff ect of  varying hydraulic conduct ivity (K�) 

I t  was men tioned in S ec tion 7 . 5 . 3, that the model is not as sensitive 

to a change in the values o f  KA and KB as might have b een intuitively 

expec ted . Fig . 8 . 2  shows the effect varying the value of the hydraulic 

conductivity (KA and KB) has on the rate o f  decline of  the water table from 
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the s o il sur face . 

The l ine labell ed 'medium ' in the f igure represents the decline 

o f  the wa tertable from th e s urface with the hydraul ic conduc tivity 

values used in Chap ter 7 .  When thes e values o f  KA and � were do ubled ,  

h alved ,  and quartered they were termed ' h igh ' , ' low ' and  ' very low ' , 

respec tively . 

Over the range o f  values assumed , KA and � have relatively l i t tle 

effect  on the t ime taken for the watertable to reach a depth o f  200 mm ,  

-1 given a drainage co efficient of  10 mm d • I t  would take a so il wi th 

' low ' conductivity values l es s  than 2 hours longer to drain to a level 

o f  200 mm than it would a soil with ' h igh ' values . The time taken for 

a so il with ' very low ' conductivity values to drain the wa tertable  to 

a l evel of 200 mm is approximately twice  the time taken in a soil with 

' h igh ' conductivity . However , this diff erence is no t l arge when 

compared with the eight fold difference in the magnitude o f  the 

conductivit ies . As ment ioned in Section 7 . 5 . 3 ,  if the dra inage 

ff . i h h 10  mm d-1
, h · h 1 f coe 1 c  ent was muc grea ter t an t en vary1ng t e va ue o 

the hydraulic conductivity would have a f ar greater effect  on  the ra te 

a t  which the wa tertab le fell from the surface . 

8 . 2 . 3  Effec t of  varying the mole spacing (s ) 

The predicted effect of  varying the mole spacing on  the rate of  

decl ine o f  the wa tertab le from the so il surface is seen in Fig . 8 . 3 .  

One surprising conclus ion to b e  drawn from the figure is that a mole 

s pacing o f  1000 mm is no more effec tive a t  lowering the wa tertab le to 

a dep th o f  200 mm than is a mol e  spacing of 2000 mm . Th is is becaus e 

a drainage coeff ici en t  o f  10  mm d
-1 

l imits  the ra te  o f  drainage to 

the carrying capacity of  the drains until the wa tertable reaches a 

l evel o f  2 1 5  mm for b oth the 1000 mm and 2000 mm mole spacings . 
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Henc e ,  the profil es of  wat ertable decline for b o th mol e  spacings are 

s imilar up to this po int . 
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After  the wa t ertable  reach es a level of  215  mm in the soil  with a 

mole spacing o f  2000 mm ,  the drains no longer f low a t  the drainage 

coefficien t ,  as illustrated in Fig . 8 . 4 .  The rate of  drainage is  then 

l imi ted by the speed with which water can move through the soil towards 

the mole . For a mole spacing o f  1 000 mm the p ipes flow a t  maximum 

capacity , for ano ther 0 . 3  o f  a day a f t er maximum flow ceases for the 

2000 mm spacing . The difference in the rate of  wat ertable decline 

from a depth of 2 1 5  mm, for spacings o f  1000 mm and 2000 mm, is due to  

the d iminis hing gradient on the watertabl e  as i t  drops further down the 

s o il pro f il e .  I n  the B horizo n ,  where water movement t o  the mol e  is 

impeded and the watertab le profile is flat t er ,  water will b e  abl e  to 

drain more quickly if the mol es are closely spaced . Any effect that • 

c los er mol e  spacings has on  the hydraulic conduc t iv i ty is ignored in 

this analys is . Such changes in conduct ivity are l ikely to mean that 

closer mol e  s pacings are somewhat more effective a t  lowering the water-

tab le  than the analys is sugges ts . However, to realise the b enefit s  o f  

closer mol es , closer spaced and/or larger pipes would be  needed to  

increas e the drainage coefficient . 

Doubl ing the mo le spacing to 4 000  mm would have an advers e 

ef fec t on the rate  at  which the wa ter tabl e  falls from the surfac e .  A 

mole s pacing o f  4000 mm would take about 9 hours longer than 1000 mm 

and 2000 mm spacings to drop the watertab l e  to a l evel 200 mm b elow 

the soil  surfac e .  As discussed , this differenc e in wat ertabl e l evels 

for different mole spac ings becomes more marked the deeper in the 

profile  the watertables are , as they fall clo ser to the l ess  permeable 

B hori zon where  the wa tertab le has a small gradient and so water 

movement from the s o il to the mol e  is slow. 
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One implicat ion o f  these findings is  that 2000 mm would appear 

to b e  an o p t imum spacing for mol e  dra ins for a drainage coe f ficient o f  

- 1  
1 0  mm d • There would b e  l it tl e  advantage , in t erms o f  when grazing 
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c ould b eg in fol lowing heavy rain , i n  having a s pacing less than 2000 mm . 

However , a mole spacing great er than 2000 mm will be slower in lowering 

the wat ertable to a level o f  200 mm ,  delay ing the commencement  of sa fe 

grazing . However , as concluded in Chapt er 3 ,  clos er mol e  drain 

spacings are effec t ive at l owering the watertable below 200 mm more 

quickl y . 

8 . 2 . 4  Effect o f  varying the ra te o f  evapo transpirat ion ( E) 

I t  has al ready been ind icated in Fig . 7 . 4  tha t  the model is quite  

s ens i t ive to the evapo transpira t ion  rat e .  This i s  further illus t ra ted 

in Fig . 8 . 5 ,  which shows the e ffec t of varying the rate  o f  evapotranspiration 

on  the wa tertable decline for b o th drained (drainage coeffici ent = 10 mm 

d-l
) and undrained soil (drainage coefficient = 0) . For the undrained 

s o il ,  the e f fect of varying its  rate  is very marked , as would be expec ted 

b ecause evapo transp irat ion is the only means by which wat er is removed 

from the pro f ile . Comparison of  the rat e  of  decline of  the watertable 

f h . 1  f . h 1 d-l . . d 3 d- 1 
rom t e so � sur ace W1 t  mm evapotransp�ra t �on  an mm 

evapotranspira t ion (typical winter and late spring values respectively) 

shows how impo rtant 2 extra mill imetres o f  evapo transpira t io n  a day can 

b e  to the lowering o f  the watertab le . 

If  the wa tertable was at  the surface on an undrained s o il and 

there were 3 mm d- 1 
of evapotranspira t ion , then pas ture on this soil 

coul d  be gra zed safely 1 . 6  days after  heavy rain . I f  however, the 

-1 
evapo transpira t ion rate wa s only 1 mm d , then 4 . 8 days woul d have to 

elaps e before sheep could be safel y  allowed onto the undra ined paddock. 

In  spring such dif ferences i n  the evapotranspira t ion rates might be 
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quite c ommon . For exampl e, a cold cloudy spell follow ing heavy rain 

could p revent the grazing of pas ture for 5 days ; pas ture tha t might well 

have b een g ra zed a day or so after the cessation of rain had cl ima tic 

factors been more favourab l e . 

Mo l e  drainage very rapidly removes water from the p ro f il e ,  so that 

the e f f ect of varying the rate of evapotranspirat ion i s  l essened in the 

d rained soil . Changing the evapo transpiration rate has l i t tle ef fect  

on  the t ime i t  takes for the watertab le to fall from the s urface to a 

l evel o f  200 mm .  

Evapo transpira t ion is , however , important in removing wa ter f rom 

deeper in the p ro file . The permeability in the A hori zon is h igh 

enough for excess water to quickly make its way to the mol e  drains , but 

when the wa tertable reaches the B horizon where the permeabi l i ty is an 

o rder o f  magnitude smal ler and the watertable gradient fla t t er ,  the 

rapi d  downward progress o f  the wa tertable is curtailed . I t  is then 

that wat er removal by evapotranspiration becomes important in lowering 

the wat ertable .  

transpira t ion rate 

Af ter 2 . 4  days the wat ertable l evel fo r an evapo­

-1 
o f  3 mm d is  60 mm lower than that for an evapo-

t ranspira t ion ra te  of zero . No te also, that the curves representing 

-1 rates of 0 and 1 mm d have flattened out , whereas the curve for 

3 mm d
-l 

is s t ill sloping downwards indicating that the difference 

b etween the curves will increase as the watertable drops even further 

into the pro f il e .  

These points are summarized in Fig . 8 . 6, which is a plot of  the 

equivalent depths of wa t er leaving the soil profil e  by drainage and 

evapo transpirat ion . We s ee tha t, initially, the greater proport ion o f  

the water l eaving the profile  is exiting via the mol e  drains . Fo r the 

f irs t 0 . 5  of a day the amount of wat er that has l e f t  the pro f il e  as 

evapo transpiration is small when compared with that which has left as 
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mol e  drainage , hence the watertab les decline a t  s imilar rates for. 

b o th evapotranspira t ion values until this time . Af ter 0 . 5  o f  a day the 

rat e  o f  f low in the drains begins to decrease and so evapo transpiration 

b ecomes a more signi f icant factor in the lowering of  the watertab1e . 

-1 
If the evapo transpirat ion rate is 3 mm d , then after the firs t day 

evapotranspirat ion is already removing more water than s ubs urface 

drainage . Evapo transpiration is therefore an impo r tant fac tor  in the 

removal o f  water from the drained so il pro file when the watertab le is 

in the B horizon . 

8 . 2 . 5  Effect of  varying the drainage coeff icient ( I )  

The effect o f  varying the drainage coefficient i s  illustrated in 

Fig . 8 . 7 ,  where four diff erent drainage coefficients are considered . 

The l ine  drawn for a drainage coefficient of  zero represents the 

declining watertable on the undrained soil . The large difference 

b etween this l ine and tho s e  for drainage coefficients  of 5 ,  10 and 

-1 20 mm d illustrates the ef ficiency of  p ipe-mol e  drainage in lowering 

the watertable . 

h d f f . · · ha d f 1 0  mm d
-1 

to 20 nun d
-1

, If  t e rainage coe �c�ent �s c nge rom 

there is a 4 hour difference in the time it takes for the wa tertab le to 

drop f rom the surface to a depth of 200 mm . A drainage coef ficient o f  

20  mm d- l 
allows drainage t o  take place more rapidly b ecause the pipe 

b earing capacity has b een doubled and i t  will, therefore, b e  abl e  to 

conduct away wa ter more quickly . Fo r a d rainage coefficient o f  

-1  10 mm d , the  volume o f  water the drains can remove from the  so il will 

be  res tric t ed for a longer p eriod (0 . 5 2 d)  by the drains ' maximum 

carrying capa city than for the coeff icient o f  20 mm d
-1 

(0 . 2  d) . 

Af t er about 0 . 8  d there is very little  dif ference in the level of 

- 1  
the wat er tab le for a drainage sys tem with coefficients o f  10 and 20 mm d . 
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Th is means that the rate limit ing factor in the d rainage process is no t 

now the drains ' ability to  conduct the water away , because flow in the 

drains is no longer at maximum capacity , but rather the s lowness with 

wh ich the water makes its  way through the soil towards the mol e .  

Th e  above points are illustrat ed more clearly in Fig . 8 . 8 ,  a 

graph o f  the f low rate in the drains . For the f irs t part o f  the day 

mor e  water (twice as much for the f irs t 0 . 2  of  a day) is able to flow 

through the drains with a drainage coefficient o f  20 rather than 10  mm d
- 1

. 

This greater quantity o f  water flows in the drains until the movement 

of wat er along the fla t t er watertable gradient in the B ho rizon to 

the mol e  b ecomes the rate determining s tep in the dra inage process . 

The dra ins with the smaller drainage coeff icient flow a t  maximum 

capacity for a longer p eriod so t ha t  a f ter  24 hours roughly equal amounts 

-1 of water have b een drained ( 7 . 3  mm for a drainage coefficient of 10 mm d 

as opposed to  7 . 9  mm for a co efficient o f  20 mm d-1
) .  

-1 If the drainage coefficient is only 5 mm d , then the wa ter table 

is  no t lowered from the surface to a l evel of 200 mm unt il some 8 hours 

-1 
later than for a drainage coefficient o f  1 0  mm d (Fig . 8 . 7 ) . This 

is to be expec ted , b ecaus e as dis cussed above , the amount o f  wa ter 

draining from the soil will be s everely l imited by the small ca rry ing 

capacity of the pipe sys tem .  Th is l imitation o n  drainage woul d b e  in 

force fo r a long p eriod (1 . 2  days ) causing the wat ertable  to  remain close 

to the s urface for longer intervals than it  would for greater dra inage 

coefficients  (Fig . 8 . 8) . 

In  summary, i t  may b e  said that for a drainage sys t em being des igned 

fo r pas toral land on Tokomaru s il t  loam, little difference is apparent 

-1 
b etween drainage co efficients o f  10 and 20 mm d • Howeve� a sys tem 

ins tal l ed to allow for the removal o f  only 5 mm d-l 
may be  unnecessarily 

s low in lowering the watertab le to a depth of 200 mm so that  safe grazing 

might conunence . 
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8 . 2 . 6  Effect o f  varying s o il wat er ret entivity (a i) 

I t  is poss ible  to  use the model to s tudy the decline o f  the water­

t able from the soil surface  for a soil with different so il wa ter 

retentivity charact eris tics . To do this the ai values , as defined in 

Section 7 . 3 . 1 ,  were varie d .  This may be  though t o f  a s  effect ively 

changing the drainab l e  poro s i ty of the soil . For s implic ity, it is 

assumed that the saturated hydraulic conductivity is primarily dependent 

on the pres ence of s t ructural cracks and l arge macropores which form 

only a small part o f  the macro porosity . 

independent o f  each o th er . 

Thus , K  and ai are treated as 

The resul t o f  varying ai on the decline o f  the watertab le is 

depicted in Fig . 8 . 9 .  The l ine l abelled ' medium ' in the figure is 

fo r a soil with the re t en t ivity characteris tics considered in Chap ter 7 .  

The valu es o f  ai were then doubled and halved and termed ' large ' and 

' small ' respectfully . For a soil with a �arget drainabl e  po rosity , the 

wa tertab le reaches a l evel of 200 mm from the soil surface 1 0 . 5  hours 

af t er this l evel is reached by the soil with a 'medium drainable po rosity .  

A s o il with a 'small' drainabl e  poros ity reaches the level o f  200 mm 

5 hours before the 'medium' soil . This is to be  expec t ed, as there is l es s  

wa ter to be  drained f rom the s o il with the 'small' drainable  poros ity . 

On the o ther hand, the s o il with the �arge' drainable porosity, has to lose 

a great deal more wa ter and the watertab le will  therefore decl ine more 

s lowly . Drainage from this soil will be  res tricted for longer p eriods 

( about a day) by the d rainage coefficient as th ere is such a large volume 

of  water to conduct away . This point is borne out in Fig . 8 . 10 ,  a 

graph of  the effect o f  changing the value o f  ai on the ra te of  flow in 

the drain . I t  is eviden t, that the flow rate in the dra in decreas es 

markedly with time wi th a decreas e in the value o f  ai . 
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Th e  watertab le i n  a soil wi th a 'smal l' d rainable poro s i ty falls 

from the so il surface more quickly than in a soil with a 'large' drainable 

porosity . Convers ely , when i t  next rains , the wa tertable will ris e 

mo re quickly in the soil with a low drainable porosity .  This is 

evident in Fig . 8 . 1 1 ,  a plo t of the equivalent dep th of water tha t has 

l e f t  the pro f il e  as drainage . We s ee that after 24 hours only 4 . 2  mm 

o f  water has dra ined from the soil with the 'smalr drainable po rosity 

compared with 10  mm for the so il with the 'large ' drainabl e porosity . 

Any further rainfall will  cause the wa tertable in the soil with the 

�malr dra inable  porosity to rise to the surface much more rapidly 

than the so il with the �arge ' drainable porosi ty .  I f  sheep were 

gra zing on a soil with small a . values and rain f el l ,  causing the wa ter­� 

table  to rise quickly to be in clos e  proximity to the surface , then 

damage might  well be done to the pasture and soil before the s tock could 

b e  moved . The same amount o f  rain falling on a soil wi th the large 

a i valu es could be absorbed in the soil wi thout the wa tertable ri sing 

up the profile to the same ext ent . As a resul t  the ons e t  o f  unsafe 

grazing would be  delayed . 

8 . 2 . 7  Comparison of the volume of wa ter l eaving the so il as 

surface runoff  (S ) wi th that l eaving as drainage (L)  

It  is thought by some that the draining o f  large areas o f  land can 

overload bo th natural and man-made wa terways . Some concern has b een 

expressed at  the possibil i ty o f  increas ed mole drainage inducing flooding 

and caus ing damage to these waterways . The model was us ed to predict 

drainage and surface runoff  after rain ,  and to compare the da ily volume 

o f  water l eaving an undrained soil with tha t l eaving a drained soil . 

Fig . 8 . 1 2 is a graph o f  the equivalent depth of wa ter l eaving the soil 

as both drainage and surface runoff  for par t of the winter-spring period of 
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1 9 76 . G iven tha t  tbe_pro file.:.waterscontents a t  the _ _  s tart  arid end of the 

period are s imilar , and s imilar evapo transpiration rates , conserva tion 

of mass  dictates that the to tal quant i ty of wa ter l eaving the drained 

soil as both s ubsurface drainage and surface runoff  mus t be s imilar to 

the quant i ty o f  water leaving the undrained soil as surface  runoff . 

Sub surface drainage conducts  wat e r  away quickly , caus ing the watertabl e  

to fall , whi ch in turn allows incoming rainfall t o  be  s tored temporarily 

in the prof ile .  For undrained soi l, the watertable  o f ten rema ins close  

to the soil surface ,  so  that soon a f t er rain s tarts  the wat ertable rises 

to a l evel 2 mm above the s o il surface and surfac e  runo f f  b egins . This 

means that  excess water will l eave the undrained plot  almo s t  as quickly 

as it arrives , giving the large values for surface runoff  on certain days 

of heavy rainfall .  As the drained soil can absorb and temporarily 

s to re rain water , and then conduct it away in the dra ins , i t  does no t 

have such h igh d ischarges on days o f  heavy rainfall .  The drains 

operat e  so as to convey water away for approximat ely two days af ter 

rainfall s tops , gradua lly lowering the watertable so that the soil might 

abso rb fur ther rain . 

The n e t  resul t is tha t  drai nage rel eases wat er to the wa terways in 

a mo re even manner over a p er io d  of three or four days , whereas, excess 

water l eaving the undrained s o il does so in one day . Water flowing in 

a drain is l ikely to be condu ct ed fairly quickly to a waterway . I t  

migh t  b e  argued, that some surface runoff does no t go d irec tly to a 

waterway but can accumulate in low-lying areas , however, mos t  surface 

runo f f  also rapidly reaches a wa terway . 

Whatever the path by which the water gets to the waterway , th e 

mod el s e rves to illus tra te the point  that fo r any h eavy late-win ter or 

spring rainfall event ,  drainage r emoves in to tal approximately the same 

vo lume o f  wa ter f rom the s o il  as that  which runs o f f  undrained soil . 



Therefo re, the total volume o f  water flowing in waterways cannot  be  

markedly increased by drainage . In fac t , compared wi th undrained land 

where almo s t  all the incident rainfall floods into the wa terways on 

s torm days , drainage, as s een in Fig . 8 . 1 2 can reduce by approxima tely 7 
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to 14 mm the quantity of water f lowing into the wa terway on very wet days . 

8 . 3  Conclus ions 

The following conclus ions may b e  drawn : 

i )  The model can b e  used to determine the e ffec t o f  varying the 

various parameters which determine the rate at which the watertable 

declines from the soil surface . 

i i )  Init ially, the ra te a t  which the water table declines i s  controlled 

by the drainage co efficient . When the watertab le is deeper than 

2 1 5  mm the rate at which the watertab le decl ines is limited by the 

speed with which water can move through the so il to the mol e .  

i i i )  There are  s trong interac t ions b etween drainage des ign parameters . 

Changing any one parameter may not IDarkedly al ter the drainage 

rate . Altering two parameters s imul taneously , for example, 

increasing the drainage co efficient and decreas ing the mole 

spacing , may have a marked affect on the t ime it takes for the 

watertable to decline from the surface to b e  deep within the profil e . 

iv) The model shows that while mol e  drainage will increase the flow to 

catchment drains and rivers on some day� it will no t increase the 

total f low in these drains over the w inter-spring season . On days 

with the heavies t  rainfall mole drainage will decrease the flow to 

waterways . Because drained land has some capacity to s tore or 

absorb incoming rain and then slowly release this excess water 

through its drainage system ,  mole drained l and may in fact 

alleviate to some extent the advers e effects of flooding observed 

following surface runoff  f rom undrained land . 
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CHAPTER 9 

AN OVERVIEW 

In the preceding chap ters, mos t  o f  the claimed b enefits of dra inage 

lis t ed in Chap ter 1 have b een examined . In this chapter the major  

points f rom previous chapters are  discussed in contex t  with a view to 

ob taining an overview of this investiga t ion into the benefits of  

drainage . 

In Chapter 3, mol e  drainage was shown to have a pronounced ef fect 

on wat ertable dep th and on the water content of the s urface soil . In 

Chapters 4 ,  5 and 6, the effect s  o f  decreas ing the surface soil wa ter 

conten t  on cer tain soil and p lant properti es were examined . 

The two maj o r  b enefits  to  b e  gained from drainage were increased 

pas ture u tilisation during grazing when the water table is nea r  the 

surface on the undrained plo t s  and enhanced regrowth ra tes subs equen t 

to such a gra zing . Pas ture u t il isa t io n  during mob grazing in 1983 , at  

-1 a s to cking rate of  4 9 0  ewes ha , was 25% lower on the undrained than on 

-1 the drained plo ts and 35% l ow er when the s tocking ra te  was 1 4 70 ewes ha 

in 1 9 84 .  No t only was pas ture u t ilisation s ignificantly lower on 

undra ined plo ts during mob grazing in win ter, but it was also lower 

- 1  
during spring under s et stocking a t  1 7  ewes ha , with approxima t ely 3 5% 

more dry ma t ter left  on the undrained plo ts .  B e tween the mob grazing 

and the end of spring , growth rates on the drained plots were 

approximately 30% higher than on the undrained plo ts . 

The b enefits of draina ge were evident only when the grazing animal 

was introdu ced into the sys t em when the soil was wet .  Therefore , the 

damage averted by drainage involved an animal-plant-soil interaction 
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rather than j us t  a plant-soil interaction . The caus e o f  this advers e 

interaction when the undrained plot s  were grazed was probably due to the 

l ow b earing s trength o f  the wet soil s urface , which meant the hoof o f  

the grazing sheep caused s evere damage t o  both the undrained soil 

s urface and the pas ture g rowing on i t . Becaus e  the water content o f  

the surface s o il o n  the d rained plo ts  was considerab ly lower than tha t  

on th e undrained plo ts , the b earing s trength was h igher and treading 

damage to bo th plant and soil was kept to a minimum . 

In Chapter 5 ,  drainage was s hown to have a beneficial e ffect on 

b o th the species and chemical compos it ion of the sward . On the 

undrained plo ts , treading damage caused an ingress of weeds over spring , 

with a 3-fold increase in the incidence o f  weeds and a 4-fo l d  increase 

in the incidence of bare ground compared wi th the drained plo ts . There 

was also a 2-fol d decreas e in the incidence of clover on the undrained 

plo ts relative to the drained plots . The diff erence in the incidence 

of weeds b etween drained and undrained plots was s till present the 

following autumn . A po in t  analysis on the 2 April 1 9 84 revealed a 

3-fold increase in the incidence o f  weeds on the undrained plo t s . 

An implica t ion o f  these f indings is that draining a wa terlogged soil 

may well improve the bo tanical compos i t ion of the sward .  

I n  Novernber/Decembe� there was a decrease in the amoun ts o f  N ,  P 

and S present in the grass  and clover component s  o f  the sward grown on 

the undrained plots relative to the drained plo ts . There were a number 

o f  fac tors which may have contribut ed to these differences , includ ing 

the grea t er treading damage and lower dung return on the undrained plo ts 

and the younger nature of the sward on the drained plo ts .  

I t  was also found that drainage encouraged a deeper roo t ing sys tem .  

I n  the winter months o f  relativ e  roo t inactivity , drainage encouraged 

p roliferation in the zone 4 0  - 80 mm from the surface with a 4- and 2-



fold increas e in the rel ative roo t activity (RRA) o f  grass for H 2Po4 -P 

and so4 -s respectively , and likewis e  a 2- and 3-fol d  increase in this 

zone fo r the RRA of clover . During spring , a time of grea ter roo t 

activity , drainage enhanced roo t proliferation in the zone 80 - 200 mm . 

For grass , RRA in this region for H2Po4 -P and so4 -S was 24 % and 29% 
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on the drained plot and 1 8% and 2 3% on the undrained plots , respec t ively . 

For clover, the RRA in the region 8 0 - 200 mm for H2Po
4 

-P and so
4 

-S 

was 2 2% and 27% on the drained plo ts  and 10% and 1 1% on the undrained 

plot , respectively . The greater difference between drained and 

undrained plo ts for clover than grass shows that the roo t sys tem o f  

c lover i s  more affected by drainage .  

One advantage o f  having a roo t network which proliferates at 

depth is that nutrients may be  extrac ted f rom a grea ter volume o f  soil . 

It  was suggested in Chap ter 1 that the adverse effects o f  drought may be 

reduced when the root network penet rates to greater depth but as drought 

conditions were not experienced during this s tudy, this claim co uld no t 

be  inves tigated .  

Two o f  the commonly proposed b enefits o f  drainage , namely increased 

soil temperature and better soil aeration, were discuss ed in Chapter 6 .  

Experimental data gathered in the f ield showed that drainage did no t 

increase s oil tempera ture , and consequently the enhanced pas t ure growth 

rates obs erved on the drained plo ts could no t be explained by a 

temperature increase . Also , although no measurements were made in this 

s tudy , a review of the literature sugges ts that low aera t ion was no t 

p rimarily responsible for the depressed regrowth rates measured on the 

undrained plo ts , al though oxygen �eficiency , following pugging , may 

have exacerbated the damage done during grazing . 

It  was ob served tha t when the watertable was shallower than 200 mm ,  

pugging damage to both the sward and soil occurred during gra zing . It  
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was also es t imated tha t o n  a day when 1 0  mm o r  more rain f ell , the soil 

s urfa c e  woul d be  wet enough for treading damage to occur , regardless of 

the dep th of the watertable . Days when the wa tertab le depth was less 

than 200 mm and/or 10  mm o f  rain fell  were thus designa ted as "unsa fe" 

graz ing days . 

By comparing the number o f  unsafe grazing days for drained and 

undrained soil in the winter-spring p eriod for different years , an idea 

may b e  gained o f  the cos t-effectiveness o f  mole drainage . I t  was 

shown in Chap ter 7 ,  with the aid o f  a model developed to predict 

wat ertable  l evels and the number of unsafe grazing days , that the 

b enefits of drainage in a dry year (such as 1982)  are minimal , with 1 1  

unsafe grazing days b eing predicted on b o th drained and undra ined soils . 

In contras t ,  for 1983  (a year of average rainfall) , mo l e  drainage caus ed 

a p ronounced decrease in the number of unsafe grazing days from 6 9  to 

10 . Likewise , in a we t year, the b enefits of mo l e  drainage are eas ily 

seen with a redu c t ion in the numb er of unsafe grazing days from 1 19 to 

33 . Pas ture tha t canno t be grazed for as many as 6 9  days in an average 

yea r  woul d presen t  a maj o r  prob lem to farm management ;  a problem 

effectively solved by drainage .  

Finally, in Chapter 8, certain paramet ers wi thin the model were 

varied to inves t iga te how the drainage sys tem could be improved .  The 

model showed that for the pipe-mol e  sys tem under  s tudy, with a dra inage 

- 1  coefficient of 10 mm d , the carrying capacity o f  the pipe controls the 

drainage ra te when the wa tertable is sha llower than 215  mm from the soil 

s ur fa c e .  When the watertab le i s  b elow this dep th the drainage rate is 

controlled by the speed with which water moves through the soil to the 

mole .  To inc reas e the e fficiency o f  mol e  drainage in the Tokomaru silt 

loam bo th the p ipe size  and mole spacing would need to be  al tered . This 

illustra tes the interdependence o f  many o f  the drainage design parameters , 
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as changing one parameter may no t markedly alter the drainage rat e  but  

al tering two parameters in tandem may have a marked effec t .  

- 1 1 I f  th e drainage coefficient is doub l ed from 1 0  mm d to 20  mm d
-

and the mol e  spacing halved to 1 m ,  then the wa tertable will decline a t  

a more rapid ra te and rea ch the depth of 200 mm a few hours earl ier . 

Though this time difference may not b e  impo rtant for pas toral farming, i t  

may wel l b e  crucial o n  h eavy t extured soils for mo r e  intensive land use 

prac t ices , such as cropping or for f ields set  as ide for sports or 

recrea tional purpo s es . 

Avenues for further inves tigat ion may include adap t ing the model 

for use on different soil types and with cattle rather than sheep . 

The mo del and the concept o f  safe/unsafe grazing days may also b e  useful 

to economists in predicting the l ikely f inancial b enefits o f  drainage . 

There can b e  l it tl e  doub t that grazing a paddock on any day when . 

the bearing s trength o f  the s o il surface is not high enough to properly 

support  the hoof of the gra zing animal will be  to the detriment of both 

th e q uant ity and qual i ty o f  the sward . Therefore, an important par t  o f  

farm management is  t o  prevent the grazing o f  wet paddocks o n  unsafe 

grazing days . As an a id to this end, artificial drainage is valuabl e  

i n  tha t i t  i s  a mos t  effec t ive way of decreas ing the frequency o f  s uch 

days in an average or wetter than average winter-spring period . 
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APPENDIX A :  

SOIL PROFILE DESCRIPTION 

fah h· 1\ . J l ' r·u f r l t· 1 1"· :-. ,· r· r p l i uu uf Tul.u.;u·u S t i r  l .u�• .. 1 11 Uu i ry t-';� r• No . 4 ,  Mu s scy Un i ve rs i t y , 

l'a l mt• r s t un No r th ( l'o l l ok ,  1!17� 1 .  

-- - - --,-------,..--------
----------------, u . . .  l . . tlll Ucsc r i p t i on 

· - - -- - - - - - - · - . - -- --+--------- - - · -- ----------------- ---
Ah l U to IU • I S i l t  l oa • ;  c.lark .: n:y i s h  brown ( 10 YR 4/2} . w i t h s l i f(ht ye l l owi sh ­

, ,.,J C· \"1( ·1/•• . �./t • J  ��tUl \ I 1 11.: 4.U·uuu4.1 ���: na:r. :.. n.1u l " ; •·"·h: I"Oi l u l y  
oh-vo· l nr><•cl f i n•· anol ll<'ol i uoo c- ru•h � t ruc t ur<." ; fr i ll h l o• ;  con � i derab l e 
huiiUs ; n..-: r·ou� . f i ne .: n s s  root s ; s l i eht l y  i gpe rt'ec t internal 
.l r11 .i nu� c ;  .. , i � t ; fa i r l y d i s t i nct an.J even bounda ry . 

· - - - -- - -- -- - - - - - ----+-------·-- ------------------------l 
Air.: 

A K  

1<.: 

I U  • I to 20 • I Sd t l oa•; .lark .: rcy i sh brown ( 10 YR 4/2) . w i th S<llle ye l l owi sh ­
n·.l ( �• YM -1 /t• , �·/h )  oou t t I i n.: "rounc.l &: �'�� " "  rout • ;  oooJc a·atc l y 

Jt•vt· l ut""'' · ... . ,, , . , .. t:rt.,.h . c: u :. \  �e ranu l • r •n\1 nut t y � r nu.: t u rc ; 
f r r al> l c ;  ..,c.lt• l'<l ( t:  aiiiOUII l  of hUIDUS ; nwrerous , f i ne jC riiSS rOOtS ; 
sowo.· o•a rt hwo.-.o� ; �uaoc i ronstone co nc re t i ons ;  s l .i .:h t l y i11pc r fec t 
i n t o• rna l ol r·a i nal• • • ;  •o i s t ;  ra t h e r  i nd i � t i n.- t , � l i f( h t l y unCVC'n 
bounc.la ry . 

-
· - - - --

-------- -- - - ------- -}IJ • I to ltJ • 2 S i l t  l oa•; � rey i sh brown ( 2 . 5  Y 5 / 2 ) . mode ra t e l y se t t l ed 
yc l l ow i sh - rcc.l I �• YK 4/C> J . .l a rk redd i sh b rown ( 2 . 5  YR l/4) and 
.l u s k y  rcc.l ( I ll H .\/4 ) i n a ret i c u l a t e p11 t t e r n ;  IIO.Jcrutc l y  t o  
s t ron.: l y .Jcvc l op<•J , .e.l i WI  nu t ty s t ruc ture ; fri ab l e - fi na ;  SOIIC 
hUIIUs ;  IIOdc ra t c  nulllbe r  of e ra s s roots ; SOIIC ca rthwo nas ; soa�e 
i rons tone ..:om·rt·t i on s  ea 6 .., i n  ..t i urct c r ;  iaperfcct i n t c rn11 l 

d ra i n11)!c.- ; 110 i � t ; ra t h e r  i nd i s t i nc t , s l i .:ht l y uneven bounda ry . 
. - - - - -- - · - - - -·->--------- - - - - -

. ' f ,  • .! l 1 1  7 X  C la y l ua .. ; l q: l > l  l o a·uwu i � l> �: •·cy ( 2 . 5  Y '-' / � )  au.l l i �:h t u l i vc �:rcy 
(5 Y fl/2) . w i t h ahundant , coar�e . s t ronR brown ( 7 . S  YR S/6) 

""' t t l c � ;a r·ran�:,·J '" " b l u t dry pu t t e rn ,  w.i t h  acre., tes t conccntrll­
t r on t ow:r r..t s t he upp•·r p;art o f  t h e  hori zon <&nd s oae t i •cs d e v e ­
l op i nf( i n to � o ft t ron s tone conc re t i ons ; weak l y  t o  110de ra t e l y 

c.lcvc l opc.J , cu� rse b l oc � y and p r i sma t i c s t ru c t ur e ;  o l i ve g rey 
c l ay s k i n s ;  v•· r y  h a rd when ory , p l a s t i c  and s t i c ky when wet ; 
somt• hwnus p rt· S<'IIt i n  p 1 p 1 n g s  f rom t he hori zon above and i n  t he 
v 1 c r n i t y of o J .J  c.lec�y 1 ng bu sh roo t s ;  ara s s  root s r 11 re ; no fauna 
�l·c n ;  l •pcc.JcJ l ll t l� rn.it l d ra 1 n�gc ; we t ;  ra t h e r  i nc.li s t i n..: t , so-.c­

wh ;o t  uneven houn.Ja ry due to we a t h e r i n R  of the hori zon heneath . 
- · - . .  - - - - - --+-- ---- -----------------------i 

7K • S to 1 1 4 • 3 

I 1 4  .I t u  1 ·1 7  I 

S i l t  l oam ; .:o l our of •n i l  w i t h i n  ped s l i &h t o l i ve g rey (5 Y 6/2) . · 

pa l e o l i ve ( S  Y IJ / 3 )  an.J s t ron11 b rown ( 7 . 5  YR S/6 , S/8 )  i n  a 
rc t r c u l ;a t ec.l .ut t l i ng p;o t te rn ; co l our of so i l fi l l i n& the crac k s  
bct wc<."n pC:.J s u11 i for10 pa l e  .: rey ( S  Y 7/2) , w i t h  :r t h i n rus t y 
h ruwn han.l ,.., ,..,. . .! ;a t  t h<' i nt e r fac e between c rack 11nd ped s u r face ; 
, l ,.,,, . � l y  ,J..· v t· l up,·d .  " '' '' ) (" U .J t ' :-o \' po l y KOUOA 1 s t ru..: t u rc l pc u t -.  e.�nfJ 
f w a a  t � d w•n.H . u u l  r ' :q w :."'· , d umna r  ;a f f t• r  Un•..,,. , . •  l !lf,J1 ) w i t h t he: 
pu l n:un s VU I' Y "'I! I rom I S  l o  411 cm i n  w i d th ;anc.l scp;a r;a tc.J hy l ll rf( e ,  
... . . u n l y  v -..· • · t u � J i y  u l. & 4.'l l l '-.·J ,  :> u t i · f l l l uJ ..: a·ac.._ :.. � - •  � .. w & ..Jc ,  Uut h  

l"'cl� :mol <' ra C' � "  lw i n1: ,·ont i nuou� w i t h t hr ho r i  t o n  hC'nC';r t h ;  t h i c k  
,· l ay s � 1 11 s ;  �o• l w r t lu n  pcd s comp a c t  11nd e x t re-.: l y  h;o rd when d ry , 
••c.l<'ra t c l y  � �  " � >· anJ p l a s t i c  whe n we t 11n.J d i s pe rs i b l e i n  w11 t c r  
( frag i pa n ) ; v i r t u;o l l y  n o  humus w i t h i n  ped s ,  but a l i t t l e  i n  the 
v i c i n i t y o f  dec » y i ng roo t s  w i t h i n  the crack s ;  so-.: o l d  bush roo t s  
�n.J � few .arc rec en t l i v i ng roo t s  w i th i n  crack s ,  bu t  v i rt ua l l y 
none w i t h i n  pec.l s ; no fauna seen ; nUDCrous p i nhead Fe/Mn conc re­
t i ons w i t h i n  pcc.l s ; i mpede.! i n t e rn a l  drainage , the aa i n  avenue 
for w � t e r  .ovemcnt be i n .:  .Jown t h e  soi l - fi l l ed c rack s ;  .a l s t ; 
d i ffus e ( i eperc<'pt i b l y  •e re i ng ) boundary . 
S a  J t  J u..a ... � t.. u l vu t :-. ..a� fu r hu r i zon •bovc , but w a t h  1 & ¥ht u l 1 vo ¥ 1"cy 
( �  Y h/ 1 )  nuw a s , u• i n.: p redo• i nance over st rone brown ( 7 . 5  YR S/6)  
r n  t h e  .o t t  I a n.: pa t t ern w 1 t h 1 n pec.l s ; s t ructure , c r a c k s  ilnd c llly 
s k i n s  ;os in t h•· hod zon above ; no t i ceab l e  chanee in cons i s tency , 
w i t h  t he so i l he com i n11 l e s s  hard and coapac t and l o s i ng the pro­
pe rt i e s o f  11 fr;a�: i p;o :t ;  l i t t l e i f  any h�s ; no root s ;  no fauna 
�ccn ; p 1 nhc;ac.l cuu c rc t i on s  becon>e ..t11rker .in co l ou r ( b l a c k )  and aore 
'"""I!"" i f<· rous ,· ..  mp�rc.J w i th the h o r i  ton above.; i •r>e r fec t i n t e rna l 

.J r" ' ""Ke w i t h  t he •a 1 n  avenue for water .ove-.:nt be i n& down the 
!'ooo i J - f a l h.·J ,: ,·.1 ...:- l :-.  IJc t ..,ccn pc.J s ;  •oi � t ;  J i » t i nc t ,  even boun'-'Mry . 

L_----�------------�---------- -----------------------------------� 

CONT l NUEO 
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hb l �  A . l ( cont i nued) 

-

l lo r uon Uep t h  ( ea) De s c r i p t i on 

L • • l  1 4 7  . I t u  1 � 7  . l !li l t  l uaa; l l J�:h t  u l i ve t� rey ( S  y 6/2) to o l i ve ( S  Y S / l ) , aoder-- ·. -
11te l y  aott l ed s t rone brown ( 7  . S  YR S/6 , S/8 ) I n  re t i c u l a t e  pa t t e rn ;  
aodera t e l y  deve l oped , very coarse po l yeona l s t ructure ( pe n t  a and 
he&u c u l uan11r """ t rape toco l uanar a fter Brewe r ,  1 964 ) . w i th the 
soi l - fi l l ed c racks between s t ruc tural un i t s  t endi ne to be f i ne r  
an d  aore wide l y  sp11cad coepared w i t h  the C&e and Cwe l hori zons 
above ; fi l"ll ; no J.u.us , roots or fauna; nuae rous dark erey and 
b l llc k  Fc/Mn p i nhc11d concre t i on s ; hape r fect i n t erna l d r a i na�t.: ; 
.o i s t ;  over l i es terrace e rave l s  a t  depth . 
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APPENDIX B :  

CHEMICAL COMPOS ITION OF GRASS AND CLOVER 

SAMPLED BETWEEN 20 OCTOB ER, 1982 AND 1 1  APRIL, 1983 . 

Tabl e  B . 1  Pe rcentage N ,  P and S in grass and clover 

for the spring-summer period of 1 982/ 1 98 3 .  

i. p i. N i. s 

Date  Trea tment Gras s Clover Grass Clover Grass Clover 

20/ 10/82  Pipe-mole  0 .4 1  0 . 4 3  3 . 56 5 . 1 5 0 . 36 0 . 2 3 
Mole-mole 0 . 39 0 . 44 3 . 4 3  5 . 1 7 0 . 36 0 . 25 
Undrained 0 . 3 8  0 . 4 5  3 . 33 5 . 19 0 . 36 0 . 24 

15/ 1 1 / 8 2  Pipe-mole 0 . 4 0  0 .  39 3 . 0 1  4 . 86 0 . 28 0 . 2 3 
Mole-mole 0 . 36 0 . 37 2 . 85 5 . 06 0 . 33 0 . 2 5 
Undrained 0 . 39 0 . 3 7 2 . 88 4 . 69 0 . 33 0 . 28 

8/ 1 2 / 8 2  Pipe-mole 0 . 4 1  0 . 4 1  2 . 4 7  5 . 2 8  
Mole-mole 0 . 3 7 0 . 38 2 . 6 2 5 . 36 * 
Undrained 0 . 38 0 . 39 2 . 99 5 . 2 1  

1 2 /  1 / 8 3  Pipe-mole 0 . 33 0 . 33 2 . 2 7  4 .  38 
Mol e-mole 0 . 35 0 . 33 2 . 37 4 . 35 * 
Undrained 0 . 30 0 . 35 2 . 27 4 . 4 7  

1 1/ 4 / 83  Pipe-mole 0 . 2 7  0 . 35 2 . 50 4 . 05 0 . 3 2 0 . 2 2 
Mole-mole 0 . 26 0 . 32 2 . 34 4 . 2 1  0 .  34 0 . 2 3 
Undrained 0 . 3 1  0 . 35 2 . 4 1  4 . 32 0 . 37 0 . 2 1 

* 
No analys es carried out . 



APPENDIX C :  

THE THERMAL PROPERTIES OF DRAINED AND UNDRAINED SOIL 

D . R .  S co t ter 

C . l Introduct ion 

The b as ic thermal properties of a soil are its  thermal 

conduc t ivity (Kh) and its vol umetric h ea t  capaci ty ( cv) .  B o th 

1 9 7  

p roper t i es vary with soil water  conten t . The rat io o f  these two 

p arameters is the thermal d if fus ivity ( K = Kh/cv) .  Laboratory 

measurements o f  thermal diffusivity were made on in tact soil cores 

o f  Tokomaru s il t  loam A horizon a t  two matric po tential s , 

corresponding to drained and undrained soil . Measurements were 

made firs t ly a t  the equil ib r ium matric po tential which would be 

reached when the wa tertable i s  at mol e-depth ( i . e .  -4 . 5  kPa at the 

soil surface) , and secondly a t  a matric potential o f  ze ro a t  which 

the soil was effec t ively s a turated . Due to the coupled flow of 

heat and water vapou r ,  the thermal dif fusivi ty is temp era ture 

dependen t in mo i s t  soil , but as de Vries ( 1966 )  has shown , a t  and 

near satura tion this dependence is negligible , and so is no t relevan t 

in this s tudy . 

C . 2  Ma terials and Methods 

The method us ed to measure the thermal diffusivity was s imilar 

to th at of Parikh et  al . ( 1 9 79 ) , but was adapted so cores ra ther 

than dis turbed soil could be used , and involved a dif ferent method 

o f  data analys is . Sharpened cylindrical aluminium corers , 1 50 mm 

long and wi th a wall  thickness o f  I mm ,  were used to obtain topsoil 
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cores 73 . 5  mm i n  diameter and 100 mm long . The cores were taken 

in Jul� 1 9 84 when the soil was wet ,  but no t saturated . The short 

pasture plants were left  on  the soil cores . Af ter sampling the 

cores were drained to a matric po tential o f  -4 kPa ( in the middle 

of the co re) using Haines ' appara tus . A 4 mm thick acrylic plate 

was then s ealed onto the b ot tom of each corer us ing rubb er adhesive . 

A copper-constantan thermo couple was inserted axially into each core 

to a depth o f  5 0  mm us ing a j i g .  Each core was then brought to 

t emperature equilib rium at approximat ely 1 5°C in a s tirred waterbath . 

I t  was then t rans ferred quickly to ano ther bath s e t  a t  approximately 

35°C and the axial tempera ture monito red at minut e  intervals until 

a new equil ibrium was reached . The core was then returned to the 

1 5°C bath and the tempera ture decline moni tored . 

Next the cores were weighed , and then s prayed gently and 

intermitten tly with water until a little  f ree water remained on 

the surfac e .  Th e  cores were then reweighed and the double waterbath 

experiment repeated . Las tly the cores were oven-dried and reweighed .  

As the thermal conductivi ties o f  aluminium and p erspex are 2 0 1  

- 1 -1 and 0 . 2  W m K respect ively (Tennent ,  1 9 7 1 ) , all heat movement 

into and out of the soil cores was assumed to be radial . Also due 

to the thin corer wall s ,  and the high Kh and low cv o f  aluminium 

compared to moist soil , the temperature trans ient in the corer was 

assumed to be negligible relative to that in the soil core . That i s ,  

the assumed boundary condi tions for the soil were 

V t < 0 ,  0 �  r �  a 
( C  . 1 ) 

V t � 0 ,  r = a 

where v is temperature , t is time , r is radial dis tance , a is the 

radius of the soil core , and v0 and v l are the initial and imposed 

t empera tures respectively . 
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The form o f  the d iffus ion equation applicable to  trans ient 

radial heat conduction is 

av 

a t  

+ ..!. av
) 

r ar 

The solution o f  equation ( C . 2) sub j ec t  to ( C . 1 )  for the axial 

dimens ionless  temperature at r • 0 follows from equat ion ( 10)  

o n  page 19 9 of Carslaw and Jaeger ( 1959) . I t  is 

V 

( C .  2)  

( c .  3)  

where V =  (v - v0 ) / (v 1 - v0 ) ,  Bn is the nth roo t  o f  J0 ( B n) = 0 ,  

J0 and J 1 are Bes sel funct ions o f  the first kind and integer order 

0 and 1 respectively , and E = Kt/a2 . For :E > 0 .  1 5 , only the firs t 

two terms of the s eries solution are s ignificant and the equation 

may be evaluat ed by not ing B 1 = 2 . 405 , 8 2 = 5 . 5 20 , J 1 C B 1 ) = 0 . 5 19 

and J 1 C B 2) = -0 . 340 . A graph o f  the funct ional relat ionship 

between V and � f rom equat ion ( C . 3) is shown in Fig . C . 1 .  For 

each experiment the thermal d if f us ivity is conveniently found from 

the t ime at which V = 0 . 5  ( denoted to to . 5 ) as 

C . 3  Resul ts and Discuss ion 

K 2 
0 . 20 1  a l to . 5  ( C . 4 ) 

S ix cores wer e  analysed but data from one core were rej ected 

as tha t core needed 50% more water to sa turat e  it than did the 

o ther five . La t er inves t iga tion showed an earthwo rm had burrowed 

extens ively in the soil adj acent to the aluminium corer after the 

core had been taken . The average mass o f  oven-dry soil in the 

five cores was 4 14 ± 1 5  g ,  and the wa ter added to b ring the mo is t 

cores to sa turation was 24 . 9  ± 1 . 5  g .  Their gravimetric water 
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Dimens ion less  temp e ra t u re as a f un c t io n  o f  

d imens ionl ess t ime d u r i ng l ab o ra to ry t h e rmal 

d i f fus ivi t y  meas ureme n t s . The l in e  i s  

equa t io n  ( C . 3) a nd t h e  da ta po i n ts a r e  fo r 

one o f  the cores dur ing wa rmi n g  (e ) a n d  coo l in g  (O)  . 
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content at a matric potent ial o f  -4 kPa was 0 . 549  ± 0 . 009 , and a t  

sa turation it was 0 . 609  ± 0 . 0 1 0 .  

The bulk dens ity and volume fractions o f  the cores were 

cal cula ted , as suming 67. of the dry mass was organic matter with a 

-3 
particl e dens i ty o f  1 . 4  Mg m , and tha t the res t was inorganic 

-3 material wi th a particle densi ty o f  2 . 6 5 Mg m Thi s  gave volume 

f ra c t ions for inorganic and o rganic solids o f  0 . 38 and 0 . 04 

-3 
respectively , and a bulk dens ity of 0 . 95 Mg m Thi s  means tha t  

the two volumetric water contents a t  which the thermal diffus ivity 

was measured were 0 . 5 2 and 0 . 58 .  

Fig . C . 1 shows the meas ured and assumed relat ionship between 

V and E for one o f  the cores . The data for coo ling and warming are 

almost coincident , and fit  closely the theo retical curve from 

equation ( C . 3) . This agreement confirms that the assumed boundary 

conditions were closely approximated in the experimen t .  

The th ermal diffus ivity measured a t  a matric po tential of 

2 -1 
-4 kPa was 0 . 358 ± 0 . 0 1 2  mm s The value measured after the 

2 - 1  
co res were saturated was almost  identical , 0 . 36 2  ± 0 . 0 1 3  mm s 

Values obta ined by warming and cooling th e cores agreed closely , 

. 2 -1 
d i ffering on average by only 0 . 0 1  mm s 

The volumetric hea t  capacity may b e  calcula ted a s  ( de Vries , 

1 966 )  

( C . S )  

where 0m , 00 and 0w are the volume frac t ions of soil minerals , 

o rganic matt er and wa ter respectively . In the eq ua t ion Cm , c0 

and Cw are the volume tric specific heats o f  inorganic soil ma terial , 

o rganic ma t ter and wa ter , wi th values o f  1 . 9 ,  2 . 5  and 4 . 2  MJ m-3 
K

- 1  

respec tively . -3 -1 
The calculated values fo r cv are 3 . 1 MJ m K for 

-3 -1 
the soil at -4 kPa , and 3 . 3  MJ m K for the sa tura ted soil . 



From K and Cv •  the thermal conduc t ivity o f  the soil is then 

m
-1 K-1 -1 - 1  calculated a s  1 . 1 W a t  -4 kPa and 1 . 2  W m K a t  

saturat ion . 

The observed constancy o f  the thermal diffusivi ty with 

increasing water content near saturation deserves comment ,  as i t  

2 0 2  

contras ts  with the commonly reported decl ine (Marshal! and Holmes , 

19 79) . However d is turbed soil has b een used in mos t  o th er s tudies , 

compared to the intact soil cores us ed here . It  is  l ikely that 

differences in macropore geometry caus e the thermal conduct ivi ty , 

and so thermal diffusivity , of intact and dis turbed soil to respond 

differently to changes in water conten t  near satura t ion . 
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APPENDIX D :  

S IMULATION O F  Til E  DECLINE OF Til E  WATERTABLE 

WITH TRANS IENT FLOW IN TilE UNSATURATED ZONE 

D . R .  Sca tter 

The model pres ented in Chap ter 7 assumes that the wa ter in the soil 

above the wa tertable is a lways in po tential equil ibrium with the wa ter-

tab l e .  That is , the absolute value o f  the p ressure  po t ential a t  any 

point equals the height above the watertable . A numerical analys is of 

profile  drainage was undertaken to examine the validity o f  th is 

assump t ion . Vert ical dra inage at a ra te o f  1 0  mm d-1 
f rom an ini tially 

sa tura ted soil was modelled . A wa tertable decline f rom the surface to 

300 mm depth was cons id ered and the soil hydraulic propert ies were taken 

as uniform over this depth interval . 

The rela tionship b etween volumetric wa ter con t en t  (G)  and pressure 

po ten tial (P )  assumed was 

e 0 . 000 1 9P + 0 . 4 8 6  

where P has units o f  mm o f  wa ter . 

-1 
The satura t ed hydraulic conductivity was taken as 372  mm d . 

( D  . 1 ) 

Scat ter and Kanchanasut ( 1 9 8 1 )  measured a mean unsatura ted hydraul ic 

condu ct ivity at P = - 200 mm of 1 1  mm d-1 
in large cores of Tokomaru 

s ilt loam A horizon . As suming the unsa tura ted hydrauli c  conductivity ( k) 

var ies exponentially with volumetric water con ten t ,  i t  follows f rom thes e 

two conductivity va lues and equa tion (D . 1 ) tha t 

k 
-17  10  exp (92 . 6 8) -1 (mm d ) . 

The f inite difference forms of Darcy ' s  law for vert ical flow 

( D .  2)  

( equa t ion ( 7 . 5 ) o f  Chap ter 7 )  and the appropriate con tinui ty equa tion 

a q/a t -a e; a  z ( D .  3)  



where q is the flux d ensity ,  were then solved numerically . A dep th 

-4 
interval of 10  mm ,  and a t ime interval of 10  days were used in the 

numerical analysis . The approach used was s imilar to tha t o f  Hillel 

( 1 9 7 7 ) , except that a S inclair Spectrum mic rocomputer and BAS IC were 

used , rather than a mainfram compu ter and CSMP . A lis t ing o f  the 

program and a sampl e  printout appear in Fig . D . 1 .  The ma in symbols 

us ed in the program are defined in Tab le D . l .  

I f  potential equilib rium is  assumed t o  occur in the soil above 

the wa tertable during drainage , then 

204 

p z - T .  ( D . 4 )  

The equivalent 

Subs titution of 

depth of wa ter in a profile 300 mm deep (W) 

w f T 0 dz + ! 300 0 d z . 
0 T 

equa t ions (D . l ) and (D . 4 )  and integration 

w -5 2 1 4 5 . 8  - 9 . 5  X 10 T , 

is given by 

(D . 5) 

gives 

(D . 6) 

and , not ing that the cumula t ive drainage f rom an initially saturated 

pro file ( R) equals 1 4 5 . 8  - W, we f ind 

T (D . 7 )  

Given the drainage rate ,  equation (D . 7 ) allows the wa tertab le depth to 

be  found as a funct ion of t ime . 

The modelled decline in the watertab l e  depth wi th transient 

unsa turated flow with q - 10 mm d-l 
a t  the bas e  of the prof ile is shown 

in Fig . D . 2 .  Also shown i s  the predicted decline if ins tantaneous 

po t ential equilibrium is assumed to occur during drainage , obta ined as 

des cribed above . The t ime taken for the watertable to reach 200 mm 

dep th ( the ' safe grazing ' depth) , differs by only 0 . 04 days ( 1  hour) . 

Th is is a negligible  dif ference both in p ract ical terms , and in terms of 

the uncerta inties in the dra inage t imes induced by o th er assump tions made 

in Chap ter 7 .  
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Table D . l 

Symbol 

delt 

de 

team 

nl 

ws 

w (n)  

f (n)  

p (n )  

k (n)  

tm 

t 

dr 

Exp lanat ion of main symbols used in Fig . D . 2  

Definition 

time s tep used ( d) 

- 1  
assumed drainage rate from profile (mm d ) 

segment dep th used (mm) 

number o f  segments  

poro s i ty 

volumetric water content in s egment n 

flux density through top o f  s egment n 

pressure po tential in segment n 

hydraulic conductivity in segment n 

time (d)  

wa tertable depth (mm) 

cumula t ive drainage from p ro f il e  (mm) 
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APP ENDIX F :  

COMPARISON O F  MEASURED AND S IMULATED VALUES OF 

THE GRAVIMETRIC WATER CONTENT OF THE SURFACE SOIL 

AND THE WATERTABLE DEPTH AT POSITIONS ADJACENT 

TO THE MOLE AND MIDWAY B ETWEEN MOLES 

D . R .  S co t ter and D . J .  Horne 

The mo del was used to p redict the gravimetric water content in the 

top 30 mm of the so il p ro file , and also the wa tertab le dep th midway 

between mol e  channel s and 100 mm from a mole channel . The s imulated 

values were then compared with the measured data p resented in Chap ter 3 .  

To cal culate the volumet ric water content (8) in the top 30 mm o f  

the soil pro f il e  from the pressure potential, the rela t ionship dis cussed 

in S ec t ion 7 . 3  was us ed , name ly , 

e aP + f . (F . 1 ) 

The phys ical propert ies for the top 150 mm o f  soil g iven in 

Tab le 7 . 2  are no t neces sa rily appli cabl e  to the top 30 mm . Mean values 

-3 
of 0 . 89 Mg m and 0 . 14 for the bulk densi ty and the a ir-f illed poros i ty 

at a ma tric potent ial o f  -5 kPa were found from co res taken a t  the site 

on 30/ 7/ 1 9 8 3  (W . C . Climo , p ers . comm . ) .  Assuming a particle  dens ity 

3 -1 of 2 . 6  Mg m-
, th is gives values o f  0 . 00028 mm and 0 . 66 for a and f 

respec tively , and these were the values used in equation F . l in the 

s imula tion . 

The value o f  th e p res su re po t en tial was es timated as the height 

above the watertable so that for the mid-point of the 30 mm surface l ayer 

o f  soil 

p 15 - T (mm) . ( F .  2 )  

Sub s t ituting equat ion ( F . 2 ) and the appropria t e  values f o r  a and f ,  
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into equat ion ( F . l )  y ields , 

e = 0 . 0002 8  ( 15 - T) + 0 . 66 . ( F . 3)  

As 8 and the gravimetric water content (w) are related by 

e = ( F . 4 )  

where Pw is the dens i ty o f  wat er , we find 

w - 0 . 000315 T + 0 . 746 ( F . S ) 

By ins erting the s imulated wat e r table depth for each day ( Chapter 7 )  into 

equat ion ( F . S ) it was possible to p redic t  daily values for the gravimetric 

water content of the top 30 mm of the soil prof il e .  A comparison is 

made in Fig . F . l between these s imulated water content values and the 

measured values . 

B ecause the bulk densi ty o f  the top 30 mm, and therefore, the 

poros ity probably changed following grazing and pugging it is no t suprising 

that the model canno t accurately p redict  the absolute values of the 

gravimet r ic water content o f  the surface soil . However, the s imula ted 

values parallel very closely the trends in the measured data and the 

p redic t ed differences between the values f o r  drained and undrained plots 

is approximately equal to the measured differenc es . 

The model d escribed in Chapter 7 was used to predict  the water table 

d epth a t  pos i t ions mi dway between mol e  channels and adj acent to the mol e . 

Chap ter 7 described how the numerical analysis par t ioned the drained soil 

into six compar tment s  and computed the depth to the wa tertab le in each 

compartment .  At the end of the day, the watertab le depth in all 

compar tments were averaged to f ind the water table l evel fo r that day . 

H owever , in Figs . F . 2  and F . 3 are shown the predicted wa ter table depths 

in compartment 1 ,  ( correspond ing to the mid-mole pos ition) and compartment 

6 ( corresponding to the adj acen t to the mol e  pos ition) . Also shown are 
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the measured data from Fig . 3 . 8 .  Agre ement b etween simulated and 

meas ured values is good , especially when the s i ze of the s tandard 

devia t ion for the measured values is considered . Such good agreement 

b etween modelled and measured data indicates that , as as sumed in the 

model , there is no major  impedance to the f low o f  wa ter into the mol e  

itself despite the consol idating effect the mol e  blade mus t have had on 

the channel wall . 

In conclus ion , it  is no ted that the model was reasonably accura te 

no t only in its prediction of the mean watertable level ( Chapter 7 ) , 

but also in i ts prediction o f  the shape o f  the wa tertab le and o f  the 

di fferences in s urfac e soil wa ter content .  
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