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ABSTRACT

The literature relating to the sources and amounts of P and
N forms transported in runoff types (surface, accelerated subsur-
fuce, and subsurface ruroff) and in stream flow from catchments of
varying sznd use was reviewed. There is a puucity of information

availatle on this topic for New Zealand situations.

Concentration-flow relationships of P and N forms varied be-

-

tween aifferent runoff types ir the domirantly pasture catchument
under study. rlow was the rore imvportant variable, however, in
determining the P and N loadings in each runoff tyne. Because of
more rapid fluctuations in P and N cozncentrations L Lrldce and
accelerated suksurface runorff, and storm flow in the stream, small-
er sampling intervals were regquired than for subsurface runoff in

order to obtain recliacle ectimates of P and N loudinge.

An appreciably greater yroportion of fertilizer b was trans-
ported in surface runofl from 1% znd 6° undrained sloves (6.7 and
5.6% as TP, respectively) tkan from a drained =lope (1.0%)
in four montha following application (50l ha— ) ¢ This could he
attributed to a four-fold reduction in the wvolume of surface runotf
from drained slopes. Althougn 0.77 and L4.18%xg h Y, total P
(TP) and total N (TN), respectively, were transported in surface
runoff in four weeks as a result of grazing with dairy cattle, the

effect of grazing was less sustained than that due to fertilizer P

aprlication.

Following the application of urea to the drained area of a
20-ha subcatchment, 2.3% of the applied N was lost as TN (87% a
NO,) in tile drainage in a four-week period. Although the volume
othile drainage was dramatically reduced following grazing, the
concentrations of P and N forms increased. The etfect of grazing
on N concentrations in tile drainage was not as sustained as that

of urea applicatione.

Highly significant correlations were obtained between extract-
able soil P in surface soil (0-10cm) and t-+ dissolved inorganic P

(DIP) concentrations in surface runoff, and Lciween extractable soil
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P and nitrate (NO,) in the subsoil (40-50cm) and the DIP and No3
J

loadings, respectively, of tile drainage.

A& much greater amount of N (132.15 and 16.32kg ha_1 y_’I as

Noj and TN, respectively) than of P (0.43 and 1.31ke ha—1 y-1 as
total dissolved P (TDP) and TP, respectively) was transported in
citreanm flow in 1975. Alithough surface runoff contributed the major
proportion of P transported (18% for TP) by the runoff types, stream-
bunk crosion contributed 64 and 67%, respectively, of the IV and
cediment transported in stiream flow during 1975. The major pro-
portion of stream flow (67%) and N transported (59% as TN), however,

was contributed by subsurface runoff.

Farthworm custs contained appreciably more inorganic P (ID)
than underlying soil, of which 90% of the additional 1P was held
by a more-physical sorption type and thus,readily released to
solution. 'he data point to the importance of surface cauto acs
a potential source of particulate material and P in surfuce runofr,
and in the cycling of P ir a zoil under pasture. A diJiering abi-
1lity of potertizal source and suspended-particulate materials to
sorb and release IP from solution was observed. and this was related,

with some success, to field data.
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INTRODUCTION

Phosphorus (P) and nitrogen (N) are commonly regarded as the
two primary nutrients which most frequently control the biological
productivity of natural waters (Mackenthun, 1965; Vollenweider,
1968; Lee, 1970). Sawyer (1947), Sylvester (1961), and more re-
cently Vollenweider (1968) have attempted to establish the critical
concentrations of P and N in natural waters and found that concen-
trations of dissolved inorganic orthophosphate (DIP) and inorganic
N in excess of 0.01 and O.Zng 1;1, respectively, can increase the
frequency and severity of obnoxious algal blooms in a lake. Be-
cause surface waters arising from minimally-disturbed catchments
frequently contain more than 0.01 and O.2mg 1—1 of DIP and inorganic
N, respectively (Hutchinson, 1957; Wnite, 1972; Johnson et al.,
1976; Schreiber et Elf* 1976), the addition of only a small amount
of P or N, as a result of disturbance by human activity, is likely

to dramatically increase biological activity.

The amounts and forms of P and N, and sediment transported
in waters draining areas under varying land use have been studied
extensively. Little attention has been directed, however, towards
quantifying the relative sources and interactions between the dis-
solved and particulate forms of nutrients during transport, in an
attempt to understand more fully the transport and locses of P

and N in surface waters from catchments.

The aims of the study reported in this thesis were to deter-
mine the amounts of water, P and N forms, and sediment transported
in stream flow from a dominantly pasture catchment, and the influ-
ence of fertilizer P and N applications, and grazing on these
amounts. In addition, an attempt was made to investigate the
relative contribution of runoff types to the P and N loadings of
stream flow in the catchment. Laboratory studies were also
carried out to investigate the interactions between DIP and poten-
tial source particulate materials in surface runoff and stream

flow under conditions established in field monitoring studies.
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REVIEW OF LITERATURE

The following review of literature will discuss the various
sources of P and N to flowing waters and the amounts of these
nutrients transported in the runoff types, surface, accelerated
subsurface (tile drainage), and subsurface runoff, and stream flow.
The modification of dissolved P concentrations by suspended parti-
culate material and potential particulate source materials, such
as surface snil, earthworm casts, and stream-bank material, during
transport in the above runoif types and stream flow, will also be

discussed.

2.1 Sources of Phosphorus and Nitrogen Forms in Flowing Waters

The sources of P and N forms in flowing waters are frequently
divided into those deriving from precipitation and from agricultur-
al and urban activities (Lee, 1966; McCarty, 1967). Although
agriculture is considered to be a major source of P and N to
streams (Keup, 1968; Vollenweider, 1968; Ryden et al., 1973;
Viets, 1975), the relative contribution from agricultural, urban,

and industrial sources is not well understood.

Based on their ease of guantification, McCarty (1967) cate-
gorised the various nutrient sources into point and diffuse sources.
Point sources such as sewage and industrial effluent can be quan-
tified more easily and consequently data are available on the
amounts contributed by such sources to surface waters (lee et al. 1969;
Jaworski and Hetting, 1970; Johnson et al., 1976). On the
other hand, diffuse sources such as precipitation,runoff, and
drainage from agricultural land and urban areas, droppings from
birds, and leaf fall, can only partially be estimated quantitative-
ly. Diffuse sources can be divided further into surface and sub-
surface runoff, as defined by Langbein and Iseri (1960). Surface
runoff is that part of precipitation which flows over the land
surface to stream channels, whereas subsurface runoff is that part
which infiltrates the soil and moves toward streams as ephemeral,

shallow perched groundwater above the main ground-water level.



2.7.17 Precipitation

In recent years it has clearly been shown that nutrients
contained in precipitation can play an important part in the
rnutrient cycle of ecosystems on oligotrophic sites (Carlisle
et al., 1966; Miller, 1961). Vaporised and uncontaminated,
condensed water (precipitation) should cortain no P or N (Keup,
1968). Most of the P and N in precipitation is the result of
"washout" of atmospheric particulate material, the composition and
guantity of which govern their concentrations in precipitation.
Contamination of precipitation samples during collection may occur
from insects, plant debris, and bird droppings, which may subse=-
quently be leached by precipitation (Allen et al., 1968; Gore,
1968; Taylor et gl., 1971). Unless adequate precautions are
taken to guard against contamination of the collection vessel
(Ryden gﬁ_g}., 1973), errors in the concentration of P and N forms

in precipitation can be expected.

It is apparent that nutrient concentrations in precipitation
can vary according to the geographical situation of the collection
site and Luman activities. Olson et al. (1973) observed that the
amounts of total N (TN) ir precipitation ranged from 5.6 to 15.7kg
ha_1 y-/I from west to east in an area of intensive livestock farm-
ing in Nebraska. In contrast, Taylor et al. (1971) attributed an
increase in the nutrient concentration of precipitation at Coshoc-
ton, Ohio, over a ten-year period to an increase in automobile
traffic in the several major population centres located within a
400-500km distance from Coshocton. Although variations in the
concentration of P and N in precipitation during the year were
meusured by Allen et al. (1968) and Schuman and Burwell (1974),
no seasonal trends were observed. In addition, these workers
reported no consistent relationship between the quantity of pre-

cipitation and the concentrations of P and N in precipitation.

Although the amounts of N and particularly P in precipitation
are small compared to the amounts of these elements fregquently
added annually in fertilizer to agricultural lands, their direct
addition to waters may be sufficient to enhance algal growth in
certain situations. Schnidler and Nighswander (1970) attributed

most of the enrichment of Clear Lake in Haliburton County, Ontario,



to precipitation containing concentrations of 0.018, 0.022, and
0.198mg 177 of total dissolved phosphorus (TDP), total phosphorus
(TP), and nitrate (NOB)’ respectively. Similar observations have

also been made for several Wisconsin lakes by Lee (1973).

On reaching the soil surface, precipitation becomes an inte-
gral part of the soil-water ecosystem of any catchment and can
consequently enter surface, subsurface, or groundwater runoff, and
storage water or evapotranspiration. Surface, subsurface, and
groundwater runoff can contribute to eutrophication by providing
pathways of nutrient movement to streams and lakes. Movement
through any part of the soil-water ecosystem can potentially affect
P and N concentrations in the water as a result of interactions
with soil components, fertilizer, vegetation, and animal wastes,

as discussed below.

2.1.2 Agricultural land

The sources of P and N formes in runoff from agricultural
land can originate from soil, fertilizer applications, crop resi-

dues, and animal wastes.

2. 012 K Soils. The quantity of P in an unfertilized
501l is mainly a function of the parent material from which the
soil was developed. Although the TP content can exhibit a high
variability within a particular rock type, it is generally assumed
that basalt is the main source, with a decrease in P content with
an increase in acidity of the rock (Landergren, 1962; Syers and
Williams, 1977). The major P-bearing minerals, however, are of
the apatite group,having the general formula (Caﬂo(Poh)6 YZ)’ where
Y can be F, OH, Cl, or % COB. Small amounts of P can also be

substituted into the lattice structure of many minerals (Koritnig,

1965).

Primary P-bearing minerals undergo dissolution at different
rates to give secondary P forms. The dissolution of apatite,

however, is pH dependent, being greater in acid soils. In the

case of "lattice" P, the mobility of P ions is governed more by



the solubility of the host mineral. Consequently, a large
variation in the TP content of unfertilized soils can result

from a difference in parent materials, environmental conditions
effecting dissolution processes, and the age of the soil, govern-
ing the length of time during which these processes have been
acting. In two soils of differing age (650 and 6500y BP) develop-
ed in greywacke alluvium in Canterbury, New Zealand, Syers et al.
(1969) reported that the apatite content of the younger profile,
which constituted the major proportion of TP, was 2.5 times greater

than tnat in the older profile.

In the case of fertilized soils, the continued application
of P fertilizer has been skown to significantly increase the TP
content of the soil in the surface horizons (0-22.5cm; Warren and

Johnston, 1962; Cooke and Williams, 1970).

It has been suggested that certain chemical processes are
important in the formation of secondary inorganic P. Although
precipitated Fe and Al phosphates were at one time thought to be
important (Cole and Jackson, 1950; Huffman, 1962), it is now
generally believed that sorption mechanisms explain more fully
the chemistry of P in soils. Several studies have indicated that
short-range order components, such as allophanic materials (Cloos
et al., 1968) and crystalline oxides and hydrous oxides of Fe and
associated Al (Saunders, 1965; Syers et al., 1971), are important
in the chemisorption of P. These components are particularly
important in P sorption because of their large surface area and
number of -OH and -OH2 groups in surface positions which can
undergo ligand exchange with P ions. Consequently they have a
high P sorption maxima. Many workers (Fox and Kamprath, 1970;
Ryden et al., 1977a) have observed, however, that the sorption of
P by soils exhibits an initially rapid reaction followed by a
slower reaction which may continue for weeks or even months, such
that a slow reaction may result from the diffusive penetration of

P into soil components (Syers and Williams, 1977).

Similarly, the desorption of P from soils has been shown
(Shapiro and Fried, 1959) to occur as a pseudo-first order dis-

placement of soil P by OH ions, at an initially rapid rate.

This quickly diminished with time, and proceeded at a slower rate,



which became relatively constant with time. The two forms of P
indicated may be distinguished by a difference in the binding

energy of the P and soil component, such that one form is more
tightly held than the other. In a fertilized soil, however, where
precipitated fertilizer-reaction products, such as short-range order
Fe and Al phosphates may occur (Section 2.1.2.2), dissolution of

the reaction product may explain the release of P (Ryden et al.,
1972%6) . It is unlikely, however, that these fertilizer reaction
products will be as important as sorbed P in determining P equi-
librium in fertilized and unfertilized soils because of their

nigh solubility and, therefore, short 1life.

The sorption maxima, binding energy of a soil, and to a lesser
extent the golubility of any reaction products will, therefore,
determine the rate and extent of P sorption and desorption by a
soil, and consequently the concentration of P in the soil solution

and ultimately runoff waters.

In a soil where components with a high sorption maxima pre-
dominate, the capacity to remove P from solution will be greater
than in a soil where components with a low sorption maxima pre-
dominate. If, however, the sorbents attain a high level of P
saturation then the concentration of P maintained in solution will
increase. This situation can arise in the surface horizons of
many soils where an increased rate of mineralisation of organic P
coupled with the addition of P fertilizer, may lead to a high

saturation of P sorption sites in the surface soil.

In the case of an unfertilized soil, a lower saturation of
the sorbing complex is expected than in a fertilized soil,such
that the major proportion of P transported in surface runoff will
be attached to soil particles (Munn et al., 1973; Romkens et al.,
1973; Burwell et al., 1974). Sorption or desorption of P may
occur when the soil particles reach waters of higher or lower
soluble P concentration, respectively. An increase in the concen-
tration of P in surface runoff following the application of P
fertilizer (Nelson and Romkens, 19713 Schuman et al., 1973b;
Burke et al., 1974b) will result from the dissolution of fertilizer
particles per se and of fertilizer reaction products and an in-

crease in the saturation of P sorbing sites leading to a reduction



in the binding energy of some of the sorbed P.

The P sorbing complex of sub-soil material usually shows a
lower level of‘P saturation, due to the limited movement of sol-
uble P down the soil profile. Consequently, P will be sorbed with
a higher binding energy (Shapiro and Fried, 1959) in the subsoil.
Sorption thus predominates over desorption of P in sub-soils and
P will be rapidly removed from percolating waters. The concen-
tration of P in subsurface runoff is thus, much lower than that
in surface runoff (Burwell et al., 1974; Baker et al., 1975;
Johnson et al., 1976).

Nitrogen in soil, particularly that in the surface horizon,
occurs largely in organic combination (Harmsen and von Schreven,
1955; Kononova, 1961; Bremner, 1965; Stevenson, 1965). Thus,
the accumulation of N in a soil bears a close relationship to
the accumulation of organic material. This depends on such factors
as climate, type of vegetation, nature of terrain, physical charac-
teristics of the soil and activities of the microflora and fauna

(Jenny, 1941).

The major forms of inorganic N, which are formed from organic
N by mineralisation processes, are soluble in water and can be
translocated easily by diffusion and mass flow of water through the
profile. Mineralisation of organic matter by microorganisms
results in the release of N in the ammonium (NHM) form, which under
soil conditions of good aeration and temperatures favourable for
microbial activity, is oxidized to nitrite (N02) initially and
then to NO3 by the process of nitrification (Harmsen and Kolen-
brander, 1965; Tomlinson, 1971). The step from NO2 to NO3 is
usually faster than that from NHL+ to N02, so that practically no
NO, accumulates (Jacquemin and Berlier, 1956; Alexander, 1965).
If nitrate is subsequently exposed to reducing conditions it will
be converted to gaseous N forms and lost to the atmosphere, by
the process of denitrification (Arnold, 1954; Cady and Bartholo-

mew, 1960; Broadbent and Clark, 1965).

Ammonium ions are fixed (chemisorbed) by micaceous clay

minerals present in many soils (Standford and Pierre, 1947; Allison et

2l.y 79537 Brown and Bartholomew, 4962; Mortland and Wolcott,
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1965} . Further immobilisation of NH4 may occur through plant up-

take and the formation of complexes with oxidised lignin and various -

quinones, which are resistant to dissolution and enzyme action

(Mortland and Wolcott, 1965; Broadbent and Clark, 1966). Consequent-

ly, the concentration of NHQ in the so0il solution and groundwaters

is usually very low (Nelson, 1953; Ray et al., 1957; Willrich,

1969; Zwerman et al., 1972; Gilliam et al., 1974). The NO3

ion is non-specifically adsorbed and can move freely by diffusion

and mass transport in the soil (Greenland, 1958; Gardner 1965;

Harmsen and Kolenbrander, 1965). Consequently, if NO3 is not taken

up by plant roots it can be quickly leached from the soil in drain-

age waters (Cooke and Williams, 1970; Standford et al., 1970;

Terry and McCants, 1970; Tomlinson, 1971; Viets and Hageman, 1971;
al., 1973). As a result, the concentration of NO3

is high 1in groundwater (Willrich, 1969; Jackson et al., 1973;

Gambrell et al., 1975) and low in surface runoff (White et al., 1967;

Moe et al., 1968; Benoit, 1974; Hanway and Laflen, 1974; Gambrell

et al., 1975).

t

Kamprath e

ot

The amounts of certain P and N forms in soils frequently ex-
hibit seasonal fluctuations. Mack (1959) reported that "available”
soil P was slightly higher during autumn than in summer, but de-
creased to a minimum during winter, because of low soil temperatures
and high soil moisture contents. Blackmore (1966), however, was
unable to observe any consistent seasonal variations in available
soil P except when dung or fertilizer P was applied. Favourable
conditions for the mineralisation of organic matter in spring will
increase the potential for NO3 leaching (Barnes, 1950; Viets, 1975).
Because NO3 accumulates in the soil during summer (Cooke and Williams,
1970; Tomlinson, 1970, 1971), the leaching of NO3 may be significant
in autumn. Similar seasonal variations in soil NO3 levels and the
NO, concentration in rivers in southern England, suggests that soils

3

are a major source of NO, to rivers in this area (Tomlinson, 1970).

3

2.1.2.2 Fertilizers. Phosphate fertilizers range
in chemical composition in terms of the P forms and supporting com-
pounds present. Consequently, the dissolution of fertilizer par-~
ticles and subsequent reactions with the éoil will vary. The

source of P in the commonly-used superphoéphate fertilizer is present
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as monocalcium P (MCP) (Ca(HEPOQ)e). On application to a soil the
particle of superphosphate will absorb water from the soil and the
MCP will rapidly dissolve, to give a saturated or nearly saturated
solution, which is continuously removed from the granule by diffusion
Lindsay and Stephenson, 1959; Taylor and Gurrey, 1965). Lehr

et al. (1959) found that within six days of applying superphosphate
to a =ilt loam in Alavama no undissolved MCP wuas present in the par-
ticles and a highly porous residue of crystalline dicalcium phozphate

(DCP) remained in pluce.

Up to 20%, however, of the P present initialf as MCP muay be
precipitated as DCP (Ca HPOA) in the residue (Brown and Lehr, 1959;
Lehr et al., 1959; Taylor and Gurney, 1965). Dissolution of the
residue will almost cease because of the low solubility of DCP (Erown
and Lehr, 1959). Studies by Lindsay and Stephenson (1959) pointed to the
importance of DCP as an initial fertilizer reaction product in the
vicinity of MCP granules in soils. In soils of high calcium status,
DCP assumed an even greater importance as a reaction product. Alu-
minium and Fe were considered to play secondary and tertiary roles,
respectively, as initial reaction products, with the possibility of

potassium taranakite (H6K7Al5(POq)8.18 HZO) also being precipitated.
J

With DCP fertilizer, a much slower dissolution of the P source
occurs. Because of this a greater residual effect of DCP has been
obtserved, in comparison with superphosphate, in terms of plant up-
take in field experiments (Bouldin et al., 1960; Devine et al.,

1968; Larsen 1971).

Reactions of monoammonium P, the dissolution product of ammo-
niated superphosphate (Huffmann, 1968), with gitbsite and active
magnesium (Mg) in soils leads to the formation of insoluble complexes
and precipitates, such as ammonium taranakite in the case of gibbsite

(Taylor and Gurney, 1965), and hannayite, schertelite, and struvite

in the case of Mg (Frazier et al., 1963). The most recently intro-
duced phosphatic fertilizers are ammonium polyphosphates. Ammonium

pyro- and tripolyphosphates dissolve Fe and Al from soils and inhibit
the reprecipitation of these metals as orthophosphates (Philen and

Lehr, 1967; Huffmann, 1968). With ammonium pyro- and tripolyphos-
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vhate, reactive Ca and Mg minerals rapidly form pyrophosphate pre-
cipitates that are effective sources of P for plant growth (Lehr

et al., 1964: Brown et 33.,1964).

It appears that P fertilizers are a potentially irmportant
source of both particulate and dissolved P to surface waters,
altnough the relative amounts of these two P forms will be depen-
dent on the rate and extent of fertilizer dissolution and subse-
quent precipitation. Lehr et al. (1959) observed that the move-
ment of solution into the soil from the dissolution of a fertili-
zer particle, appeared to be governed more by the rate of transport
of moisture to the particle, than by the ability of the surrounding
s0il to remove the solution. Consequently, as soil moisture in-
creases there will be a corresponding decrease in dissolution, pro-
bably because the nearly saturated soil zone impedes the movement
of water to the fertilizer particle, thus restricting the formation
of soluble P (Brown and Lehr, 1959). It is expected, therefore,
that if the fertilizer is apolied in early autumn, when the soils
have not yet reached field capacity, the dissolution of fertilizer
particles and conseqguently; the susceptibility of the soluble P ‘
released to be removed by surface and subsurface water movement and
plant and soil uptake, will be enhanced. Following an application
in mid-winter, when soil moisture is high, the loss of particulate

P in surface runoff may be expected to be greater.

The majority of N fertilizers are water soluble, with the more
important being ammonium sulphate, ammonium nitrate, and ammonium
phosphate, ammonia, either anhydrous or in solution, and urea.

If fertilizer N persists in the soil for any length of time, NHq will
be oxidised to NOB' as discussed in the previous section (2.1.2.1).
This process can he affected by the dramatic changes in pH in soils.
With the high pH values (8.5) attained, the activity of NO2 oxidis-
ing bacteria is inhibited and NO2 tends to accumulate. This can

be oxidised further, however, as it diffuses away from the high pH
zone, except in highly calcareous soils (Russell, 1973). In con-
trast, a reduction in soil pH can occur in sandy soils of low cation
exchange capacity with the formation of acids, inhibiting continued

nitrification (Pesek et al., 1971) .

If N fertilizers are applied at a time of low vegetation cover or
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growth, then uptake by vegetation will be at a minimum. Consequent-

ly, a large proportion of the NO, within the soil profile can poten-

3
tially be removed by leacking (Cooke and Williams, 1970; Tomlinson,

1971; Klausner et al., 1974 ),

2 285 Animals. It has been shown that animal ex-
creta can be a source of P and N to surface waters oversecas (McCarty,
1967; Holt et al., 1970; Owens, 1970). It has been suggested
that this may also be the case in New Zealand where large arcas of

land are intensively grazed (O'Connor, 1968; During 1971; Elliot,

1971). The main route by which P and N derived from animal excreta

may enter streams is by surface runoff (Ryden 2t al., 1973), al-
though a small contributioa by subsurface and groundwater runoff

may occur (Gilbertsoa et al., 1970; Elliot et al., 1972; McCalla
et al., 1972).

Based on field studies involving manure application to surface
runoff plots durinpg winter months, lec EE El' (1969) estimated that
60% of the TP lost in surface runoff to streams from rural land in
the Lake Mendota (Wisconsin) watershed, was a result of manure appli-
cations to frozen ground in agricultural areas. Similarly, Cooke
and Williams (1970) suggested that surface runoff losses can be
serious, when liquid or solid manure is applied to frozen ground.
Dung pats, particularly when dry, are susceptible to transvort in
surface runoff and will consequently transport P and N in both the
dissolved and particulate forms. Because the amounts of P and N
deposited in dung and urine are coxncentrated into small areas,

leaching of both P and N may occur if heavy rain follows grazing.

Cooke and Williams (1973) reported that animal wastes spread
thinly and uniformly over land, would not contribute more P or N
than an equivalent application of P and N as fertilizer. Some
applicatioan rates of animal waste, however, are so large as to cause
concern that the capacity of the soil to retain nutrients against

leaching is exceeded.

With the growth of intensive feedlot operations, where large
numbersof animals are confined in a small area of land, disposal

of waste becomes more difficult. Most of the feedlots in the

F
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midwestern and western states of the U.S.A. have a capacity of more
than 1000 and feedlots of 80,000 to 100,000 head are now operating.
In studies of the wastes from such feedlots in Nebraska, Gilbertson etal.
(1970) and McCalla et al. (1972) reported that the quantities of P
and N removed from the feedlot surface were directly proportional

to stocking rate. Because many feedlots are located on slopes
adjacent to streams, variable amounts of nutrients could be flushed
into streams during periods of precipitation. In a separate study,
McCalla et al. (1972) reported that 3 to 6% of the material de-
posited on a feedlot could be transported in surface runoff

and observed concentrations of TP, ranging from 4 to 5200mg 1-1,
with a mean of 36mg 1—1, of TN ranging from 11 to 8593mg 1-1, with

a mean of 916mg 1-1,andofNCéranging from O to 217mg 1_1, with a

mean of 10mg 1_1.

In a study of 2L watersheds in the Towa lake district, Jones
EE gl. (1975) concluded that feedlots were a source of nutrients
to the streams and lakes in the area. This was based on the sig-
nificant positive correlations between both the concentration and
losses of P and N in streams and the number of animal units in
feedlots where surface or tile drainage occurred (one animal unit
consisted of one beef steer, 0.7 dairy animal, 4.5 slaughter hogs,
35 feeder pigs, and 12 sheep or lambs, all producing a unit amount
of waste, in terms of the BOD content). They showed that both the
P and N concentrations significantly increased by 0.67 + 0.07mg 17
and 0.74 = 0.08mg 1-1, respectively, for each animal unit per hectare

in the watershed.

High concentrations of P and N in feedlot surface drainage
waters have been reported in many streams (Miner et al., 1956;
Gilbertson et al., 1970; Townshend et al., 1970; E.P.A., 1971;
McQuitty et al., 1971; Taylor et al., 1971; Edwards et al., 1972).
Other investigations have shown that feedlot drainage can be a high
local source of these nutrients in streams (Frink, 1969; Taylor
and Kunishi, 1971; Morris, 1973; Muir et al., 1973; Burwell et
al., 1974; ZLoehr, 1974).

2.1.2.%4 Crops. Under certain conditions, leaching

of the vegetative cover by precipitation and surface runoff water



can contribute substantial amounts of soluble P and N to surface
waters. Field and laboratory studies in Minnescta (Timmons et al.,
1968; Holt et al., 1970) have shown that the leaching of the dead
tissue of forage crops resulted in considerable DIP ard TN 1loss.
Further work by Holt et al. (1970) showed that there was a substan-
tial increase in the loss of P and N from the crops following a
freeze-thaw-drying cycle. The magnitude of the susceptibility of

P and N to leaching increacsed with the numter of treatment cycles

and was most marked for bluegrass and least for barley and oats.

In factyore freeze-thaw-drying cycle of bluegrass removed 80% of the
total plant P as soluble P (of which 76% was DIP) and 7% of the total
plant N as dissolved N. A similar treatment of barley and oats only
released a maximum of 16% total plant P as dissolved P (21% DIP) and
14% total vlant N.

Under field conditions, plants may become dehydrated due to water
stress during the growing season or during dry summer mouths, and may
be subject to freezing and thawing cycles during autumn. Heber (1967)
suggests that the dehydration that accompanies freezing alters the
permeubility of biological membranes and states thut the membrances
bordering the protoplasm are no longer intact in frost-killed cells.
Consequently, cell nutrients will be more readily leached from plant
cells after they have been ruptured by frost or dehydration by severe

water stress.

Several workers have indicated that seasonal fluctuations in
the amount of P and N transperted in runoff from various watersheds,
may be due in part to the effect of the leaching of vegetation in
different stages of decay (Cowan and Lee, 1971; Taylor et al.y 1971;
Kleusener, 1972; Wells et al., 1972; Gosz et al., 197%:  Schumane
et al., 1972b; Burwell EE.EJA< 1975; Singer and Rust, 1975). In
addition,it has been suggested that differences in the P and N concen-
trations in runoff between different areas, may be partially due to
the vegetation type and consequently the amounts of P and N leached
(Muir et ald, 1973; Schuman et al., 1973b; Burwell et al.% 1974;
Gburek and Heald;/1974). In a study by White and Williamson (1973),
it was suggested that variations in the P and N concentrations in
surface runoff from grassed-runoff plots may have been caused by

differences in grass maturation or in stages of decomposition.

This was substantiated after further field work by White (1973), who
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measured a differential release of P from vegetation collected

from the plots.

It is apparent, therefore, that the leaching of certain crops
by surface runoff waters could contribute substantial amounts of

soluble P and N to lakes and streams.

2.1.3 TUrban land

The large amounts of P and N added to surface waters in sewage
effluent and industrial wastes have received much attention (Engel-
brecht and Morgan, 1961; Weibel, 1969; Vollenweider, 1968).

Sewage is generally derived from excreta, ground garbage, laundry

and other cleaning wastes from households, wastes from commercial

and industrial processes, and clean-up, and wash operations from
inumerable irndustrial activities. With the increase in urbanisation,
there will be a subsequent increase in the importance of human and
animal wastes as potential sources of P and N to surface waters.

In fact, Muir et al. (1972) reported that human and animal densities
were the predominant influence on P and N concentrations in Nebraska
waters. In New Zealand, Syers (1974) estimated that domestic sewage
effluent amounted to 9 million kgP y-q, based on the analysis of

the discharge effluent from Palmerston North sewage worksyin con-
trast to 2.5 million kgP y-1 assumed to be derived from fertilizer

runoff.

Ryden et al. (1973) suggested that eroding soil was a potentially
important source of P in urban drainage, especially in areas of ur-
ban development where large areas are cleared of vegctation and laid
bare, thus increasing the potential for erosion by surface runoff.

In addition, it was suggested that the leaching of DIP from leaves
and seeds can be important, leading to high DIP concentratioas in
spring and autumn. Furthermore, because large amounts of P are
readily leached from dead leaves (Holt et al., 1970; Cowan and Lee,
1971), Lee (1973) suggested that an efficient leaf pick-up during
autumn might minimise the amounts of nutrients derived from this

source in urban drainage.

Thus, drainage from urban lands can be a major source of P and

N to natural waters. Urban drainage is a much more amenable source
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to control by chemical and physical treatment, than are the diffuse

runoff sources from agricultural laad (Taylor, 1967; Syers, 1974).

2.2 Amounts of Phosphorus and Nitrcren Forms Transported in Runoff

Types
2.2.17 Surface runof?

The transport of P and N forms in surface runoff will depend
upon their movement in solution and on suspended soil particles.
Consequently, the amounts transported will be determined by the
intensity, duration, and amount of precipitation, and soil factors
such as the rate of infiltration and vercolation, soil texture, land
slope, farming practice, vegetation type and cover, nature and distri-
bution of native soil P, and P fertilization history. All of these
factors vary considerably in relative importance over small areas,
resulting in both the ckemical and physical compositioa of surface
ranolff being highly heterogeneous (Ryden ot al., 19735 Gburek and

Heald, 1974; Viets, 1975).

The losses of soil and of both particulate and dissolved forms
of P and N in surface runoff have been studied extensively using
experimental field plots. These plots are frequently of small
area with high rates of artificial rainfall being applied. Gil-
christ and Gillingham (1970) used plots of area O.L+m2 and applied
artificial rain at a rate of 7.5cm h-1, immediately after P ferti-
lizer was added, in order to investigate the movement of P in sur-
face runoff. Similarly, Munn et 3}.(1973) employed plots of area
0.36m2 and artificial rain at a rate of up to 12.7cm h—q. Even
so, the use of rainfall simulators can be justified on the grounds
that experimental variables can be controlled more adequately and
the accumulation of data can be hastened, reducing the high mainte-
nance cost of such plots. The intensity of application, however,
must be similar to natural rainfall intensities. Under these con-
ditions, Young and Burwell (1972) have concluded that runoff and
soil loss from simulated storms will reflect the loss that would

occur from similar natural rainfall intensities.

Although larger plot areas of between 50 and 200m2 have been
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used (Barnett et al., 1972; Romkens et al., 1973; Burke et al.,
197ka; Burwell et al., 1975; Singer and Rust, 1975), it is
daagerous to exirapolate the data obtained from such plot experi-
ments to whole catchments. This is due to the fact that small
plots nearly always overemphasise rutriernt and sediment losses,
because they usually ignore redevosition of suspended particulate
material that would occur with a reductioa in velocity of surface
runoff, as a result of a decrease in slope. In addition, it has
been suggested by Betson (1964) and indicated by Ragan (1967) and
Dunne and Black (1970) that surface runoff contributes to stream
flow only in close proximity to the stream. Even though these
limitations have beern recognised (Munn et al., 1973 | Ryden et al.,
1973; Viets, 1975), surface-runoff plots provide a useful technique
for the investigation of nutrient movement in relation to specific
conditions, such as land slope, soil texture, cover and management,
and rainfall factors. In the case of small-area plots, either all
(Burwell EE gl., 1975; Singer and Rust, 1975) or a certain propor-
tion of the total flow is collected ard a representative sub-sample
taken (Klausrer et al., 1974, With larger experimental areas,
flow is usually monitored continuously and samples are collected

at intervals during the runoff event (Jackson‘gz El" 1972; Romkeus

et al., 1973; Schuman et al., 1973a, b).

Little variation in concentration of DIP with flow was found
by Nelson and Romkens (1971) during the latter part of a surface-
runoff event from unfertilized fallow and tilled plots. The con-
centration of DIP increased from 0.05mg 1_1 to 0.5 and 0O.2mg 1—1
after P fertilizer was applied at rates of 56 and 28kgP ha—q, re-
spectively. Similar trends were observed by Timmons et al. (1973)
for both DIP and NOB' Large variations in the concentration of
particulate P and N with time, however, were observed by Barnett
EE gl. (1972). With the collection of samples at infrequent inter-
vals (Carter et al., 1971) and with the analysis of samples which
have remained in the field for in excess of 24h (Munn et 3&., 1973
Burke et al., 1974b), resulting in a redistribution of P and N
between particulate and soluble phases, misleading amounts of P and
N transported in surface runoff can be obtained. Unfortunately,
many studies do not report how frequently or when samples were

taken during a runoff event (Timmons et al., 1968; White and

Williamson, 1973).
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Because the magnitude of flow change is much greater than
variatioas in the concentration of P and N forms, in surface run-
off, flow will be the more important variable in the calculation
of the loadings of P and N forms (Taylor et al., 1971) . The vol-
ume of surface runoff is closely related to the infiltration capa-
city of the soil, such that the presence of surface seals and high
antecedent soill moisture can result in increased volumes of runoff.
Similarly, the volume of surface runoff can be reduced by the pre-
sence of mulches which increase the infiltration rate (Duley and
Russell, 1941; 1942; Knoblauch et al., 1942; Parr and Betrand,
1960; Batchelder and Jones, 1972).

By dissipating the impact energy of rainfall, crop cover has
been shown to reduce the velocity and volume of surface runoff.
Highly significant correlations have been observed for the relation-
ship between percent bare soil and surface runoff (Branson and Owen,
1970; Masur and Hanif, 1972; Munn et al., 1973). Dragoun (1969)
measured a 90% reduction in surface runoff in two years after culti-

vated Tland was converted to native perennial grasses.

No data on the amounts of P and N forms transported in surface
runoff from recently unfertilized New Zealand soils have been pub-
lished. It is apparent, from overseas studies, however, that sig-
nificant amounts of P and N forms can be transported in surface run-
off from unfertilized land (Holt et al., 1970; Klausner et al.,
1974).  Harms et al. (1974) measured losses of 0.25, 0.40 and 1.12kg

ha_1 y-1 of TP, NO and TN, respectively, from a sandy clay loam

'
under pasture in Siuth Dakota. These values are slightly lower
than those measured by Burwell et i&' (1975) who found that 0.39,
0.68, and 4.10kg ha-’l y_1 of DIP, TP, and TN, respectively, were
lost from a loam soil under hay in west-central Minnesota. Lower
annual losses of P forms and NO3 were obtained by Timmons et al.
(1973) from a fallow loam soil in Minnesota, where losses of DIP,

TP, NO,,and TN of 0.01, 0.04, 0.07, and 8.02kg Ra= yn’| were measured.

3

It has been recognised by other reviewers (Ryden et EE" 1973;
Viets, 1975), that there is little iunformation available on the
losses of P and N forms in surface runoff from fertilized and un-
fertilized areas. With the application of fertilizer P and N,

increased losses of P and N forms in surface runoff can be expected.



Several New Zealand studies have demonstrated that fertilizer P

can move in surface runoff. Using BOcm2 plots ard heavy artificial
rainfall (6.6 to 13.3cm h-q), Gilchrist and Gillingham (1970) found
that 28% of the applied P (50kgP ha_q) was transported up to a
distance of 30cm through an improved pasture vegetation cover.
Studies using lower rates of artificial rainfall (5.8cm h-q) on
larger plots (0.004ha) were carried out by Duncan (1972). The

loss of TP in the first two storms of 30-min duration alter ferti-

lizer application were 0.049 and 0.37kg ha_q, respectively.

In similar studies overseas, Schuman et al. (1973t) investi-
gated the amounts of P forms transported in surface runoff from
difrerentially-fertilized, contour-planted catchments in Towa.
Approximately 1.8 times more P in solution and on sediment was lost
from the heavily-fertilized catchment (97kgP ha_1 y-q) over a 3%-
year period. The data indicated that the greater P loss was

associated with the higher application of fertilizer P.

It appears that the major loss of TP in surface runoff is

associated with sediment, due to the high sorption capacity of
soil material for P discussed earlier (Section 2.1.2.1). Burwell
et al. (1975) reported that particulate P accounted for 95% of the
total P loss in surface runoff. Other workers have reported highly
significant correlation coefficients between total nutrient losses
and the quantity of soil eroded (Thomas et al., 1968; Munn et al.,

1973 3 Schuman et al., 1973%) . Further to this, Romkens et al.
(1973) reported high correlation coefficients between the N and P
content of runoff sediment and the clay content of runoff sediment,
because of the high affinity of clay particles and related amorphous
constituents for P. Thus, if soil erosion is reduced, movement of P and

N from the soil surface will subsequently be reduced dramatically.

Because NO, is highly soluble and will rcadily move into the

3

soil, NO3 losses in surface runoff are normally low, except where
considerable surface runoff occurs closely following fertilizer
applicatioas. Although no information is available on the move-
ment of N forms in surface runoff after fertilizer N application

in New Zealand, several overseas studies have shown that such appli-
cations can increase the loss of N in surface runoff. Romkens

et al. (1973), found that the amount of NO transported in surface

3



runoff was greater from corn plots fertilized at a rate of 170kgN
ha_q, than from unfertilized corn plots in Indiana. Schuman et al.
(19734) reported that the concentrations of particulate N in surface
runoff were similar for contour-planted, corn-cropped catchments.
receiving annual applications of 168 or 448kg ha—q, during a threce-
year period. Although the NO3 content of surface runoff was low
for each of the three years, a greater amount was lost from the
heavily-fertilized catchment (3.05kg ha-1 y_q) compared to the

catchment fertilized at the recommended rate (1.89%kg lfla_,I y_q).

The amounts of P and N forms, and sediment transported in
surface runoff can vary greatly with crop type and conservation
practice. Burwell et al. (1975) added 29kgP ha-1 y_1 to surface-
runoff plots under continuous corn, corn in rotation, and oats in
rotation, and none to clean cultivated fallow and hay (alfalfa) in
rotatioa. Although the loss of DIP in surface runoff was lower
from the unfertilized, fallow plot than from the cropped plot, the
loss from the unfertilized, hay plot was greater. This was due
to the substantial amounts of dissolved P that could be leached
from alfalfa (Timmons et al., 1970). On the other hand, particu-
late P losses from hay plots were insignificant (0.02kg ha-1 y_q),
whereas appreciable amounts of P were transported in surface runoff

from oats (Skg ha” y-q), corn in rotation (8.4kg ha™ y—q), con-

tinuous corn (18.2kg ha” y-q), and fallow (33.15kg ha y_q).
These differences emphasise the influence of vegetation cover in
dissipating rainfall energy and reducing runoff, and consequently
soil erosion. Corresponding differences in the amounts of soluble
and particulate P and N forms transported in surface runoff were

also reported by White and Williamson (1973) for the same crop types.

Reduced losses of both P and N after fertilizer application
were reported by Schuman et al. (1973%a, b) with improved soil con-
servation practice. Both contour-cropped and level-terraced,
cropped corn catchments received 448kgN ha” y-1 and 97kgP ha™ | y—q.
£ reduction in the volume of surface runoff discharged and in soil
erosion by level terracing, compared to unterraced slopes, resulted
in a lower loss of DIP, NOB' and particulate P and N in surface
runoff (0.049, 0.18, 0.085, and 2.62kg ha” y_q, respectively) than
from the contour-planted catchment (0.171, 1.050, 1.69, and 36.59%g

ha_’I y-q, respectivelyk, The dramatic effect of mole drainage in



reducing the volume of surface runoff by increasing the rates of
infiltration and percolation of water has been demonstrated by
Rennes EE Elf (1977) who reported a four-fold decrease in the volume
of runoff from undrained compared to drained land. Burke et al.
(1974%a) observed a thirty-fold decrease in a related study. Con-
sequently, the amounts of P and N forms, and sediment transported
from fertilized and unfertilized,drained plots were lower than those
from corresponding undrainred plots. A reduction of 90% in the P
lost from drained, compared to undrained, fertilized clay soils on

10° slopes under pasture in Ireland was reported by Burke et al,

(1974b).

Certain tillage methods which leave the land relatively un-
disturbed, or with a protective vegetation cover, can reduce the
losses of P and N forms, and sediment ia surface runoff. Romkens
et al. (1373) showed that when the corn stalk and surface-applied
fertilizer remained relatively undisturbed at the soil surface after
tillage, the loss of particulate P and N in surface runoff was re-
duced, but this increased the loss of soluble P and N from the applied
fertilizer (S56kgP ha and 170kgN ha-q) remaining at the surface.
When the corn residue and applied fertilizer particles were par-
tially mixed with the surface soil, the losses of P and N were re-
duced but particulate P and N losses increased. The conventional
system of completely turning over the surface soil, elimirating corn
residues and fertilizer from the soil surface and loosening the soil
structure, resulted in the highest losses of particulate P and N,
but the lowest losses of soluble P and N. This emphasises the fact
that by reducing the vegetative cover of the soil, increased losses
of particulate P and N can result. By removing applied fertilizer
particles from the soil surface, reduced losses of soluble P and N

can result.

Althoupgh it has been suggested that grazing animals are a
major source of P to natural waters in New Zealand (O'Connor, 1968;
Elliot, 1971) no studies have reported the losses of P and N forms,
and sediment in surface runoff as a result of grazing. It is pro-
bable that increased quantities of particulate P and N, and to a
lesser extent dissolved P and N, will be transported in surface run-
off from pasture that has been grazed. This may be due to the

effect of surface pugging on infiltration, resulting in an increase



in the susceptibility of soil material at the soil surface to

removal in surface runoff.

2.2.2 Subsurface runoff

Subsurface flow can contribute the major proportion of flow
in many streams (Minshall et al., 1969; Johnson and Moldenhauer,
1970; Carter et al., 1971). Jackson et al. (19732) and Burwell
et al. (1976) found that 80% of stream flow in small agricultural
catchments in Georgia and Iowa, respectively, could be accounted

for by subsurface flow.

Differences between the concentrations of P and N forms in
surface and subsurface runoff are a result of the differing P and
N soil-retention capacities. Whereas, soluble P is strongly sorb-
ed by soil components (Williams et al., 19538; Syers et al., 1971),
NO3 is non-specifically sorbed and moves freely in percolating waters
by diffusion and mass flow. Furthermore, because N from soil
organic matter and fertilizer N is rapidly nitrified to NOB’ and
because NHA is fixed by certain soil components (Brown and Bartho-
lomew, 1962), the major proportion of N transported in subsurface
runoff is in the NO3 form (Willrich, 1969; Erickson and Ellis, 1971;
Jackson gi gl., 19735 Baker 33 El" 19753 Burwell EE 21., 1976) .
In additioa, because of the physical-seiving action of the soil pro-
file, subsurface runoff contains only minor amounts of particulate
material and consequently, particulate P and N (Burwell et al., 1974 ;

Hanway and Laflen, 19743 Viets, 1975).

Even though the concentration of P forms in subsurface runoff
is much lower than that of N forms (Minshall et al., 1969; Willrich,
1969; Baker et al., 1975), subsurface runoff may make a major con-
tribution to the P loadings of streams (Ryden et al., 1973). Sub-
surface runoff freguently contributes the major proportion of the

N loading in streams (Jackson et al., 1973).

In many agricuttural areas, percolating waters may be inter-
cepted by artificial drainage systems, thus accelerating its move-
ment into streams. This form of subsurface runoff is subsequently

referred to as accelerated subsurface runoff. As a point source



entering stream flow at discreet and identifiable locations, it

is amenable to direct quantitative measurement. In contrast,
subsurface runoff enters stream flow from diffuse sources (McCarty,
1967; Vollenweider, 1968; Ryden et al., 1973) and can, therefore,

only be partially estimated on a quantitative basis.

2u2002. 1 Accelerated subsurface runoff. No infor-

mation is available on the corcentrations and amounts of P and N
forms transported in accelerated subsurface runoff from New Zealand
soils, even though large areas of productive farmland are artificial-
1y drained. From the overseas studies reported, it is apparent

that the concentration of DIP in accelerated subsurface runoff is
lower than that in surface runoff because of the sorption of P

when water moves through the profile as accelerated subsurface run-
off. Hanway and TLaflen (1974) measured annual average DIP concen-
trations of 0.004 and 0.018mg 1-1 from two sites in ITowa, whereas

DIP concentration in surface rurnoff from the same sites varied from
C.013 to O.240mg 1-1. Other workers have reported lower concen-
trations of DIP in accelerated subsurface runoff than in surface
runoff from the same experimental areas (Schwab et al., 1973; Benoit,

1974 ; Burke et al., 1974b).

Recause NO3 can move freely in percolating waters, studies
(Benoit, 1974; Hanway and Laflen, 1974) have shown that the average
N03 concentration of accelerated subsurface runoff is greater than
that in surface runoff. For example, Jackson et al. (1973) observed
that in three years following an annual fertilizer N appiication
(168kgN ha-q) to a loamy sand planted in corn in Georgia, the aver-
aroe NO} c?qcontration of accelerated subsurface runoff was 7, 10,
and 9mg 1 , whereas the average concentration of NO3 in surface

runoff for the same three years was 0.2, O.4, and 0.3mg 1-1, re-

spectively.

Furthermore, the concentration-flow relationships of P and N
forms in accelerated subsurface runoff are different to those for
surface runoff. Because of the low P concentrations in tile drain-
age, Baker et 3&. (1975) observed no relationship between variations
in flow and concentration. Where higher concentrations of P forms

in tile drainage resulted from high rates of manure applications
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to the soil, Hergert et al. (1974) observed that the DIP concen-
tration, which accounted for 90% of the TDP transported, increased
with a rapid increase in flow, subsequently decreasing as flow dimin-
ished. Although the NO3 concentration in tile discharge was con-
stant from day to day, a rapid decrease in NO, concerntration was

b

found to correspond to an increase in tile flow (Baker et al., 1975).

Both the changes in P and N concentratinns with variation in
accelerated subsurface flow have been accounted for in part, by
changes in the flow path of water to the tile line (Hergert et al.,
1974 : Baker et @l., 1975). These workers suggested that during
periods of high accelerated subsurface flow, the water table may
rise above the tile drain, thus a greater proportion of drainage
would be composed of soil water descending from higher levels in
the profile and containing lower N and higher P concentrations.

At lower flow rates, with a fall in the water table, water from
lower levels contalning lower P and higher N concentrations would

move laterally to the tile line.

Any variation in the concentration of "extractable" soil P
or NO3 with depth between different soils (Murrman and Feech, 1969;
Ryden et al., 1972b; Baker et al., 1975; Schuman et al., 1975)
is potentially important in determining DIP and NO3 concentrations
in drainage water. Because the levels of '"extractable" soil P and
NO3 can be affected by a combination of factors such as fertilizer
application (Blakemore, 1966; Nightingale, 1972), crop type (White
and Greenham, 1967), soil temperature and moisture (Mack, 1959),
and amounts of precipitation, the same factors will consequently
influence losses of P and N in accelerated subsurface runoff,
Hanway and Laflen (1974) found that the DIP concentration of tile
drainage from several soils in Towa, was directly related to the
amount of '"available" P in the soils, as extracted by ammonium flu-
oride and HC1. "Available" soil P levels of 13 to 20 and 2 to 4mgP
g—1 were measured for Creston and Carlson City soils, respectively,
below the 61cm layer, whereas the average DIP concentration of
accelerated subsurface runoff from these soils was 0.018 and 0.00lmg
1_1, respectively. A similar relationship between soil NO3 levels

and the NO, concentration of tile drainage, however, was not observ-

3

ed for the same soils.
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Few studies have adequately measured the effect of the appli-

cation of P fertilizer on the concentration and amounts of P forms

transported in accelerated subsurface runoff, because of the lack

of a control, without fertilizer addition. The immobility of P in
soils, however, suggests that fertilizer P should have 1ittle effect
on the concentration and amounts of P transported in accelerated
subsurface runoff. In studying P losses in tile drainage over a
seven-year period, Bolton et al. (1970) obvserved that fertilizer
application resulted in a small but consistent incrcuce in P con-
centration of the drainage water from a clay soil in Ontario. The
average annual concentration of DIP in tile drainage was 0.18 and
0.21mg 1_‘l from unfertilized anrnd fertilized (29kgP ha_q) alfalfa,
respectively, with an average annual loss of P from the unfertilized
and fertilized crops of 0.12 and 0.19kg ha_1, respectively. Al-
thongh Zwerman et al. (1972) did rot report the loss of DIP in
accelerated subsurface runoff from unfertilized cropped land, because
they were very small, an increased rate of fertilizer application
(12.2 to 31.5kg ha_q) did not result in any significant change in

the DIP coacentration of accelerated subsurface runoff from a silt
loam plinted in corn in New York. 'urthermore, Hanway and Laflen
(1974 ) lound thut allhough similar rates of fertilizer I (100kgi ha’q)
were applied to three different sites, the amounts of DIP transyported
in accelerated subsurface runoff from these sites were very small

(0 to 0.00hkg hu_1). When a smaller amount of [P fertilizer was
applied (%8kgP ha_q) to a fourth site, the amount of DIP transported
in tile drainage (0.005kg ha_1) was higher than that from the other
three sites. It may be concluded, therefore, that neither the con-
centration nor amounts of DIP transported in accelerated subsurface

runoff can be related solely to the amounts of fertilizer applied.

Due to contrasting soil reactions, N fertilizer additions increase
the loss of NO, in accelerated subsurface runoff from a soil to a
varying extent (Meek et al., 1969; Zwerman et al., 1972; Gambrell
et al., 1975). The studies of Johnston et al. (196Y%), boneen
(1966), and Glandon and Beck (1969), all in the San Joaquin Valley,
California, showed high NO3 concentrations in drainage from ferti-
lized, irrigated land. It is impossible, however, to determine how
much of the NO3

significant quantities of residual NOB’

came from the applied N because tre soils contained
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More recently, Jdackson EE al. (1973) monitored NO3 losses in
accelerated subsurface runoff before and alter fertilizer N appli-
cation to a loamy sand under corn in Georgia. Nitrogen fertilizer
had not been applied to the area during four years prior to the
experimental fertilizer application and during the latter part of
this period, NO3 corncentrations in accelerated subsurface runoff

averaged 4.8mg B, Following the first application (168kgN ha”

y-q), the average annual NO3 concentration of the drainage water
increased to 7.1, 10.3, and 9.3mg 1—1 in the first, second, and
third years, respectively. The data suggested that after three
years, a maximum loss for the cropping system and fertilizer prac-

tice had been reached.

Although fertilizer N applications may increase the amount of

NO, transported in accelerated subsurface runoff, the conclusion

3

cannot be drawn that the NO3 is derived solely from the fertilizer.
Losses of NO, clearly result from a combination of factors. Al-
2

though some of the NO, losses reported may have been related to

5

fertilizer applications, appreciable losses carn occur without ferti-

lizer application. Furthermore, the time of fertilizer N appli-
cation can affect the concentration of NO3 in drainage waters. An
increase in the NO, concentration of accelerated subsurface runoff

2

can result from fertilizer N applications during wet periods before
crops are sufficiently effective in terms of uptake (Cooke and
Williams, 1970). If fertilizer N application does not exceed crop
needs, no NO3 woulc be available for leachirg (Pratt et al., 1972).
Power and Alessi (1971) similarly concluded that as long as the
fertilizer N application rate was less than the rate of total N re-
moved by the harvested crop, it was unlikely that an increase in
the NO, loss would occur.

B

In addition, because NO3 requirements will vary between differ-
ent cropping systems, nutrient losses in accelerated subsurface
runoff will also reflect the effect of the cropping system, as
well as fertilizer application. In fertilizer N trial experiments
in southern England, Tomlinson (1971) found that arable crops
usually recovered no more than 50% of the N applied, whereas gruss
recovered up to 80%. Bolton et al. (1970) also reported that the
NO, concentration of accelerated subsurface runoff from a clay soil

3
in Ontario was highest from unfertilized and fertilized (112kgN ha 1)



corn in rotation (8.5 and 14.0Omg 1-1, respectively) and second year
alfalfa sod (4.7 and 8.6mg 1_1, respectively), whereas it was appre-
ciably lower in accelerated subsurface runoff from a field in blue-
grass sod (0.3 and 0.7mg 1_1, respectively). Less specifically,
Cooke and Williams (1970) observed higher NO, concentrations in
accelerated subsurface runoff from arable are;s (average concentra-
tion 22.°5mg 1_1) than from grassland (2.3mg 1—1) at Woburn, Ingland.
In contrast, croppying systems have little or no effect on the concen-
tration of P forms in accelerated subsurface runoff (Lolton et al.,

1970; Zwerman et al., 1972).

The literature indicates that P and N fertilizer application
rates, and the type of crop and soil, can influence the amounts of
P and N forms transported in accelerated subsurface runoff. There
is consequently, a large variation in the amounts of P and N trans-

vorted in accelerated subsurface runoff from different areas.

2.2.2.2 Natural subsurface runoff. The rate of water

percolution through the soil profile as natural subsurface flow,

will be markedly lower than that moving to the tile lines as accele-
rated subsurface runoff. Consequently, it is likely that the

concentration of P and N forms in natural and accelerated subsurface
runoff will not be the came. Several workers have in fact reported
lower DIP and higher NO3
tile drainage (Burwell et =21., 1974; Gilliam et al., 1974; Thomas

concentrations in subsurface flow, than in

and Barfield, 1974). In the case of DIP, a longer time of contact
between the subsoil material and natural subsurface runoff compared
to accelerated subsurface runoff, will result in a greater removal
of DIP from natural subsurface runoff. Lower NO3 concentrations

in accelerated compared to natural subsurface runoff, may be due to
dilution as a result of a larger water discharge as accelerated sub=-
surface runoff and a smaller depth of soil profile from which the

NO, can be leached before accelerated subsurface runoff leaves the

%)

soil profile.

Although the amounts of P and N forms transported in subsurface
runoff cannot be measured quantitatively, it appears that marked
variations in the concentrations of N forms, and to a lesser extent

P forms, in subsurface runoff can occur, as a result of different



fertilizer applications and cropping systems. No evidence has
been reported to indicate that fertilizer application can increase
either the concentration or losses of P forms in sutsurface runoff,
except in very candy soilc, where high rates of percolation and low
P-sorption capacities of the soil can result in significant leach-
ing of P (Cooke arnd Williams, 1970; Kurtz, 1970; Tomlinson, 1971;
Viets, 1975).

In a study of the North Carolina coastal plain, Gilliam et al.
(1974) reported that the concentration of NO}’ in subsurface runoff
from cultivated and fertilized fields was greater than that from
adjacent wooded areas. The cdata indicated, however, that the con-

centration of NO, was not related to the crop grown, but to the

degree of aeratiin, such that NO3 concentrations may be higher under
the better drained sites than under adjacent wetter sites, due to

an increased rate of N mireralisation and nitrification. Similarly,
Nightingale (1972) obtained a positive correlation between the rate

of fertilizer N application and NO5 concentrations in the soil solu-
tion. Although the NO, concentration of subsurface flow increased,
it was apparent that otger factors were influencing the concentration
of NO3 in subsurface flow.

Schuman et al. (1975) indicated that considerable NO, leaching
below the root zone could oocur in a corn-cropped catchme;t in Iowa,
when excessive rates of fertilizer N were applied and water perco-
lated through the rooting zone. Once the N had moved below the
crop root zone it is potentially a subsurface runoff pollutant.

More recently, in a further report of the same study area in Iowa,
Burwell 23 gl. (1976) concluded that in order to control the losses

of N in subsurface runoff, it was necessary to apply fertilizer N

at rates that do not exceed crop needs.

2.3 Amounts of Phosphorus and Nitrogen Forms Transported in

Stream Flow

The amounts of P and N forms transported in stream flow, as
measured at the watershed outlet, represent an integration of all
hydrological and chemical processes that affect water movement and

modify P and N concentrations after their derivation from the various



sources.

In streams draining forest catcaments, only minor fluctuations
in the concerntration of DIP, TP and NO, have been reported. Jifoh o
toth native and exotic forest catchmengs in New Zeuland, White (1972)
observed a mean DIP concentration of 0.011mg 1-1 which varied only
slightly (0.004 to 0.027mg 1—1) with a change in the rate of stream
discharge. Also, Schreiber et al. (1976) obtained mean annual DIP
and NO, concentrations of 0.01 and 0.07mg 1—1, respectively, for
streamjflow in five pine catchments in Mississippi, which varied
from only 0.008 to 0.015, and 0.03 to O.1mg 1™7 for DID and NO5’
respectively. Similar concentrations of P and N in streams from
forested catchments have also been observed in other studies but
with no apparent relationship to changing flow rate (Sylvester,

1961; Brink and Gustafson, 1970; Hobbie and Likens, 1973).

It uappeurs that the concentrution-flow relationchips of P and
N forms in forest streams are similar to those in subsurtface flow.
BEecause surface runoff will be minimal, due to canopy irnterception of
precipitation (Syers and Ryden, 1973) the major proportion of stream
flow draining stable forest catchments will be derived {rom sub-
surface runoff. In agreement with thais, Johnson et al. (1976)
found that the mean annual DIP and TDP concentration in stream
flow from a forested catchment in New York, was 0.005 and 0.013mg
T, respectively, compared to average concentrations of 0.006 and

0.014mg 1_1 in subsurface runoff, sampled in six wells in the same

catchment.

The literature suggests that the concentrations of P and N
forms in streams draining agricultural catchments generally increase
with increasing flow rate (Muir et al., 1973; Johnson et al., 1976).
McColl et al. (1975) observed that soluble P and N concentrations
in a stream draining a gently-rolling pasture catchment in New Zea-
land, reached a maximum in the initial stages of a rapid rise in
stream flow. These workers suggested that as flow rate increased,
the potential for P and N to enter streams also increased. With
a further increase in stream flow and subsequent recession, the
reservoir of soluble P and N within the catchment, is depleted, with
the result that stream concentrations rapidly decrease. A similar

"flushing" of accumulated soluble nutrients during tkhe initial
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stages of storm flow has also been observed by Walling and Foster
(1975) for several catchments in Devon, Englani. Both studies showed
that the rise in the concentration of P and N forms, with an initial
increase in stream flow, diminished with a subsequent secondary rise
in flow, substantiating the idea that the sources of P and N are

being gradually depleted during storm flows.

In catchments which have undergone urtan development, surface
runoff is expected to constitute the major proportion of stream
flow (Ryden et al., 1973). In contrast to forest streams, the
concentrations of P and N forms in strecams draining urban areas are
generally high and show marked changes with flaw rates. Although
the particulate P concentrations of urban storm flow tend to increase
with an increase in stream flow (Harris et al., 1972), the concentra-
tions of dissolved materials have been reported to decrease with in-
creasing flow rate (Wang and Evans, 1970; Olsen et al., 1973;
Schreiber et al., 1976).

Sampling the rise and fall of stream flow more intensively,
Johnson et al. (1976) reported that the peak DIF councentration,
which was up to two orders of magnitude greater than low-{low cun-
centrations (0.07mg 17 '), preceded maximum tlow, indicating that
inputs from surface runoff and release from stream-bed sediments
contributed to the increased DIP councentrations. Hydrograph analy-
sis showed that maximum DIP concentrations coincided witn a rapid
but minor rise in flow, as a result of increased surface-runoff in-
puts. Further analysis showed that DIP concentrations were reason-
ably well correlated with the ratio of surface to total runoff.
Consequently, during the initial stages of a rapid rise in stream
flow, surface runoff, containing high P and low N concentrations
(Section 2.2.1), will contribute the major proportion of water dis-
charged in stream flow. As the rate of water discharged in surface
runoff decreases, subsurface runoff, containing low P and high
N concentrations (Section 2.2.2), will contribute an increasing pro-
portion of the water discharged as stream flow. During stream flow
recession, subsurface runoff will be the sole contributor. Catch-
ment hydrology willytherefore,be of major importance in determining

the fluctuations of P and N concentrations in stream flow.

The amounts of P and N forms transported in stream flow from
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statle forested catchments, reflect the chemical and piysical factors
which affect P concentrations in groundwater and subsurface runoff,
(kyden et al., 1973), because of minimal amounts of surfuce runoff.
Conseauently, the amounts of P and N transported in streams draining
stable, unfertilized forested catchments provide "vackground" or
"natural' levels against which the amounts transported from forest
catchments which have bcen clecared and developed into productive
farmland and urban areas can be compared (Syers anc Ryden, 1973;

Johnson et al. 16576).

It is apparent that the amounts of P forms transported from
forested catchments are lower than thocse from catchments of different
land use. Ryden et al. (1973) cited six studies of P locses in
streams draining forested catchments; the range in the amount of
TP transported was from 0.2 to 0.68kg ha_1 y_1. The amounts of N
forms transported in streams draining forestecd and agricultural
catchments, however, appear to be more variable than those of P forms
from area to areua. Because the concentration of N forms in preci-
pitation is high compared to P forms (Section 2.1.1), the losses of
N forms in streams draining forested catchments, and in some cacses
N-fertilized agricultural catchments, are dominated by the input of
N in precipitation (Taylor et al., 1971) . Consequently, a variation
in the composition and quantity of precipitation from area to area
may account for the lack of any relationship between N losses and

land-use and management in different areas.

As a result of the low loss of P forms in stream flow from
forest catchments, and the large input of N forms in precipitation,
stable forested catchments are normally conservative of both P and
N forms. This is illustrated by the data presented by Schreiber
et al. (1976) for five pine watersheds in Mississippi, which showed

1

net gains of 0.02 and 2.8kg ha” y_1 of DIP and NO respectively,
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from precipitation. Taylor et al. (1971) reported that a woodland
catchment in Coshocton, Ohio, which had received no P or N fertilizer

in the past 35 years, accumulated 0.12kg ha” y-1 TDP and 18kg ha” |

-1
y TN. In addition, net gains of P and N by undisturbed forests
have been reported by Hobbie and Likens (1973) and Likens et al.
(1970), respectively. Although net gains of P ard N forms can

occur on an annual basis, Schreiber 32.3&‘ (1976) reported that net

gains of DIP and NO3 decrease as runoff increased for individual



storm events in forested catchments.

The development of forestland results in an increase in the
amounts of P and N forms transported in stream flow, especially
in the initial stages of clear cutting. Aubertine and Patric
(1974) observed that when one of two adjacent catchmentsz in West
Virginia, which had previously lost similar amounts of P and N, was
clear cut, the amounts of water discharged and P and N forms, and
sediment transported increased slightly. The increase in strecam
flow represented a reduction in water loss by evaporation. As
reforestation continued, transpiration and rainfall interception by
the developing regrowth increased, and stream flow and nutrient
lossecs declined to precutting levels. In a similar study in New
England, Marks and Borman (1972) found that nutrient losses were re-~
lated to the rate of revegetation and tkhat the losses rapidly re-

turned to the steady-state observed before deforestation.

In contrast, Hobbie and Likens (1973) found significant increases
in the loss of nutrients in stream flow after clear-cutting. When
one of two comparable forested catchments at Hubbard Brook, New
Hampshire, was cleared and regrowth stopped in the subsequent three
years by herticide treatment, an increase in stream flow of 40% in
the first year and 26% by the third year occurred, compared to that from

the undisturbed catchment. The loss of TP increased from 0.02kg ha-1

y—1 to 0.20kg ha-1 y—1 after clearing as a result of a 19-fold in-

crease in particulate P transported. The latter P form contributed
90% of the TP transported after clearing, compared to only 57% prior
to clearing. Consequently, there was a net gain of 0.06kg ha-’I y"‘1
P in the undisturbed catchment, whereas after clearing a net loss of
0.10xg ha_’| y-1 P was observed. The conversion of stable forested
catchments to agricultural land is expected to cause a marked in-

crease in the losses of P and N.

Although the losses of P and N in streams draining pasture
catchments are greater than those from forested catchments (Taylor
Ei.zl., 1971), they are usually lower than those from cropped catch-
ments. From the sampling of several streams in Nebraska, Muir
£E'g£. (1973) observed that the losces of I and N were related to
the intensity of cultivation and the proportion of land devoted to

leguminous pasture growth. This correlation probably reflects the



greater vegetational covering of the ground with pasture, with a
subsequent reduction in the P and N movenment to the streuam in coil
particulates, and a lower amount of P and N leachable from pusture

as opposed to crop residues (Timmons et al., 1970; Muir et al., 1973).
Similarly, Olness gi‘gi.(1975) found that the losses of TP, DIP,

NOE’ and TN were lower from a pasture catchment under rotational

grazing than from three cropped catckments (Table 2.4). Signifi-

: -1
cantly, higker locses ol TP, NO}, and TN (4.60, 1.80, and 7.87kg ha

y_ , respectively), nowever, were lost from unfertilized pasture

that was continuously grazed, than from rotatiornally-grazed paztiuce

and in the majority of cases, fertilized crops. Thece results suggest
that the locsses of P and N formscan be appreciable trom intensively-

grazed pasture.

A number of studies have shown that increased losses of P and

N in streams draining agricultural catchments are associated with
fertilizer application. From studies carried out in New Zealand,
Fish (1969) suggested that the eutrophication of lakes in the Roto-
rva area was accelerated by topdressing with superphoszphate and
measured a 100-fold increase in the concentration of DIP after

aerial topdressing, in the Waingaeha stream which drains into Lake
Rotorua. Because ecach sample was only collected at two-week inter-
vals, it is not possible to obtain a reliable estimate of the P load-
ing. 1t has also been suggested that an increased amount of reuctive
P trancported into the Tomohawk Lagoon near Dunedin (Mitchell, 1971)
and from the number five catchment at Taita (White, 1972), resulted
from topdressing. An intensive sampling programme of stream flow

in the Puketurua catchment, Whangarei, before and after two super-
phosphate aprlications was carried out by McColl et al. (1975).

They estimated that in the first and secord post-fertilizer floods,
1.4 and 0.55% of the applied P (56 and 62kg ha” 15% potasgc super-
phosphate, respectively) was lost. These amounts correlated well
with the amount of fertilizer P falling in the dry-stream bed during

application.

Kilmer et al. (1974) concluded that P and N losses in stream
flow from two steeply-sloping, differentially-fertilized, grassed
catchments in North Carolina, were not significantly increased by
fertilizer additions. Annual losses of P were negligible and

fertilizer P had no apparent effect on P losses in stream flow.
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In the case of N, locses in drainage water over a four-year period
from catchments receiving 112kgN ha-1 ard 448kgN ha_1 amounted to

6 and 10% of thut added. Cuch losses of N cun hardly be considered
insignificant. Although Olness EE.EE! (1975) did not find any re-
lationship betwecen the losscs of TP or TN in streams draining cropped
catchments in Oklahoma and fertilizer application, losses were re-

lated to sediment transport. The loss of soluble P arnd NO on the

29
other hand, appeared to be related to fertilizer applicatio;, even
though the net loss of DIP and NO3 from any of the catchments was

no more than 3 and 5% of the added fertilizer P and N, respectively.
The amounts of DIP and NO, transported from eight hydrologically
similar agricultural catcgments in Kentucky were meacured over two
years by Thomas and Crutchfield (1974). The highest NO, loss occurred
in both years from a catchment which received little fer;ilizer and

and was essentially all in bluegrass pasture. One intensively-
cropped catchment showed rather high values for NO, in stream water,
whereas the others did not. Phosphorus contents gf the waters were
directly related to the geological formations through which the

streams flowed. The highest P losses occurred in a stream draining

a pasture catchment having soils developed from a limestone rich in

P. Two streams draining intensively-cultivated catchments on allu-
vium and loess, low in native P, showed minimum P losses. The close
relationship between catchment geology and P and N in streams, there-

fore indicates that this fuctor, even more than lund use, can be of

prime importance in determining the nutrient contentu of walcers.

The fturther development, by urbanisation, of catchments results
in drastic changes in drainage patterns and increased losses of P
and N in streams draining these catchments. Studies by Lee ¢t al.
(1969) and Lee (1973) of the amounts of P forms derived from various
sources in Southern-Central Wisconsin showed that the conversion of
undisturbed, forested catchments to cropped farmland resulted in an
approximately ten-fold increase in TP losses. A further twenty-
fold increase was observed with the conversion of cropland to urban
areas. In studying P losses from urban catchments in Madison,
Wisconsin, Harris et al. (1972) and Kluesener (1972) suggested that the
leaching of leaves and seeds, coupled with reduced infiltration,
resulted in increased P losses from urban compared to agriculture
catchments. Similar losses were observed by Wiebel et al. (1964)

for an urban catchment in Cincinnati, Ohio. In addition, Ryden



et al. (1972%) indicated that urban development maximised the possi-
oility of erosion,should surface runoff occur,by exposing large

areas of bare soil. Conseguently, high particulate P losses could

be expected.

Point-sourcec inputs of industrial and human effluents from
sewage treatment plants can add significant amounts of P and N to
urban streams. Engberg (1971) and Olson et al. (1972) reported
that human density was the predominant influence on the P, N, and
sediment locses in several strcams studied in Nebraska. In a
stream draining a rural catchment in central New York, Johnson et
al. (1976) found that the Dryden sewage plant increased P and N
losses in stream flow by a factor of 10 to 20-fold. For example,
the flux of DIP up-stream of the sewage plant was about C.Z2kg

cay , whereas a flux of 3.8kg day—1 was measured below the plant.

Information on the relative significance of runofr types to
tke P and N loadings of stream is limited. The overseas work that
has been reported, suggests that subsurface flow can contribute the
major proportion of flow and NOB' but only a minor proportion of
the P losses to a stream (Minshall et al., 1969; Jackson et al.,
1972; Burwell et al., 1974, 1976). Ir a more recent study,
Johnzson et al. (1976) proportioned the loss of DIP in a stream
draining a rural catchment in central New York into three main
sources. They estimated that of the DIP lost in the stream during
the 198-month study, 44% was derived from ratural biogeochemical
processes, 22% was derived from diffuse sources in surface runoff
associated with farming,and the remaining 34% was derived from point
sources, mostly domestic sewage. This type of information is ne-

cezsary where attempts are made to control P inputs into waterc.

2.4 Modification of Phosphorus Concentrations in Surface Waters

It was apparent from the data reported in the previous section
that the amounts of DIP added in precipitation to agricultural
catcnments are not the same as the output of DIP from the catchments
in stream flow. There is, therefore, an interaction between the

soluble P in the waters and the soils and sediments through which



the waters pass, which may involve sorption, eesorption, and
digsolution reactions. These interactions thus determine the P
concentration at the catchment outlet. According to Taylor and
Kunishi (1971), and Kunishi et al. (1972), variables such as the
source and amount of P available to be leached, the soils through
which the water moves on its way to the stream, the types and
amounts of sediments lining the stream channel and suspended in
stream flow,and the velocity of the various runoff types and
gtrcam flow, can all affect modification of the DIP concentration

during its movement in runofi trrough the catchment.

The types of reactions involved in the modification of DIP
concentrations are believed to be the same regardless of whether
they occur under conditions existing in surface runoff, streams,
or in the soil profile, discussed earlier (Section 2.1.2.1) (Ryden
and Syers, 1973). Consequently, these reactions will be of major
importance in the modification of dissolved P concentrations by

suspended particulate material in surface runoff and streams.

Because the concentration of DIP can vary as the rate of dis-
charge of a stream changes (Taylor et al., 197%; Muir et al., 1973;
McColl Eﬁ il" 1975), there must be either a different source of P
contributing when a catchment is hydrologically disturbed by preci-
vitation, a different P sorption-desorption rate caused by a change
in the relative importance of the runoff types to stream flow,
differing soils and sediments contacted by the runoff waters, or
some combination of these. Various studies have investigated the
P sorption-desorption behaviour of soils under simulated stream
flow conditions. The high levels of added inorganic P (IP) and
narrow solution:solid ratios frequently used, do not adequately
simulate the in-stream situation. In studies where soil materials
have not reached equilibrium with the solution phase (Larsen and Court,
1950; Fordham, 1963; White, 1966), and where the levels of added
1P are low (Ryden et al., 1972a, b), the release of 1P to solution
from soil materials is dependent upon the solution:solid ratio.

This is illustrated by the work of Ryden et al. (1972) who reported
that at high levels of added IP and a solution:solid ratio of 50:1)
a B1 horizon was able to sorb more IP than a C1 horizon, whereas
the situation was reversed at lower levels of added IP. At a

solution:solid ratio of 400:1, the two horizons behaved similarly.



The least complex situation appears to exist during subsurface
flow, when consistently low DIP concentrations indicate that the
sediment:water systems may be at an equilibrium (Gburek and Heald,
1974) . Under these low flow conditions, the DIP concentrations
reflect the F-sorbing characteristics of the sub-soil (Taylor and

Kunishi, 1971).

1The potentiully important particulate materials in the corption
and desorption of IP in streams will te not only suspended sediment
from surface runoff, but also eroded and in situ stream-bank material.
In studying the amounts and forms of P transported in stream flow
from a small, topdressed catchment in New Zealand, McColl et al.
(1975) found that although topdressing increased the amounts of
DIP and T? transported from a small catchment, no increase in these
P forms was detected after the stream had passed through a larger
catchment, similarly topdressed. The removal of DIP from solution
P was attributed to uptake by stream-bank and stream-bed material,
and suspended material in the stream. Sorption-desorption studies
carried out by Taylor and Kunishi (1971) indicated that the high
P-sorbing capacity of stream-bank material could account for a de-
crease in DIP concentrations downstream in a catchment in Pennsylva-
nia. Further work by Kunishi et al. (1972) oa the same rural
catchment showed that different DIP concentrations during high and
low stream flow, could be accounted for by a change in the relative
contribution of the various sources of particulate material in the

stream.

From the above discussion it appears that interactions between
the particulate and dissolved phases will influence the DIP concen-
trations in streams draining agricultural catchments. It may be
expected that particulate material from different sources within
the catchment will exhibit a varying ability to sorb or desorb P in

the streuam environment.
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GENERAL METHODOLOGY

2.1 Description of the Catchment

The catchment under study is located adjacent to Massey
University, Palmerston North, New Zealand. The catchment is
long and narrow in shape (approximately 3800m long and 280m wide)
and has aa area of 112ha. Tkis was determined by tracing the
catchment boundaries on stereo-paired air photographs under a

stereoscope and measuring the area with a planimeter.

The catchment consists of one soil type, Tokomaru silt
loam (Pollok, 1975), and is situated on an elevated terrace, cap-
ved with loess blown up from the flood plain of the Manawatu
River. Representative land slopes in the catchment were measured
photogrammetrically and these were approximately one-third 4-7%,
one~-third &-15%, and one-third 16-20% slopes. Although slopes
are smooth and runoff is not impeded by local depressions, drain-
age 1s poor in the absence of artificial drainage. Some 60ha of

the catchment are mole and tile drained.

The moderate fertility pasture of the catchment is used for
tat lamb production, dairying, and beef cattle fattening, with
some forage and grain crops grown for supplementary feed. Main-

tenance superphosphate applications (normally 375kg ha_q) are made.

A Lambrecht continuous recording raingauge was initially
sited adjacent to the lower weir. This was removed after it
was found that the amounts and intensities of rainfall were little
different from those obtained using a similar raingauge sited
approximately 1000m due east of the lower weir. Climatic data
from DSIR Grassland Meteorological Station, 1km from the lower
weir, showed that the average annual rainfall over the period
1936-1976 was 997mm, with an annual average of 180 raindays.
Although no snow was recorded in the Massey Catchment in the study
period, for convenience in comparing with other studies, the term
precipitation is used to describe the rainfall entering the catch-

ment.
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The ephemeral stream draining the catchment is essentially
a first-order stream with a subparalleled pattern of natural
drainage. The first-order channel length is 5.2km with a meander
tactor of 1.3 and a channel fall of 67n. Flow data for the period
1971-1975 indicate that the stream flows for approximately 150 days

per annum.

2.2 Monitoring Installations

Stream flow was continuously monitored uat two sites by cocmpound
weirs consisting of a 900 V notch flanked by wing walls of 2:1
slopes using Stevens F-type meters which continuously recorded stage
measurements. The two weirs isolated a subcatchment of 20ha (Fig.
3,1) within the main catchment. The land within the subcatchment
is owned ty Massey University and was in permanent pasture for
dairy farming during the study period. Stream samples were collect-

ed immediately upstream from each weir.

Two duplicate sets of surface-runoff plots (plots 1 to 4)
were established adjacent to the stream in the subcatchment.
Also two duplicate sets of surface-runoff plots (plots 5 to 8)
were established on adjacent land although not withia the catch-
ment boundary. The slope, area, aspect, and management of thecse
plots are summarised in Table 4.1. Each plot was delineated by
vertical wooden boards, which were buried 20cm deep and protruded
approximately 5cm above the ground surface to prevent up-slope
and across-slope surface runoff from entering the plot. Access
of cattle to the grazed plots (1-4) and the defaecation and
urination behaviour of the cattle did not appear to be affected
by the protruding boards. On each plot, surface-runoff water
was directed by plastic guttering, sunk into the ground, to Childs'

stage recorders which continuously monitored flow.

Approximately 14 of the 20ha subcatchment was mole and tile
drained. The 7-cm diameter mole channels were spaced at 2-m
intervals at a depth of 45cm in the profile, and discharged into
ten tile lines gt a depth of 75cm. Discharge from two lines, drain-
ing areas of 1.1 (area A) and 0.8ha (area B) of gently sloping

(0 to 10) land were continuously monitored for flow by % 900 V-



Faig. 3.1

L2

Scale: 40 cm
to 1km

Map of the subcatchment including surface runoff plots
on 130 (1 and 2) and 6° (3 and 4) slopes, monitored

tile lines draining 1.1ha (A) and 0.8ha (B), and upper
(E) and lower (F) weirs on the stream.
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notch weirs, equipped with Stevens F-type stage recorders.

3.2 Sample Collection

3.3%3.17 Earthworm casts

Production of surface casts of earthworms (dominantly

Allolobophora czliginosa) in the catciament was measured by the

collection at weekly intervals, of casts from the surface of
duplicate O.O9Om2 plots. Cast production was represented by the
oven dry weight (1O5OC) of sample collected.

Z2.%.2 Water samples

Samples were collected in 500-ml polyethylene bottles used
routinely for water sampling. Release of inorganic P from, and
uptake by the container walls was shown to be negligible. sSur-
face anc accelerated subsurrface runoff were sampled manually,
whereas stream samples were collected manually or automatically
with an ISCO automatic sampler. Details of the frequency of
sampling used for each runoff type are discussed in the appropriate
sections. The elapse time between sample collection and initial
processing (filtration) never exceeded 2h. This was because the
DIP concentrations of unfiltered runoff samples may change signi-
ficantly after approximately 4h following collection wken stream

flow was high and the samples contained high concentrations of par-

ticulate material. The concentrations of DIP in filtered runoff
samples were found to remain constant for at least 24h. Never-
theless, DIP was determined immediately after filtration.

Filtered runoff samples for subsequent nitrogen (N) analyses were
routinely stored under refrigeration at 1OC, whereas unfiltered
runoff samples were frozen on arrival at the laboratory.

2.4 Analytical Procedures

Approximately 100rl of each runoff sample was initially



centrifuged at 15,000 rev. min_q for Smin at 230C, using a Sorvall
RC-2E high-speed, refrigerated centrifuge to facilitate Millipore
filtration (<ZO.M5Pm). Work in this laboratory has indicated that
Millipore memtranes released toth DIP and dissolved organic nitrogen

to solutiorn. 'he memtranes were, therefore, prewashed with distill-

ed water before use.

The concentration of DIP was determined on a filtered sample,
as was that of TDP after acid persulphate digestion following auto-
claving at 15 p.s.i. for 45min and neutralisation of the solution
(Environmental Protection Agency, 1971). Total P was determined
on an unfiltered runoff sample following perchloric acid digestion
for 1h, and neutralisation of the resulting extract (O'Connor and
Syers, 1975). The method of Murphy and Riley (1962) was used for
all inorganic P determinations, absorbance being measured at 712nm
using a Unicam SP 1800B Spectropnotometer. Dissolved organic phos-
phate (DOF) was calculated by the difference between TDP and DIP,
and particulate P by the difference between TP and TDP.

Analyses for N forms were carriec out using a Technicon Auto-
analysis systen. The automated Griess-Ilosvay method following
reduction by cadmium (Hendrikson and Selmer-Clsen, 1570) was used
for the determination of NO3 on a filtered sample. Total Kjeldahl
N (TKN) was determined by the automated Kjeldahl digestion of an
unfiltered sample (Terry, 1966). Total N was calculated from the
suz of NO, and TKN. Néhale wad wsaswed as Nog—N but is Subsequently
ol & as Nog far Guveniomce.

The sediment concentration of samples was determined from
the difference between the weights after evapcration to dryness
at 1050C of a suitable aliquot of the unfiltered and filtered
(< O.45Pm) samples.

3.5 Data Processing

A computer programme was developed to process the data
collected for the concentrations of P and N forms, and sediment
at each sampling, and for water flow. Data were transformed to

a form facilitating storage and manipulation, and to enable input
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to eitkher library packages for the direct pliotting of curves and
statiztical aralysis, or to curve-fitting programnes. The object
programme was written in Fortrarn and implemented on a Burroughs
B6700 computer at Massey University. Trne programmes developed
were stored on magnetic tape and the flow and P and N data were
stored as a tave file to assist availability, ease of handling,

and flexibility of programme use.

The following programmes, with variations for print-out re-

strictions, were developec to:

(a) validate the data card input, after the data for
nutrient and sediment concentrations, water height,
and time of collection of each runoff sample were

transferred to cards for input to tke computer.

(b) calculate instantaneous and mean nutrient and
sediment fluxes and flow rates from rlow and con-
centration data, and total loading and total flow
by numerical integration of the linearly interpolat-
ed nutrient flux-time and water flow-time curves,

respectively, over periods of interect.

(¢) plot specific data variables, including water flow
and the concentrations and fluxes of P and I forms
and sediment using a Tektronics storage dicplay
terminal, with the facility to produce a photocopy
of the screen plot. It was also possible to »nro-
duce graphical outsut on a Calcomp plotter by

either terminal or cuard input.

(d) use the library packages for the statistical analysis

of cdata on tape file.

The relative importance of concentration and flow in control-
ling the fluxes of P and N forms in surface, accelerated subsurface,
and subsurface runoff, and in stream flow was assessed by multiple
regression analysis. Nutrient flux was treated as the dzpendent
variable. Because of the greater ease of partitioning variations

among linearly-related components, the data were transformed to
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logarithms.

The sampling interval reguired to reliably evaluate the
loadings of P and N forms in surface, accelerated subsurface,
and subsurface runoff, and in stream flow was investigated. For
the three runoff types, the total loadings of P and N forms were
calculated from a very intensive sampling of & runoff event to
provide a best estimate standard. Estimate deviations are de-
fined as the differeances between estimated, using less intensive
samvling,and the best estimate, with the difference being express-

ed as a percentage of the bzst estimate standard.

FFor each runoff type, proper subsets of the very intensive
sampling were constructed using samples separated by defined time
intervals., A number of such subsets, differing only in the
time of the first samvle, were used to obtain replicate estimates
of the total nutrient loadings for each sampling interwval during
a runoff event. For each sampling interval and runoff type, the

mean deviations and their confidence intervals ware calculated.
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SOURCES AND TRANSPORT OF PHOSPHCRUS AND
NITROGEN IN SURFACE RUNOFF

4,1 Introduction

Information relating to the inputs of P from fertilizer
sources has usually been obtained from surface-runoff plots,
(stoltenberg and White, 19%%; Nelson and Romkens, 1969;

Weidner et al., 1969). This approach was originally developed
to evaluate soil fertility losses resulting from soil erosion.

In New Zealand, Gilchrist and Gillingham (1970) have demonstrated
that fertilizer P can move in surface runoff through improved
pasture. Many surface-runoff studies, however, have employed
small plots and high rates of artificial rainfall,with the re-
sult that it is frequently difficult to relate the data obtained

to natural conditions.

Although the potential importance of dung as a source of P
to surface-runoff waters in grazed catchments in New Zealand has
been suggested (0'Connor, 1968; Elliot, 1971), no experimental
data are available to determine the magnitude of thig eflect.
In addition,there is no information available from which to deter-
mine the relative sigaificance of soil, fertilizer, and animals
as sources of P to surface runoff in New Zealand, as emphasised

by Syers (1974).

A meaningful evaluation of the nutrient loadings of surface
runoff entering streams requires determination of the requisite
intermittent sampling frequency to satisfactorily estimate P a=nd
N losses in surface runoff. Initially, this requires some under-
standing of flow-concentration relationships for th= forms of P
and N in surface runoff. The sampling intervals used have differ-
ed appreciably in surface-runoff studies where nutrient inputs
have been measured. Sampling intervals have ranged from 3min
(Timmons et al., 1973) to irregular intervals during a year (Carter

et al., 1971).

It would be expected that the losses of DIP in surface runoff



I*(}

are related to the ease of releass of P from the solid phase.

If this is the case, then it may be possible to predict the locs

of DIP in the surface-runoff environment. As & result of the
appreciable cost involved in monitoring and sampling surface runoff,
it is clear that laboratory extraction procedures which could be
uszad to predict the losses of dissolved P in surface runoff would

votentially be useful.

The aims of this part of the study relating to surface ruroff
were to (i) observe the interrelationships between flow, con-
centration, and flux of P and N forms, (ii) determine the effect
of sampling freguency on estimates of the loadings of I' and N
forms, (iii) evaluate the relative sigaificance of soil, ferti-
lizer P, and grazing animals as sources of P and N forms as deter-
mined in field-plot studies urncder naturzl rainfall conditions, and
(iv) investigate the potential of using soil extraction data to

predict the loss of dissolved inorganic P in surface runoff.

L,2 ¥daterial and Methods

Surface-runoff studies were conducted using the plots described
in Section 3.2, detzils of which are summarised in Table 4.1. No
fertilizer was added to the plots in 1974. In June 1979, powdcr-
ed suverphosphate at the rate of 50xgP ha_1 was added by hand, as
evenly as vpossible, to plcts 2, 4, 6, ard 8. Plots 1 to 4 were
untenced and animals had access to them during grazing events in
the subcatchment. Plots 5 to & were fenced to prevent accesc of

animals.

The sampling interval for surface runoff did not exceed 15min

and was as small as 1min for rapid hydrograph changes.

To investigate the relationship between the amount of extract-
able soil inorganic P and the DIP concentration of surface runoff,
soil samples from plots 5, 6, 7, and 8 were collected at monthly
intervals, from depths of 0-5 and 5-10cm. The field-moist samples
were passed through a 2-mm sieve and 2-g subsamples were shaken

with 40ml of 0.1M NaCl for 40Oh at 22°¢. After centrifugation
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Table 4.1 Details of the surface-runoff plots
Plot number

1 2 5 L 5 6 &

Slope 13° 30 6° 30 6° 20 6° 20
2

Area (m™) 55 55 b1 b1
Aspect SW SW SW NE
Drainage Undrained Undrained Undrained Drained
Land use Grazed Grazed Ungrazed Ungrazed

pasture pasture pasture pasture
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15000rpm for 10min at 230C and Millipore filtration, the extracts

were analysed for DIP. Results were corrected for soil moisture

content and bulk density.

4,2 ®esults and Discussion

4,2,1 Interrelationships between flow, concentration,

and flux of phosphorus and nitrogen forms

The coancentration of P and N in surface runoff and their
relatioaships with flow during one low- (event 1, lig. %.1), two
medium- (event 2, Fig. 4.2a, b; and event 3, Fig. 4.3a, b) and
one high- (event 4, Fig. 4.4) inteansity storm events are presented.
These events cover the range of flows observed during two years of

field monitoring.

The concentration of DIP showed little variation with flow
during the storm of low-intensity (Fig. 4.1). During the storms
of medium-intensity, however, DIP concentration (Fig. 4.2a, 4.3a)
decreased slightly following peak flow, but gradually returned to
the pre-peak flow value. During the high-intensity storm, DIP
concentration varied little (Fig. 4.4). Similar trends were ob-
served for NO3 in the four storms considered,where the NO3 concen-
trations decreased slightly at peak flow,due to dilution by increas-
- ed water flow. A general decrease in NO, concentruation with time
was apparent, with the final concentratio; being slightly lower
than in the early stages of the surface-runoff event. This
probably reflects a dilution of the NO

Barnett et al. (1972).

source, as suggested by

3

During surface runoff in these four events, variations in the
concentrations of both DIP and NO3 were small relative to the dra-
matic changes in flow. Consequently, the concentrations of DIP,
TDP, and NO3 were not significantly correlated to flow (Table 4.2,
last column) in the medium-intensity event (event 2), typical of
those observed, when the 17 samples collected during the event were
used for the correlation analysis. Little variation in coacen-

tration with flow was also ooserved by Nelson and Romkens (1971)
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Table 4.2 Squared standard partial regression coefficients
for the standard regression of 10810 I'lux on log10
concentration and log1O flow, and correlation
coefficients for concentration with flow for P
and N forms in surface-runoff event 2
Squared standard partial Correlation coeffi-

Poor N regression coefficients cient for concen-

form for tration with flow
Concentration Flow
* * * #
DIP 0.1 0.83 0.11
* % * *
TDP 0.01 0.94 0.20
* * * X% * %
TP 0.11 0.53 0.76
* % * % X
NO,, 0.01 0.91 0.20
)
* % * Xk * ¥k
TN 0.01 0.82 0.86

¥ ¥

Values significunt at the 1% level.
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for DIP and by Timmons et al. (1973) for both DIP and NO3'

ln contrast to the data obtained for DIk, 1DP, and NOz, the
concentrations of TP and TN increased as flow increased in all
events (Fig. 4.1, 4.2b, 4.3b, and 4.4), resulting in the fact
that both TP and TN concentrations were significantly correlated
with flow (Table 4.2). It was also observed that sediment con-
centrations in surface runoff varied considerably with flow (Fig.
4L,3a and 4.4) and that peak sediment concentration occurred near,
and in most cases coincided with, peak water discharge. A simi~-
lar relationship between sediment concentration and flow has been

reported by Dragoun and Miller (1966).

Because the concentrations of DIP (Fig. 4.1, 4.2a, 4.2a, and
L.,4), TDP (Fig. 4.2a), and NO, (Fig. 4.1, 4.2a, and 4.3a) were
essentially constant until a ;oint after peak flow, and because
of the nature of the flow-concentration relationship for sediment,
variations in TP and TN concentrations are due largely to variations
in sediment concentration and to variations in particulate P and N
concentrations. This is substantiated by the fact that corre-
lation coefficients of 0.96 and 0.68 (both significant at the 1%
level) were obtained for relationships between the amounts of par-
ticulate P and sediment, and TN and sediment, respectively, trans-
ported in surface-runoff events during the year. Similar high
correlations between P and N, and sediment in surface runoff have
been presented by Thomas et al. (1968), Munn et al. (1973), and
Romkens et al. (1973).

The curves for flux of DIP and NO, (Fig. 4.5a) were similar

to those for flow in all events. Coniequently, only the flux
data for eveat 2 are presented. This similarity is confirmed by
the significantly higher squared standard partial regression co-
efficients (Table 4.2, event 2) for flow than for DIP and NO, con-
centration. In this analysis,the squared standard partial ;e-
gression coefficients indicate the magnitude of the effects of
flow and concentration on P and N flux. In addition, the flux

of TP and TN (Fig. 4.5b) in surface runoff was more closely re-
lated to flow than to concentration (Table 4.2). Part of the

variation in the concentrations of each P form between events is
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probably due to the varying elapse-time since the application

of P fertilizer.

Because of the differing concentration-flow relationschips
for dissolved and total P and N, and the rapid change in PP and N
flux with flow during an event, it is apparent that the frequency
ol sampling required to reliably guantify the transport of P and
N forms in surface runoff will vary. Concsequently, it is impor-
tant to investigute the effect of vuarying the sampling interval
on loading estimates,in order to establish a meaningful sampling
vrogramme which enables the reliable estimation of loadings of

both total and dissolved forms of P and N in surface runoff.

4,%2.2 Sampling frequency

Details of the procedure used to establish the frequency of

sampling of surface runoff have been presented in Section %.5.

The deviation in estimates of P and N loadings generally
increased with an increase in the sampling interval for the typical
surface-runoff event (Table h#.3%). The variability in the rate
of change of concentration with time was greater for TP and TN

(Fig. 4.20) than for dissolved forms (DIP, TDP, and NO Fig.

’
L,2a). Consequently, the deviations in loading estimstes (Table
4.3) were invariably larger for TP and TN than for DIP, TDP, and
NO,. It is apparent that the deviation in loading estimates for
NO/ was greater than that for dissolved P forms at the same sampl-

3

ing intervals, whereas the deviation for TP was less than for TN.

As a result of the significant correlations between flow and
TP, and TN concentrations, surface runoff should be sampled when-
ever a significant change in flow rate occurs. The interval
between base values and the maximum turning point for TP concen-
tration is commonly of the order of 15min (Fig. 4.2b). Conse-
quently, a sampling interval of greater than 15min is to be avoided
for this region of the hydrograph. Deviations in loading estimates
for samples taken at 30-min intervals, even when a sample at peak

flow was included, were still greater than those obtained with a



Table 4.3 Deviations in loading estimates of P and N forms

in surface-runoff event 2

Sampling Number of P or N Deviation in loading estimates
interval Samples Replicates form (%)
O“hb Mean Confidence interval
(95%)

2 L2

10 20 L DIP -1.09 (-2.12, 0.06)
TDP -0.33 (-1.51, 0.85)
TP -0.93 (-13.2, 11.3 )
No3 -0.11 (=2.19, 1.97)
TN -2.97 (15.03, 9.09)

15 12 L DIP -0.76 (-3.0, 1.43)
TDP 0.18 (-1.79, 2.15)
TP ~4.7 (=15.3, 16.1 )
No3 -3.85 (=7.51, =0.19)
TN -3.96 (-14.10, 6.18)

30° 6 4 DIP ~1.21 (-5.1, 2.7 )
TDP =L, 5 =-.8, R.A)
TP -8.9 (-36.0, 18.1 )
No3 -4.39 (~10.25, 1.47)
TN -7.05 (-19.0, 4.9 )

30° 5 4 DIP _28.5 (=60, & )
TDP -33.8 (=75, 0 )
TP ~65.7 (-93, -2 )
NO, -42.1 (=96, 12 )
TN -53.8 (=116, 10 )

Sample at peak flow included.

Sample at peak flow not included.
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15-min sampling interval (Table 4.3). At a flow-sampling
interval of 15min, deviations in estimates of total water flow
were less than 2%. Based on the data presented in Table 4.3

and a similar treatment of surface-runoff events 1 and &, a maxi-
mum sampling time interval of 15min for both the concentrations
of P and N forms, aad flow was selected for subsequent studies,

with the inclusion, where possible of a sample at peak flow.

Ucsing the determined frequency of sampling (19%min), estimate
deviations of P and N loadings were obtained for eleven events
studied. Estimate deviations (Table 4.4) were always lesc than
10%. The results are considered particularly acceptable in view
of the rapid fluctuations in the flux of P and N forms in surface-

runoff events.

4.3.3 Phosphorus and nitrogen transport in surface runoff
as influenced by soil, fertilizer phosphorus, and

animals

Plot variability studies, conducted prior to the application
of P fertilizer and in the absence of grazing cattle, indicated
little variation in the volume of water discharged and amounts of

dissolved P and N forms transported in surface runoff from plots

17 to 4 (all undrained), which differed only in slope, for the ten

events studied (Table 4.5). Also, for the five events studied

prior to fertilizer addition, plots 5 and 6 (undrained) replicated

well, as did plots 7 and 8 (drained). Although only a small pro-

portion of the total number of surface-runoff events were sampled

in the year prior to fertilizer application, the fact that each

of the four pairs of plots showed a similar behaviour in terms
possible

of the criteria considered, made L a subsequent evaluation of the

transport of P and N forms from the plots receiving different

treatments.

L,3.3.1 Soil. The transport of P and N in surface
runoff from undrained and drained Tokomaru silt loam resulting

largely from soil, are represented by the data from plots 5 and 7,
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Table 4.4 Deviation in loading estimates of P and N forms

in the eleven surface~runoff events studied

Selected sampling P or N Deviation in loading estimates (%)
interval (min) form Mean Confidence interval (95%)
152 DIP -1.90 (-6.0, 2.1)

TDP -0.2k (-1.9, 1.5)
TP -2.10 (-7.1, 0.99)
NO, -0.15 (-2.49, 2.19)
™ -0.53 (-1.66, 2.82)

Sample at peak flow included and flow data at 15-min

intervals used.



Table 4.5

ten (plots 1 to 4) ard five (plots 5 to 8) events prior to fertilizer application

Water discharged and forms of P and N, and sediment trarsvorted in surface runoff for

Plot number

Parameter
1 2 3 L 5 6 7 8

DiEckamgd (W° BE ')  Bie 360 360 350 70 70 20 20
DIP (kg ha™ ') 0.23 0.23 0.21 0.23 0.016 0.016 0.00k4 0.00k
TDP " 0.325 0.26 0.33 0.3k 0.018 0.019 0.005 0.005
Particulate P

(kg ha™ ") 0.329 0.29 0.36 0.37 0.013 0.011 0.003 0.00k
TP o 0.7k @75 0.69 o.7% 0.031 0.030 0.008 0.009
NO, 1 0.20 0.18 0.22 0.21 0.061 0.049 0.021 0.017
TN A 0.61 0.63 0.56 0.58 0.10 0.09 0.030 0.028
Sediment " 290 240 230 240 15 14 L L

€9
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respectively (Table 4.6). Each of these plots was unfertilized
and ungrazed. The amcunt of dissolved P (TDP) transported in
surface runoff from the undrained plot was slightly greater than
that of particulate P transported (C.48 and 0.37kg wa y-q,
resvectively). The losses of P forms in surface runoff are
greater than those reported from similar management syctems
overseas, whereas the losses of TN are lower. Burwell et al.
(1975) measured losses of 0.39, 0.68, and 4.10kg ra” y'1 for DIP,
TP, and TN, respectively, from a loan soil under hay in west-
central Minnesota, and Earms et al. (1974) found losses of 0.25,

0.40, and 1.12kg ha_1 y-1 for TP, NO and TN, respectively, from

)
a sandy clay loam under pasture in Siuth Dakota. Even lower

losses of P were obtained by Timmons et al. (1973) from a fallow
loam so0il in Minneﬁota, where annual losses of 0.01, 0.04, 0.07,

and 8.02kg ha-,1 y-1 fior: DIPm TPs NOZ, and TN were measured.

The amounts of water discharged and P and N forms, and sedi-
ment transported in surface runoff from the unfertilized and un-
grazed, drained plot (plot 7i were between 3 and 4 times lower
(Table 4.6) than those from the unfertilized and ungrazed, undrained
plot (plot 5). Tne very much lower volume of surface runoff from
the drained, relative to the undrained plot supports the findings
of Rennes et gl, (1977) obtained using the same plots in the pre-
vious year and indicates the rather dramatic effect of mole and
tile drainage on surface runoff. Burke et al. (1974a) observed
that mole drainage virtually eliminated surface runoff. It 1is
appurent, therefore, that the reduction in surface runoff volume,
as a consequence of artificial drainage,leads to a decrease in the

amounts of P and N forms, and sediment transported.

Although significant losses of P and N in surface runoff occur
from land that has not recently received fertilizer P or recently
been grazed, these losses cannot be attributed solely to soil,
because of previous inputs of P and N from fertilizer and grazing
animals. In addition, precipitation may contribute P and N both

directly and indirectly to surface ruroff. For convenience, preci-

pitation as a source of P and N to surface runoff is considered in
this section because it is regarded as a natural or background

source. In this regard, precipitation is somewhat analogous to



Table 4.6 Annual amounts of water discharged and P and I forms, and sediment transported irn surface

runoff frem the plots receiving the treatments indicated in Tatle hL.1

Flot number

Parameter
1 2 3 L 5 6 7 8

Discharge (m” ha” y_1)1?20 1720 15C0 1500 1330 1330 L4o L40o
DIP (kg ha | y—1) 0.71 2.18 0.4o 1.82 0.33 1.66 C.10 0.42
TDP g 1.08 2.68 0.94 2.28 0.48 1.91 0.13 0.46
Farticulate P 0.7k 2.42 0.68 2.03 0.37 1.76 C.11 0.29
TP 1 1.94 5.19 1.62 Lok 0.85 3.67 0.24 0.75
No3 L 0.56 0.60 0.48 0.45 0.46 0.43 0.18 0.21
TN " 6.69 6.72 5.81 Sz 1.53 1.60 0.5k 0.63

Sediment " 980 agQ 880 g30 670 610 180 170
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soil, in contrast to fertilizer P or grazing animals.

The concentration of DIP, TP, and NO3 in precipitation were
measured in fifteen storms during the second year of study (Table
4.7). The mean concentrations of DIP, TP, and NO3 were 0.008,
0.037, and 0.23mg 1-1, respectively, and showed little variation
from observation to observation. The levels of TN in precipitation
were too low for reliable data to be obtained. Allen et al. (1968)
tound no seasonal variation in the concentration of TP in precipita-
tion collected at various sites in northcern England, although the

amounts of TP ranged from 0.0C9 to 0.002kg ha-1 y_‘l at different

sites.

The amounts of TP and NO3 entering the catchment in a unit
amount of precipitation were 0.004 and 0.023kg ha-1 cm-1, respectively.
Similar amounts (0.002 and 0.039kg na™' cm™! of TP and NO,, respect-
ively) were reported by Burke et al. (1974b) for precipit;tion in

Ireland. Klausner et al. (1974) obtained values of 0.002 and 0.16kg
na"! em”) of TP and NO,
sealund, Miller {19061) reported a TP inpul in precipitation of 0.0002

kg na~' cm™ at Taita.

respectively, in New York, whereas in New

The amounts of DIP and TP added annually to the soil surface
in precipitation (Table 4.7) were less than those transported in
surface runoff from the unfertilized, ungrazed and undrained plot
(plot 5). The amount of NO3

hand, was greater than that lost in surface runoff. It is of

added in precipitation, on the other

interest that Burwell et al. (1975) found more dissolved P and less
NO.j in surface runoff than was contributed annually in precipitation.
It would appear that soil and plant material are more important
sources than precipitation of the P transported in surface runoff
in the present study. The reverse situation appears to be the case
for NO,. Under certain conditions, leaching of litter material ‘
by sur;ace—runoff water could contribute substantial amounts of
dissolved P and N to surface waters. Timmons et El' (1970) re-
ported that soluble P and N in leachates from alfalfa and bluegrass
were greatly increased by drying or freezing, two processes which

occur naturally in the field. The occurence of substantial amounts



Table 4.7 Mean concentrations anc annual amounts of DIP, TP, and NO3 in precipitation, and annual losses

of DIP, TP, and NO3 in surface runoff from the unfertilized, ungrazed and undrained plot

(plot 5)
P and N forms in
Frecipitation Surface runoff
P or N
form Mean Confidence
corncentration interval
- -1 -1 -1 -1 = - -

(mg 1 T (95%) kg ha  cm kg ha y kg L y 1
DIP 0.008 (0.170, 0.06) 0.0C1 0.10 0.33
TP 0.037 (0.040, 0.024) 0.004 0. 29 0.85
;:o3 0.23 (0.25, 0.21) 0.023 2.23 0.46

Total precipitation = 970mm,

49
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of water-extractable inorganic P in pasture litter has recently

been reported by Gillingham et al. (1976).

At certain times of the year, large numbers of earthworm casts
were observed on the soil surface of the runoff plots and of surround-
ing pasture in the subcatchment. Because such casts may be enrich-
ed in P (Graff, 1970; Vimmerstedt and Finuney, 1973), it is possible
thut they could be important sources of both purticulute material
and P in surfacc¢ runoff. Surface cast production in the subcatch-
ment exhibited distinct seasonal variations (Fig. 4.6). Maximum
cast production was observed in early June, gradually decreacing
to a minimum in mid-August, with a secondary rise in production in
September. The factors, contributing to the seasonal variation
in cast production are discussed in detail in Section 8.3.1. The
mean concentration of sediment (ottained from total load divided
bty total flow) in each surface-runoff event during the casting period,
showed similar seasonal variations to cast producticn (Fig. 4.6),
with maximum concentrations in early June and late August and mini-
mum values in July. Further evidence for the contritution of cast
material to the cediment loading, and by inference to the particu-
late P loading of surface runoff, is indicated by the similar par-
ticle-size distribution of surface casts and the particulate material

transported in surface runoff, discussed in Section 8.32.5.

The release of P from the surface (0-5cm) of Tokomaru silt
loam and from earthworm casts has been studied in laboratory ex-
periments and these results are also discussed in Section 8.3.3.
It was observed that the surface soil was able to support a solu-
tion inorganic P concentration of approximately 10% of that usually
present in surface runoff. In contrast, earthworm casts sustained
solution inorganic P concentrations similar to that found in surface

runoff.

4.3.3.2 Fertilizer phosphorus. Following the addition of

superphosphate to plots 2, 4, 6, and 8 in the second year of the
study, surface-runoff samples were collected during each of the

runoff events in the period (approximately four months) when
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produced at the soil surface (solid line).
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surface runoff occurred. Losses of DIP from the fertilized
plots (2, 4, 6, and 8) were approximately four times greater
(Table 4.6) than from the corresponding unfertilized plots

(1, 3, 5, and 7). The ratio of the amount of DIP lost from
the fertilized relative to the unfertilized plots was usually
greater than that for TDP and TP. No significant increase in
the loss of N and NO3 was observed trom plots (2, 4, 6, und 8)
following the application of I’ fertilizer, compared to the un-
fertilized plots (1, 3, 5, and 7; Table 4.6). There was,
however, a greater loss of NO, and TN from the steerer plots

>
(1 and 2) compared to the less-steep plots (3 and 4).

The very good replication within eack pair of plots before
fertilizer application (Table 4.5),allowed estimation of the
losses of fertilizer P in surface runoff by comparing the P
data obtained from the fertilized and unfertilized plots (Table
4.8). Slightly more fertilizer P was lost as DIP (1.47kg ha™ )
from the steeper, undrained plot than from the two less steep,
undrained plots (1.34 and 1.33kg ha—1 from plots 4 and 6, respect-
ively). Similar results were obtained for TLP and TP (lable 4.8).
The mean concentration of DIP, TDP, and TP in surface runoff over
the four-month period, calculated from total loadings and total
flow, were also slightly higher from the steeper, undrained plot
(plot 2) than from the less steep, undrained plot (plot 4, Table
4L.8). For example,the mean DIP concentration in surface runoff
from plot 2 was 1.34mg 1_1, compared to 1.27mg 1_1 from plot 4.
Calculations indicate that 10 and 22% more dissolved P and parti-
culate P, respectively, were lost from the steeper plot (plot 2)
than from the less-steep plots (plots 4 and 6). An increase in
slope would be expected to increase the velocity of surface run-
off and hence its erosional power. Thus, it appears that in-
creased slope will result in an incrcased loss of fertilizer P
as particulate P and to a lesser extent as dissolved P in surface
runoff. This is in agreement with the work of Duley and Hays
(19%22) and Munn et al. (1973) who observed an increase in the

amount of particulate P lost as soil surface slope increased.

The lower amounts and mean concentrations of P forms, derived

from fertilizer P, which were transported in surface runoff from



Table 4.8

Amounts of P forms transported in surface runoff from

fertilized plots,
irg unfertilized plots,
forms transported in surface runoff from fertilized

plots during four monrtas following fertilizer appli-

cation

and mean concentrations of P

corrected for losses from correspond-

Amount of fertilizer

Percentage of added

Mean

P concen-

Plot P transported fertilizer P trans- tration in sur-
ported as face runoff

nurber

DIP TDP TE DIP TDP TP D1P 1DP TP

kg na” % mg 1

2 1.47 1.60 3.25 2.9 B2 6.7 1.3 1.52 3.29
L 1.324 1.44 2.79 2.7 2.9 5.6 1.27 1.26 2.08
6 1.33 1.43 2.82 2.7 2.9 5.7 1.20 1.40 2.89
g 0.32 0.%33  0.51 0.6 0.7 1.0 1.00 1.0% 1.76




the drained, than from the undrained plot indicate that a higher
proportion of fertilizer P entered the soil in the former situation.
This is presumably a consequence of the lower volume of surface
runoff lost from the drained plots (Table 4.6) and hence the
greater volume of water infiltrating the drained soil. A rig-
duction of 90% in the P lost from drained compared to undrained,
fertilized clay soils on 10° slopes under pasture in Irelund was

found by Burke et al. (1974b).

The proportion of added fertilizer P lost as TP in surface
runoff from the undrained plots ranged from 5.6 to 6.7%, of which
between 48 and 52% was in solution (TLP) and between 4% and 48%
was in the dissolved inorganic (DIP) form. For the drained plot,
only 1.0% of fertilizer P was lost, of which 70% was in the dis-
solved form and 60% was in the DIP form. In addition, both of
the undrained, less-steep plots (plots 4 and 6) behaved remarkably
similarly in terms of the proportion of fertilizer P lost (2.7
and 2.7%, respectively, as DIP; and 5.6 and 5.7%, respectively,
as TP).

Thus, a single addition of fertilizer P to Tokomaru silt
loam under pasture which had not been fertilized recently, at an
application rate (50kgP ha—q) similar to that normally used on
this soil,increased substantially the ;mounts of P forms trans-
ported in surface runoff. The losses of fertilizer P from the
undrained plots, where approximately 400mm of surface runoff
occurred, were higher than thoseobtained by workers overseas.
A loss of fertilizer P (56kgP ha_1 added) of 1.2% as "soluble P"
in 250mm of surface runoff from fallow and tilled plots during
a three-month period was observed by Nelson and Romkens (1971).
Smaller losses of fertilizer P (39kgP ha—1 added) as "soluble P"
(0.6%) and as TP (0.7%), were reported from pasture in a six-month
period by Schuman et al. (1973p). Benoit (1974) also obtuined an
average anrual TP loss of 0.9%kg ha—’I after a fertilizer application
of 56kgP ha-1 to a silt loam on a 6° slope under pasture. Conse-
quently, it appears that the data obtained in the present study
for the losses of fertilizer P transported in surface runoff from
undrained Tokomaru silt loam under pasture are greater than those

reported in overseas studies involving similar land management.
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4L,3,3,2 Animals. Six weeks after P fertilizer was
applied, 100 dairy cattle grazed a Lha area, which contained
plots 2 and 4, for a period of 24h as part of the rormal grazing
plan for the farm. The effect of animals on the losses of P
and N forms, and sediment from plots 3 and 4 were isolated from
the effect of fertilizer by using plots 5 and 6 (both undrained
and ungrazed) as controls. This was considered acceptable because
similar amounts of fertilizer P were transported in surface runoff
from plots 4 and 6 (Table 4.8). The data in Table 4.9 suggest
that the one grazing event of 24h duration resulted in significant
losses of P and N forms, and sediment. Furthermore, similar
amounts of P, N,and sediment were lost from the two grazed plots
when the appropriate correction was made for the loss of fertilizer
P from plot k4. Grazing animals had a major effect on the trans-
vort of DOP, where the loss of this P form in the four weeks follow-
ing grazing (0.30kg ha-1 from plot 3, Table 4.9) was twice that
lost in four months from the corresponding ungrazed plots (0.15kg
han1 from plot 5, Table 4.6), and on the transport of particulate
P, where a loss of 0.31kg ha_1 was obtained (plot 3, Table 4.9)
compared to 0.37kg ha” in four months from the ungrazed plot
(plot 5, Table 4.6). The relatively large loss of particulate
P, attributable solely to grazing animals, is consistent with the
large loss of sediment and the close correlation between particu-

late P and sediment discussed earlier.

Because dung has a higher P content than urine (During, 1972)
the former probably contributes much of the P attributable to
animals in surface runoff. It is also probable that increased
quantities of particulate forms of P and N, and to a lesser extent
dissolved forms, are transported in surface runoff from the grazed
plots, because of the effect of surface pugging on infiltration,
resulting in an increase in the susceptibility of soil material

at the surface to removal in surface runoff.

The most significant loss attributable only to grazing animals
was obtained for TN, where 4.18 and.4.11kg ha were lost from plots
3 and 4 in the four weeks following grazing (Table 4.9). This
represents a three-fold increase in the amount of TN lost in four

months from the ungrazed plot (1.53kg ha~! from plot 5, Table 4.6).



Table 4.9

Water discharged, and forms of P and N, and sediment
transpcrted in surface runoff from grazed, undrained
plots, corrected for losses of P and N forms and
sediment from corresponding ungrazed, undrained plots
(plots 5 and 6) of the same slope during four weeks

following grazing

Flot numbtier

Parameter a
B L

Tt GF b 16C 170
DIP (xg ha ) 0.16 G.17
Lop " 0.46 0.47
Particulate P

(kg ha™ ) 0.31 0.27
TP " 0.77 0.7k
NO3 " 0.02 0.02
TN " L .18 b1
Sediment " 210 220

I'ertilizer added.
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In contrast to TN, NO. losses in surface runoff due to grazing

animals were very sma%l (0.02kg ha_1). This may be attributed
to the low NO3 content of dung and urine and to the low soil
temperatures during the winter months which would be expected to
inhibit nitrification (Eedgwood, 1966). In addition, the high
susceptibility of NO. to leaching (Greenland, 1958; Harmsen and
Kolenbrander, 1965) gy infiltration at the beginning of each run-
off event to a depth below which surface soil is eroded (Timmons
et al., 1973) would result irn low NO, levels in surface runoff.

3

It is of interest to compare the loss of NO3 and TN in surface
runoff in the four weeks following grazing with published data for
losses of NO3 and TN following the application of fertilizer N.
Schuman et al. (197%a) reported an annual loss, averaged over three
years, of 0.76 and 2.3%6kg ha™ y_1 for NO3 and TN, respectively,
in surface runoff from a silt loam under pasture followirng an
annval fertilizer N application of 168kgN ha~| as ammonium nitrate.
This annual loss of TN resulting from N fertilizer addition was
lower than that ottained following grazing in the present study
(4.18kg ha—q, Table 4.9), although the reverse was the case for
NO3° An annual loss of NO, over three years of 0.30kg ha-1 was
observed by Jackson et ul. (1973) after an annual application of
168kgN B liquid ammonium nitrate-urea to a sandy loam. This

value is greater than the loss of NO, obtained following grazing

in the present study (0.02kg ha_q, Tible L,9). Moe et al. (1967)
obtainecd losses of N ranging from 5.8 to 33.8kg ha-1 following
the broadcast application of ammonium nitrate at a rate of 224kg
ha—’I to a silt loam of varying surface cover and antecedent
moisture status. Consequently, it appears that under certain
conditions the loss of TN in surface runoff following grazing

with cattle may be greater than that resulting from fertilizer N

addition.

It would be anticipated that because cattle grazed the
fertilized plot (plot 4), subsequent losses of P may be due partly
to an increase in the susceptibility of fertilizer particles to
transport in surface runoff because of the disturbance of the soil
surface. The fact that the increased losses of P and N forms in

surface runoff in the four weeks following grazing were similar
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for fertilized (plot 4) and unfertilized plots (plot 5; Tatle
4.,9), indicates that grazing animals did not increase the loss

of fertilizer P in surface runoff. Consequently, the increase

in amounts of P and N forms transported in surface runoff follow-
ing grazing (Table 4.9), indicated by the plot studies (Table 4.9,
1s attributed to grazing, rather than to an enhancement of ferti-

lizer P loss.

Lh.2.2.4 Relative significance of soil, fertilizer oo

prhorus and animals. Because there was no effect of fertilizer P appli-

cation on N losses in surface runoff (Section 4.%.7.2) und because
the relative significance of soil and grazing animals on the trans-
port of N in surfuce runoff has already been discussed (Section
4.2.%3.3 ), this subsection is concerned with P. The application
of fertilizer P and a grazing event with dairy cattle both result-
ed in an increased loss of both particulate and dissolved P and N
in surface runoff. Comparison of the persistence of the effects
of soil, fertilizerPand grazing cattle on the amounts of P forms
in surface rurnoff can be achieved by using mean concentration data
(obtained from total loading divided by total flow) for each event.
Mean concentrations of DIP and particulate P in surface runoff

from the undrained, fertilized (plot 6) and grazed (plot 2) plots

showed different trends with time.

The grazing event resulted in increased mean concentrations
of DIP and particulate P in runoff for a shorter period than did
a fertilizer application (Fig. 4.7 and 4.8). Although the mean
DIP concentration of surface runoff increased from approximately
0.2 to 1.8mg 1-’I immediately following the grazing of plot 3, the
mean DIP concentration returned to approximately O.2mg l_’I after
25 days (Fig. 4.8). The mean particulate P concentration in sur-
face runoff from the fertilized plot increased to a maximum value
of 2.8mg 1_1 immediately following fertilizer application and de-
creased much more gradually than that of DIP from the same plot
(Fig. 4.7). Although the mean DIP concentration in runoff from
the fertilized plot after 40 days following fertilizer application
was approximately twice that from the control plot, the mean par-

ticulate P concentration in surface runoff from the same plot was
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five times greater than that from the control. Burke et al.
(1974& also noted that tke DIP concentration in surface runoff
decreased to negligible levels 40 days after fertilizer appli-

cation (30kgP ha_1) to a clay soil on a 10° slope.

These results suggest that the addition of fertilizer P had
a more sustained effect on the movement in surface runoff of par-
ticulate P than of DIP. This is rnot surprising given the general-
ly high affinity of most soils for phosphate ions (Ryden elt Bil. ,
1973). With soils which have a greater ability to sorb P, than
the rather low P-sorbing Tokomaru silt loam (discussed in Section
8.3.3 ), an even greater disparity between the losses of fertilizer

P as particulate P, compared to DIP, could be expected.

It was shown earlier that two of the less-steep, undrained
plots (plots 5 and 6) behaved remarkably similarly with respect
to P and N losses prior to fertilizer application (Table 4.5).
In addition, almost identical losses of fertilizer P were measured
from plots 4 and 6 (Table 4.8). Consecuently, it is reasonatble
to assume that similar losses of P and N would have occurred from
plots 4 and 5 if the former had not been grazed during the study
year. Data for plot 5 are used to give the values for soil-
derived P and N in Table 4.10, although as discussed previously,
these would also include P and N from precipitation, plant leach-
ates, and previous fertilizer and animal effects. As discussed
in Section 4.3.%.1, the surface casts of earthworms also constitute
a major potential source of P to surface-runoff waters. I'or con-
venlience at this stage, earthworm casts are regarded as soil.
The losses of P and N forms due to fertilizer P application and
grazing cattle from plot 4 have, however, been established with

some degree of reliability.

From the total annual loss of P and N forms, and cediment
from plot 4 it is possible to calculate the proportion of annual
P transported in surface runoff from soil, fertilizer P, and grazing
cattle sources (Table 4.10). Although the annual loss of P and
N forms in surface runoff from the fertilized, grazed, and undrained
plot (plot 4) are presented in Table 4.10, the data are used in

conjunction with data from the unfertilized, ungrazed, and undrained



Table 4.10

Contritctution of soil,

forms transported in surface runoff from a fertilized,

fertilizer P,

and grazing animals to the &nnual amounts of PP and N

grazed plct, arcd uncraired plot

(plot L)
Amount trarsported due to Percentage of arnnual loss trans-
Loss ported due to
p (kg ha_’I y_1) Soil Fertilizer P Lnimals Soil Fertilizer F Animales
arameter
kg ha-1 3_1 %

DIP 1.83 0.23 1.3h 0.17 17 73 9
TDP 2.38 0.48 1.44 0.47 20 €3 16
Particulate P 2.03 0.37 > 0.27 17 63 17
TP L.k 0.&5 2.79 0.74 19 63 17
NO3 0.45 0.46 -0.03 0.02 102 -7 i
TN 5.71 1.53 -0.10 4,11 27 -2 72
Sediment &30 670 -4 220 80 -5 26

0%



81

plot (plot 5) to obtain estimates of the coatribution of soil,
fertilizer P, and animals to the annual loss of P and N forms in
surface runoff (Table 4.10). As a result the total percentage
contribution of soil, fertilizer P, and animals to the annual

amounts of P and N forms transported will not equal 100.

It can be seen that the major losses of both dissolved and
particulate P forms resulted from fertilizer P application.
The annual losses of ZIP and NO, attributable to grazing are lower

3

than those froin soil alone. Essentially all of the NO3 in sur-
face runoff was soil derived (102% Table 4.10), compared to
grazing animals (4%), whereas approximately half the DIP was
derived from animals (9%) compared to soil (17%). Graziag cattle,
however, were responsible for 72% of the total annual loss of TN.
It is apparent, therefore, that grazing caused greater losses of

particulate N, compared to NO presumably due to the high sedi-

3’

ment loss after grazing.

Although the amount of P deposited by animals as dung during
one day may amount to between 0.05 and O.2kgP ha-’I (During, 1971),
the losses in four weeks after a grazing event ranged from 1%%
(DIP) to 27% (particulate P), of the corresponding P forms lost

during the four-month period after fertilizer P application.

It should be noted, however, that grazing animals were only
present on the plots for 24h. During the winter months when
surface runoff occurs, pasture growth is slow and consequently
the grazing rotation is correspondingly longer. For example,
in the period June to August the grazing rotation oan the farm
where the subcatchment is located is approximately 60 days, where-
as in September it is approximately 320 days. Thus in the period
June to September, when surface runoff occurs, two or at the most
three, grazing events would be the normal practice. The data
suggest, however, that although losses of P in surface runoff
resulting from grazing animals are appreciable, they are lower

than those resulting from fertilizer addition.
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4L.3.4 Prediction of the amounts of dissolved ghosphorus
transported in surface runoff using soil extraction

data

Preliminary results indicated that because NO3 concentrations
in surface runoff from the ungrazed plots were consistently low
during the sampling vcriod, little predictive ability could be

gained from soil extraction data for N.

The amounts of inorganic P extracted by 0.1M NaCl (subsequent-
ly referred to as "extractable soil P'") from the upper Scm of the
four surface-runoff plots throughout the winter of 1975 are shown
in Fig. 4.9a and 4.11a. There was little difference in the
extractable soil P levels between the two unfertilized plots, and
the amounts decreased gradually with time during the sampling
period. Although the soil sampled at the 5-10cm depth contained
lower amounts of extractable soil P, similar trends were observed
for the undruained (l'ig. 4#.10a) and drained (Fig. 4.100) plots.

A similar decrease during winter in the amounts of P extracted

from soils under established pasture has been reportcd by Caunders
and Metson (1971). The application of superphosphate (50kgP ha-q)
in late June resulted in a sharp increase in the amounts of ex-
tractable soil P. Although this fertilizer effect decreased

with time, it was still apparent at the end of the sampling period,

some four months following fertilizer application.

Similar mean DIP concentrations were obtained for surface
runoff from the undrained and drained, unfertilized plots for all
storms during the period when surface runoff occurred (Fig. 4.9b
and 4.11b). In contrast, the mean DIP concentrations in surface
runoff from both fertilized plots increased dramatically in the
first runoff event after fertilizer application. Comparison of
the mean DIP concentrations in surface runoff and the amounts of
extractable P in surface soils from the fertilized plots indicated
an obvious relationship between these two parameters. This re-
lationship was investigated further using regression-correlation
analysis, the results of which are presented in Fig. 4.12 and 4.13.
For the purpose of this statistical analysis, extraction data for

a particular soil sampling were paired with the data for the run-
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off event immediately following it.

Linear relationships with highly significant correlation
coefficients were cbtained for all plots. No significant re-
lationships were obtained for extractable soil P at the 5-10cm
depth for the drained situation (r = 0.56 and 0.55 for unferti-
lized and fertilized plots, recpectively). Similarly, no sig-
nificant correlation was obtained for the undrained, fertilized
plot (r = 0.65). A highly significant correlation, however, was
obtained for the unfertilized,undrained situation (r = 0.93, sig-
nificant at the 1% level), where extractable soil P at the 5-10cm
depth was similar to that for the 0-5cm sampling interval (Fig.
4.,9a).

The regression lines for the undrained and drained plots
(I'ig. 4.12) sumpled at O-5cm were identical in slope and differed
only slightly in intercept. Surface runoff from the undrained,
unfertilized plots, however, contained consistently higher mean
DIP concentrations, for given levels of extractable soil P, than
did that from the corresponding drained plot. It is posgible
that the desorption of P from the higher sediment concentrations
present in surface runoft from the undrained site, shown earlier,

would give rise to the greater DIP concentrations observed.

Regression lines of widely different slope were obtained for
the fertilized plots (Fig. 4.13%). The relationship obtained for
the drained, fertilized plot is similar in both slope and inter-
cept to those obtained for the unfertilized plots. This is the
case in spite of the very much higher DIP concentrations in sur-
face runoff and soil extracts. That this relationship applies
over three types of land management involving large differences
in both the quantities of surface runoff and its DIP concentration,
suggests that it may be possible to predict DIP concentrations in

surface runoff using soil extraction data.

The markedly different regression equation obtained for the
fertilized, undrained plot is thought to have arisen from the

soil sampling procedure used. In this procedure the 0O-5cm soil

samples are passed through a 2-mm sieve, during which process the
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herbage together with much of the upper 0.5-cm layer of soil is
left behind. It is this surface layer, however, which may be
expected to contribute most to the P carried in surface runoff.
Therefore,in situations where the P status of this surface layer
of soil and plant material differs markedly from the soil immed-
iately below, poor prediction of the DIP concentration in surface
runof! would be expected. Such a situuation would arise on re-
cently fertilized, undrairned plots where a lower rate of infil-
tration than on the drained plots, would lead to a reduced incor-

poration of fertilizer P into the soil.

The results obtained in the present study appear to be sub-
stantially in agreement with those reported in a recent abstract
(Calvert et al., 1975) where, for an orchard soil, relationships
were found between DIP losses in surface runoff and DIP concen-
trations in the soil solution of the surface soil. Romkens and
Nelson (1974) also obtained a linear relationship between DIP
concentrations in surface runoff and extractable inorganic P
levels in a cultivated soil. The relationships obtained ir the
present study relate not only to a different system of land use,
namely intensive grassland farming, but also point to the effects
of drainage on the transport of DIP in surface runoff, as influ-

enced by extractable P levels in the soil.

4,4 General Discussion

The data obtained from the runoff plots provide useful infor-
mation relating to the amounts of P and N forms trans-
ported in surface runoff as a result of soil, fertilizer P, and
animals. Up to now, this information has been lacking in New
Zealand (Syers, 1974). Although the dangers of extrapolation from
surface-runoff plot losses are recognised, the plots are uceful
in studying the relationship between the concentration and flux
of P and N forms and flow, and in comparing the effects of differ-

ent treatments on the losses of P and N in surface runoff.

It was apparent that marked fluctuations in the discharge

rate of surface runoff occurred over short periods of time, whereas



the concentrations of P and N, during the same storm, remained
relatively constart. In calculating the P, N, and sediment
loads of surface runoff, therefore, flow data should be included
more freguently than concentration data. After studying the
concentration-flow relaticnships in runoff from an agricultural
watershed in Ohio, Taylor et il' (1971) also concluded that flow

was more importuant than concentration in determining nutrient loads.

The fact that appreciable errors in the loading estimates of
P and N can occur when the sampling interval is increacsed, suggests
that unreliable estimates of P and N loadings are obtained with
infrequent sampling. For this reason, a maximum sampling inter-

val of 15min was employed in the present study of surface runofft.

The greater losses of P in surface runoff obtained in the
present study, than in corresponding oversea:z studies (Burwell Bt
al., 1975; Timmons et al., 1973; Harms et al., 1974), may be
attributed to the heavier applications of [ertilizer I and the more
intensive grazing of pasture in New Zealand. Consequently, the
annual amounts of P transported in surface runoft from recently

unfertilized and ungrazed soil were greater than that input in precivite-

tion, whcreus the sume soil wus conservative of N. A similar
situation was also found by Burwell et al. (1975) for both P and
N.

In approximately four months following the application of
superphosphate to Tokomaru silt loam under pasture at a rate nor-
mally used on this soil, 2.9 and 6.7% of the added P was trans-
ported as DIP and TP, respectively, in surface runoff from an un-
drained 130 slope. These losses were greater than those measured
by Nelson and Romkens (1971) (1.2% as DIP from fallow and tilled
plots), Schuman et al. (1973b) (0.6 and 0.7% as DIP and TP, re-
spectively, from pasture), and Benoit (1974) (1.6% as TP from

pasture).

The artificial drainage of Tokomaru silt loam by mole and
tile lines reduced the volume of surface runoff and amounts of P,
N, and sediment transported in surface runoff from fertilized and

unfertilized pasture. Although the fertilized, undrained 6°
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slope lost 12% less fertilizer P as TP than the fertilized,
undrained 130 slope, a 67% reduction in the transport of TP wus
observed when the fertilized 6O slope was artificially drained.

An even greater reduction in the transport of P from drained
compured to undruined, fertilized soil wus observed by Burke et al.
(1974b). Consequently, artificial drainage could be an important
method of controlling the losses of P and N from unfertilized and
fertilized soils in certain areas, in addition to improving soil

aeration and increasing infiltration rates.

In four wecks following a grazing event of 2bh duration of
pasture on Tokomaru silt loam at the normal stocking rate for the
farm, significant losses of P, N, and sediment were observed.

This was most marked for particulate P and N, where in the case

of particulate P, the maximum mean concentration of approximately
5.0mg 1-1 was observed in the surface-runoff event immediately
following grazing, a value greater than the maximum mean particu-
late P concentration following fertilizer addition. The mean
dissolved ana particulate P concentration in surface-runoff events
following grazing, Lowever, decreased to the pregrazing levels
more quickly than the corresponding concentrations following ferti-
lizer applicutions, with the result that the loss of P attributed
to fertilizer P application (73% DIP and 63% TP) was greater than
the loss attributed to grazing (9% DIP and 17% TP). The sub-
stantial loss of TN following grazing (4.18kg na” y-1) was great-
er than that observed in surface runoff following fertilizer N
application to a silt loam under pasture (2.36 kg ha-’I y-1, Scku-
man et al., 1973u)in Ohio.

Although the data relate only to surface runoff in the catch-
ment under study, they do indicate that significant amounts of P
can be transported in surface runoff from P fertilized, undrained
pasture and that Nyand to a lesser extent P,can be transported

from grazed, undrained pasture.

Because highly significant correlations were obtained between
soil extraction data and P concentrations in surface runoff, soil
extraction data appear to be useful in predicting DIP concentrations

in surface runoff. This was the case for three types of land manage-



ment, involving large diftferences in both the volumer and con-

ST

centrations of DIP in surface runoff discharged.

The data obtainec in the surface-runoff studies presented
in this section are used in subsequent sections to determine
the relative contribution oif the runoff types to the amounts of

water discharged and P and N forms transported in stream flow.
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OURCES AND TRANSPORT OrF PHOSFHORUS AND NITROGEN
IN ACCELLRATLD SUBSURKFACE RUNOL'F

5.1 Introduction

Artificial drainage systems increase the amounts and rates
of infiltration and percolation, thus reducing the contact times
between the soil solution and soil cormporents carable of sorbing
inorganic P from solution. Because of the large volumes of water
discharged in drainage waters and the higher concentrations of
both P and N, than in natural subsurface runoff, this runoff type,
accelerated subsurface runoff, potentially may be of greater impor-
tance to the nutrient loadings of N an forms in an epnemeral
stream. The work of Kohl et El‘ (1972) demonstrated that at peak
NO5 concentration in stream flow, a major prorortion originated
from tile drainage. In addition, the losses of P and N in tile
druinage cun increase due to the application of P (Bolton ¢t ala,
1970) and N fertilizer (Nelson and Weaver, 1571; Zwerman et al.,

1972), and animal wastes (Cooke and Williams, 1970).

The purpcse of this part of the study relating to accelerated
subsurface runoff was to (i) observe the relationships between
flow, concentrations, and fluxes of I and N forms, (ii) detecr-
mine the effect of sampling frequency on the estimates of the
loading of ? and N forms, (iii) estimate the arnual losses of
P and N forms and to investigate the effect of P and N fertilizer
application,and grazing animals on the amounts of P and N forms
transported, and (iv) evaluate the potential of using laboratory
extraction data to predict the losses of DIP and NO, in this run-

3
off type.

5.2 Materials and Methods

Nitrogen was applied as urea (46% N) in early autumn (April,
1975) at a rate of 60kgN e @ Oie AUEE o dheitnte Haa wk B
the subcatchment. In June 1975, a second application of urea
(6CkgN ha™') was made to the area drained by tile line A only
(Fig. 3.1).
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Although both drained areas receivea one application of
fertiliver N, the area (area A) which received a gecond appli-
cation in June is subsecuently referred to as fertilized and un-
grazed, although the area hac been grazed previously. Area E
which only received one aprlication of fertilizer N in April but
was grazed in August, is subsequerntly referred to as unfertilized

and grazed.

Flow from the two tile lines, draining areas of 1.7lha (area
A) and 0.8ha (area B) (Fig. 3.1) was collected at each outfall.
The sampling interval did not exceed 1h and was as low as 5min

for rapid hydrograph changes.

The relationship between extractable inorganic P and NO3 in
the coils ard the DIP and NO, concentrations of tile druinuge was
investigated by collecting s;i] samples from the drained areas at |
10-cm increments to a depth of 60cm, at monthly intervals for 6
months. Field-moist soil samples were passed through a 2-nmm ‘
sieve and 2-g subsamples were shaken with 40ml of 0.1M NaCl for
4Oh at 25°C. After centrifugation at 15,000rpm for 10min at 23°C,
and Millipore filtration, the extracts were analyzed for inorganic
P and NO,. The results were corrected for soil moisture content

3
and bulk density.

5.3 Results and Discussion

5.3.17 Interrelationships between flow, concentration, and

flux of phosphorus and nitrogen forms

Relationships between the concentratior and flux of P and N
forms and flow in accelerated subsurface runoff during a low-
(event 1, Fig. 5.1a, b; 5.2a, b; 5.3), a medium- (event 2, Fig.
S5.4a, b) and a high- (event 3, Fig. 5.5a, b) intensity storm
event are presented. The events cover the range of storm inten-
sities observed during two years of field monitoring. During the
low-, medium-, and high-intensity events, an initial rapid rise
in flow was associated with an increase in DIP concentration (Fig.
5.1a, 5.4a, 5.5a), which subsequently decreased rapidly and consist-

ently with time before peak flow occurred. A secondary increase
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in flow was also associated with an increase in DIP concentration
(Fig. 5.1a). Thece relationshivs reculted in a greater variation
of DIP concentration within a storm event for accelerated subsur-
face runoff (C.02 to O.2hmg 1-1, Fig. 5.%a) compared to surface
runoff (0.30 to 0.33mg 1_1) in the same high-intensity storm

(Fig. L4.4).

The concentration of NO5 increased with an initial increase
in flow but decreased slightly at peak flow (Fig. 5.%b, 5.4a, 5.5a).
As flow decreased, hLowever, NO5 concentrution gradually increased
to the prepeuk 'low vulue. A subsequent increacse in flow reculted
in a decrease in NOZ concentration (Fig. 5.1b).

The concentration of TP increased wiih an initial increase
in flow (Fig. 5.2a, 5.4b, 5.5b), reaching a maximum before peak
flow. The similar variation in concentration with flow for both

DIP and TP contrasts with the situation for surface runoff (Section

L.2.,1). During a low-intensity event (Fig. 5.2b) the concentration
of TN varied in a similar manner to that of TP. During events

of greater flow, however, the TN concentration remained essentially
constant throughout the event (Fig. 5.4b, 5.5b). With the excep-

tion of NO the concentration of P and N forms were significantly

51
related to flow (Table 5.1) in event 2, which was considered typi-

cal of those studied.

Both the primary and secondary increase in TP concentration
(Fig. 5.2) during the storm event were asscciated with an increase
in sediment concentration (Fig. 5.%). For DIP this secondary in-
crease in concentration may be due to the release of inorganic P
to solution from the increased concentration of particulate P in
the discharge. On the other hand, a secondary increase in flow
was associated with a slight increase in TN and a decrease in N03°
A small increase in particulate N may account for the variation
in TN concentration, whereas the decrease in NO3 may be the result
of dilution. Kohnke (1941) reported that nutrient concentrations
were higher at the beginning of accelerated subsurface-runoff events
than at peak discharge. It is probable that the decrease in DIP
and NO3 concentration at peak flow may be the result of dilution

by increased water volume, Similar concentration-

flow relationships to those observed in the present study have



10z

Table 5.1 Squarec standard partial regrezsion coefficients {for
the standard regression of log;,IO flux on log'1O con-
centration and logqo flow, and correlaticn coeificients
for concentration with flow for P and N forms in
accelerated subsurface-runoff event 2

P or N Squuared standard partial Correlation coefficient

form regression coefficients for concentration with
tor flow
Concentration Flow
* x * *
* % -
DIP 0.12 0.52 0.61
* % x* K * *x
TDP 0.0k 0.67 0.73
* * * % * x
TP 0.19 0.37 0.75
* * * %
No3 0.11 0.84 0.15
* %k * % x ¥
TN 0.13 0.77 O0.k4

* %

Values significant at the 1% level.



also been reported by Hergert et al. (1974) for DIP, and by

Baker et al. (1975) for NO..
—— J

Sediment concentration increased with increasing flow, reach-
ing a maximum value before peak flow, with a subsegquent grudual
decrease in concentration (Fig. 9.3, S.lib, 5.5b). h secondary
increase in flow resulted in an increase in sediment concentration,
which again peaked before flow (Fig. 5.32). The variation in sedi-
ment concentration in accelerated subsurface runoff was small com-
pared to that found for surfuce runoff, as can be ceen in the high-
intensity event presented. A runge of 200 to 900mg 1_1 in sedi-
ment concentration was observed in accelerated subsurface runoff
(Fig. 5.5%) compared to a range of 400 to 2100mg 1-1 in surface
runoff (Fig. L.4).

The fluxes of DIP, TDP, TP, NOB,and TN were significantly
(1% level) more related to flow than to concentration (Table 5.1).
The fluxes of P forms, however, were significantly less closely
related to flow than to concentration, than was the case for sur-

Tace runoff (Table 4.2).

The duta reported indicute thatl flow was gsignificantly more
important than concentration in controlling the flux of P and N
forms in accelerated sutsurface runoff. Consequently, to obtuin
reliable estimates of P and N loadings, a greater emphasis must
pe placed on includirg more frecuent flow measurements tnan concen-
tration values. As flow measurements are normally recorded con-
tinuously, they should be included in loading calculations as fre-

quently as is practicable.

5.3.2 Sampling freguency

Details of the procedure used to establish the frequency of
sampling of accelerated subsurface runoff have been presented in

Section 3.5.

The deviation in estimates of P and N loadings generally in-
creased with an increase in the sampling interval for flow event

2, which was considered typical of the accelerated subsurface-
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runoff events studied (Table 5.2). An increase in sampling
interval from 8 to 60min did not result in large deviations in
loading estimates. Wnen a sample at peak flow was not included,
however, deviations for the 60-min sampling interval were greater
than those for the 120-min sampling interval. A sampling inter-
val of 240Omin resulted in unacceptably high deviations in loading
estimates (Table 5.2). In contrast to the data obtained for sur-
face runoff (Table 4.3%), a reduction in sampling interval from

8 to %Omin had less effect on the deviation in P and N loading
estimates for accelerated sutsurface runoff (Table 5.2). This

is attributed to the smaller variations in the rates of change in
P and N concentrutions witk time (Fig. 5.1 to 5.5) than was observ-

ed for surface runoff (Fig. 4.1 to &4.4).

Because the variations in P and N concentrations were most
rapid tefore peak flow (Fig. 5.1 to 5.5), tile drainage samples
shouvld be taken more frequently over this initial period, in order
to decrease the deviations in loading estimates. Therefore, a
maximum sampling time interval of 60min was employed before peak
flow, and this was increased to 120min after peak flow, where
the rate of change oI concentration and flow became small and
conniglent with Lime. This approach to sampling is relevant to
different storms because a definable point, peak flow, is used to

determine changes in sampling frequency.

With the above sampling interval and by including flow
measurements every 15min, deviations in the estimates of P and N
loadings for the six events studied in detail were less than 15%
(Table 5.3). Unless adequate attention is paid to the sampling
time interval, however, appreciable errors in the estimates of

the loadings of P forms in accelerated subsurface runoff can re-

sult.

As discussed for surface runoff, the data presented relate
only to accelerated subsurface runoff in the watershed under
study.  With infrequent sampling (Bolton et al., 1970; Carter
et al., 1971) and without estimates of the accuracy of the re-
sulting nutrient loadings (Kolenbrander, 1969) the data reported
for the nutrient loadings and their relative significance can be

difficult to interpret.



Table 5.2

Deviation in loading estimates of P and N forms, and

sediment in accelerated subsurface-runoff event 2

Sampling Nurber of

Parameter Deviation in loading

estimates (%)

interval Samples Replicates
(min) Mean Confidence
interval (95%)
8 144
30 36 L DIP -0.54  (-3.50, 2.40)
TDP -0.75 (-3.20, 1.73)
TP -0.61  (-1.09, -0.13)
No3 -3.83  (-6.23, -1.43)
TN -2.09 (-k.60, c©c.k2)
Sediment -0.46 (=2.36, 1.L4)
60 18 L DIP 0.11 (-6.6, 6.8)
TDP -0.02 (-6.2, 6.2)
TP -0.34  (-8.6, 9.%)
No3 -3.21 (-8.6L4, 2.22)
TN -1.56  (-8.84, 5.72)
Sediment -4.76 (-9.23, -0.29)
60% 16 4 DIP 0.88 (-8.3, 9.2)
TDP 1.00 (-6.6, 7.6)
TP 0.22 (=11.3, 11.59)
No3 -3.34  (-20.1, 14.5)
TN 2.62 (-21.6, 24.2)
Sediment -6.6 (-32.6, 19.4)
120 9 L DIP -1.01 (-8.32, 6.2)
TDP 1.21 (-k.9, 7.5)
TP 0.95 (-9.8, 11.7)
No3 -2.13 (-1h4.6, 7.3)
TN -2.48  (-17.1, 9.2)
Sediment-27.44 (-58.6, 5.8)
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Table 5.2 (Continued)

Sampling Number of Parameter Deviation in loading
interval Samples Replicates estimates (%)
(min) Mean Confidence

interval (95%)

24o L L DIP -7.5 (=47, 32)
TDP -5.4 (-46, 325)
TE -2.9 (-38, 32)
No3 -2.5 (-18, 13)
TN -11.3  (=k7, 24)

Sediment 41.7 (-20, 103)

Sample at peak flow not included.
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Table 5.5 Deviation in loading estimates of P and N forms,and

sediment in six accelerated subsurface-runoff events

studied

Selected cumpling Purumeter Deviation in loading eclimate ()
interval (min) Mean Confidence interval (95%)

a i §

60/120 DIP T (-10.2, 0.75)

TDP -1.6 (-11.6, 8.5 )

TP -1.0 (- 5.1, 4.0)

Noj -0.28 (-1.28, 0.72)

TN -0.30 (-2.22, 1.62)

Sediment -4.8 FE10%, ©.7 )

Sampling interval of 60min prior to, and 120min following

peak flow, with a sample at peak flow included.

I'low data at 15-min intervals used.
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5.3.3 Trazsport of phosprorus and nitrogen forms in
accelerated subsurface runoff as iniluenced by

fertilizer ritrogen azd arnimals

Variability =studies corducted in the two months prior to tke
secona application of urea and 1in the absernce of grazing cattle,
indicated little variation in the volume of water and in the con-
centration and amounts of dissolved P and sediment trancported in
accelerated subsurface runolf from both areas (Tuble 5.4). Slightly
greater amounts of particulate r, NO,, and IN were transported in

3

drainage from the smaller area (area B).

5¢3.%.17 Fertilizer nitrogen. Because both areas

behaved similarly in terms of the loss of P and N forms during
the first two months of tile drainage discharge (May and June),
1t was possivle to evaluate the effect of a second fertilizer N
addition to area A and of the grazing of area B, on the transport
of P and N in accelerated subsurface runoff by using one of the

drairned areas as a control.

Mean NO3 (Fig. 5.6) and IN (Fig. %.7) concentrutions in euch
accelerated subsurface-runoff event during the year (calculated
from the total loadings and total flow for each area) were highest
in May whken the drains first started flowing. Tne initial ferti-
lizer N application of 60kgN ha_1 was made in April, 1975. After
the second urea application in e¢arly July, mean NGO, and TN con-
centrations in the discharge increacsed, reaching a/maximum value
two weeks alter the application (Fig. 5.6, 5.7). Subsequently,
concentrations gradually and consistently decreased, returning to
the pre-fertilizer concentrations approximately ten weeks after
application. Libois (1968) also reported elevated NO, concen-
trations 1n tile drainage for eight weeks following fe;tilizcr N
addition. The meun NO, and TN concentrations of acceleruted sub-
surface runoff from theJunfertilized area (area B), however, de-
creased gradually over the same period (Fig. 5.6, 5.7). In con-
trast, mean DIP and TDP concentrations in accelerated subsurface
runoff from the fertilized area showed no response to urea appli-

cation (Fig. 5.8), decreasing from maximum values in early autumn

(April) and then remaining constant during the period from June



Table 5.4 Discharge of water and amounts of P and N forms, and
sediment transported in accelerated subsurface runotf
during four weeks after the second urea application
to area A

Arca A Arca B
Parameter Mean Total Mean Total
concentration loading concentration loading
i - - - -1 _
(mg 1 1) (g ka T weeks™ ) (mg 1 1) (g ha L weeks 1)
Discharge
b -1 -1

(m” ha L weeks ') 670 750

DIP 0. 064 L2.6 0.059 43.5

TDP 0.095 63.5 0.084 61.7

Varticulate 0.084 56.5 0.070 51.5

l)
ame 0.177 118.9 0.152 112.6
NO, k.2 2850 2.2 1660
2
TN L.7 2140 2% 1750
Sediment 130 90 140 101

(kg e b ks B
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Fig. 5.6 Mean NO. concentration in accelerated subsurface runoff

3

before and after the second urea application and grazing

(dashed line, area A; solid line, area B).
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to September.

The amounts of P and N forms transported in tile drainage
during July after the second urea application are presented 1n
Table 5.k4. The amounts of NO, and TN transported from the ferti-

3

lized area (2.85 and 3.%bkg ha-’I 4 weekan, respectively, area A,

Table 5.4) were greater than those transported from the unferti-

. - e L =1 -1 .
lized area (1.66 and 1.75kg sia L weeks , respectively, area B,
Table 5.4). The increese in loss of NO, and TN from the fertiliz-

S
. ! - ! -1 -1 .
ed area in 4 weeks (1.2 and 7d.4%kg ha L weeks , respectively)

accounted for 2.0 and Z.%0, recspectively, of the applied fertilizer
N. Tre major proportion (87%) of the increased loss in N after
fertilizer application was transpcrted as NO5. The amounts of
both particulate and dissolved P transported in accelersted sub-

surface rvnoff from both areas were similar.

5¢%.%.2 MAnimals. The unfertilized area (area &) was
grazed by 100 dairy cattle at a stock.  rate of 200 cattle ha-1

at the begirning of August, for 12h as part of the rormal grazing
plan for the farnm. Because both areas lost very =imilar amounts
oi P fcrms in the three monthks prior to grazing (Table 5.4, 5.5),
it is possible to evalvate the effect of grazing on P forms trans-

ported in tile drainage by difference between the two areas.

A rapid increuse in the mean concentraticns of NO,, TN, DIP,
and particulate P in accelerated subsurface runoff (Fié. SWE, SV,
5.8, and 5.9, respectively) was observed after the grazing event.
The increase in NO3 and TN concentration (12.0 and 16.0mg l~1,
respectively), however, was not as great as the increase in DIP
and particulate P corcentration (C.23 and 0.70mg 1_1, respectively).
Whereas the N concentrations remained elevated for three weeks,
the P concentrations started to decrease only one week after grazing,
as a result of the low mobility of P in accelerated subsurface run-
off. At this time, the concentrations of NO3 and TN in discharge
from the fertilized area (area A) had orly just reached tte pre-
fertilizer levels, a period of ten weeks after fertilizer appli-
cation (Fig. 5.6, 5.7). It is apparent, therefore, that the graz-
ing event had a less sustair effect on NO5 and TN concentrations

in accelerated sutsurface runoff than the application of urea.
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Table 5.5 Discharge otf water and amounts of P and N forms, and
sediment transported in accelerated subsurface runoff
during May and June prior to the second urea application
and grazing

Area B3
Parameter Mean Total Mean Total
concentration loading concentration loading
{ng 1_1) L weeks (mg 1—1) (g ha”' 4 weeks_q)
Discharge
7 - -_—

(m” ha b weeks ) 100

DIP 0.056 6.2 0.057 DIN7

TDP 0.068 7.5 0.072 ol

Particulate 0.015 1.6 0.024 2.h

TP 0.082 9.1 0.097 o %

No3 10.6 1170 12.3 12%0

''N = B4 1410 4.7 1470

Sediment 10 28 120 25

(kg B & e

)
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before and after the second urea application and grazing

(dashed line, area A; solid line, area B).



116

Although the major proportion of P transported in tile drain-
age was in the dissolved form (80% as TDP, Takle 5.6), grazing
also reculted in a two-fold increuse in the loss of particulate
P (L€.9g ha_1 L weeks-q, Table 5.6) compared to DIP (23.1g ha_1
L weeks-q, Tuble 5.6). The greater effect of gruazing on particu-
late P in discharge was ascsociated with a 50% increase in the
amount ol sediment cuarried, although the volume of watcr wuy re-
duced (Table 5.6). This is probably the result ot the destruction
of earainage channels in the soil profile and surface '"pugging'",
which resulted in a reduced infiltration capuacity of Lhe coil.

At this time, surface ruroff wus observed tc occur from the gently
sloping land (S slope), a situation which was not apparent
prior to the grazing event. As a result, accelerated subsurface
flow increased more gradually from the grazed area during the
first drainage event after grazing, than from the ungrazed area
(Fig. %.10b). In addition, peak tlow from the gruzed urea (area
B, Fig. 5.1Cb) was very much less well-defined ir contrast to
drainage from the ungrazed area (area A, Fig. 5.10b), and for
both areas during the pre-grazing drainage event (Fig. 5.7Ca).
The acceleruted subsurtace-flow hydrograph for the gruzed urea
was still dissimilar to the flow hydrographs for runoff events
from the pre-prazed and ungraved arcus three weeks atter grazing

(Fig. 5.10c¢).

The vclume of water and amcunts of P and N forms,and cediment
transported in accelerated subsurface runoff in four weeks after
the grazing of area B were significantly greater than those trans-

ported from the ungrazec area A (lable 5.6).

Because the losses of N forms from area A (Table 5.6) include
fertilizer losses, it is not possible to gquantitatively evaluate
the effect of grazing on the transport of N. The increased loss
of NO3 from the grazed compared to the ungrazed area (2.1kg ha_’I
L4 weeks_q, Table 5.6) in four weeks is, however, greuater thun thut
lost following fertilizer application (1.2kg ha-1 L weeks_q, Table
5.4), in the same time period. The data in the present study
indicate that in four weeks,larger amounts cf N05 and
TN may be transported in accelerated subsurface runoft after graz-
ing than after urea application.  Because urea application has a

more sustained effect on the concentration of N in tile drainage,



Table 5.6 Discharge of water and amounts of P and N forms, and
sediment transported in accelerated subsurface runoff

during four weeks following grazing of area B

Areca A Area B

Parameter Meun Total Mean Total
concentration loading concentrution loading

- - . - -1 _
(my 1 1) (g hau Tt 1) (mg 1 1) (g ha 4 wceks 1)

Discharge

(m3 L weeks-q) 900 750

DIP 0.049 Ly 6 0.090 ) 67.7
TDP 0.074 66.8 0.118 28.8
lParticulate 0.05% L7.5 0.126 ok .4

1)

TP 0.124 112.5 0.2y nseEme
No.j L.0 3590 7.5 - 5650
TN 5.2 4700 9.7 7330
Sediment 110 100 200 151

(kg har | weeks-q)
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— Area A
---- Area B

Fig. 5.10 Water discharge rate from an ungrazed (area A) and grazed
(area B) tiled area in a flow event (a) 1 week before
grazing, (b) 1 week after grazing, and (c) 3 weeks after

grazing.



119

the loss of N from urea in ten weeks may be greater than that

iost

=

i a result of grarzing.

5.2.3.% Ainnval amounts of phosphorus and nitrogen

Tue to tkhe lack of adequate controls, the amounts

ferms transwnerted in accelerated subsurface runoff from

n¢ unzra- 3 Tokxomaru silt loam could rnct be measured.

Consequently, thre relative cignificance of soil, fertilizer N, and
grauving animals as eources o: the forms of P and N tranesported in
acceleruted subsurface runoff cannot be calculated. The meun
concentrations, the range of observed corcentrutions, and thre
anrual anounts of P and N forms transported in accelerated sub-

surface runoff from both areas are given in Table 5.7.

The mean concentrations of N forms in accelerated subsurface
runoff were much greater than those of P forms, although the meun
concentrations of dissolved forms of P and N were greater than those
of particulate forms. The mean concentration of TDP was slightly
greater tkan that of particulate P (0.08% and 0.Ct6bng 1—1, area A,

Table 5.7), whereas the mean concentration of NO, constituted 8 3%

~
of TN. The average range in the corncentration of P forms in tile
drainage during 1975 (Table 5.7), was much greater tran the range
observed during surface-runoff events during the same year (Fig.

4,1 to 4.4).

The concentrations of DIP, TP, and NO, observed in accelerated
subsurface ruroff in the present study, we;e similar to those ob-
tained in overseas studies. Baker et al. (1975) found mean con-
centrations of 0.0%8, 0.182, and 10mg 17" o DIP, TP, and NO5,
respectively, from a silt loam receiving 122kgN ha_’I every two)
years. Also Erickson and Ellis (1971) measured a range in DIP
concentration of 0.01 to 0.32mg 1_1 and in NO3 concentration of
0.2 to 11mg 1_1, in tile drainage from agricultural land in Michi-
gan. In a study of accelerated subsurface runoff from a silt
loam,to which different amounts of P and N fertilizer had been
applied, Zwerman et al. (1972) obtained increased NO, concentrations

3

associated with higher rates of fertilizer application, whereas

DIP concentration was less affected.



Table 5.7 Annual discharge of water and amounts of P and N forms,
and sediment transported in accelerated subsurface run-
off from fertilized area (A) and fertilized and grazed
area (B)

Area A Area B
Parameter Concentration Loading Concentration Loading
F -1 -1 - -1 =1
(mg 1 T (kg ha y ) (mg 1 1) (kg ha y )
Calculated Observed Calculated Obsgerved
mean range mean range
Discharge
5 -1 -1

(m” ha y o) 1820 1900

DIP 0.058 0.560-0.016 0.11 0.072 0.3253-0.011 0.13

TOP 0.083 0.580-0.026 0.16 0.097 0.404k-0.025 0.18

Particulute

12 0.066 0.650-0.001 0.13 0.094 1.049-0.007 0.17

TP 0.135 1.007-0.037 0.26 0.173 1.36%-0.032 0.32

NO, 557 k9.2 - 1.1 10.6 6.52 26.4 - 1.0 11.9

TN 6.68 56.3 -~ 1.4 12.7 9.50 32.1 - 1.3 14.0

Sediment 157 926 - 26 28% 163 98% - 23 297
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The annual amounts of P and N forms, and sediment transported
in accelerated subsurface runoff from the grazed area (area b),
receiving only one fertilizer N application, were slightly greater
than those transported from the ungrazed and fertilized area (area
A, Table 5.7). The amounts of N forms lost from both areas, how-
ever, were greater than the amounts of P forms. Of the TN trans-
ported, NO, accounted for 80%, whereas in the case of P 61% was
transporteg in the dissolved form. This is in contrast to sur-
face runoff, where there was a greater transport of P and N in
the particulate, compared tc the dissolved form. In addition,
the amounts of P forms transpcrted were greater than those of the

N forms.

The basic differences tetween the transport of P and N in
accelerated subsurface runoff are a result of the differing P and
N soil retention capacities. Whereas soluble P is readily sorbed

by soil components, because NO, is a non-specifically sorbed

anion, it moves freely by diffision and mass transport with soil
water movement (Harmsen and Kolenbrander, 1965) through the soil
profile. The nitrification of N derived from soil organic matter
and urea fertilizer may be enhanced in a drained soil during winter,
where there would be less chance of reducing conditions occurring,

resulting in a potentially large pool of NO, accumulating in the

3

soil. Furthermore, the fixation of NH4 by vermiculite, which is
the dominant clay mineral in Tokomaru silt loam (Pollok, 1975),

would also favour the predominance of NO, in accelerated subsur-

3

face runoff. Low to negligible amounts of NHL+ and high NO3 have

widely been observed in accelerated subsurface runoff (Willrich,

1969; Erickson and Ellis, 1971; Hanway and Laflen, 1974).

-1

1

The annual losses of DIP and TP (0.11 and 0.26kg ha ™ N
respectively, Table 5.7) in accelerated subsurface runoff from the
ungrazed, fertilized area (area A) were greater than those found
by Baker et al. (1975) (0.03 and 0.18kg ha” ' y~', of DIP and TP,
respectively) in accelerated subsurface runoff from an ungrazed,

N fertilized silt loam. In contrast, slightly greater losses of
DIP (0.18kg ha y-q) in accelerated subsurface runoff from a clay

loam also receiving no fertilizer P were measured by Bolton et al.

(1970). T



i =1
Losses of NO, from the fertilized, ungrazed (12.7kg ha y ,
J

-1 -1
area 4) and from the fertilized, grazed (14.0kg ha y , area i)
obtained in the presernt study were less than the average annual

[ y_q) in a study conducted

loss over four years of NO, (31kg ha”
ty Baker et al. (1975) on ; silt loam receiving 112kgN ha = of
fertilizer every two years. In contrast, the losses of NO3
(13.1kg ha |
of 225kgN ha
et al. (1965), were similar to those in the present study (Tatle

5.,

y—q) in tile drainage after a much heavier application

! to a silt clay in California, obtained by Johnston

5.%.4 Prediction of dissolved phosphorus and nitrogen losces
in accelerated subsurface runoff using soil extraction

data

The amounts of inorganic P extracted by 0.1M NaCl from soil
samples collected from the grazed and ungrazed areas decreased
gradually with sample depth. Maximum values were obtained from
the 0-10cm depth and minimum values from the 50-60cm depth, (Fig.
5.11 and 5.12). The amounts of extractabvle soil P in the ungrazed
area (Fig. 5.11) were slightly higher at all depths in autumn (May)
and gradually decreased over the sampling period, to reach a mini-
mum in September when soil temperatures were low and soil moisture
content high. Extractable soil P from area B (lig. $.12) decreac-
ed similarly until grazing occurred in August, when a rise in ex-
tractable soil P was observed in the top 20cm (Fig. 9. 12))l-
Blackmore (1966) also okserved little seasonal variation in ex-
tractable soil P, except when dung or fertilizer P were applied,
resulting in an increase in the extractable soil P levels in both
the surface and subsurface soil. Particularly significant is the
fact that similar trends in the mean DIP concentration of accelerat-

ed subsurface runoff were obtained (Fig. 5.8) during the same period.

The amounts of NO5 extracted by 0.1M NaCl (subsequently re-

ferred to as extractable soil NO,) decreased with sample depth in

3

both areas, as was the case for extractable soil P (Fig. 5.13 and

5.14). The amounts of extractable soil NO, were greatest in May,

2

after urea application, but gradually decreased at all depths until

a second urea application was made in July. A soil sampling one
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Fig. 5.11

Extractable soil P (kg ha™)

Amounts of extractable soil P at 10-cm intervals in the
soil profile from area A during the period when accele-
rated subsurface runoff occurred, and urea was applied in

early July.
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« 5.12 Amounts of extractable soil P at 10-cm intervals in the

soil profile from area B during the period when accele-
rated subsurface runoff occurred, and the area was grazed

in early August.
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Amounts of extractable soil NO3 at 10-cm intervals in

the soil profile from area A during the period when

accelerated subsurface runoff occurred, and urea was
applied in early July.



Oy May June July a. Sept. Oct.

A

Profile depth (cm)

O b W N =

O 0 © O O

t | ! i3 [

126

3
O

o 10 O 15 O
Extractable scil NO3 (kg ha'1)

. 5.14 Amounts of extractable soil NO_, at 10-cm intervals in
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the soil profile from area B during the period when

accelerated subsurface runoff occurred, and the area was

grazed in early August.
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week after the application of urea showed increased extractable

soil NO3 levels at all depths in the profile, with the maximum

concentration at the 10-20cm depth (Fig. 5.13). One month later

the amounts of extractable soil NO, at the 10-20cm depth had de-

creased from 48 to 9.0kg ha—1 10cm L and the profile distribution

[ANN]

of extractable soil NO, was similar to that before the second

3
fertilizer application. Subsequently, a gradual decrease in
extractable soil NO3 levels occurred until October. Extractable
soil NO, levels remained fairly constant during June and July, but

3

a grazing event in August resulted in an increase in extractable
s0il NO3 in the surface 20cm (Fig. 5.14).

Extractable soil NO3 levels obtained one month after the
first urea application in April were similar to the levels one
month after the second application in July (Fig. 5.13). The
maximum NO3 concentration in tile drainage from the fertilized
area (area A), however, was greater in May (20.6mg 1_1, Fig. 5.6),
one month after the first application of urea, than the maximum
NO3 concentration measured after the second application of urea
(16.6nmg 1-1, Fig. 5.6). This suggests a more rapid hydrolysis
and rnitrification of urea, and a greater mobtility of NO3 within
the soil profile in May than in July. In April, soil temperature
is higher and moisture content at an optimum for hydrolysis and
nitrification within the soil because field capacity has rnot yet
been reached. In July, however, soil temperatures are lower
and the degree of aeration decreased because of increasing water
content. Thus, the conversion of NH4 to NO3 would occur at a
much slower rate than during April. Consequently, the NO, con-
centration of tile drainage is expected to be greater afte; an

application of urea in April than in July.

Similar variations in the mean NO3 concentration of tile
drainage events (Fig. 5.6) and extractable soil NO3 (Fig. 5.13,
5.14) were observed. It is apparent, therefore, that a relation-
ship exists between extractable soil P and N and the amounts of P
and N discharged in accelerated subsurface runoff. This relation-

ship was investigated further using regression correlation analysis.

The concentration of DIP in tile drainage from established

pasture varies considerably during a particular flow event (Fig.



Y] Ho Sk Conseguently, it is difficult to estublish a

single parameter to describe the transport of DIP in accelerated
subsurface runoff. The two parameters selected for this purpose
were (i) mean DIP concentration, calculated from total loading
and total flow data for each event, and (ii) the total loading
of DIP transported during an 8-h period of maximum hydrograph
change during each event. In contrast to surface runoff, soil
extraction data (Table 5.8, 5.5) were not significantly correlated
(Table 5.10) with mean DIP concentrations in tile drainage.

Total loadings of DIP, however, were better correlated with the
amounts of extractable P in the subsoil from both areas, particu-
larly at 40-50cm, which was the depth of tke mole channels. The
fact that loadings rather than concentrations of DIP in tile
drainage were so well correlated wit: extractable soil P levels,
suggests that extraction with 0.1M NaCl removes a pool of readily-
leachable inorganic P which is normally exhausted during a flow
event, but replenished between events. The source of such a pool
of inorganic P is not clear. One possibility is the mineralisa-
tion of soluble organic matter leached down the profile during

the preceding rainfall event.

Correlation coefficients for the relationship between the
amounts of extractable soil NO5 (Table 5.11, 5.12) at various
deptns in the profile and the mean concentration and total loading
of NO_ in accelerated subsurface runoff are presented in Table
SEz). As was the case for DIP, mean NO3 concentrations in the
discharge were not significantly correlated with the amounts of
extractable NO3 at all depths, for both areas. Total loadings

of NO,,however, were more closely correlated with extractable soil

1
NO3 dita than was the case for DIP, with highly significant corre-
lations again being obtained at the 40-50cm depth. The corre-
lation coefficients obtained for the grazed, unfertilized area
(area B), were generally higher than those for the ungrazed,

fertilized area (area A).

The loadings of P and N in accelerated subsurface runoff
showed the closest correlations with extractable soil P and N at
the 40-50cm depth. This is to be expected because the mole
channels are situated at this depth and would be the final point

of contact between the soil and percolating soil water entering



Table 5.8 Amounts of extractatle soil P at various depths in the profile throughout the year (1975) and
mean DIP concentration and total DIP loading 1in accelerated subsurface rur.off in storm

events immediately following soil sampling of area A

Soil Sampling date

depth

(cm) 23.5.75 13.6.75 8.7.75 4.8.75 2.9.75 6.10.75
Extractable soil P (kg ha™ ')

0-10 1.61 2.67 2.79 1.48 1.19 2.04
10-20 0.68 1.09 5% 0.69 0.55 0.45
20-30 0.29 0.60 0.69 0.46 0.18 0.27
30-40 0.26 0.43 0.69 0.3k 0.16 0.28
40-50 - 0.33 k55 0.20 0.57 0.14
50-60 = 0.40 0.33 0.30 0.1k 0.12

Total profile 2.8k
0-60

5.52 6.52 3.47 2.79 3.23

Mean DIP Corncentration (mg 1™ ')
0.10 0.07 0.09 0.06 0.02 0.12

Total DIP Loading (g ha )
1.30 2.62 L,52 2.43 6.84 0. 31

62L



Table 5.9 Amounts of extractable soil P at various depths in the profile throughouvt the yeaf (1975) and mean
DIP concentration and total DIP loading in accelerated subsurface runoff in storm events

immediately following soil sampling of area B

Soil Samvling date
Lepth
(em) 23.9.74 16.10.74 23.5.75 13.6.75 8.7.75 L.8.75 2.9.75 6.10.75

Extractable soil P (kg ha_1)

0-10 0.60 1.16 2.79 1.48 2.59 2.07 1.49 1.25
10-20 0.33 0.48 0.95 0.92 1.08 0.74 0.66 0.57
20-30 0.11 0.70 0.55 0.60 0.69 0.38 0.42 0.22
20-40 0.09 0.21 0.27 0.37 0.56 0.40 0.29 0.18
4L0-50 0.06 0.59 - 0.42 0.43 0.19 0.08 0.12
50-60 0.0k 0.11 - C.32 0.0k 0.23 0.10 0.20
Total profile 1.23 3.25 - 4.1 5.39 3.81 2.0k 2.34

0-60

T

0.062 0.149 C.145 0.051 0.033 0.113 0.037 0.086

Mean DIZ Concentration (mg 1~

Total DIP Loading (g ha-1)
0.18 L.o€ 1.76 3.14 2.76 2.69 0.30 1.30

o¢lL
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Table 5.10 Relationship between mean DIP concentration and DIP
loading of accelerated subsurface runoff and amounts
ol extlractable soil P al different depths exprensed

as correlation coefficients

Relationship between

Soil Mean DIP concentration of DIP loading of discharge
Depth discharge and extractatle and extractable soil P
(cm) soil P
Area A Area B Area A Area B
0-10 0.465 0.154 0.172 0.276
10-20 0.082 -0.178 0.263 0.3%58
- *
20-30 0.164 0.156 0.010 0.780
30-40 0.200 -0.428 0.12%0 0.461
* % *
40-50 0.656 0. 331 0.951 0.920
50-60 -0.225 0.171 0.041 0.356
Total profile 0.147 0.272 0.161 0.403

Significant at 5% level.

* X

Significant at 1% level.



Table 9{11 Amounts of extractable soil NO3 at various depths in the profile throughout the year (1975) and

/ -vmean NO foncentration and total NO3 loading in accelerated subsurface runoff in storm events
iﬂhsalately following soil sampling of area A
et i
T
Soil 8 = Sampling data .
Depth —
(cm) 28.5.75 13.6.7 %k 8.7.73 4.8.75 2.9.15 6.10.75
Extfactable soil No, (kg ha 1)

0-10 7.56 3.16 12.22 6.57 5.86 3.98
10 - 20 4.62 2.19 ot 23,53 4.87 5.87 1.61
20 - 30 2.97 1.82448 46.15 474 2.07 1.68
30 - 40 , 2.68 2.4 15.55 1.88 4.00 1.60
40 - 50 - : 1.83 13.94 0.86 1.36 1.09
50 - 60 _ 2.27 9.58 1.12 3.38 - 0.79

Total profileﬁ} |
0- & ﬂfr;gzzb3 13.51 90.97 20.04 22.54 T 1075
e é%ﬂf‘ Mean NO3 concentration (mg L_l)
Yt 20.00 14.00 12.30 8.90 1.11 1.38

Total NO3 Loading (g ha-l)

916 884 1324 313 675 630



Table

5.12 Amounts of extrz=ctatle soil NO, at various dexths in the profile throughcut tre year (1975)and mea:

3

NO5 concentratica and total NGO, loading 1 accelerated subsurface runoff in storm events
J

immeciately following =o0il sampling of arez B

Soil Sampling date
Depth T
(=) 23.5.75 12.6.75 8.7.75 L,8.75 2.9.75 6.70.75
Extractatle soil NO, (kg na” )
pd
0-10 9.15 7.59 9.17 13,73 10.60 5.18
10-20 7.82 4,91 8.58 9.50 6.59 537
20-30 4,89 2.66 5.87 6.15 6.11 Zva9il
30-40 4,00 3.20 4,32 6.08 3.52 Z.84
L0-50 - 10.08 3.88 8.53 3.57 4.72
50-60 = 4,18 2.88 7.78 1.44 z.L45
Total profile
0-60 25.56 z22.62 34,70 51.77 22.43 2L .47
Mean NO3 conceniration (mg 1_1)
22.08 7.20 6.70 7.10 1.70 %.50
Total NO, lozdirnz (g na™"h)
222 L5k 102 317 32 86

N
-~



Table 5.13 Relationship between mean NO, concentration and NC,
2 2

loading of accelerated subsurface runoft and amounts

of extractable so1il NO3 at different depths expressed

as correlation coefficients

Relationship between

Soil Mean NO_ concentration of NO5 loading of discharge
>
Depth disclarge and extractable and extractuable soil
(cm) soil NG, NO.
5 5
Area A Area B Area A Area B
0-10 0.317 0.129 0.608 0.257
10-20 0.178 0.326 0.724 0.066
20=-50 o) 247 0.095 0.670 0.481
30-40 0.154 0.070 0.789 Q.28
* * %
40-50 0.123 -0.424 0.86& 0.988
* % *
50-60 -0.003 -0.335 0.879 0.79¢2
Total profile 0.171 -0.161 0.734 0.446

Significant at 5% level.

* %
Significant at 1% level.



the tile drain.

5.4 General Discussion

Ailthough large areas of productive farmland in New Zealand
are artificially drained, there is no published information on
the zmounts and forms of P and N transported in accelerated sub-
surface runoff in New Zealand. The data obtained from the pre-
sent study using '""field-size'" drainage areas, indicate that =sig-

nificant amounts of P and N may be transported in this runoff

type.

Murked fluctuations over short periods of time were obtained
for the discharge rate of tile drainage but these were not us
rapid as those observed for surface runoff. The initial rise in
the discharge rate of accelerated subsurface runoff, resulting in
a corresponding increase in the concentroation of discolved and
rarticulate P and N, contrasted with the concentration-flow re-~
lationships obtuined for surface runoff. Similar fluctuations
in the concentration of P and N with changes in the discharge rate
of accelerated subsurface runoif were also observed by Kohnke

(1941), Hergert et al. (1974), and Baker et al. (1975).

It was apparent that flow was significantly more important
than concentration in determining the flux of P and N forms in
accelerated subsurface runoff. Thus, in the calcuiation of P,

N, and sediment loads,flow data should be included more frequently
than concentration data. As the changes in the discharge rate

of accelerated subsurface runcff were not as rapid as those in
surface runoff, a lower intensity of sampling than that used for
surface runoff gave a similar accuracy for the P, N, and sediment

loadings during accelerated subsurface runoff.

The fact that the concentration and amounts of N transpcrted
in accelerated subsurface runoff were appreciably greater than
those of P, with NO3 constituting the major proportion of N trans-
ported, is consistent with the data obtained in many studies
(Willrich, 1969; Erickson and Ellis, 1971; Zwerman et al., 1972;
Burwell et al., 1974; Hanway and Laflen, 1974). This reflects
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the differing mobility of P (Ryden et al., 1973) and N (Brown
and Bartholomew, 1962; Harmsen ard Kolenbrander, 1965) within

the soil.

Similar concentraticns of P and N forms ir accelerated sub-
surface ruvnoff were observed in the present study to those report-
ed in cverseas studies (Erickson and Ellis, 1971; Zwerman et al.,
1972; Baker et al., 1975). Variations in the annual volume of
water flowing through the soil to the tile line, and tlke path by
which the water reaches the tile line, appear to result in large
variations in the amounts of P and N transported anrually from
area to area (Hergert et al., 1974). Furthermore, variations in
the amounts of P and N transported in accelerated subsurface run-
off from soils of similar management, may be due to differences in
soil texture and the P and N status of the soil. Losses of both
P and N by leaching have beer shown to be greater for sandy soils
which have a lower P and water retention capacity, thar soils
with a high clay content (Kolenbrander, 1969; Olsen and wuta-
nabe, 1070). The factors involved in P and N losses in tile
drainage are complex and it is,therefore, not surprising that
the amounts of P and N transported in this runoff type vary in
different studics, and show no relationship to the amounts of P
and N applied through fertilizer and grazing cattle (Johnston
et al., 1965; Bolton et al., 1970; Baker et al., 1975).

The proportion of fertilizer N transported as NO, (2%) in tile

drainage following an application in July was greaterj
than that measured in similar studies overseas. In one year
Boltor et al. (1970) observed a 0.6% loss of fertilizer N in
accelerated subsurface runoff from a clay loam under continuous
bluegrass. Meek et al. (1969) also reported that low amounts of
NO3 were discharged from tile lines in a heavily fertilized (280kgN

ha_1) cotton field in California, where the NO, leached amounted
-
to only 1.5% of the N applied.

The data obtained in the present study suggest that as well
as fertilizer applications, grazing animals must be regarded
as a significant potential source of P and N to accelerated sub-
surface runoff. In addition, grazing animals may reduce the

efficiency of the drainage system as a result of surface pugging.



Less significant correlations were obtained between the
ccercentrations and amounts of DIP and NO3 transported in acceler-
ated subgsurface runoff and the amounts of extractable P and NOB’
respectively, in the subsoil, than between the corresponding re-
lationships for surface runoff and surface soil. Although sig-
nificant correlations were obtained betweern. the amount of NO3
transported in accelerated sutsurface runoff and extractable soil
NO3 at the depth at which mole chanrels were situated, the other-
wise insignificant correlations were probably due to a more complex,
and longer period of interaction between soluble P and N,and soil
material than is the cace far surface runoff. High correlations
between the concentratiorn of P and N in tile drainage and subsoil,

Lowever, were obtained by Hanway and Laflen (1974) and Calvert
et al. (1975).

Although it is recognised that the data obtained relate only
to Lhe wrca studied, they de indicute that significunt loooes of
P and N can occur in accelerated subsurface runoff. Some of the
data presented in this section are used in subsequent sections,
to determine the relative contribution of the runoff types to the
amounts of water discharged and P and N forms transported in stream

flow.
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SOURCES AND TRANSPORT OF PHOSPHORUS AND
NITROGEN IN STREAM FLOW

6.1 Introduction

Gtream flow can be divided into storm flow and subsurface
flow. The former represents a part of stream flow resulting
from storm rainfall, reaching an observation point within a re-
latively short period of time, whereas the latter lags storm
rainfall by a longer period of time than storm flow (Guy, 1964).
Stream flow is usually separated into the components of storm and
subsurface flow by empirical analysis of the runoff hydrograph.
The general concepts of such an analysis are illustrated in Fig.
6.1, where ABCD represerts the total runoff and AECD represents
the amount of subsurface flow (Wwisler and Brater, 1949). The
reversal in direction of subsurface flow (AE, Fig. 6.1) results
from a greater hydrostatic pressure in the stream than in the
banks, as a consequence of a more rapid increase in the height of
water in the stream channel during stream flow than that in the
water table. As soon as the stream level starts to fall, the
direction of flow reverses and as a result of the water accumuluted
in the stream bank, the subsurface contribution to the stream is
considerably increased for a short period of time. Wnen the
bank storage is drained out, subsurface flow follows the normal

depletion curve.

Because it is not possible to determine the actual position
of the line AEKECD, subsurface flow is separated from storm flow
by the straight line AC (Fig. 6.1). Although the exact location
of C cannot usually be determined, this is not important as long

as a consistent procedure is used to determine the point.

Annual loadings of nutrients in flowing waters have often been
calculated by assuming concentration values between samples taken
at arbitary intervals. For a range of nutrients, however, several
studies have demonstrated the dependence of concentration upcn
flow (Wang and Evans, 1970; Kurkle and Comer, 1972; McColl et al.,
1975). Because variations in either flow or nutrient concentra-

tions cause variations in nutrient fluxes, it is desirable tc
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Fig. 6.1 Components of a stream flow hydrograph.
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determine their relative significance in influencing nutrient
loadings. This information is necessary to establish the fre-
quency of sampling required to reliably estimate P and N loadings
of both storm and subsurface flow in streams. In the past, sampl-
ing intervzls used for streams and rivers have ranged from S5Smin

or less (Frere, 1971; White, 1972) through to one week (Engle-
brecht and Morgan, 1961), and even one month (Smith, 1959).

The aims of this part of the study were to (i) observe the
relationship between flow and corcentrations, and fluxes of F and
N forms in stream flow, (ii) determine the effect of sampling
frequency on the loading estimates of P and N forms, and (iii)
estimate the amounts of water, and P and N forms transported in
subsurface flow, storm flow, and stream flow from the catchment

ur.der study.
6.2 Materials and Methods

Stream flow samples were collected immecdiately upstream of
each of the compound weirs in the catchment. The sampling inter-
val varied according to the hydrogravh, being as small ac 2min for
ruapid hydrograph changes and &s large as 12h for the subsurface

component of stream flow. The data presented in this chapter

relate to samples collected at the lower weir only.

6.3 Results and Discussion

6.3.1 Stream flow

6.3.1.1 Relationship between precipitation and stream

flow. Streum flow in the cutchment is conscidered to originate

solely from precipitation because no surface or subsurface water is
believed to enter the catchment from outside the catchment boundary.
Stream flow, however, is restricted to the cooler, winter months

(May to October), when approximately 75% of the annual precipitation
occurs. During these months, the proportion of precipitation appear-
ing as stream flow in the catchment during the two years of study

can be calculated. This information is presented in Table 6.1.



Table 6.1 Amounts of water entering the catchment as precipi-
tation and the percentage leaving the catchment as

stream flow in each month during 1974 and 1975

1974 1975

Month Precipitation Stream flow Precipitation Stream flow

(mm) % (mm) %
January 1 0 37 0
February 56 0 30 0
March 21 0 53 0
April 111 0 71 0
May 121 8.1 130 6.0
June 40 11.8 65 49,1
July 251 96.2 128 82.7
Lugust 82 39.2 161 87.4
September 116 79.1 56 Ls,2
October 128 317 83 0.1
November 53 O.k4 54 0
December 78 0 102 0

Total 1088 %6.9 970 32.2
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In May, when soil moisture is still low and the amounts, and
frequency of precipitation are also usually low, a small perceéntage
of precipitation leaves the catchment as stream flow. Similarly,
in June, the soils have not usually reached field capacity and are
still capable of retairing a high proportion of the precigpitation
as soil water. Wren field capacity is reached in mid-winter, how-
ever, due to prolonged periods of precipitation and minimal evapora-
tion losses due to low air and soil temperatures, a high proportion
of the water entering the catchment leaves as stream flow. In
July 1974 and August 1975, a maximum of 96.2 and 87.h%. respectively,
of the monthly precipitaticn could be accounted for hy streum flow
(Table 6.1). Although soil temperatuires were low during August,
1974, tre small amount of precipitation during this month permitted
some drying of the soil, resulting in only a small prorortion of the

precipitation appearing as stream flow (39%, Table 6.1).

In late winter and early spring (September to November) the
amounts of vrecipitation are gradually decreasing, whereas soil
temperatures are increasing. Consequently, the moisture cortent
of the soil within the catchment gradually decreases, with the re-
sult that an increasing proportion of precipitation is retained in

the soil profile.

Remarkably similar proportions of the total precipitation
falling between May and November could be accounted for by stream
flow in 1974 (50.7%) and in 1975 (51.2%, Table 6.1), even though a
greater amount of precipitation fell during this period in 1974
(791mm ), compared to the same period in 1975 (677mm). A similar
proportion of the anrual precipitation also appeared as stream flow

in 1974 (36.2%) and in 1975 (32.2%, Table 6.1).

Overseas workers have reported a varying proportion of the
annual precipitation appearing as annual stream flow from catchments
of similar area, land slope, soil type, and land use to those of
the Massey Catchment. For example, in a study of an ephemeral
stream in Georgia which flowed for approximately nine mcnths of the
year, Jackson et al. (1973) reported that 47% of the annual precipi-
tation (1178mm) appeared as stream flow, whereas Burwell et al. (1974)
could account for only 17% of the 780mm of precipitation averaged

over four years, in a perennial stream, in south-west Iowa.
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6.2.1.2 Effects of grazing on the concentration of

phosphorus and nitrogen in siream flow. In July 1975, 100 dairy

cattle blockegrazed the undrained area of the 20ha subcatchment

in which the stream channel is situated at a stocking rate of 25
cattle ha_1 for ten days. The grazing event occurred during a
period of subsurface flow when the concentrations of both particu-
iate and dissolved P and N forms, and sediment were low and re-
mained relatively constant. The concentrations of DIP and par-
ticulate P (Fig. 6.2), and sediment (Fig. 6.3) in stream flow
increased dramatically following the introduction of cattle to

the area. At the same time, the coricentration of TN increased
increased after one day (Fig.

only slightly, whereas that of NO
6.3).

>

The most dramatic increase in concentrations were observed
for particulate P (Fig. 6.2) and sediment (Fig. 6.3), where an
increase of approximately 0.0 and 300mg 1-1, respectively, was
observed in approximately 10h following the onset of grazing.
The effect was less pronounced for DIP concentration, where an
increase of approximately 0.0bmg l-1 was observed in the same

period of time. Although NO, concentrations remained virtually

3
ccnstant for the first 24h after the start of grazing, the slight
increase in TN concentration could be attributed to an increase

in particulate N.

Because surface and accelerated subsurface runoff did not
occur during the time that animals were grazing the subcatcnment
and the concentrations of P and N forms, and sediment, measured
at the upper weir in stream flow entering the subcatchment were
essentially constant over this period (Fig. 6.4 and 6.5), the
observed increase in concentrations of P and N forms can be attri-
buted to the movement of cattle in the stream channel, stirring
up bottom sediments, and depositing excreta in the stream. The
increases in the concentrations of P and N forms in the stream,
however, were short-lived (Fig. 6.2 and 6.3) and were not maintained
at the initially high concentrations during the whole period of
grazing. After two days, the concentrations of particulate P
and sediment had decreased by approximately 0.27 and 170mg 1-1
respectively. The lack of any sustained effect of grazing in

maintaining high concentrations of P and N forms, and sediment
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in stream flow results from the fact that the cattle were grazed

in blocks of approximately 2ha, bteginning adjacent to the lower

weir and gradually moving up the catchment over the ten-day period.
Consequently, as the distance between the area being grazed and

the lower weir increased, the degree of settling of suspended par-
ticulate raterial, and possibly the resorption of DIP by suspended
particulute muterial and stream-bank material (Scetion 6.%.%),

would be expected to increase. The data presented confirm previous
suggestions that increases in nutrient and sediment concentrations
in stream base flow can result from grazing cattle (Lusby et al.,

1971; Minshall ct al., 1969).

6.%3.1.3 Amounts of phosphorus and nitrogen transported

in strean flow. The mean concentration of DIP and TDP (calculated

from total loadings and total flow) were lower than the mean con-
centration of particulate P, during 1974 and 1975 (Table 6.2).
Because N analyses were only conducted towards the end of 1974,
mean concentrations and annual loadings of N forms are not present-

ed for 1974.

It was apparent from data obtained in the second year that
the mean concentrations of N forms were always greater than those
of P forms. The mean annual concentrations of dissolved P forms
(DIP and TDP) were remarkably similar for both 1974 and 1975
(Table 6.2), although the observed concentration ranges were
smaller in 1975. The mean concentrations and observed concen-
tration ranges of particulate P, TP, and sediment, however, were
slightly greater in 1975 than in 1974.  This may result from the
fact that high-intensity storm flow was more frequent in 1975
than in 1974 (15-min rainfall intensities in 1975 exceeded the
maximum intensity observed during 1974 (25mm 15min_1)on twelve
occasions). Consequently, the potential for particulate material
and particulate P to be detached and transported in surface runoff

and stream flow was greater in 1975.

It was apparent that approximately 60% of the annual stream
discharge of P and N forms, and sediment occurred during the
months of highest stream flow in both 1974 and 1975, although

the annual amounts transported were lower in 1975 than in 1974



Table 6.2

Annual amcunts of water discharged, and P and K

during 137t ard 1975

forms, and sediment transported irn stream flow

1974

1975
Parameter  Concentration (mg 1_1) Loading Concerntration (mg 1_1) Loading
- - - -1
Calculated Observed (kg ha ! y 1) Calculated Observed (kg ha | y )
mean range mean raage
Discharge
(m” ha” ) 0 - 1.05% L030 0 - 1.36° 3100
DIP 0.097 0.013 - 0.716 0.39 0.098 0.019 - 0.4kL6 0.1
TDP 0.131 0.035 - 0.972 0.53 0.137 0.037 - 0.517 0.43
Particulate P 0.247 0.010 - 0.9&h4 0.99 0.276 0.005 - 2.246 0.87
TP 0.378 0.068 - 1.737 %2 0.413 0.052 - 2.446 1.31
b
NO3 - - - 3.2k 1.0 - 9.3 1025
b
v - - - 5.16 1.3 -11.b 16.32
Sediment 290 11 - 2102 1150 310 20 - 2650 980
a . 3 -1 t .
Observed discharge rzaznge expressed as m~ Sec . No N aralyses in 197k4.

041



(Table 6.2). In 1974 this was July, and in 1975 both July and
August. During these months of high flow, particulate P contri-
buted 7204 of the TP transported. This contruasts with the data
obtained in the months of low flow (May), where only 48% of the
TP was in the particulate form. In the case of N, NO, contributed
72% of the TN transported in July and August 1975, whe;eas in the
months of low flow it contributed 76%.

Lower annual losses of DIP, particulate P, TP, NOB’ and TN
(0.19, 0.21, 0.45, 0.19, and 0.61kg na” v ', respectively) from
a pasture and cropped catchment in Iowa, of similar area, soil
type, and land slore to those in the present study, were measured
by Burwell et al. (1974), even though fertilizer applications of
28kgP ha_1 and 127kgN ha-’I were made. Harms et al. (1974) obtained
losses of TP, TN, and NO, of 0.23, 1.45, and 0.27kg ha_1 y—1, re-
spectively, in a stream araining a sandy clay loam under pasture
in eastern South Dakota. In a similar study in North Carolina,
Kilmer et al. (1974) reported particulate P losses of 0.15kg ha-’I
y—1, and TN and NO3 losses of 3.28 and 2.36ke ha ™| y—q, respectively,
in stream flow from a catchment which included cropped land and
heavily-grazed pasture to which 48kgP ha—1 and 112kgN ha—’l of
fertilizer were applied. Even when 192kgP ha_1 was applied, an
annual particulate P loss of only 0.27kg ha"1 was observed, compar-
ed to a loss of 0.87kg ha” y"1 (Table 6.2, 1975) in the present
study.

In addition,the annual loss of TDP in stream flow in tke pre-

_ -1 -1
sent study (0.53 and O.43%kg ha y , for 1974 and 1975, respectively,

Table 6.2) is greater than that found by Taylor et al. (1971)
(0.20kg ha_1 y_1) from a catchment in Ohio, of soil type silt
loam, under permanent pasture and cropping, to which 16.2kgP ha“’I

was added as fertilizer over four years.

6.3.2 Subsurface flow

6.3.2.1 Interrelationships between flow, concentra-

tion, and flux of phosphorus and nitrogen in subsurface flow.

Relationships between the concentration of P forms and flow (Fig.

6.6a and 6.7a) and the concentrations of N forms and sediment and
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flow (Fig. 6.6b and 6.7b), transported during two subsurface-flow
events, are presented. Relationships between the flux of P forms
and flow (Fig. 6.8b) in the first of these two cubsurface-runoff
events are also given. The events are representative of those

observed during two years of field monitoring.

The discharge rate and concentrations of DIP, TDP, TP, NOB'
and TN varied within narrow limits, decreasing gradually during
both events. Slight variations in the concentrations of P and
N forms betweern the everts are apparent,however, due to the pre-
ceding discharge of surfaceyaccelerated sutsurface, and subsurface

runoff, and soil moisture and temperature coaditions.

As a result of the small variations in the concentration of
P and N forms ,and in flow, the concentrations of P and N forms were
significantly correlated to subsurface flow (Table 6.3,where the
data presented relate to event 1). The significant correlations
obtained contrast with the much lower correlations for the relation-
ship between the concentration of P and N forms, and flow in the
other runoff types studied, where marked changes in concentration
occurred with flow. For example, correlation coefficients of
r = 0.76, 0.75, and 0.85 (significant at the 1% level) for TP
concentration, and r = 0.11, 0.61, and 0.97 (significant at the 1%
level) were obtained for the relationship between DIP concentration
and flow for surface, accelerated subsurface, and subsurface run-
off, respectively. Similar concentration-flow trends have been
observed by Minshall EE.E£°(1969) and Gburek and Heald (1974) who
also observed that P and N concentrations attained rather constant
values during prolonged periods of subsurface flow. The intensity
and duration of the preceding storm, however, may result in con-

centration differences between subsurface flow events.

The flux of P and N forms was significantly (1%) more clocely
related to flow than to concentration (Table 6.3). The flux of
TN, however, had a significantly higher sqguared regression co-
efficient (r = 0.96) than that for TP (r = 0.72) when the relation-
ship with flow was considered. Because of the highly significant
correlation coefficients between the concentrations of P and N
forms, and flow, the regression coefficients for the flux of P and

N forms and subsurface flow (r = 0.72 and 0.96,for TP and TN,
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Table 6.3% Standard partial regression coefficients for the
standard regression of log1O flux on log1o concen-
tration and log10 flow, and correlation coefficients
for concentration with flow for P and N forms in
subsurface flow for event 1

P or N Squared standard partial Correlation coefficient for

form regression coefricient for concentration with flow
Concentration Flow

* % * ¥ * %k
DIP 0.07 0.55 0.97

* Xk * Xk * X
TDP 0.0k 0.67 0.82

* % * % * %k
TP 0. 04 0.72 0.85

* % * % » %
NO5 0.03 0.92 0.54

x X * % * %k
TN 0.01 0.96 0.66
* %

Values significant at the 1% level.
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respectively) were significantly higher than for either surface

(r=0.53 and 0.82, for TP and TN,respectively) or accelerated sub-
surface runoff (r=0.37 and 0.77, for TP and TN, respectively).

The soil-water-sediment system can be said to have reached
a hydrological equilibrium under these low flow conditions, when
there is no input of water to the system through precipitation and
negligible amounts of suspended sediment in subsurface flow. In
this state, P and N concentrations are influenced only by the
deeper =ubsoils through which subsurface flow moves, and by the
stream-bank and bottom sediments which stream flow contacts.

A steady state for dissolved P and N output could then be expected.

The data suggest that it is not necessary to collect samples
of subsurface flow as frequently as for the other runoff types
to obtain a similar accuracy of loading estimates. This arises
because of the very small variation in flow,and in the concentra-

tion and flux of P and N forms, over long periods of time.

6.3.2.2 Sampling frequencye. The methods by which

the frequency of sumpling of subsurface flow wasc established have
been given in Section 3.5. Deviations in the estimates of loadings
of P and N forms in subsurface-runoff event 1 were low (Table 6.4),
reflecting the small variability in the rate of change of P and N
concentrations and fluxes. Furthermore, an increase in the sampl-
ing interval from 60 to 720min had only a slight effect on the
deviation of loading estimates. In contrast,an increase in the
sampling interval of surface and accelerated subsurface runoff

from 8 to 30 and 8 to 240Omin, respectively, resulted in a dramatic

increase in the deviation of loading estimates (Tables 4.3 and 5.2).
In contrast to surface and accelerated subsurface runoff, it is

apparent that the variability in loading estimate of DIP during
subsurface flow at a specific sampling interval (12.9% at 1440min,
Table 6.4), was greater than that for TP (5.3% at 1440min, Table
6.4). Maximum sampling intervals of 720min for P and N concentra-
tions, and 15min for water flow were found to give deviations in
estimates of P and N loadings within 15% (Table 6.5). These
sampling intervals were thus used in later studies.
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Table 6.4 Deviation in loading estimates of P and N forms, and
sediment in subsurface-flow event 1
Sampling Number of Parameter Deviation in loading estimutes
interval Samples Replicates (%)
(min) Mean Confidence interval 95%
60 12C 6
260 120 DIP -1.12 (-3.2, 1.02)
TDHP -0.89 (-%.2, 1.45)
TP -0.9% (-2.1, 0.24)
NO, -0.01 (-0.1, 0.08)
TN 0.02 ( 0.01, 0.03)
Sediment 0.9 (-1.3, 3.1 )
720 10 6 DIP -1.73 (-4.5, 1.08)
TDP -0.89 (=5.12, 2.9 )
TP -0.62 ( 2489, 1.45)
NO3 -0.03 (-0.19, 0.13)
TN 0.08 (-0.14, 0.30)
Sediment 1.6 (-3.0, 6.2)
1440 E 6 DIP -3.2 (-9.6, 2.3)
TDP -1.42 (-7.1, L4.3)
TP -0.73 (=34, 1.9)
NO3 -0.03 (-0.29, 0.23)
TN 0.17 (-0.25, 0.6 )
Sediment 2.7 (-0.9, 6.3)
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Table 6.5 Deviation in loading estimates of P and N forms,

and sediment in six subsurface-ruaoff events studied

Selected Parameter Deviation in loading estimates (%)

sampling Mean Confidence interval 95%

time (min)

720 DIP 0.9 (-2.1, 5.3)
TDP 9.1 ( 1.5, 12.7)
TP 2ra? (-10.2, 9.9)
NO. -1.0 (-2.8, 0.8)
TN -0.9 (=0m7k 285
Sediment 1.3 (-1.4, L.0)

Flow data at 15m intervals used.
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B35 Amounts of phosphorus and nitrogen transported

in subsurface flow. Subsurface flow was estimated using hydrograph

resolution, as discussed previously (Fig. 6.1). Two criteria were
used to establicsh when the hydrograph curve was represented by sub-
surface flow alone (points A and C, Fig. 6.1). The first method
(iubscuuently relerred to as Method 1) involved e¢stimating the point
of greatest curvature on the recession limb of the hydrograph

(point C, Fig. 6.1), at which point the calculated value of the
ratio of discharge at one time to the discharge one hour earlier
became constant. Point A (Fig. 6.1) was considered to be the

point where an initial marked increase in stream flow occurred.

In the second method (subsequently referred to as Method 2), point

A (Fig. 6.1) was taken as the point when accelerated subsurface

flow started and natural subsurface flow was no longer the sole
source of stream flow. Similarly, point C (Fig. 6.1) was consider-
ed to be the point when accelerated subsurface runoff stopped and
natural subsurface runoff was the sole sovrce of stream flow again

(point C, Fig. 6.1).

It was also assumed that the P and N concentrations of sub-
surface flow during storm flow changed constantly from the sub-
surface flow concentrations immediately preceding storm flow (point
A, Pig. 6.1) to the concentrations following storm flow (point C,
I'ig. 6.1). The annual amounts of water discharged, P and N forms,
and sediment transported in subsurface flow were calculated using
both of the above methods. It can be seen that both methods gave
similar estimates of the amounts of P and N forms transported in
subsurface flow (Table 6.6). The estimate of the volume of water
discharged, however, was slightly greater for Method 1. Because
the two different methods gave similar estimates of annual losses

of P and N, only the data obtuined using Method 1 are discucssed.

The mean concentrations of P forms in subsurface flow were
appreciably lower than the concentrations of N forms. For both
P and N, a greater proportion of the amounts transpcrted was in
the dissolved form (60 and 74% for TDP and NOB,
Table 6.6). Although the mean concentration of dissolved and
particulate P in subsurface flow (0.024 and 0.016mg 1_1 for TDP

respectively,

and particulate P, respectively, Table 6.6) were much lower than

those observed in surface runoff from the unfertilized plots (0.248
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Table 6.6  Arnual water discharge and amounts of P and N
forms, and sediment transported in subsurface flow
from the catchment as meacured by hydrograph re-
solution

Method 1 Method 2

Parameter Concentration (mg 1—1) Loading Loading

Calculated Observed (kg ha-’I y—q) (kg ha-1 y_q)
mean range

Discharge

3. .-1 =1

(m” ha  y ) 1700 1500

DIP 0.015 0.019-0.044 0.03 0.03%

TDP 0.024 0.037-0.070 0.0k 0.05

Particulate P 0.016 0.005-0.070 0.0% 0.0%

TP 0.040 0.052-0.140 0.07 0.07

No.j bk.73 1.1 -9.3 8.08 8.18

TN 6.39 1.3 -11.4 10.92 11.03

Sediment 21 20 - 67 ko 30
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and 0.278mg 1-1 for TDP and particulate P, respectively, plot 5,
Table 4.6), the mean. concentraticn of N forms in subsurface tlow
(4.73 and 6.391g 1—1 for NO2 and TN, respectively) were greater

-1 :
than these in surface ruqoxf (0.35 and 1.15ng for NO, and TN,
5

ot 5, Table 4.6).

respectively,

‘o

The mean annual concentrations of P and N forme in subsurtace
flow (Table 6.£) were also lower than the corresypending coancerntra-
tions in accelerated subsurface runcff (Table 5.7). A reductioun
in the curlact time between the soil golution and soil componeants
capavle of corbing inorzanic P (Section 8.3.32) is expected for
accelerated subsurface runoff,. Trhis i1s vecause the drainage system
accelerates the movement of water through the soil prefile. I'or
example, the mean DIP concentration of subsurtface flow (Tuble 6.6)
was 0.04Zmg 1-1 lower than the mean concentration of tre same P form
in zccelerated subsurtace ruroff (Table 5.7).

n

In zie case of N ferws, the lower mean NO., concentration in

2
subsurface Ilow, compzred to accelerated subsurface flow, suggests
dilutien bty increased water discharge in subsurface flow. The

nutrient concentrations 1in accelerated subsurface runoff measured
vy Barwell ot al. (1974) were concistently preater than those in

subsurface flow samples collected at the same time.

Although there was little variation in the P and N concentratiouns
within a particular period of subsurfuce flow, variations were oboerv-
ed bLetween flow periods during the year (Table 6.6). Vor exumple,
DIP concentrations ranged from 0.019 to O.Okkhmg 177 and TP concen-
trations from 0.052 to 0.140mg 1-1, whereas a greater variation in
NO, and TN concentrations were observed (1.1 to 9.3 and 1.2 to 11.bmg

17, respectively).

The range in DIP concentration in subsurface flow observed in
the present study is consistent with that found by Gburek and lleald
(1974%), from a small catchmert primarily under cropping and forest
in Pennsylvania (0.01 to C.03mg 1_1). In a three year study of
subsurface flow from a cropped sandy loam in Georgia, Jackson et al.
(1973) reported a mean annual NO3 concentration of 8.92mg 1—1, with

concentrations ranging from 5 to 10mg 1 1, when 1€8kgN e | was
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applied annually as fertilizer.

The annual amounts of N forms transported in subsurface flow
were much greater than the annual amounts of P forms transported.
An appreciably greater proportion of the TP and TN transported in
subsurface flow (60 and 74% for TDP, and NOB’ respectively, Table
6.6) was in the dissolved form compared to surface runoff (56 and
20% for TDP, and NO3’ respectively, plot 5, Table 4.6). Thus,
the higher proportion of particulate P and N in surface runoff
was a result of the approximately 20-fold greater gquantity of

sediment in surface runoff (640kg ha-1 y-1, average of plot 5 and

6, Table 4.6) than in subsurface flow (40kg ha ™! y-1, Table 6.6).
These differences in the forms of P and N transported reflect the
differing characteristics of the transport processes involved in
the two runoff types. The difference between the amounts of P
and N forms transported in subsurface flow result from the fact
that NO3 is able to move freely through the soil by diffusion and
mass water transport, whereas DIP is rapidly removed from solution
by sorption.

1

A similar amount (0.043kg ha” y-1) of TDP to that in the

present study (0.Okkg ha™ | y-1) was transported in base flow, equi-
valent to subsurface flow in the Massey Catchment, from a perennial
stream draining a catchment of similar soil type and slopes to
those in the Massey catchment (Burwell et al., 1974). Losses of
NO3 from the same catchment, howevef% were only 0.35kg ha-1 y-1,
in spite of the fact that 127kgN ha was applied to the cropped
area. Slightly higher annual losses of TP and NO3 (0.11 and 1.2
kg ha” y-1, respectively) were measured by Minshall et al. (1969)
in base flow from 36 drainage areas in south-western Wisconsin,
where the area of cropped land equalled that under pasture. An
even greater difference between the annual loss of DIP (O0.3kg ha-1
y_1)and NO3 (33kg ha™ " y-1)was observed by Carter et al. (1971) in

subsurface flow from a cropped silt loam in southern Idaho.

6.3.3 Storm flow

6.3.3.1 Interrelationships between flow, concentration,

and flux of phosphorus and nitrogen in storm flow. The relation-
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ship between concentration and flux of P and N forms, and flow

in storm flow for a low- (event 1, Fig. 6.9a, b, Fig. 6.10a, b and
Fig. 6.11a, b), a medium- (event 2, Fig. 6.12a, b), and a high-
(event 3, Fig. 6.1%a,b)intensity event are presented. The events
represent the range of intensity of storm flow observed during

two years of field monitoring. The concentration of DIP in the
event of low-intensity (Fig. ©.9a) decreased with an initial rise
in flow. During tie medium- and high-intensity cvents (Iig. 6.12a
and Fig. 6.13a), however, no decrease in the DIP concentration was
observed during the initial stages of the event. Thus, it appears
that the DIP concentration of initial storm flow was

higher in the low-intensity event (0.715mg 1_1) when compared to

the medium- and kigh-intensity events (0.08 and 0.03mg 1-1, re-
spectively). The data suggest, therefore, that when DIP concen-
trations increase prior to storm flow, dilution of the DIP concen-
tration may occur, depending on the DIP concentration of the initial
rvnoff water. With a further increase in flow, the concentration
of DIP showed similar variations for the low-, medium-, and high-
intensity events, where DIP concentration increased, reaching a
maximum value before peak flow. Subsequently, concentrations
gradually and consistently decreased, and a secondary flow increase

wuas accompanied by a slight rise in DIP concentration (Fig. 6.9a).

In the low-, medium-, and high-intensity events (Fig. 6.10a;
6.12b; and 6.1%b, respectively), TP concentrations increased with
a rise in flow at approximately the same rate as the rate of flow
increase. The TP concentration reached a maximum value before
peak flow and subsequently decreased at a much faster rate than
flow. The concentrations of DIP, TDP, and TP were significantly
correlated to flow (Table 6.7) during event 1, which was consider-

ed typical of those studied.

The concentrations of NO3 decreased gradually with an increase
in flow during the low- and high-intensity events (Fig. 6.9b and
Fig. 6.13a, respectively). During the medium-intensity event,

kowever, NO, concentration increased slightly with an initial rise

3
in flow, but in all events decreased at peak flow. This was most
marked for the low- and high-intensity events. With the recession
of flow, NO3 concentrations gradually increased reaching a concen-

tration greater than that at the beginning of the event.
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Table 6.7 Standard partial regression coefficients for the
standard regression of log1o flux on log10 concen-
tration and log1O flow, and correlation coefficients
for concentration with flow for P and N forms in

storm event 1

P or N Sauared standard partial Correlation coefficient for
form regression coefficient for concentration with flow
Concentration Flow
* * _#* * %
DIP 0.10 0.53 0.84
* X * X * X
TDP 0.14 0.48 0.73
* Xk * X * %
TP 0.1k O.b4k 0.84
* * * x .
NO3 0.20 0.32 0.57
* Xk * %
TN 0.34 0.36 0.29

Values significant at the 1% level.
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In the initial stages of the low-, medium-, and Lkigh-intensity
events, the concentration of TN showed similar fluctuations Lo that
of TP, increasing rapidly with an increase in flow (Fig. 6.10b,
6.12b, and 6.13b). The maximum TN concentration, however, was
observed carlier than that of TP. This difference results from
the fact that because NO3 constituted the major proportion of the

TN transported, a decrease in NO, concentrations with increasing

flow due to dilution, will be re?lected in a corresponding decrease
in TN concentration with increasing flow. A minimum TN concen-
tration was obtained at peak flow. As the flow decreased, TN con-
centrations gradually increased,becoming greater than at the be-
ginning of the event. It 1is apparent from Table 6.7 that NO3

and TN concentrations were not significantly correlated to flow

during event 1.

It was observed previously (Section 4.3.3.1) that NO, concen-
trations in surface runoff were low and that particulate ﬁ account-
ed for the major proportion ot TN. In contrast, NO concentrations
in accelerated (Section 5.2.3.3 ) and natural subsurface ruaoff
(Section €.3.2.3 ) were high, contributing 80% of the TN in both
runoff types. Because the response of surface flow is much more
rapid than that of either accelerated or natural subsurface flow,
the initial rise in stream flow at the beginning of an event will
be mainly the result of surface runoff. Consequently, the initial
variation in TN concentrations in stream flow will be due mainly
to variations in particulate N. Surface runoff, however, is

normally of short duration and particulate N concentrations will

rapidly decrease. As the contribution of subsurface flow to
stream flow increases, NO3 will contribute the major proportion
of TN in stream flow. The variations in TN concentration follow-

ing peak concentration will,therefore,be mainly a result of vari-
ations in NO, concentration and should show similar flow-concen-

3

tration relationships to subsurface runoff (Section 5.3.1 and 6.3.1).

The concentration of sediment in the low-, medium-, and high-
intensity events (Fig. 6.11, 6.12b, 6.13b, respectively) increased
with an increase in flow, with maximum concentrations preceding
peak flow. With a decrease in flow, sediment concentrations
gradually and consistently decreased. A secondary increase in

flow resulted in a further increase in sediment concentratione.
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These variations in sediment concentration are partly due to the
large contribution of surface runoff to stream flow during the
early stuages of an event and to an increase in the arca of croding

bank contacted by the stream as stream flow increases.

As was the case for TP, sediment concentrations increased at
a similar rate to stream flow during the rising stage, but decreas-
ed muck more rapidly during flow recession. Brlel mlesilitl dlis thiakt
for a given value of discharge, sediment and TP concentrations
were higher on the rising limb, than on the falling limb of the
hydrograph. This suggests both a decrease ia the availability
of sediment as the storm event continues, and an increase in the
contribution of subsurface flow, containing low TP and sediment
concentrations. It is thus apparent that the relationships be-
tween flow and P, N, and sediment concentrations during storm flow
are complex, &as a result of both surface and subsurface runoff op-

erating at and over different portions of the storm hydrograph.

Partial regression coefficients from the aralysis of event 1
(Tuble €.7), however, indicate that flow was significantly (1% level)
more important ian determining the flux of P forms than was concen-
tration, although the coefficients were lower than those ootained
for surface runoff (Table 4.2). In the case of N, however, flow
and concentration were equally important in determining the [lux
of N forms (Table 6.7).

Variations in TP and TN coxncentrations, similar to those ob-
tained within an event in the present study, were observed by Muir
et al. (1973) in major streams in Nebraska, where conceantrations
increased during periods of maximum flow. In coatrast, McColl
et al. (1975) reported that the "soluble P" concentrations in
stream flow from a catchment under pasture in the North Island of
New Zealand, decreased during a flood event, mainly as a function
of the time elapsed since the flood started. Minor increases 1in
soluble P concentrations were ooserved, however, and were associated

with an increase in flow rate.

Variations in P, N, and sediment concentrations between con-
secutive events were apparent in the present study and also in

studies conducted by Walling and Foster (1975) in southern England
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and McColl et al. (1975) in New Zealand. These variations are
attributed to the time interval between events, such that a long
period may allow a larger pool of '"leachatle' nutrients to accumu-
late, antecedent moisture, maximum stream flow, and the proportion

of surface and subsurface ruaoff contributing to stream flow.

The variations in sediment concentration in the present study
are similar to those obtained in catchment studies overseas, where
&: increase in stream flow resulted in a correspoading increase
in sediment concertration which peaked bvefore flow (Vice et al.,
1968; Guy and Ferguson, 1970). Also the finding that more par-
ticuluate material is carried on the rising compared to trne fulling
limb of the hydrograpiz, at a given flow rate, is consistent with
the work of Kunkle and Comer (1972) and Walling (1974) for streams

draining permanent pasture.

6.2.3.2 Sampling freguency. The procedure used to

investigate the frequency of sampling of storm flow has been out-

lined in Section 3.5.

The deviation in estimates of the loading of P and N forms
in storm flow (in event 1) increased as the sampling interval in-
creased (Table 6.8). When the sampling interval exceeded 60min,
the errors became unacceptably large. The use of flow measure-
ments at 15-min intervals was found to give less than 1% deviation
in estimates of total water discharge. As was the case for sur-
face and accelerated subsurface runoff, inclusioan of a sample
collected at peak flow significantly decreased the deviations in

loading estimates.

Because rapid flow and nutrient concentration changes occurred
before peak flow, more frequent sampling should be employed over
the initial stages. Similar findings were obtained with accelerat-
ed subsurface runoff (Section 5.3.2). Based on these data and
the significant correlations (Table 6.7) of concentration upon
flow, samples were collected at a sampling-time interval of 60min
until half-peak flow was reached on the recession hydrograph.
The sampling interval was subsequently increased to 120min as flow

and concentration variability decreased. For nine runoff events,
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Table 6.8 Deviation in loading estimates of P and N forms, and

sediment in storm flow for event 1

Sampling Number of Parameter Deviation in loading estimates
interval Samples Replicates (%)
(min) Mean Confidence interval 95%
8 144
30 36 L DIP -0.35 (-2.7, 1.95)
TDP -0.51 (-2.3, 1.30)
TP -0.51 (=1.92, 0.90)
NO, 0.10 (-0.03, 0.23)
TN 0.14 (-1.02, 1.30)
Sediment 0.16 (=1.34, 1.66)
602 18 4 DIP 4.2 (-1.3, 9.7 )
TDP 1.1 (-2.6, 4.8)
TP 8.0 (-2.3, 18.3 )
No3 3.6 . (-2.0, 9.2)
TN 7.0 (2.4, 16.4 )
Sediment 6.9 (=03, 18.1 9
60° 17 4 DIP -1.26 (-3.5, 1.00)
TDP -2.6 (-10.9, 5.7 )
TP -1.78 (-4.8, 1.20)
No3 0.49 (-2.18, 3.16)
TN 0.0k (-3.67, 3.75)
Sediment 12.62 (-3.88,29.12)
120° 9 4 DIP 253 (-6.3, 1.8 )
TDP -2.2 (=31 26.2 )
TP -2.04 (-18.0,14.0 )
No3 1.19 ( 0.14, 2.24)
TN 0.53 (-7.63, 8.89)

Sediment 50.7 ( 9.3, 92.1 )
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Table 6.8 (Continued)

sampling Number of Parameter Deviation in loading ecstimates

interval Samples Replicates (%)

Mean Confidence interval 95%

240° 4 4 DIP -3.9 (=10.9, 3.0 )
TDP =18k:,6 (-45, 19.9 )
TP -8z (=21, 14.3 )
NO, 3.42 (-1.89, 8.73)
TN -2.56 (-14.89,9.77)
Sediment 91.7 (22.3, 161.1)

Sample at peak flow not included.

Sample at peuk flow included.
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this sampling interval gave deviations in the loading estimates

of P and N forms,and sediment of within 15% (Table 6.9).

Although several studies have involved frequent sampling of
stream flow (Burm et al., 19683 Walling und Teed, 1971; McColl
et Al 1975),it is essential when choosing a sampiing freqguency
to state not only the frequency and number of samples taken but
also to give an indication of the accuracy of the loading estimates
obtained. Witk infrequent csampling of small catchment streams
(Smith, 1959; Taylor et al., 1971), however, the data reported
for the annual nutrient loadings are difficult to interpret.

For estimates of the nutrient output in streams over longer
periods of time (up to 20y), oue sample per week was reported as

being sufficient by Edwards and Thornes (1973).

6.3.2.3 Amounts of phosphorus and nitrogen trans-

ported in storm flow. The annual amounts of P and N forms, and

sediment truansported in storm flow were calculated as the differ-
ence between the annual amounts transported in the stream and in
subsurface flow (Table 6.10). The mean annual concentrations of
both dissolved and particulate P forms (obtained frowm total loud-
ings and total flow) were substantially greater than those in sub-
surface flow (Table 6.6). For example, the mean DIP and particu-
late P concentrations in storm flow were 0.203 and 0.580mg 1-1,
respectively, compared to 0.015 and 0.016mg 1~1, respectively, in
subsurface flow. In contrast, the mean concentrations of TN and

NO3 (3.71 and 1.49:g 1_1, respectively) were lower than those in
subsurface flow (6.39 and 4.73mg 1—1, respectively, Table 6.6).

It was observed previously (Section 6.3.2.1) that marked
fluctuations in the concentration of P forms occurred within storm
flow events. The concentration of DIP in storm flow during the
year varied from 0.061 to O.4Lbmg 177 and of particulate P from
0.070 to 2.246mg 1-1. Because of the heterogeneous nature of
storm flow with respect to the contributions of the runoff types
and their markedly different coacentrations of P forms, variations
in the concentrations of P forms in storm flow were greater than
‘those in the more homogeneous subsurface flow. On the other hand,

the concentrations of N forms did not vary as much as in subsurface



Table 6.9 Deviation in loadinrg estimates of P and N forms, and

sediment in nize storm-=flow events studied

Selected Deviation in loading ecstimates
campling interval Parameter (%)
(min) Mean Confidence interval 95%
60/120% DIP 1.6 (-2.1, 5.3 )
TDF 7.1 (1.5, 12.7 )
TP -0.20 (=10.5, 9.9 )
No3 -C.41 (-3.07, 2.25)
TN 1.81 (-1.09, 4.71)
Sediment 3.6k (-4.59,11.87)

vample at peak flow included and flow data at 15min intervals

usede.
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Table 6.10 Annual water discharged and amounts of P and N

forms, and sediment transported in storm flow

)

Parameter Concentration (mg 1_1) Load ing
- -1
Calculated Observed (kg ha | vy o)
mean range

Discharge

(m® ha” ! y-q) 1400

DIP 0.203 0.061-0.446 0.28

TDP 0.271 0.082-0.517 0.39

Particulate P 0.580 0.070-2.246 0.84

TP 0.850 0.518-2.446 1.24

No3 1.49 1.0 =6.0 2.17

TN 3.7 1e3 " =7.3 5.40

Sediment 650 280 -2659 940
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runoff.

Although the arnual amount of water discharged in storm flow

(’1L+OOm3 ha_1 y_q, Table 6.10) was less than in subsurface flow

R - -
(1700m” ha | y 1, Method 1, Table 6.6), the amounts of P forms
transported in storm flow were appreciably greater (Table 6.10).

= = -1
For exumple, 0.28 and 0.0%kg ha { y | DIP and 0.84 and 0.07kg ha

y-’I TP were transported annually in storm and subsurface flow,
respectively. In addition 66% of the TP transported in storm
flow was in the particulate P form, compured to only 40% in sub-
surface flow. The amounts of TN and NO, transported in storm

3
]
flow (5.40 and 2.17kg ha y , respectively, Table 6.10) were

lower than those in subsurface flow (8.08 and 10.92kg ha_f| y_q,
respectively, Table 6.6). Also the proportion of TN transported
as NO3 in storm flow (26%) was lower than in subsurface flow (74%).
These aifferences in the amounts and forms of P and N transported
in storm and subsurface flow result from the fact that storm flow
includes surface runoff, which has been shown to transport large
amounts of DIP and particulate P (Table 4.9) but low amounts of
NO3 , relative to subsurface flow. It is apparent, therefore,
that although lower amounts of N forms are contribuled Lo annuul
stream loadings by storm flow, than by subsurface flow, storm flow
contributes the major proportion of the annual P loading in the
stream. Similar observations for P, but contrasting in the case
of N, were obtained by Olson et al. (1973) and Walling and Foster
(1975), who found that storm flow contributed large amounts of P
and N to surface waters in catchment studies in Nebraska and

southern England, respectively.

The relative contributions of surface, accelerated subsurface,
and subsurface runoff to stream flow are discussed in detail in

the next Section (Section 7.3).

6.4 General Discussion

As was the case for both surface and accelerated subsurface
runoff, there is a shortage of data for the losses of P and N
forms in stream flow from catchments in New Zealand. Further-

more, little attempt has been made both in New Zealand and overseas
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to separate stream flow into surface and subsurface flow to investi-
gate the relative importance of these two components to the P and

N loadings of streams.

Although a greater amount of precipitation fell during 1974
compared to 1975, a similar proportion of the annual precipitation
left the catchment as stream flow in both years of the study. When
the present data are compared with those obtained in overseas studies
it can be seen that differences in the proportion of precipitation
which leaves a catchment as stream flow, is intfluenced by the drain-
age characteristics of the soils within the catchment. For example,
Taylor et al. (1971) calculated that ar average of 37% of the 870mm
of precipitation per year appeared as stream flow in Ohio during
four years, from a catchment in which a shallow soil mantle (1.5 to
2m) overlay impermeable bedrock. In addition, Jackson et al. (1973)
reported that 47% of the annual precipitation (1178mm) appeared as
stream flow from a tile-drained catchment. A corresponding situa-
tion in the Massey Catchment exists, where an impermeable fragipan
(Pollok, 1975) is present at a depth of approximately 70cm and where
approximately 50% of the catchment is artificially drained. In
these situations, soil water will move more readily to the stream
channel than in the situation where there is no drainage impedance
or artificial drainage. Consequently, a greater proportion of the
precipitation will appear as stream flow. In a catchment in south-
west Iowa, contairing a freely draining soil, Burwell et al. (1974)
could account for only 17% of the 780mm of precipitation, averaged

over 4 years.

Subsurface flow was characterised by little change in flow
or in the concentration of P and N forms, and sediment. During
periods of storm flow, however, fluctuations in the concentration
of P and N forms, and sediment were associated with rapid changes
in stream flow reflecting variations in the volumes of surface and
accelerated subsurface runoff input into the stream. Although
the stream draining the Massey Catchment is ephemeral, similar
concentration-flow relationships have been observed by Minshall
et al. (1969) and Muir et al. (1973) during periods of subsurface
flow and by McColl et al. (1975) and Walling and Foster (1975) during

periods of storm flow in catchments drained by perennial streams.
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From studies of variations in nutrient concentrations und
flow, Frere (1971) and Taylor et al. (1971) concluded that flow
was the more important variable than concentration for computing
nutrient loading. This is in agreement with the generally sig-
nificant correlations between flow and concentration of P and N
forms in the present study, indicated by the fact that selective
sampling for concentration based on changes in stream flow would
give an improved estimate of loadings. Consequently, the sampl-
ing interval needed to obtain accurate estimates of the P, N, and
sediment loading of stream flow, was appreciably greater for storm

flow (60min) than for subsurface flow (720min).

From the data presented it appears that the annual amounts
of N forms transported in storm and subsurface flow were much
greater than the amounts of P forms transported, even though there
was an approximately 10-fold and 20-fold greater transport of DIP
and TP, respectively, in storm compared to subsurface flow. A
similar difference in the annual amounts of P and N transported
in stream flow has been ooserved in overseas catchments of vary-
ing land use (Minshall et al., 1969; Carter ¢t al., 1971; Bur-
well et al., 1974).

The annual amounts of P and N forms transported in stream flow
in the present study were greater thun those meacured in many over-
seas studies from catchments of similar size, soil type, and land
use where fertilizer P and N applications were made during the year

of study. The annual losses of DIP, particulate P, TP, NO and

)
I'N in stream flow from a catchment in Iowa, receiving fcrtiiizer
applications of 28kgP ha-1 y-’I and 127kgN ha-q y-q (Burwell et al.,
1974 ), were only 61, 24, 34, 2, and 4%, respectively, of the annual
amounts transported in stream flow in the Massey catchment.

2 and TN obtained

by Kilmer et al. (1974) from a catchment in westen North CMLCM,

Similarly, the annual losses of particulate P, NO

which included heavily grazed pasture to which 48kgP ha—1 and 112
-1 o .

kgN ha = of fertilizer were applied, were only 48, 23, and 20%,

respectively, of those obtained in the present study. In spite

1) applied

of a very much greater level of fertilizer P (192kgP ha”
in the studies of Kilmer et al. (1974), the annual amounts of
particulate P transported in stream flow were similar to those in

the Massey Catchment.



The much greater loss of NO, in stream flow in the Massey

Catchment than in overseas studiis, points to the importance of

N fixation by clover and the effect of grazing animals on the loscses
of NO,. The regular use of fertilizer P in the past and the inten-
sive érazing of the catchment would explain the greater losses of P.
Similar thinking could apply to New Zealand, where high rates of P
fertilizer application and grazing could contribute to a unique

situation in terms of the transport of P and N in stream flow.
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RELATIVE SIGNIFICANCE OF THE RUNOFF TYPES AS
SOURCES OF PHOSPEORUS AND NITROGEN TO TEE STREAM

7«17 Introduction

Little information has been reported in the literature on
the losses of P or N forms in runoff types and their relative
contribution to stream flow in the same catchment. Exceptions
to this are the studies of Jackson et al. (1973) and Burwell et al.
(1974). Various reviewers have drawn conclusions regarding the
relative contribution of surface and subsurface runoff,as sources
of P and N forms to streams using data from different catchments
(Zubriski et al., 1971; Ryden et al., 19732).  Such conclusioas,
however, must be treated with caution, because of the conciderable

variations in the amounts of P and N forms transported in the run-

off types from different catchments.

To gain a better understanding of the transport and subsequent
modifications of P and N forms in runoff types and stream flow,
the relative contribution of the runoff types to stream flow and
thus the paths by which water moves through the catchment, must
initially be determined. In the catchment under study, surface
and accelerated subsurface runoff were monitored in an isolated

area, where the iaput and output of stream flow was also monitored.

The aim of this part of the study was to estimate the amounts
of water, P and N forms, and sediment contributed by surface,
accelerated subsurface, and subsurface runoff to stream flow in

the subcatchment.

7.2 Materials and Methods

Stream flow was continuously monitored at two sites in the
catchment, isolating a 20-ha subcatchment between the two weirs.
The input of ruaoff from the subcatchment into the stream could,
therefore, be monitored continuously. Within the subcatchment,
surface and accelerated subsurface runoff were continuously moni-

tored. In this way, it was possible to evaluate the relative
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significance of ruaoff types as sources of P and N forms, and

sediment to the stream.

7.% Results and Discussion

7.%.17 Amounts of water discharged, phosphorus and nitrogen
forms, and sediment transported into and out of the

subcatchment in stream flow

The contribution of surface, accelerated subsurface, and
subsurface runoff to the P, N, and sediment loading of stream flow
in the subcatchment was calculated as the difference between the
P, N, and sediment loading, respectively, of stream flow at the
lower and uvper weirs which isolated the subcatchment. There
was an increase in the amount of water discharged and P and N forms,
and sediment transported in stream flow from the subcatchment as
a result of the input of the various runoff types during all months
of stream flow (Table 7.1). This increase was most marked during
the months of highest flow (July and August) when 86% of the total
annual flow and 96% and 85% of the annual TP and TN loading, re-
spectively, were transported. An appreciably greater proportion
of the TP transported during the months of highest flow was 1in
the particulate form (71% in July and August, Table 7.1), compared
to the mounths of low flow (58% in May and September, Table 7.1).
These observations are discussed later in relation to the relative

inputs of runoff types during these months.

The amounts of DIP and TP added to the subcatchment in pre-
cipitation during the months of low stream flow (May and September)
were greater than the amounts of DIP and TP discharged 'in the run-
off types from the subcatchment (Table 7.1). In contrast, the
amounts of DIP and TP entering the subcatchment in precipitation
were less than the amounts discharged in stream flow during the
months of continuous stream flow. The annual input of DIP in
precipitation (1.55kg, Table 7.1) was approximately four times
lower than the DIP output from the subcatchment in stream flow
(6.47kg). On the other hand, there was a net annual loss of
31.62kg of TP from the subcatchment in stream flow compared to

the input of TP in precipitation.



Table 7.1 Amounts of water discharged, and P and N forms, and sediment transportec in runoff from the
subcatchment to stream flow, and amouwts of L[IP and TP added to the suktcatcriment in precipi-

tation during 1975

Month Discharge DIP TDP e NO3 TN Sediment Precipitation

DIE TP
(m”) (kg)

May 1360 0.07 0.19 0.26 5.7 7.4 200 0.21 0.96

June 6330 0.47 0.69 1.27 18.6 2h.2 640 0.26 1.22

July 30410 2.77 5.74 20.73 128.7 162.5 15740 0.20 0.95

August 47700 2.92 4.55 14,38 122.9 154 .6 8820 0.26 1.19

September 5090 0.23 0.83 2.15 15.5 22.1 2600 0.C9 0.14

October 10 0.01 0.01 0.01 1.0 1.4 1 0.13 0.61

Total (kg y | )90900% 6.47 12.01 33.80 292.4 373.1 28020 1.55 7.18

Total per unit 4550° 0.32 0.60 1.94 14,6 18.7 1400

area (kg ha—1 y-q)

® Units nd y~° ® Units m? na”l y7

98L
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In a similar study, Olness et al. (1975) found that slightly
more DIP and TP were discharged in stream flow (0.13 and 1.27kg ha
y-'1 of DIP and TP, respectively) than were added in precipitation
(0.20and 0.32kz ha_ﬂI y‘1 of DIP and TP, respectively) to a catck-
ment under pasture in Oklahoma, when no fertilizer P was added.
Becausze of the changes in the forms of P added in precipitation

vent throusr the catchment however, it is difficult

S 3o
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to cvaluate the effcct,of the forms of P carried in precipitation,

on tne corregpondcing loading of P forms in runoff.

-

~
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Tne discharge of water from the 20-ha subcutchment during
1975 (550m” ha ~ y , Table 7.1) was slightly greater than from
, 1 =1

the whole catchment (2100z” ha y , Table 6.2) during the csame

\

neriod. This may be the consequence of a greater proportion of
the subcatohment (70%) veing artificially drained by mole and tile
drains, comvared to the whole catchment (50%). In acédition, the
losses of 1TDP, TP, NO51 TN, and sedimert from the subcatchment
(0.60, 1.9%, 14.6, 18.7, and 14CCkg hu~1 y ', respectively, Table
7.7) in sireanm flow, were sligk*ly greater than those from the
whole catcnment during the same year (0.4%3, 1.321, 10.25, 16.%2,
and 980kgz ha_1 y_q, respectively, Table 6.2), whercas losses of
DL were very similar (0.21 and 0.22kg hu—1 y-1 from Lhe cub=ind
whole catchment, respectively). The differences in the amount

of P and N forms, and sediment transported can be attributed to
the difference in the amount of water discharged, tecause the mcan
annual concentrations of TDP, TP, N037 and sediment in water dis-
charged from the subcatchment (0.132, 0.426, 2.21, and 308mg 1-1,
respectively) were remarkably similar to those from the whole
catchment during 1975 (0.139, 0.419, 3.29, and 314mg 1-1, respect-

ively).

7.%.2 Estimation of the inputs of water, phosphorus and
nitrogen forms, and sediment in the runoff type

to stream flow in the subcatchment

7.%.2.17 Assunmvtions. The total input of water, P

and N forms, and sediment in surface, accelerated subsurface,
and subsurface runoff to the stream can te estimated if a number

of assumptions are made.
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It was assumed that surface runoff occurred only from the
undrained area in the subcatchment. The drained area (1b4ha)
varied in slope from O to 10 and surface runoff was only observed
wher heavy rain immediately followed a grazing event (100 cattle
ha™" ror 48h). The undrained area of land (6ha) in the subcatch-
ment had approximately equal areas of O to 2°, 3 to 8? and 8 to
130 slopes, with the runoff plots located on the medium and maxi-
mum slopes in the area. It must be assumed, however, thnat the
amounts of water discharged and P, N, and sediment transported in
surface runoff from the plots are representative of those from all
parts of the undrained area. Furthermore, because approximately
3 of the undrained areu of the subcatchment had slopes of O to 30,
from which little surface runoff originated, based on observations
during storm events, it was assumed that % of the undrained part
of the subcatchment would contribute surface rurnoff, as measured
by the 6° surface runoff plots, to stream flow. These two assump-
tions are potentially dangerous, as it is well established that
surlfuce-runoff plots frequently over-emphasise nutrient losceds.
This is a result of the fact that field plots usually ignore re-
deposition of suspended particulate material that would occur on
a catchment basis, where a decrease in the angle of slope would
cause a reduction in the velocity of surface flow. In addition,
because vegetation cover and soil chemical and physical properties
are not constant with regard to the whole catchment, the composition
of surface runoff would be expected to be highly heterogeneous (Viets,
197108 KRyden &t BA., 197%). Conscquently, these factors lead to
errors 1in nutrient loading estimates.by assuming a constant compo-

sition of surface runoff.

In the case of acceleruated subsurfuace runoff, it was assumed
that the amounts of water discharged and P, N, and sediment trans-
ported in this runoff type from the two monitored tile lines, were
similar to the amounts transported from the eight unmonitored tile

lines. The validity of this assumption cannot be substantiated.

7.3.2.2 Validity of using surface-runoff plots to

estimate surface-runoff inputs into the stream. The validity of

estimating the amounts of water discharged and P, N, and sediment

transported in surface runoff from the subcatchment using surface-
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runoff plot data was evaluated. This was carried out by comparing
estimates of the amounts of water discharged and P, N, and sediment
transported in surface runoff, obtained by hydrograph analysis of
stream flow in the subcatchment, with the amounts calculated from

field plot data, using the previously mentioned assumptions.

The following equation was used to calculate the amounts of
P, N, und sediment centributed to stream flow in the subcatchment
from surface runoff,by accounting for inputs from accelerated

subsurface and subsurface runoff:
SRO = (A - B) - (ASRO + SSRO)

The symbols A and B represeat the amouants of water discharged
and P, N, and sediment transported in stream flow at the lower and
upper weirs, respectively, during the time that surface runoff was
occurring. The term A - B, therefore,is the total contribution
of surface, accelerated subsurtface, and subsurface runoff to stream
flow and P, N, and sediment loadings over this period in the sub-
catchment. The symbols, ASRO and SSRO represent the amount of
water discharged and P, N, and sediment transported in accelerated
subsurface and subsurface runoff, respectively, over the same period
of time, when surface runoff was occurring. The amounts of water
P and N forms, and sediment contributed by accelerated subsurface
runoff were estimated from the data obtained from the two tile
lines in the subcatchment, whereas the amounts contributed by
subsurface runoff were estimated by hydrograph resolution (Method
1), discussed in Sections 6.1 and 6.2.3.2. SRO, thus represents
the amounts of water discharged, and P, N, and sediment contributed
by surface runoff to stream flow and nutrient loading in the sub-~
catchment. These are considered to represent reasonable estimates
of the contribution of surface runoff to stream flow and P and N,
and sediment loadings. The amounts of water discharged and P, N,
and sediment transported in surface runoff, estimuated by this method
(referred to as '"calculated" in Table 7.2) and from field plot data,

are presented in Table 7.2.

Estimates of the amounts of water discharged and dissolved P
(DIP and TDP) transported in surface runoff from the subcatchment

during eight surface-runoff events, obtained using surface-runoff
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Table 7.2 Amounts of water discharged and P and N forms, and
sediment transported in surface runoff as determined
using surface-runoff plots (measured) and by hydrograph
analysis (calculated) for eight surface-runoff events

Parameter Amount (kg ha_q) Deviation Measured ectimate
Meusured Calculated % 95% c.1.°

Discharge” 120 130 2 (-12.3, 4.3)

DIP 0.02 0.02 0 (- 8.4, 8.4)

TDP 0.03 0.0% 0 (- 7.2, 7.2)

TP 0.08 0.07 +14 .3 (-16.8, 4.8)

NO, 0.06 0.07 -14.3 (-20.5, L4.1)

TN 5.7 e +2.8 (- 8.6, 13.0)

Sediment 790 850 7.1 (-18.6, 5.4)

3. -1

Discharge expressed as m” ha .

b

95% Confidence interval.
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plots (measured) and by hydrograph analysis (calculated) were
remarkably similar. For sediment, however, the field
plots yielded slightly lower ecztimates tgiﬁT%ydrograph analysis,
whereas the reverse was the case for TN& During individual
events, estimates of the amounts of water discharged and P forms
and TN transported in surface runoff obtained using field plots
deviated by approximately 15% from the calculated values. In
the case of NOB’ the discrepancy between the two methods, wus
greater (%5%, Table 7.2). Because the amounts of NO3 transported
in surface runofi were very low, compared to subsurface runoff
(Table 4.6 and 6.6), this discrepancy was considered unimportant

with respect to the NO, loading of the strean. It has been suggest-

ed thuat surface-runoffjplots overestimate the contribution of cur-
face runoff to the P, N, and sediment loading of stream flow (Sec-
tion 2.2.1). This does not, however, appear to be the case in
the present study. Because estimates of surface runoff obtained
by hydrograph analysis did not exclude the contribution of P and

N forms, and sediment from stream bank erosion, it is possible
that the surface-runoff plots overestimate the amounts of P, N,
and sediment contributed by surface runoff to streum flow by an

amount egual to that contributed by stream bank erosion.

Consequently, the surface-runoff plots established in the
subcatchment appear to provide acceptable estimates of the amounts
of water discharged and P, N, and sediment transported in surrace
runoff during both individual surface-runoff events and over a
number of events. In addition, the data validate the assumptions
used to estimate the contribution of surface runoff from the sub-
catchment to stream discharge and P, N, and sediment loading of

the stream.

7.3.2.3 Estimation of the input of water, P and N

forms, and sediment in subsurfuace runoffl to the stream from field

monitoring and hydrograph analysis methods. Because it was pos-

sible to estimate the annual amounts of water discharged and P, N,
and sediment transported in surface and accelerated subsurface run-
off in the subcatchment with some degree of reliability, the differ-
ence between the sum of these two inputs and the total amounts trans-

ported in stream flow during the year, was considered to represent
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the input from subsurface runoff in the subcatchment. Remarkably
similar estimates of the amounts of water discharged into the

stream as subsurface flow were given by the three methods, suggest-
ing that they each measured the same portion of stream flow within

the subcatchment. There was some discrepancy, however, between

the amounts of P, N, and sediment transported in subsurface runoff de-
termined by this method and the two methods of hydrograph resolution a:
can be seen from the data in Table 7.3. This was most marked for
particulate P and sediment, where an approximately 20-fold greater
loss in the annual amounts transported were observed using field
data (21.35 and 20800kg y—q, for particulate P and sediment, re-
spectively), compared to hydrograpa analysis (1.16 and 1100kg y—1,
for particulate P and sediment, respectively, using Method 1). The
differences between the methods were greatest during periods of
high flow (July and August), where an approximately 40- and 45-fold
greater amount of particulate P and sediment, respectively, was
transported during the two months in subsurface runoff, obtained

by difference using field data, than those measured by hydrograph
analysis (Metrod 1). In contrast, during the months of low {low
(May and September) only an approximately 3- and 5-fold greater
transport of particulate P and sediment, respectively, was obtain-
ed from field data compared to hydrograph analysis (Table 7.3).
Furthermore, during May and September, the estimate of the amount
of DIP transported in subsurface runoff, obtained from field data
(0.11kg, Table 7.3), was lower than the amount estimated from
hydrograph analysis (0.21kg, by Method 1, Table 7.3). This differ-
ence in the amount of DIP transported may be attributed to P sorp-
tion by suspended particulate material in the stream. It ras

been suggested (Kunishi et al., 1972; Ryden et al., 1973; Gburek
and Heald, 1974) that such a modification of DIP concentration by

particulate material may occur during stream flow.

The difference, between the two methods, in the amounts of
P forms and sediment transported in subsurface runoff can be attri-
buted to the erosion and resuspension of stream bank and bottom
sediments by stream flow, which is not included in the estimates
obtained by hydrograph analysis. During the months of high stream
flow, erosion and resuspension will be at a maximum. Also, grazing
cattle moving in the stream channel, during this period, would

further enhance the discrepancy.



Table 7.3 Amounts of water discharged and P and N forms, and
sediment transported annually in subsurface runoff
in the subcatchment from field monitoring and hydro-
graph analysis methods

Amounts in subsurface runoff as estimated by

Parameter Hydrograph resolution By difference from
Method 1 Method 2 field measurements

kg

May

Discharge® 740 650 800
DIPp 0.0k 0.03 0.03%
TDP 0.12 0.10 0.13
TR 0.15 0.1k 0.16
NO.j 5.8 H.lb Crep
TN 7.2 6.7 2.3
Sediment 80 70 90
June
Discharge® %150 4300 4860
DIP 0.30 0.25 0.3h4
TDP 0.45 0.37 0.52
TP 0.69 0.58 0.97
NO3 16.7 14.3 12.1
TN 20.9 8.2 14.0
Sediment 2G0 150 L70
July
Discharge® 17700 16400 18000
DIP 0.15 0.49 0.33
TDP 0.26 0.89 1.69
TP 0.71 1.32 13.48
NO, 76.6 78.9 82.8
TN 85.9 90.4 101.6
Sediment 220 150 12600



Table 7.3 (Continued)
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Amounts in subsurface runoff as estimated by

Discharge

expressed as m

Parameter Hydrograph resolution By difference from
Method 1 Method 2 field measurements
kg

August
Discharge® 34400 24400 32300
DIP 0.51 0.4k 1.71
TDP 0.83 1.01 2.57
TP 0.92 1.39 10.65
No3 a5ve 63.1 56.3
TN 8L4.7 68.6 67.6
Sediment 180 140 5400

September
Discharge® 4000 4600 2900
DIP 0.17 0.10 0.08
TDP 0.32 0.13 0.6k
1P 0.67 0.%% .69
NO, 18.9 19.9 10.2
TN 20.2 24.0 12.6
Sediment Loo 260 2500

Annual total
Discharge® 61090 60200 58900
DIP 1.17 1.31 2.by
TDP 1.98 2.50 5.56
TP 3.1k 3.76 26.91
NO, 190 180 170
TN 220 210 200
Sediment 1100 780 20800

3
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It is thus possible to estimate the effect of erosion and
resuspension of stream bank and bottom sediments in terms of the
annual amounts of P and sediment transported in streuam flow ac
a result of these processes, by the difference between the two
methods (field measurements and hydrograph analysis, Method 1,
Table 7.3). Using this approach, it was calculated that there
was an annual input of DiP, particulate P, TP, and sediment of
1.%2, 20.19, 2%.77, and 19700kg, respectively, into the subcatch-
ment (Table 7.%), as a result of these erosion processes. In
the case of particulate P, TP, and sediment, these amounts account-
ed for 79, 64, and 67%, respectively, of the annual amounts trans-
ported by the stream in the subcatchment (Table 7.1). In addition,
50% of tne annual DIP loading of the stream could be accounted
for by inputs from the release of P from suspended and resuspended

particulate material.

7.2.5 Contribution of the runofl typec to the amount:s of
water discharged, and P and N forms, and sediment

transported in stream flow

The change in the rute of discharge of streum flow at the
two weirs and of surface and accelerated subsurface runoff in
the subcatchment, along with the intensity of precipitation over
the same period of time, for a typical storm event are presented

g, s =7 A L

Surface runoff occurred shortly after the onset of raintall
(15min). Further fluctuations in precipitation intensity were
quickly followed by corresponding fluctuations in the rate of dis-
charge of surface runoff. By the time precipitation had stopped,
surface runoff had virtually decreased to zero. In contrast to
surface runoff, the respoase of accelerated subsurface runoff to
fluctuations in precipitation intensity was unot as rapid,and minor
fluctuations in precipitation intensity did not result in a corre-
sponding flow change. Accelerated subsurface runoff continued

for a longer period of time than surface runoff.

As a result of the difference in flow paths of water as sur-

face and subsurface runoff, stream flow responded more slowly
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to precipitation intensity, and reached a peak after both tnhat of
surface and accelerated subsurface runoff. Due to the prolonged
contribution of subsurface ruaoff to stream flow after precipitation
has stopped, the recession limb of the stream hydrograph decreased
gradually (FFig. 7.1). Peak storm flow at the upper weir preceded
peak flow at the lower weir. Similar trends were observed for
stream flow at the two weirs ana for surface and accelerated sub-
surface runoif for all other events during the study year.

During the time that precipitation intensity exceceds the
infiltration capacity of the soil, water moves over the surface
as surface runoff. When precipitation ceases, water drains from
the surface and upper few centimetres of the soil within a short
period of time and the rate of surface runoff decreases dramatically.
Movement of excess water in the soil profile by gravity, however,
continues and a gradual recession of accelerated subsurface runoff
and stream flow results. Conseguently, in the event presented (Fiﬁ.T.)
a greater amount of water iafiltrated the soil and emerged as
accelerated subsurface runoff than flowed over the surface. Kt
was calculated that surface runoff contributed 7% and accelerated

subsurface runoff 40% of stream flow.

1'he amounts of water dischurged, and P und N forms, and sedi-
ment transported from the subcatchment, during each month of
stream flow are presented in Table 7.4. The amounts transported
in surface and accelerated subsurface runoff were estimated using
field measurements, as discussed previously (Section 7.3.2.1).
Because the contribution of subsurface runoff was estimated from
hydrograph an;lysis methods, the sum of the contribution of the
runoff types to stream flow does not equal the total amount trans-

ported in stream flow (Table 7.4).

The amount of water discharged as subsurface runoff was
greater than that discharged as surface and accelerated subsurface
runoff for all months of stream flow. This was the case even
though the amount of water discharged varied appreciably from
month to month. Of the total surface runoff, 82% was discharged
during July and August. In addition, the amount of water dis-
charged as accelerated subsurface runoff during each month was

approximately three times greater than that discharged as surface



Table 7.4 Estimated moathly inputs of water, P and N forms, and sediment from surface and accelerated
subsurface runoff obtained from field =measurements, and from subsurface runoff obtained from

hydrograph analysis, to stream flow in the subcatchment

Lunoff inputs
Farameter Difference between Surface Accelerated subsurface Subsu;}ace
the two weirs (kg) Loading % Loacing % Loading %
(kg) Contritution (kg) Contribution (kg) Contribution
May
Discharge’ 1360 150 11 410 20 750 S
DIP 0.07 0.01 14 0.03 43 0.03 43
TDP 0.19 0.02 10 0.04 21 0.13 68
TP 0.26 0.Ch 15 0.06 23 0.16 62
No3 5.7 0.1 2 2.4 60 5.8 102
TN 7.4 0.8 11 L.3 58 7.2 97
Sediment 210 20 10 100 L8 80 28
June
Discharge" 6330 290 5 1180 19 4150 56
DIP 0.47 0.07 15 0.06 13 0.30 64
TDP 0.69 0.08 12 0.08 12 0.45 65
TP 1.27 0.12 9 0.13 10 0.69 54
No3 18.6 0.2 1 6.3 24 16.7 90
TN 2k .2 1.0 4 9.2 38 20.9 86
Sediment 640 50 8 120 19 200 31

361



Table 7.4 (Continued)

Eunoff inputs
Parameter Difference between Surface ~ccelerated suksurface wrcsurface
the two weirs (kg) Loading e Loading % IO e %
(kg) Contribution (kg) Contribution (kg) Coxntribution
July
Discharge® 30410 2330 8 10C40 33 17700 =8
DIP 2.77 1.82 66 0.62 22 0.15 S
TDP 5.74 3.14 55 0.91 16 0.26 5
TP 20.73 b7k 23 1.50 7) 0.71 3
NO, 128.7 0.5 1 LS.k 35 76.6 €0
TN 162.5 12.2 8 L8.7 320 85.9 =%
Sediment 15750 1820 12 1260 9 220 1
August
Discharge® 47700 3070 6 12240 26 24400 72
DIP 2.92 0.48 16 0.73 25 0.51 17
TDP L.55 0.91 20 1.07 2L 0.83 13
TP 14.38 1.75 12 1.97 14 0.92 3
No3 122.9 1.2 1 6L .4 52 Pl B €1
TN 154.6 9.2 6 77.3 50 8L.7 EE
Sediment 8820 1760 20 1760 19 180 2

661



Table 7.4 (Continued)

Runoff inputs

Parameter Difference between Surf: ~e Accelerated subsurface Subsurface
the two weirs (kg) Loading % Loading % Lozding %
(kg) (kg) Contribution (kg) Contribution

September
Discharge® 5100 510 10 1700 33 4000 78
DIP 0.23 0.06 26 0.09 39 0.17 74
TDP 0.83 0.07 8 0.12 14 0.322 39
g &. 15 0.2k 11 0.16 7 0.67 31
NO3 1545 0.1 1 5.3 34 18.9 22
TN 20.1 1.8 9 8.7 L3 2d.2 100
Sediment 2600 150 6 170 - 7 koo 15

October
Discharge” 10 10 100
DIP 0.01 0.01 100
TDP 0.01 0.01 100
TP 0.02 0.02 100
NO3 1.0 il .0 100
TN 1.4 1.b 100
Sediment 1 . 1 100

a

Discharge expressed as m3,

o0~



runoff. Numerous other studies have also reported that subsurface
flow (Minshall et zl., 1969; Joknson and Moldenhauer, 1970;

Burwell et al., 1576) and accelerated subzurface and subsurface
runoff (Carter et al., 1971; Jackson et al., 1973; Burwell et al.,
1974), can contribute the major proportion of flow in bLoth ephemerul

and perennial streans.

The data indicate that 86% of the annual amount of water dis-
churged as stream flow occurred in the months of July and August.
In adaition, the calculated mean DIP, TP, and sediment concentra-
tions during these two months increased to 0.091, 0.681, and 518mg
1—1, respectively, from 0.074, 0.192, and 102mg 1_1, respectively,
in June. Consequently, the amounts of P and N forms, and cediment
transported in the three runoif types were greatest during July
and August. Even though the proportion of the total stream dis-
charge contributed by the three runoff types was similar during
411 months ol ctlream flow, there was an incrceased contribution of
P forms to stream flow from surface runoff during July (66% DIP
and 22% TP), with a subsequent decrease in the proportion oI sub-
surface runoff (5% DIP and 2% TP) compared to the other months
(surface runoff contributed 14% DIP and 15% '1l’, and subsurface runoff
43% DIP and 62% TP of that transported in the stream in May).
Furthermore, the contribution of surface runoff to the sediment
loading of the stream during July and August was greater than
that from accelerated subsurface runoff. During the other months
of stream flow, accelerated subsurface runoff contributed a greater
proportion of the sediment load of the stream than surface runoff

(Table 7.4).

T'he increased proportion of particulate P and sediment contri-
buted by surface runoff to the loading of the stream during July
and August can be attributed to a higher rainfall intensity during
this period than during the remaining months of stream flow.

The precipitation intensity exceeded 2.5mm 15min-1 on twelve
occasions during July and August, whereas in May, June, September,
and October, this value was only exceeded on three occasions.
Furthermore, grazing of the subcatchment, during July caused an
increase in the transport of particulate P and sediment in surface
runof? (Section 4.3.3.3).
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A negligible proportion of the NO3 transported in stream
flow was contributed by surface runoff. A slightly greater pro-

portion of particulate N than NO, was contributed by surface run-

off to stream flow during all moiths, with accelerated subsurface
ard subsurface runoff contribtuting the major proportions of N

forms (Table 7.L). The proportions of N forms contrituted by
subsurface runoff to stream flow during the months of high stream
flow (July and August) were 60% Nos and 53% TN, and 61% NU3 and

55% TN, wihen the major proportion of the annual surface and accele-
rated subsurface runoff was discharged. These proportions were
lower than during the months of low stream flow (102% NO., and 97%

5
TN in May, Table 7.4).

The data in Table 7.5 indicatedthat of the three runoff types,
surtace runoff was the main source of both dissolved (28%) and par-
ticulate P (10%) to the annual P loading of the stream. Surface
runoff contributed approximately twice as much dissolved and par-
ticulate P as subsurface runoff. In fact, surface runoff contri-
buted a remarkably similar proportion of P (35% TDP ard 18% TP,
Table 7.9) to that contributed by accelerated subsurface plus sub-
surface runoff (35% TDP and 18% TP, Table 7.5), even though surface
runotf contributed only a minor proportion of the water discharged

annually as stream flow (7%, Table 7.5).

The major proportion of the annual N loading of the stream
was contributed by subsurface runoff (both accelerated and natural,

Table 7.5). This is to be expected from the fact that NO, can

move freely within the soil in drainage waters, as discusszd pre-
viously (Section 4.3.4). It has frequently been reported that
the major proportion of P transported in stream flow from catch-
ments under varied land use is contributed by surface runoff,
whereas that of N is contributed by subsurface runoff (Minshall
et al., 1969; Carter et al., 1971; Viets, 1971; Burwell et al.,

1974; Baker et al., 1975).

7.4 General Discussion

Although the amounts of P and N forms transported in stream

flow from several catchments in New Zealand have been evaluated



Table 7.5

subsurface runoff,

from hydrograph aralysis,

Estimated annual inputs of water,

to stream flow in the sutcatchment

P and N forms,ard sediment from surface and accelerated

obtained from field meas:rements, and from subsurface runoff,

obtainred

Runoff inputs
Parameter Difference between Surface Lccelerzted subsurface Subtsurface
tke two weirs (kg) Loadirng % of Lozding G Loadi-g % of
(kg) difference (kg) difference (e difference
Discharge® 90900 6350 7 25660 28 61090 67
DIP 6.47 2.4 28 1.57 2L 1.18 18
TDP 12.01 L, 22 25 2.24 19 1.93 16
Particulate P 26.79 2.67 10 1.58 6 1.16 L
TP 28.80 6.89 18 3.82 10 2.14 8
No3 292 2 1 125 L3 190 65
TN Z93 25 Vi 149 40 220 59
Sediment 28020 2810 14 3450 12 1080 L

Discharge expressed as m

3



(Fish, 1969; Mitchell, 1971; White, 1972; McColl et al., 1975),

no attempt has been made to investigate the importance of preci-

pitation and the relative contribution of runoff types to the losses

of P and N. The net loss of P forms in stream flow from the

Massey subcatchment compared to the input in precipitation, was

greater than that reported by Harms et al. (7974)and(ﬂn0855£_32. (1975

from unfertilized catchments under pasture in South Dakota and
Oklahoma, respectively, and by Taylor et al. (1971) from a ferti-
lized (16kgP ha-q) catchment uncder pasture and cropping in Onio.
Furthermore, overseas studies have shown that undisturbed forcst
catchments, having no additioral input of P other than in preci-
pitation,are conservative of P forms (Hanway and Laflen, 197k4;
Schreiber et al., 1976). The high net loss of P forms in stream
flow from the Massey Catchment, compared to the input in precipi-
tation probably reflects the recent addition of P fertilizer to

the catchment and grazing.

Although it has freguently been suggested that stream-bank
erosion may contribute significant amounts of P and scdiment to
stream flow (Kuaishi et al., 1972; Kunkle and Comer, 1972; Ryden
et al., 1973; Goburek and Heald, 1974), the data in the present
study indicate that 50, 79, 64 and 67% of the DIP, particulate P,
TP, and sediment, respectively, transported annually in stream
flow from the subcatchment, can be attributed to an input of
stream-bank and stream-bed material. The fact that 50% of the
annual DIP loading of the stream could be accounted for by the

release of P from resuspended and in situ particulate material,

suggests that the release of P to solution from particulate material

is more important than the sorption of P by particulate material.
Such a process, whereby suspended particulate material can modify
both the DIP and particulate P concentration in the stream by
sorption and desorption of P,depending on the DIP, particulate P,
and sediment concentration in the stream’'at any one time, has
frequently been suggested (Kunishi et al., 1972; Ryden et al.,
1973; Gburek and Heald, 1974; McColl et al., 1975).

The major proportion of stream flow in the Massey catchment

was contributed by subsurface flow (67% of the annual stream dis-

charge). Minshall et al. (1969) observed that over a period of

25y, subsurface runoff accounted.for 60% of the annual flow in

)
/
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the Platte River, Wisconsin, whereas Burwell et al. (1976) reported
that subsurface runoff contributed 88% of the annual stream flow

in a catchment under pasture in Iowa. In a smaller catchment,
drained by an ephemeral stream, Jackson et al. (1973) observed

that surface runoff accounted for 80% of the total annual runoff.

Because of the interaction between particulate material and
dissolved P and N in stream flow, and the settling of suspended
particulate material, the amounts of particulate and dissolved P
and N entering the stream in surface, accelerated subsurface, and
subsurface runoff may be modified during transport to the lower
weir. Consequently, estimates of the proportion of particulate
and dissolved P and N, contributed by the three runoff types to
the stream loading in the subcatchment, will be less reliable

than those of TP and TN.

Because of the differing soil P and N retention capacities,
subsurface runoff{ contributed the major proportion of N forms
transported annually in stream flow (65 and 59% of the NO3 and
TN, respectively). In contrast, much smaller proportions of P
forms (17 and 8% of the TDP and TP, respectively) were contributed
by subsurface runoff. Surface runoff contributed the major pro-
portion of P forms (35 and 18% of tke TDP and TP, respectively)
compared to the other runoff types. Similar trends have been
observed by Burwell et al. (1974) in a crovoped, level-terraced

catchment in Iowa, where 78 and 18% of the WO, and DIP, respectively,

3

discharged in stream flow was contributed by subsurface runoff.

Jackson et al. (1973) found that 99% of the NO, transported in

total runoff from a catchment in Georgia, planied in cornywas in

the form of subsurface flow, whereas in the Platte River, Wisconsin,
subsurface runoff contributed only 10% of the TP lost in surface

runoff annually (Minshall et al., 1969). Minshall et al. (1969), howeve
presented data showing opposite trends for N, with subsurface runoff

only contributing 25% of the NO, loading of the stream. Thus,

3
it appears from the data obtained in the present study, 2nd from
the literature, that it is dangerous to generalise about the rela-
tive importance of the runoff types to the P and N loading of a

stream by the extrapolation of data from one catchmcnt to another.



SECTION 8
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INTERACTION OF PHOSPHORUS SOURCES IN SURFACE
RUNOFF AND STREAM FLOW

8.1 Introduction .

The potential sources of =cediment transported
in strcum flow are surface soil (Munn et al., 197%), streum-
vank material (Kunkle and Comer, 1972; Kunishi et al., 1972),.
and earthworm casts deposited on the soil surface. The deposi-
tion at certain times of the year, of large numbers of earthworm
casts on the soil surface in the catchment, and their disappearance
after heavy rainfall, suggests that casts could be an important
source of both particulate material and P to surface runoff. Be-
cause earthworm casts may also be enriched in "available'" P
(Rarley, 1961; Gupta and Sakal, 1967; Graff, 1970; Vimmerstedt
and Finney, 1973), it is possible that they may be a significant
potential source of both particulate and dissolved I’ to runoff
water. No work has been reported,however, on the chemical nature
cHi 13 Efr) casitisk Although large amounts of soil can be brought to
the surface in the form of earthworm casts, studies of the seasonal
variation of casting activity have largely been based on earthworm
numbers (Nielson, 1953; Waters, 1955; Nielson and Hole, 1964;
Zajonc, 1970). Less attention has been directed towards surface

cast production as an index of earthworm activity.

In previous sections, earthworm casts were regarded, for
convenience, as soil material in the discussion of their effect
on > levels in surface runoff (Section 4.%.37.1). Because sur-
face casts may behave differeatly from underlying soil materials,
in terms of the uptake and release of inorganic P (IP), cast

material will subsequently be discussed separately.

Based on laboratory sorption studies it has been suggested
that suspended stream particulate material can modify DIP concen-
trations (Kunishi et al., 1972). The high levels of added inorganic
P and narrow solution:solid ratios used in many studies, however,
probably do not adequately simulate the stream environment (Ryden
et al., 1972a, b).
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Preliminary laboratory data obtained with the same systeus
as those used for P sorption studies, and theoretical consider-

ations of the interaction of NO, with soil materials, indicated
2

that negligible amounts of NO, would be removed

3

from solution by soil materials. Consequently, any modifications

in NO, concentration during NO

3 3

ably a result of biological transformations. Thus, only data

moverient in the catchment are prob-

for the uptake and release of P are presented in this section.

The aims of this part of the study were to investigate (i)
the seasonal variations in surface-cast production by earthworms
and the amounts and release to solution of P forms in earthworm
casts and underlying soil materials, (ii) the chemical nature of
IP in casts, (iii) the ability of various potential source materials,
which contribute to suspended stream and surface-runoff sediment,
to modify DIP concentrations in simulated systems, und (iv) the
ability of these laboratory systems to adequately simulate the
field situation, by comparison of data obtained from laboratory
studies with data obtained from field monitoring studies under

various flow conditions.

8.2 Materials and Methods

8.2.1 Materials

Surface casts of earthworms (dominantly Allolobophora

caliginosa) were collected at weekly intervals from duplicate
9000m2 plots on each of 6 and 150 slopes in the catchment. At
the same time, approximately 50g of freshly-deposited casts and
underlying soil material (0-10cm) were collected from an adjacent

area, sieved (< 2mm), and frozen.

In addition, casts wzre removed and discarded from the soil
surface at several sites adjacent to the undrained surface-runoff
plots in the subcatchment. Casts deposited in the 14h following
clearance of the sites were collected, bulked, sieved (< 2mm), and
frozen. Soil materials were collected at depths of 0-5, 8-12,

and 18-22cm underlying these sites and treated similarly.



Further soil samples were collected from the subcatchment
for simulated stream studies. Surface soil was sampled at a
depth of 0O-5cmu. Otream-buank material was alco sampled at &
depth of 10-20cm, discarding the outer 1cm of material, where the
bank was exposed when the stream was not flowing. The soils
were passed through a 2-mm sieve, air dried, and stored for later

use.a.

A 22-1 sample of stream water, which coatained a high suspended
sediment concentration, was collected at peak flow during a high-
intensity storm. Similarly, a 22-1 sample of surface runoff was
collected from one of the runoff plots in the study area at maxi-
mum flow. In each case,the sediment was concentrated by contin-
uous centrifugation at 15,000rev. min_q, using a Sorvall RC-2B
with the inflow of the suspension to the centrifuge controlled so
that the outflow was sediment free. The coacentrated sediment

was stored as a sludge at 4°C for later use.

8.2.2 Methods

A sub-sample of casts collected from the field plots was
dried at 1050C and weighed to determine the weekly production of
casts, on an oven-dried basis. Sub-samples of underlying soil
and casts from the adjacent area were treated similarly for moisture
content determination. Particle-size distribution was deter-
mined by sieving or decantation (Jackson, 1968) following water
dispersion of samples on an end-over-end shaker for 24h at 230C.
In addition, the amounts of<le1material were determined by
centrifugation following dispersion of separate samples with
sodium hexametaphosphate. Samples of the <30}1m fraction of sur-
face soil and cast material were isolated by settling and decanta-
tion (Jackson, 1968) of the whole sample, dispersed by end-over-

end shaking in distilled water for 1h.

Total P (TP) and total inorganic P (TIP) in whole samples
of casts, soils, and sediments, and in particle-size separates,
obtained by water dispersion, were determined by extraction of
ignited and non-ignited samples with 0.5M HESOQ (Walker and Adams,
1958), organic P (TOP) being calculated by difference.
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The release of IP and organic P (OP) by casts and surface
s0il to 0.1M NaCl and the removal of IP from 0.1M NaCl, distilled
water, and filtered streum water containing 0.7mgP 1"’1 at a
solution:solid ratio of 400:1 over 24h was also determined with
a view to establishing a suitable solution phase for simulated
system studies. Similarly, the release of IP and OP to 0.1M NaCl
and the removal of IP from 0.1¥ NaCl containing 1mgPk 1—1 were
used to investigate the method of storage of earthworm casts.
Samples of recently-deposited (< 14h) casts were retained in a
fresh condition (untreated), frozen and then thawed, or air dried.
Samples were shaken at a solution:solid ratio of 400:1 for varying
periods of time on an end-over-end shaker at 230C and the release

of P investigated.

Seasonal variatioan in the release of IP and OP from freshly-
deposited casts (< 14h) and underlying soil to 0.1M NaCl was deter-
mined by shaking thawed samples at a solutioan:solid ratio of 400:1

for 24h on an end-over-end shaker at 230C.

The amounts of exchangeable P in casts and underlying soil
were determined as a function of time of shaking following the
addition of Z.QFCi of carrier-free 32P. In addition, the amounts
of rapidly-exchangeable P("h) in casts and surface soil were deter-
mined by shaking these materials with 0.71M NaCl at a solution:
solid ratio of 400:1. After the initial 24-h shaking period,
e2pCi of carrier-free 32P was added and shaking continued for a
further 1h. Solution 3ZP concentration was determined by adding
a 3-ml aliquot of filtered supernatant to 10ml of Triton-toluene
scintillation cocktail for counting with a Packard Tricarb scin-
tillation spectrometer. The Triton cocktail was prepared by
dissolving 4g of PPO and 0O.1g of MP2POPOP in 667ml of toluene and
then adding 332ml of Triton X-100. Blank aqueous extracts of
each soil material were used for quench correction. The amounts
of exchangeable P for each time of shaking were determined from

isotope dilution theory.

The release of IP and OP from freshly-deposited, unfrozen
casts and surface soil incubated at 16°C and 4°C for varying
periods of time,was evaluated by extraction (1h) with 0.1M NacCl

at a solution:soil ratio of 400:1. At each time of sampling,



phosphatase activity was determined on separate samples by the
colorimetric estimation of the p-nitrophenol released from p-
nitrophenol phosphate substrate, when 1g of soil material was
incubated with 5ml of buffered (pH 6.5) sodium p-nitrophenyl
phosphate solution and 0.25ml toluene at 37OC for 1h. _The p-
nitrophenol released was extracted by 1ml of 0.5M CaCl2 and 4ml
of 0.5M NaCH. The stable colour developed was measured spectro-

photometrically at 410um (Tabatabai and Bremner, 1969).

To investigate the chemical nature of additional IP
in casts,the release of IP from casts and underlying soil to
0.5M NaHCO, (pH 8.5),at a solution:solid ratio of 50:1, during
30min (Ols;n et al., 1954), and in two sequential 1-h extractions
with water (Ryden and Syers, 1977b) at a solution:solid ratio of

L00:1,was also evaluated.

In order to study the uptake and release of IP under conditions
simulating the runoff environment, earthworm cacts, stream-bank
material, surface soil, surface-runoff sediment, and stream sedi-
ment were shaken in O.1M NaCl containing varying levels of added
IP, at varying solution:solid ratios and for different periods of
time oan an end-over-end shaker at 230C. In the case of custs and
surface-runoff and stream sediment, equivalent weights of oven-dry
material were used. The solution:solid ratios and added IP levels
used in all cases approximated the maximum and minimum values obo-
tained for DIP concentrations in surface, accelerated subsurface,
and subsurface runoff and stream water presented in Sections 4.3.1,

5.3.1, 6.3.2-1, and 6.3.3.1, respectively.

8.% Results and Discussion
8.3.1 Earthworm casts

8.3.1.1 Cast production. The guantity of surface

casts produced showed marked changes during 1975 (Fig. 8.7a).
Between October and May, cast production was negligible. A sharp
increase in cast production was observed in May and this reached

a maximum in early June. Subsequently, cast production decreased

steadily to a minimum in mid-August, after which time a secondary
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peak was observed. Cast production on the 6O and 130 slopes

was remarkably similar and thus no attempt has been made in Fig.
8.1a to distinguish between the data for each slope. The total
quantity of casts produced during the study year (1975) was 25tonnes
hu_1. This value is similar to that (%Otonnes ha—’I y-?) estimated
for the same experimental plots in the previous year. Guild (1955)
gave an estimate of surface cast production of 27tonnes ha_1 y-q,

a value lower than that (up to 62tonnes ha-1 y—q) reported by

Evans (1948) for old pasture at Rothamsted.

Seasonal variations in the gravimetric moicture content and
temperature of the surface soil are shown in Fig. 8.71b. The data
indicate that in the warmer months preceding May, soil conditions
were too dry for earthworm activity at the soil surface. As soil
moisture levels increased during May, however, surface cast production
also increased. Maximum cast production occurred in early June
and this coincided with high, although slightly declining soil
temperature and adequate soil moisture. Although soil moisture
levels remained high during late June and July, lower coil temper-
atures appeared to limit cast production. When soil temperature
increased in August, an increase in cast production was observed.
The generally higher soil temperatures and lower soil moisture
contents between October and the following April were associated

with essentially zero cast production during this period.

The data suggest that seasonal variations in soil moisture
and temperature resulted in optimum conditions for surface cast
production in early June, but as soil temperature decreased, cast
production also decreased. Similar observations have been made
by Gerard (1967), who reported that casting activity was affected
by soil temperature when soil moisture levels were at field capa-
city. This may result from a reduction in motor activity of
the earthworm, counteracting the lethal effect of soil temperature
extremes on the earthworm. Variation in the quantity of food
available to the earthworm, such as decomposing roots (Lindquist,
1941) and plant litter, could also be expected to influence earth-
worm activity and cast production (Waters, 1955; Barley, 1961).
Although no quantitative data are available on the amount of plant
debris available throughout the year in the study area, this

appears to bYe at a maximum in the May-June period. Consequently,



soil temperature and moisture will both directly (Evans and Guild,

19475 Lee, 199Y) and indirectly affect cast production.

8.3.1.2 Particle-size distribution and phosphorus

content of casts and underlying soil. Earthworm casts contained

a higher proportion of finer particles than underlying surface

soil (Table 8.1). The proportion of the finest fraction recover-
ed (< hﬁm) following water dispersion increased from 6% in the sur-
face soil (0-5cm) to 20% in the casts. The probability of increased
aggregate formation and water stability in casts (Dutt, 1948), due
to the production of mucilages (Russell, 1973) or to the presence
of fungal hyphae (Parle, 1963), was investigated using sodium hexa-
metaphosphate as the dispersant. The proportion of the <.4Pm
fraction recovered from casts dispersed in this way increased to
22%, whereas the corresponding value for surface soil was 13%.
Although dispersion in water simulates the surface runoff environ-
ment more closely than does dispersioa in sodium hexametaphosphate,
the former procedure underestimates the enrichment of<lvm1material
in casts. The higher proportion of<1qm1material in casts may

be attributed to the selective feeding by the earthworm on finer
soil particles (Russell, 1973), and the mechanical breakdown of
particles by the grinding action of the earthworms gut (Basalik,
1913). Blank and Giesecke (1924, cited by Barley, 1961) showed
that after 2y in a controlled pot experiment the amount

of‘<2Pm particles in a loam soil increased significantly, whereas

the proportion of < 6me material decreased.

The amounts of TIP and TOP in casts collected in early May
of the first year of study (1974) were considerably greater than
those in underlying soil collected at the same time (whole sample,
Table 8.2). The enrichment of TIP in the casts was restricted
to the finest (20-4 and < MPm) and coarsest fractions (2000—259Pm)
separated by water dispersion, whereas only the finer fractions

were enriched in TOP.

Although the proportion of the<<2me fraction in casts and
underlying soil (all depths) was approximately similar (Table 8.1),
the amounts of TIP and TOP in this fraction separated from the

casts were appreciably higher than in those separated from under-



Table 8.1 Particle-size distraibutiorn of water-cispersed samples of casts, underlying soil, stream-bank

material, and surface-runcif sediment

Particle size Particle size distributicn (%) of
fraction (Pm) Soil at
Casts 0-5 8-12 18-22 Stream-barx material Surface-runoff
(cm) (cm) (cm) (10-20cm) sediment
2000-250 4 17 12 6 6 1
250-63 20 32 20 15 32 12
63-20 34 27 37 29 31 17
20-4 22 18 19 24 19 36
<l 20(32)%  6(13) 12(22) - 16(24) 12 3l

Numbers in parentheses are for samrles dispersed with sodium hexametaczkosphate.
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Table 8.2 Amounts of inorganic and organic P in whole samples
and in particle-size separates of casts and under-

lying soil obtained by water dispersion

= . =, .
Particle size Inorganic P (pg g 1) in Organic P (pg g ) in

fraction gﬁm) Soil at (cm) Soil at (cm)
Casts 0-5 8-12 18-22 Casts 0-=5 12 18-=22

Whole sample L6 257 137 80 352 246 213 89
2000-250 571 396 215 155 kos 682 172 80
250-63 165 206 11k L3 159 206 ok 33
63-20 98 91 58 28 117 97 69 2L

20-4 583 265 139 109 864 431 210 98

<4 971 Lp7 200 69 1370 731 310 173
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lying soil (Table 8.2). This suggests incorporation of P into
casts during passage of soil, plant material, and possibly dung
through the earthworm. For fractions coarser than 20pm,there
was less difference between the TIP and TOP contents of casts and

underlying soil materials.

During the period of surface casting in the second year of
study (1975), the TP content of the casts remained rather constant
(Fig. 8.2). In contrast, the TIP content of casts gradually de-
creased from a maximum in April and May to a minimum in August.
Consequently, TOP levels showed a reverse trend over the same
period. Variations in the amounts of TIP and TOP in the surface
soil were very much less pronounced than in the casts, indicating
that seasonal changes in the distribution of P forms in the under-

lying soil could not explain those obtained for the casts.

The progressive decrease in the level of TIP and the correspond-
ing increase in the level of TOP in casts in the May-August period
and the subsequent increase in the proportion of inorganic P, with
increasing soil temperature in August and September (Fig. 8.2),
may be attributed to the effect of temperature on phosphatase en-
zyme activity. It is well established that enzyme catalysed re-
actions are temperature dependent (Skujins, 1967). Thus, the
decrease in TIP und increase in TOP from mid-May is probably due
to a reduction in the conversion of TOP to TIP, because of lower
microbial and phosphatase enzyme activity as a result of declining

soil temperature (Fig. 8.1b).

Although significant quantities of TIP (9kg ha-1) and TOP
(132kg ha—1), respectively, were accumulated in surface casts during
the study year, it must be emphasised that the TP content of the
casts cannot be greater than the TP content of plant litter. It
has recently been shown that the major proportion (59-83%) of TP
in litter from New Zealand pastures is present in the inorganic
form (Gillingham et al., 1976). As the major proportion of P
in the casts is organic, there may, in fact, be an increased con-
version of IP to OP as a result of passage of litter, dung,and

soil through the earthworm.
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8.3.1.3 Release and uptake of phosphorus by casts

and soil. Preliminary studies indicated that the P release and
uptake characteristics of freshly-collected casts changed with
time, thus methods of storing cast materials were evaluated. A
bulked sample of casts, stored in a manner which would cause mini-
mal changes in P release and uptake characteristics, was required
for the experiments described subsequently. Of the two methods
investigated, freezing immediately after collection and thawing
prior to use was found to give comparable results, in terms of P
release and uptake, to fresh casts (Table 8.3). Consequently,

a bulk sample of freshly-collected casts was frozen and sub-samples
were allowed to thaw for 24h as required before analysis. Speir
and Ross, (1975) have indicated that storage of field-moist samples
at 4°C is preferable to air-drying for retaining phosphatase acti-
vity. As discussed later, the time of storage of non-frozen samples
at room temperature has a considerable bearing on the amounts of

IP and OP released to solution.

Because the intention was to study the uptake and release of IP
by cast material under conditions simulating the ruaoff environment,
it was necessary to use a medium which was reasonably similur to
that of filtered surface runoff or stream water. The use) of fil-
tered surface runoff or stream water as the support medium present-
ed problems in maintaining a constant chemical composition, both
from the standpoint of storage over long periods of time and the
variation in samples taken at different times of the year. It
was observed that both earthworm casts and surface soil released
very similar amounts of IP and OP to 0.1M NaCl and filtered stream
water (Table 8.4). The use of distilled water as the support
medium resulted in a greater release of IP and OP,and lower re-
moval of IP from solution by casts and surface soil than from fil-
tered stream water (Table 8.4). This is consistent with the
effect of ionic strength on the sorption (Ryden et al., 1977b) and
desorption (Ryden and Syers, 1977a) of P by soils. Therefore,
0.1M NaCl was used as the support medium in subsequent simulated

stream and runoff studies.

Although the TIP content of casts (whole samples) collected
in early May, was approximately twice that of the underlying sur-

face soil (Table 8.2), the release of IP from the same casts to
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Table 8.3 Release of inorganic and organic P, and uptake of
inorganic P by casts from O0.1M NaCl at a solution:
solid ratio of 400:1 during 24h as influenced by

method of storage

-1
Storage Release of Uptake (pg & )

method Inorganic P Organic P of inorganic p?

(pgg” ) (pe g 1)

Untreated (fresh) 31.4 16.9 36.9
Frozen-thawed Zi.8 16.2 38.8
Air dried 28.4 4.4 S54.6

Added P concentration was 4OOpgP 8—1, i.e., 1mgP 17 .



Table 8.4 Release of inorganic and organic P, and uptake of

inorganic P by fresh casts and surface soil from

22

0.1M NaCl,distilled water,and filtered gstream wutler

at a solution:solid ratio of 400:1 during 24h

-1
Uptake (pg 8 )

Support Release of
medium Inorganic P Organic P of inorganic p?
-1 -1
(pgeg ) (pgsg )
Casts
0.1M NaCl 31.5 17.0 26.7
Distilled water 5.4 19.7 31.3
Filtered-stream water 32.6 17.6 34.9
Soil Surface (0-5cm)
0.1M NaCl 8.3 9.3 61.3
Distilled water 9.4 10.1 57.%
Filtered-stream water 8.6 9.2 60.1
a 1 1

Added P concentration

was QOOFgP g

) ioe.,1mgP 17
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0.1M NaCl after 24h (32.1pgP g—1, lower half, Fig. 8.3) was approximate-
ly four times greater than that from the surface scil (&.OugP g-1, 1ower
half Fig. 8.3). More than half of this inorganic P was released

from the casts in less than 1h (Fig. 8.3). In contrast, casts
removed less added IP from solution than underlying surface soil

(upper part of Fig. 8.3). The difference between the amounts of
added IP removed from solution by surface soili and casts was approx-
imately equal to the difference between the amounts of IP released

to solution by the materials for times of shaking in excess of 8h.

The greater release of IP (Fig. 8.3) and higher proportion of <lpm
material (Table 8.1) in casts relative to underlying soil, indicat-

ed that the difference in T1P and TOP distribution between casts

and underlying soil material (Table 8.2), is not a direct result of
material from lower depths being brought to the surface by the

earthworm.

As the proportion of TIP and TOP in the casts varied during
the casting period (Fig. 8.2), the amounts of inorganic and organic
P released to solution may also be expected to vary. It was ob-
served that casts deposited in April, May, and most of June, re-
leased appreciably more IP than OP to 0.1M NaCl (Fig. 8.ka).

The difference between the amounts of IP and OP released to solu-
tion increased until the beginning of June, after which time pro-
gressively less IP and more OP was released to solution. The
release of OP reached a maximum value in mid-July. It is of
interest that the amounts of rapidly exchangeable IP in casts

(Fig. 8.4b) showed similar trends to the release of TP (Fig. 8.4a).
The amounts of rapidly exchangeable P increased to a maximum in
early June and then decreased gradually and remained fairly con-

stant for the remainder of the casting season.

In contrast, the amounts of IP and OP (Fig. 8.4a) released
to 0.1M NaCl and of rapidly exchangeable P in the surface soil
(Fig. 8.4b), were very much lower than those released from casts

and were essentially constant throughout the year.

Preliminary studies indicated that the relative proportion
of IP released to solution by freshly-deposited, unfrozen casts
increased with temperature and time of storage. Subsequently,

the release of inorganic and organic P from fresh casts and surface
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soil to 0.1M NaCl,at a solution:solid ratio of 400:1,was evaluated
as a function of temverature of incubation at 16OC and hOC. It
was observed that the amount of IP released from casts incubated
at 16°C was greater than for a corresponding incubation at 4°C
(Fig. 8.5). Also phosphatase activity in casts incubated at 4°c,
as indicated by the release of p-nitrophenol,was appreciably lower
than that in the same material incubated at 16°C. In contrast,
the release of IP and phosphatase activity in surface soil was
little affected by temperature of incubation and, therefore,the

dutua are not presented.

The effect of time of incubation on the release of IP and OP
from fresh casts and surface soil to 0.1M NaCl at a solution:solid
ratio of 50:1 was evaluated at an incubation temperature of 16°C. The re-
lease of total P (IP plus OP) from fresh casts to solution (in 24-h
extractions) was essentially constant with time of incubation.

In contrast, the release of IP from casts increased from approx-
imately 16pgP g’1 to SOpgP g_1 after incubation at 16°C for 5 days
(Fig. 8.6). Organic P release decreased systematically from a
maximum value of 59PgP g—1, mirroring the increase in IP release.

It is significant that all of the IP generated in the casts during
incubation is released to solution. Phosphatase activity increaced
rapidly to a maximum following incubation for 18h, when the amount
of OP released to solution had decreased from 59 to 21ng g—1.

It is of interest that this maximum release of p-nitrophenol pre-
ceded the maximum value for inorganic P release. The data suggest,
therefore, that the conversion of OP to IP in the casts is the
result of phosphatase enzyme activity. Although the same trends
were observed for the release of IP, OP, and p-nitrophenol from
surface soil, they were of appreciably lower magnitude (Fig. 8.6b)
and could not, therefore, account for the differences observed

with cast material.

Consequently, the potential of casts for the DIP enrichment
of surface runoff is expected to be influenced by the elapse-time
between cast deposition and the onset of a rainfall event resulting
in the release of IP. Under rainfall conditions where the infil-
tration rate is not exceeded, however, IP could be leached from
the casts into the underlying soil. In such situations, surface

casts may represent a significant source of directly-available P
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for plant growth.

The fact that the seasonal variations in the release of P
to 9.1M NaCl (Fig. 8.4a) and the amounts of rapidly exchangeable
P in the casts (Fig. 8.4b) were more closely related to_cast
production (Fig. 8.1) than to changes in the relative amounts of
IP and OP in the casts (Fig. 8.2), indicated a varying mobility
of P which is largely independent of the amount of P present.
The data indicate that the impact of earthworm casting on P cycling
will be greatest during May and June. Although phosphatase enzyme
activity did not vary during the casting period, temperature had
a pronounced effect on phosphatase activity in freshly-deposited
casts. The amounts of IP released to solution, however, were
very much less influenced by the temperature of incubation. Thus,
it would appear that temperature differences, alone, do not explain
the seasonal variation in the amounts of P released to solution
(Fig. 8.ka). Significantly, neither the seasonal changes in the
relative amounts of IP and OP in casts, nor their release to solu-
tion, can be attributed to similar seasonal variations in these

parameters in the underlying soil.

8.3.1.4 Nature of inorganic phosphorus in casts.

Information relating to the nature of the IP in casts was obtained
from further chemical extraction and isotopic exchangeability
studies. Sequential extractions of casts and underlying soil
materials with 0.1M NaCl provided additional information on the
kinetics of release of IP. In the first 15-min extraction period,
casts released 9pgP g_1 (Fig. 8.7), whereas the underlying soil
surface material released 2.1PgP g-1 (Fig. 8.7). Appreciably
smaller amounts of IP were released from the soil at 8-12 and
18-22cm (1.7 and 1'2ng g—1, respectively) during the first 15-min
extraction period. During eight successive extractions over 3h,
casts released 62ng g-1, whereas the surface soil only released
12pgP g .

The rate of release of IP from the casts was initially éreater
than that from underlying soil materials. The rate of P release
from the casts, however, gradually decreased and was similar to

that from underlying soil materials after approximately 2h. The
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rate of release of IP from the three soil materials was similar.
When the rate of IP release was plotted against cumulative release
(Fig. 8.8), it was possible to identify three apparently distinct
reactions for the release of IP from casts and two for the under-
lying soils. With the exception of the first reaction relating
to a rapid release of IP from the casts, the slopes for the four

materials were similar, suggesting similar releace mechanismcs.

The fact that casts, but not underlying soil, contain a pool
of loosely-bound inorganic P, which is readily released to solu-
tion, implies a greater isotopic exchangeability of the inorganic
P which is incorporated into the casts. Although the amount of
inorganic P in the casts was approximately twice that present in
the surface soil (Table 8.2), the amount of exchangeable P was
three times greater (90 and 3QP8P 8-1, respectively) for the two
materials when a 6-day period was used for exchange (Fig. 8.9).
Thus,the IP in the casts has a higher exchangeability than that
in the surfuce soil. In contrast, soil muterials at 8-12 and 18-
22cm contained very much lower amounts of exchangeable P. In
addition, the amounts of rapidly-exchangeable (1h) IP in casts

were appreciably greater than in underlying soil (Fig. 8.4).

Barley (1961) considered that the increase in pH of earth-
worm cacts was responsible for the higher ''solubility" of nutrients
in casts. The pH of casts used in the present study, however, was
only slightly greater than that of the surface soil (6.22 and
5.86, respectively). It is generally accepted that pH has only
a small effect on P sorption by soils in the range of 4 to 6.5
(Barrow, 1970; Ryden and Syers, 1975). Consequently, there is
little reason to believe that a pH increase of 0.36 would drama-
tically affect the desorption of P. The greater release of P
from casts is more readily explained in terms of the additional
P incorporated into casts having a lower binding energy, as indicat-
ed by a higher isotopic exchangeability. Inorganic P sorbed with

a lower binding energy is more readily desorbed (Ryden and Syers,

1977a).

The amounts of IP extracted from casts at varying times of
the year by the Olsen bicarbonate reagent (0.5M NaHCOB), water,
and 0.1M NaCl were very closely related (Fig. 8.10). More IP
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was extracted by NaHCO, than by water from each sample of casts.

than by 0.1M NaCl.

3

Also very much more IP was extracted by NaHCO

lor exuample, the umounts of LlP extracted Iromju cample of cuscte
collected in early June, 1975 by 0.5M NaHCOB, water, and 0.1M NaCl
were 157, 128, and 33P8 g-j respectively. The very much greater
amounts of IP extracted from casts by 0.5M NaHCO3 than by 0.1M NaCl
(Fig. 8.10) is attributed to the effect of hydroxyl ions on the

desorption of P. The pH of the 0.5M NaHCO, reagent is 8.5 and

3
this is appreciably greater than that of a suspension of casts

in 0.14 NaCl. Significantly,less IP was extracted by water than
by 0.5M NaHCO3

essentially constant throughout the year. Ryden and Syers (1977b)

and this difference (approximately 30pg g_q) was

have demonstrated that water gquantitatively removes inorganic P
from soils which is sorbed by a more-physical type of sorption,
whereas IP which is chemisorbed is not extracted. Consequently,

0.5M NaHCO, removed approximately Bng g_1 of chemisorbed P from

B

casts. This chemisorbed P would have a lower potential plant

availability than the more-physically sorbed P.

The very much lower amounts of IP extracted from casts by
0.1M NaCl than by water is consistent with the potential-deter-
mining mechanism involved in the more-physical type of sorption,
which is influenced by ionic strength (Ryden et al., 1977b). A
progressive decrease in the ionic strength of NaCl used as an
extractant resulted in a corresponding increase in the amount of
IP extracted from soils (Ryden and Syers, 1977b). Because water-
extractable IP accounts for approximately 90% of the difference
between TIP in the casts and underlying soil, essentially all of
the additional IP in the casts is sorbed by a more-physical sorp-
tion type. The high isotopic exchangeability of P present in
casts is also consistent with this observation because a high
isotopic exchangeability is characteristic of more-physically
sorbed P (Ryden and Syers, 1977a).

8.3.1.5 Implications. The implications of the results

obtained for the particle-size distribution, the forms and amounts
of P, the P release and uptake characteristics, and the nature of
P in earthwora casts, to the P enrichment of surface runoff waters

and plant nutrient availability,are several. Casts deposited on
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the soil surface ar€ more readily transported in surface runoff
than is underlying soil. The higher proportion in casts of
finer particles (Table 8.1), which are transported prefereatially
in surface runoff (Ryden et al., 1973), coupled with their higher
P content (Table 8.2), accentuate the "enrichment ratio!" effect
for particulate P in surface runoff (Massey and Jackson, 1952;
Stoltenberg and White, 1953). In addition, the finding that
casts release appreciable quantities of IP and OP to solution

and remove less IP from solution (Fig. 8.3) than underlying soil
materials, suggests that casts may enhance the dissolved P levels

in surface runoff.

Russell (1973) has emphasised that the consequence of earth-
worm casting on the distribution of plant nutrients in the soil
has received little attention. The data presented, however,
suggest that a high proportion of the IP in casts is available
to plants following desorption. Because of the rapid release of
IP from casts to solution, the rate of desorption is not expected
to be a limiting step in determining the plant availability of IP
in casts. It must be noted, however, that the considerable
variation in the relative proportions of IP and OP in casts during
the period of casting activity, indicate that adequate consider-
ation should be given to the time of sampling in studies relating

to P forms in casts.

Surface casting activity in the study area occurs during the
autumn to spring period. Significantly, this coincides with the
the period when surface runoff occurs, namely in the months of
April to September. In addition, the fact that peuak surface cast
production (Fig. 8.1a) coincides with maximum release of IP to
solution (Fig. 8.4a), suggests that the importance of surface-—
casting earthworms in the cycling of P is greatest at this time.
This is substantiated by the fact that both the mean DIP and sedi-
ment concentrations (total load divided by total flow) of indivi-
dual surface-runoff events from unfertilized, ungrazed plots,
during the casting period, showed similar seasonal variations to

cast production (Fig. 4.6).

Further evidence for the contribution of casts to the loading

of particulate material in surface runoff, and by inference to
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the loading of particulate P, has been obtained from the simi-
larity in particle-size analyses of discharge collected from
surfuace-runoff plots- and of earthworm custs.  The major propor-
tion (80%) of particulate material carried in surface runoff was
less than 63Pm (Table 8.1), as was the case for surface-cast
material (76%) in comparison to underlying soil material, where

only 51% was less than 6;pm.

Although the data indicate that surface-casting earthworms
may be a potentially important source of both particulate material
and particulate P in surface runoff, the accelerated incorporation
of plant litter into the soil by earthworms may remove a potentially
greater source of DIP to surface runoff than that present in cast
material. Further work presently being carried out at Massey
University, suggests that this in fact may be the case. Further-
more, Stockdill (1966) has shown that in the absence of earthworms,
a thick mat of plant litter can build up at the surface of soils
under pasture in Otago, consequently reducing infiltration rates.
The major role of surface-casting earthworms in decomposing and
mixing plant material with the soil, thus accelerating the rate of

cycling of P in the pasture situation, cannot. be ignored.

8.3.2 Effects of solution:solid ratio on the release and
uptake of inorganic phosphorus by potential particu-

late source materials

The release of IP from soil surfuce, stream-bank, and earth-
worm cast material to 0.1M NaCl with time showed a dependence
upon solution:solid ratio {(Fig. 8.11). As the solution:solid
ratio decreased (sediment concentration increases), more IP was
released to solution. It was observed that this relationship
was not linear. Below a solution:solid ratio of 1000:1, variations
in the ratio had a greater effect on P release than at wider
ratios (Fig. 8.11). This effect was most marked for cast material
(Fig. 8.11a). It was calculated, however, that the release of
IP to solution per unit weight of soil increased as the solution:
solid ratio increased. Work reported by Larsen and Court (1960),
Fordham (1963), and White (1966) also showed that at disequilibrium,

release of IP to solution from soil material was dependent upon



237

o
O
(0}

T

o

(&

()
T

004}

O-02F

-
.-
e
LI
-~ o
* -

=
\\ o 5
- & - -LTIllisorosioPC

"7 4000

solution P concentration (mg I7)

o-ooo 500 1doo 1500 2000

Solution to solid ratio

Fig. 8.11 Release of IP to 0.1M NaCl (no added IP) from earthworm
casts (a), soil surface (0-5cm) (b), and stream-bank

material (c) as a function of solution:solid ratio.



n
QY]
o«

solution:solid ratio. Hope and syers (1976) have recently shown
that solution:solid ratio effects on P sorption are kinetic in
origin. It is reasonable to suggest that a similar explanation
applies to the release or desorption of P.

WEEI iRl PLEbHCeHtnatons oF 092 Bndl QeSHgR 1, BHE
data indicated that as the solution:solid ratio increased, sorption
of IP by surface soil material decreased, with the result that
the final solution P concentration increased (Fig. 8.12, curves
b and ¢, respectively). Similar trends were ooserved for stream-
bank and cast material and the data are, therefore,not presented.
The decrease in P sorption with an increase in solution:solid ratio
results from the fact that as the solution:solid ratio increases,
the number of P sorbing sites in the system decreases,whereas the
solution P concentration remains constant. The sorption of P per
unit weight of soil was greater as the solution:solid ratio increas-

ed.

Under low stream-flow conditions, therefore, when sediment
concentrations are also low, release or uptake of IP by suspended
particulate material will be at a minimum. In contrast, under
high stream-flow conditions, when sediment concentrations are high,

an extensive modification of DIP concentrations is likely.

In the present study, P was added to systems of varying solu-
tion:solid ratios, such that the initial solution P concentration
was the same in each system, irrespective of the amount of soil
material present. This was done in order to investigate the effect
of sediment concentration on the DIP concentrations obtained from
stream monitoring studies. In contrast, however, Hope and Syers

(1976) added different levels of P to obtain the same initial P

concentration per unit weight of soil in the systems studied, with
the result that at narrower solution:solid ratios the initial solu-
tion P concentration was higher than at the wider ratios. In doing
so, these workers were able to isolate the effect of solution:solid

ratio from that of initial solution P concentration.

The fact that surface soil was able to sorb more P per
unit weight of solid material at wider solution:solid ratios arises

from the fact that as the ratio increases, the initial solution P
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concentration per unit weight of soil in the system increases.
Consequently, there is a corresponding increase in the amount of

P per unit number of sorption sites.

The data suggest that as the solution:solid ratio decreaces,
as would occur with increasing stream flow, the rate and extent
of modification of DIP concentration by suspended particulate
material in the stream will increase. Under low stream-flow
conditions, however, a steady state of DIP concentration would

occure.

It would appear from the data presented in Fig. 8.11 that
the simulated systems are not at equilibrium because of the con-
tinued release of P to solution after 24h. This is in agreement
with work of Ryden and Syers (1975) who also showed that true
equilibrium could only be estimated by extrapolation of kinetic
data to an infinite shaking time. Over the shorter shaking times,
which are relevant to the contact time between soil material and
runoff waters in the field situation, a more steady state in terms
of solution P concentration is attained after a shorter period of

time at wider solution :co0lid ratios.

8.3.3 Release and uptake of inorganic phosphorus in simulated

runoff systems

In addition to investigating thsz P uptake and release character-
istics of stream and surface-runoff sediments, similar experiments
were carried out using the source materials of these suspended
sediments. The potential source materials considered were sur-

face soil, casts, and stream-bank material.

8.3.32.1 Potential source materials. The amount and

rate of IP release from cast material to 0.1M NaCl containing no
P, was appreciably greater than that from either surface soil or
stream-bank material at solution:solid ratios of 400:1 and 2000:1
(Fig. 8.13 and 8.14). After 4h, casts had released four times
more IP than surface soil and five times more than stream-bank

material.
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Approximately 80% of the IP released to solution from sur-
face soil and stream-bank material after 4h was releaced in the
first hour at solution:solid ratios of 400:1 and 2000:1 (Fig. 8.13,
8.14, respectively). Even after 3Omin, approximately 75% of the
release of IP after 4h was attained. This rapid release of IP
is expected to be important, considering the short contact times
between surface-runoff waters and the soil surface, and between
stream water and stream-bank material. Although appreciably more
IP was released to solution from casts than from underlying soil
materials, only 56% of the IP released after 4h was released after

1h.

When casts were prewashed with 0.1M NaCl to remove readily-
extractable P, a situation which would occur in the surface-runoff
environment, and then shaken with 0.1M NaCl containing no IP, the
amount of IP released to solution was reduced only slightly rela-

tive to the unwashed casts (Fig. 8.13 and 8.14).

Both untreated and prewashed casts released IP to 0.1M NaCl
containing O.1mgP 1_1 at solution:solid ratios of 400:1 and 2000:1
(Fig. 8.15, 8.16, respectively). The rate of release of IP to
solution, however, decreased with time compared to the rate of re-
lease in the absence of added P. At the narrower ratio (400:1)
casts sustained higher DIP levels (Fig. 8.15) than at the wider
ratio 2000:1 (Fig. 8.16). In contrast, surface soil and stream-
bank material removed IP from solutions containing O.1mgP 1-1 at
solution:solid ratios of 400:1 and 2000:1 (Fig. 8.15 and 8.16,
respectively). The rate of IP removal by both surface soil and

stream-bank material at a solution:solid ratio of 400:1 was greater

than at 2000:1. For example, surface soil and stream-bank mater-
ial sorbed 0.009 and 0.058mgP l-1 , respectively, during 4h at
L00:1, whereas at 2000:1, 0.004 and 0.018mgP 1-1 , respectively,

was sorbed in the same time.

The data suggest that the release of IP from surface soil and
cast material may occur in surface runoff in view of the low DIP
concentration in precipitation. If surface runoff did
not contribute to stream flow, because of a reduction in land
slope, but joined subsurface flow, then subsoil material (correspond-

ing to stream-bank material) would be able to remove IP from solution
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resulting in low DIP concentrations in subsurface flow (Section

6 BB 1 .

When the potential source materials were shaken with 0.1M
NaCl containing 0.25mgP l_’I of DIP at solution:solid ratios of
400:1 and 2000:1, all removed IP from solution (Fig. 8.17 and 8.18,
respectively). The rate of sorption of IP was much greater for
stream-bank material than for surface soil or casts. When the
initial O.1ﬂ NaCl solution contained a P concentration of 0.25mg 1-1
25% of the added P was sorbed after 30min at a solution:solid ratios
ratio of 400:1 (Fig. 8.17). After the same time, however, surface
soil sorbed only 8% and casts 4% of the added P (Fig. 8.17).

Furthermore, stream-bank material had an appreciably greater

capacity to sorb IP from solution than surface soil or cast material.

When the potential source materials and suspended sediments
were shaken in 0.1M NaC1 containing O.5mg 1-1 of IP at solution:
solid ratios of 400:1 and 2000:1, similar trends for the uptake
and release of IP were observed (Fig. 8.19 and 8.20,respectively)
as with 0.25mgP 1~ | of added IP (Fig. 8.17 and 8.18). Even at
the high initial IP concentration (0.5mgP 1-1), which was recorded
only occasionally in runoff waters, IP was released by the'<30Pm
fraction of casts (0.07mgP 17" released after bh, Fig. 8.19h) and
suspended surface-runoff sediment (0.06mgP 1-1 released after L4h,
Fig. 8.19g) at a solution:solid ratio of 400:1. in clonitrals\t,
stream-bank material, surface soil, and untreated casts were able
to remove 40, 12,and 8% of the added IP, respectively, under corre-
sponding conditions. Similar observations were made at the wider
ratio of 2000:1, where the-<30ym fraction of casts and suspended
surface-runoff sediment released 0.029 and 0.026mgP 1_1, respective-
1y, (Fig. 8.20h and 8.20g, respectively), whereas stream-
bank, surface soil, and casts removed 16, 9, and 4% of the added
IP. Thus,the data indicate the potential of the <30Pm fraction
of cast material and suspended surface-runoff sediment to releace
IP to solution and of stream-bank and surface-soil material to re-

move IP from solutions containing high IP concentrations.

It is apparent, therefore, that if runoff occurred when the
stream was at low flow, characterised by low DIP and sediment con-

centrations (Section 6.3.2.1), the particulate.material (surface



k7

h
SRS o g
£ 030
C - o f
5 0-251'.m= ‘g
= \ = $
S —o C
S 0:-20=
(O]
o
5
;::) S & a
5]
n
| | L. !
0'100 1 2 3 4

Time (h)

Fig. 8.17 Release and uptake of IP from 0.1M NaCl containing
0.25mg 1-1 of IP by stream-bank material (a), surface
soil (0-5cm) (b), prewashed earthworm casts (¢), un-
treated earthworm casts (d), suspended-stream sediment
(e), <30 pm surface soil (f), suspended surface-runoff
sediment (g), and <30 pm earthworm casts (h),as a

function of time at a solution:solid ratio of 400:1.



248

0-30
h
~ g
T 028l
026 y
g T d
g
024 ¢

0-22

0-20

O 1 2 3 4
Time (h)

Fig. 8.18 Release and uptake of IP from 0.1M NaCl containing
0.25mg l-1 of IP by stream-bank material (a), suspended-
stream sediment (b), surface soil (0-5cm) (c), prewashed
earthworm casts (d), untreated earthworm casts (e), <30
pm surface soil (f), suspended surface-runoff sediment
(g), and <320 pm earthworm casts (h),as a function of

time at a solution:solid ratio of 2000:1.



Fig. 8.19

)

(mg !

Solution P concentration

060 B
h
g
O-55}
of
0-a5}- . ﬂ%
040}
0-35f
! 1 1 2
().BCDC) 1 2 3 4
Time (h)

Release and uptake of IP from 0.1M NaCl containing

0.50mg 1"

of IP by stream-bank material (a), suspended-

stream sediment (b), surface soil (0-5c¢cm) (c), prewashed

earthworm casts (d), untreated earthworm casts (e), < 20

pm surface soil (f), suspended surface-runoff sediment

(g), and <30 p»m earthworm casts (h),as a function of

time at a solution:solid ratio of 400:1.

2k9



250

@)
o)
@)
/////,;Z‘

Solution P concentration (mg 1'1)
O . s
A
0
ﬁ/
1Y =
3 3 Nn Qa {)

0-46

0-44
! ) Eﬁ
0-42 :
o) 1 2 3 4
Time (h)

Fig. 8.20 Release and uptake of IP from 0.17M NaCl containing 0.5
mg l-1 of IP by stream-bank material (a), surface soil
(0-5cm) (b), prewashed earthworm casts (c), suspended-
stream sediment (d) untreated earthworm casts (e) < 30
pm surface soil (f), suspended surface-runoff sediment
(g), and < 30 pm earthworm casts (h)yas a function of

time at a solution:solid ratio of 2000:1.



soil and cast material) contributed in surface runoff would release
IP to solution. Because the concentration of DIP in surface run-
off from unfertilized, ungrazed pasture is low (Section 6.3.3.1),
the observed rise in DIP concentration, with a unit rise in stream
flow (Section 6.4) may be attributed to a release of IP_from sus-
pended-particulate material. In contrast, under conditions of
high stream flow and increased DIP concentration, in situ stream-
bank and suspended-stream sediment derived from bank erosion
(Section ?.%.2.%), should remove substantial amounts of IP from

solution.

Using potential source materials from a catchment in Penn-
sylvania in systems simulating field conditions, Taylor and Kunishi
(1971) obtained similar results to those in the present study, al-
though the amounts of IP released to, and sorbed from solution were
different, due to the differing extractable soil P levels of the
potential source materials. These workers were able to show that
stream-bank material,and to a lesser extent surface soil, had a
very large capacity to sorb IP from the stream. The ability of
sorption-desorption studies, using potential source materials
from the Massey Catchment, to provide reasonable estimates of DIP
concentrations in the stream under various flow conditions, 1is

discussed in a later section (Section 8.3.4).

8.3.3.2 Suspended stream and surface-runoff particu-

late material. The uptake and release of IP by suspended stream

and surface-runoff sediments were investigated using the same
systems as those used for potential source materials. Stream
sediment sustained higher DIP concentrations in O.1M NaCl in the
absence of added IP, than did any of the other three source mater-
ials (Fig. 8.13 and 8.14). At higher initial P concentrations
(0.5mg 1-1) and at a solution:solid ratio of 400:1, casts and

stream sediment behaved similarly.

Surface-runoff sediment released substantially more IP to
0.1M NaCl containing no IP, than did casts (Fig. 8.13 and 8.14).
After Lth at 400:1, surface-runoff sediment released 0.28mgP 1-1,
whereas casts released only 0.067mgP ¥ (Fig. 8.13). Similar

trends were also observed at the wider ratio of 2000:1, although
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the surface-runoff sediment concentrations observed in field-
monitoring studies seldom fell below 500mg 1_1 (2000:1 solu-
tion:solid ratio). From the data presented, it appears that the

P uptake and release characteristics of the surface soil and cast
material are not analogous to those of surface-runoff sediment.
Surface-runoff sediment, however, contained no material greater

than 259Pm (Table 8.1) and 70% was less than 2QPm. Consequently,
the P uptake and release characteristics of the<:3qu fraction

of casts and surface soil were investigated. The‘<39Pm fraction

of casts released slightly more IP to 0.1M NaCl after 4h than sur-
face-runoff sediment at all levels of added IP and at both solution:
solid ratios (Fig. 8.13 to 8.18). Initially, however, the rate

of releacse of IP to solution from surface-runoff sediment was great-

er than that from<:3qu cast material.

Approximately 25 and 50% of the whole sample of surface soil
and casts, respectively, was <39Pm. Consequently, in systems
using the<<3QPm fraction there would be a four- and two-fold greater
amount of‘<30Pm material than in the system using whole samples of
surface soil and cast material, respectively. This, coupled with
the fact that the <,30Pm size fraction is enriched in 1P compared
to the more coarse fractions (Table 8.2), would lead to the < 30um
material sustaining an appreciably higher DIP concentration than
whole samples. This is the case,even though IP release would have
occurred during the separation of<<3QPm from the surface goil and

casts.

The data indicate that < Bme surtface soil and
cast material, and suspended surface-runoff and stream sediment,
maintains  higher DIP concentrations than whole surface soil or
cast material samples. This provides a better understanding of the co-
ncentrations of DIP observed in surface runoff (as discussed in a
later section, Section 8.3.4). Although Taylor and Kunishi (1971),
Kunishi et al. (1972), and Ryden et al. (19724, b) conducted oimi-
lar experiments using whole samples of surface and subsoil material,
no work has been reported which evaluates the sorption and desorp-
tion of IP by certain size fractions of particulate source materials

contributing to surface-runoff and stream sediment.
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8s3:3+3 Mixtures of potential source materials in

surface runoff. Because surface-runoff sediment is primarily

derived from castsand surface soil, mixtures of these two materials
were shaken in 0.1M NaCl containing no added IP at a solution:
solid ratio of 400:1 in order to investigate the ability of surface

soil to sorb IP released.

It has previously been showh that casts release more 1P to
solution and remove less IP from solution than surface soil.
As the contribution of casts increased, the amounts of P released
to 0.1M NaCl increased correspondingly (Fig. 8.21). The increase
in DIP concentration after 4h was not directly proportional to
the increase in the percentage of cuast material in the mixture.
For example, an increase in the DIP concentration of 0.013mg 1_1
was obtained when the amount of cast material in the mixture was
increased from zero to 10%. With each subsequent increase of 20%
in the proportion of cast material in the mixtures up to 90%, the
increase in DIP concentration maintained became smaller (Fig. 8.21).
For example, an increase in DIP concentration of 0.011mg 1_1 at 4h
was obtained when the proportion of casts in the mixture was in-
creased from 10 to 30%, whereas an increase of only 0.005mg 1-1
at 4h was observed when the proportion of cast material was in-
creased from 70 to 90% (Fig. 8.21). Surface soil can apparently
only buffer the release of IP by casts when the amount of IP re-
leased by the casts is greater than a value which results in P

sorption by the surface soil and supression of P release.

The removal of IP from solution by mixtures of casts and
surface soil was similarly investigated using a shaking time of
30min and a solution:solid ratio of 400:1. The data are present-
ed in the form of a nomogram (Fig. 8.22), developed by plotting
sorption isotherms for a range of ratios of cast and surface soil
material. This approach was used by Ryden et al. (1972b) to in-
vestigate and predict the potential of soil horizons for the P
enrichment of streams. Ryden et al. (1972b) constructed parallel
lines through points corresponding to the same initial P concentra-
tion on all isotherms, because the solution:solid ratio was constant
(400:1). These lines crossed the abcissa at a final solution P
councentration equal to the initial P concentration; that is, where

there was no net change of P between the solid and aqueous phases.
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Consequently, it is possible to predict the effects of varying
mixtures of casts and surface soil on the DIP concentration at
different initial P concentrations, under experimental conditions
simulating surface runoff.

It was observed that the gradients of the constructed lines
representing the same initial P concentration (dashed, Fig. 8.22)
were equal to 400:1,thus being proportional to the solution:solid
ratio. Thus, by constructing lines of varying slope, it is poss-
ible to estimate the DIP concentration after a contact time of 30pin
between particulate material and the solution at specified initial
P concentrations, solution:solid ratios, and mixtures of cast and
soil material. These estimates are only valid if the P sorption
isotherms for the range of soil mixtures do not change relative to
one another with a change in solution:solid ratio (Ryden et al.,

1972b).

By constructing a line equivalent to a solution:solid ratio
of 2000:1, it is predicted that surface soil material can sorb
1.8pgP g-1 soil (0.001mg 1_1) from an initial P concentration of
0.10mg 1_1 after 3Omin. It was observed earlier that 2'9ng g-’I
(0.001mg 1_1) was sorbed by surface soil (Fig. 8.16) from 0.1M NaCl
after 30min at a solution:solid ratio of 2000:1. If the data from
simulated studies using mixtures of the different potential source
materials contained in surface runoff or stream flow are presented
as a nomogram, it should be possible to estimate the effect of these
mixtures on the DIP concentrations observed in surface runoff and
stream flow at various solution:solid ratios by extrapolation from

the nomogram for one ratio.

It has been shown that stream and surface-runoff sediment and
potential sediment-source materials exhibit widely differing P
release and uptake characteristics (Fig. 8.13 to 8.18). In the
case of surface runoff, surface soil and casts released significant
quantities of IP to solutions containing negligible DIP concentrations,
such as those in precipitation. The concentration of DIP, however,
will be modified further during periods of high stream flow due to
the high P sorption capacity of stream-bank material operating in

situ or transported in suspension (Section 7.3.2.3).
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8.3.4 Comparison of field and simulatedﬂsystems data

In an attempt to estimate and explain the changes in DIP
concentrations during stream flow, the data obtained from field
monitoring studies, under various stream flow conditions, were

compared with those obtained from simulated systems.

During the high-intensity stormdescribed earlier (event 3,
Sections 5.3.1 and 6.3.3.1, for accelerated subsurface and storm
flow, respectively) a DIP concentration of O.1mgP 1_1 was observed
in accelerated subsurface runoff entering the stream following
peak tile discharge (Fig. 5.5a). One hour later,a DIP concen-
tration of 0.16mgP 1-"l was observed in stream flow (Fig. 6.13a).

The sediment concentration of stream flow, however,only decreased
from 2000 to 1750mg 1-1 (a solution:solid ratio of approximately
500:1) over this period (Fig. 6.13b). It was shown in the previous
section that when stream sediment was shaken with 0.1M NaCl contain-
ing 0.10mgP l-1 of added IP at a solution:solid ratio of 400:1
(2500mg 1_1), a DIP concentration of 0.15mgP 1-1 was muintained
after 1h (Fig. 8.15). Considering that in situ stream-bank mater-
ial will remove some IP from solution, the DIP concentration main-
tained in the simulated system is remarkably similar to that from

field observations.

Surface ruynoff primarily originates directly from precipitation
with minor amounts of subsurface flow emerging at the surface and
contributing to surface runoff {Dunne and Black, 1970). It can
be assumed, therefore, that surface-runoff water initially has a
low DIP concentration (0.008mgP 1-1, Section 4.3%.3.1) before con-
tact with the surface soil. During a high-intensity storm (Fig.
4,2b), a maximum sediment concentration of 2000mg 1—1 was observed
in surface runoff, whereas very little variation in the DIP con-
centration of 0.18mgP i (Fig. 4.3%a) was observed during the event.
By reference to the simulated system, in which surface-runoff
sediment was shaken with solutions containing no added IP at a
solution:solid ratio of 400:1 (2500mg 17 '), a DIP concentration
of 0.18mgP 1-1 was measured after 30Omin (Fig. 8.13). The data
indicate that the experimental conditions used in the laboratory
studies adequately simulate the surface-runoff environment, al-

though the contact time between sediment and water of 30min is
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arbitrary, and shorter or longer contact times may occur in the
field. Romkens and Nelson (1974) also obtained similar data
for the concentration of DIP in surface runoff and the concentra-
tion maintained by surface soil material from surface-runoff
plots, when shaken with 0.1M NaCl at a solution:solid ratio of

50:1 for 16h.

In a storm event (event 1, Sections 5.3.1 and 6.3.3.1, for
accelerated subsurface and storm flow, respectively) of lower
stream discharge rate than in the first event discussed (event 3)
a DIP concentration of O0.1mgP l_’I in accelerated subsurface runoff
was observed during the decrease in flow (Fig. 5.1%a). One hour
later, a DIP concentration of 0.08mgP l-1 was observed in stream
flow (Fig. 6.9a), whereas over this period the sediment concentra-
tion of stream flow decreased from 500 to 300mg 1_1 (a mean solution:
solid ratio of 2000:1). The low concentratioan of suspended sedi-
ment in the stream will modify DIP concentrations to a small extent
only (Fig. 8.16). When stream-bank material was shaken with 0.1M
NaCl containing 0.10mgP 1-1 of added IP, at a solution:solid ratio
of 2000:1 a DIP concentration of 0.09mgP 1-1 was attained after 1h
(Fig. 8.16).

If subsurface runoff, with low suspended sediment concentra-
tion, is assumed to originally have a similar DIP concentration
to that of surface runoff (average of approximately O.10mgP 1_1
from unfertilized, ungrazed plots in the monitoring studies, Section
4.3.3.1) the uptake and release of IP by subsoil material (stream-
bank material) can account for the concentration of DIP observed
in subsurface flow. During one subsurface flow event (Fig. 6.3a),
the DIP concentration only varied between 0.030 and 0.035mgP 1-1
and the suspended sediment concentration remained negligible over
a period of nine days. The DIP concentration of subsurface flow
is, therefore, influenced by the subsoil through which the water
moves, and the stream-bank material and bottom sediments that the
stream contacts during its passage. Stream-bank material (sub-
soil exposed at the stream-bank) was able to support a DIP concen-
tration of 0.035mgP 1-1 at the narrower solution:solid ratio (400:1)
after a 4-h shaking period (Fig. 8.15).

Taylor and Kunishi (1971) were also able to closely simulate
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DIP concentrations during base flow of a stream draining a small
agricultural catchment in Pennsylvaniayusing P sorption data ob-
tuined with potential source materials from the cutchment. They
observed that DIP concentrations during base flow of the stream
were in the range of 0.040 to 0.060mg 1_1, concentrations close
to those predicted from P sorption studies using stream-bank and
subsoil material. Further work by Kunishi et al. (1972) on the
same catchment showed that eroded stream-bank material exhibited
a high P-sorption capacity which resulted in a decrease in the
DIP concentration in stream flow under conditions of high water

flow and mixing.

Conseguently, simulated systems using potential source materials
and suspended sediment, at solution:solid ratios and initial IP
concentrations similar to those observed in the field, can to a

large extent account for the changes in DIP concentrations observed
in the field.

8.4 General Discussion

The data obtained for the seasonal variation in earthworm
activity, and for the amounts and release to solution of P forms
from earthworm casts,have been discussed earlier (Section 8.3.1.5),
along with the chemical nature of IP in casts, in terms of the
potential contribution of casts to the loading of P forms and
sediment in surface runoff. In the following discussion, however,
casts will be evaluated along with surface soil and stream-bank
material as potential source and sink materials of IP under con-
ditions which simulate the runoff environment. In terms of the
stream environment, surface-runoff and stream sediment, and stream-
bank material were used as the solid materials in the simulated

systems.

As emphasised by Ryden et al. (1972a), and as is apparent from
the present study, the levels of IP added and solution:solid ratios
used in simulated systems affect the concentration of IP maintained
in solution by potential source materials. When the solution:
s0lid ratio was increased (sediment concentration decreased), the

rate of P sorption and desorption decreased much more rapidly and
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thus, a steady-state P concentration was maintained in a shorter
period of time for surface soil, cast, and stream-bank material.

A depencdence of the amount of IP released to solution on the
solution:solid ratio was also found by several workers using
various soils (Larsen and Court, 196Oi Fordham,
1963; White, 1966). Work by Hope and Syers (1976), however,

has shown that the relationship between solution:solid ratio and
IP sorption is kinetic in origin. It is conceivable that similar

thinking applies to P release.

In systems simulating the runoff envjironment,casts released
more IP than surface soil, which in turn released more than stream-
bank material. This sequence was reversed, however, with respect
to the ability of the materials to remove IP from solution. The
data suggest, therefore, that the IP which is released by cast and
surface-soil material to solution under conditions which simulate
the surface-runoff environment, can be removed from solution by
stream-bank material under conditions which simulate the stream
environment. Other workers have reported that subsoil or material
exposed at the stream-bank is able to remove IP released by surface
soil (Taylor and Kunishi, 1971; Ryden et al., 1972b).

In contrast, surface-runoff sediment was able to maintain
higher IP concentrations than potential source materials. Little
work has been reported, however, on the ability of suspended par-
ticulate materials to modify the concentration of DIP under conditions
simulating the stream and surface-runoff environments. Kunishi
et al. (1972) demonstrated that suspended-stream sediment sorbed
IP from solution in amounts that were consistent with the uptake

and release characteristics of the potential source materials.

In a study of the sorption of IP by suspended particulate
material from the Illinois and Spoon raivers in Illinois, Wang
(1974) observed that the rates of IP sorption by the two sediments
were essentially the same at similar initial P concentrations.
Particulate material from the Illinois river, however, was able
to sorb approximately seven times more IP per unit weight of
material than that from the Spoon river. This was attributed
to a dissimilarity in particle size, mineralogy, and organic matter

content of the materials.
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Attempts to account for the concentrations of DIP in surface
and subsurface runoff and in stream flow, using data for the uptake
and release of IP by suspended surface-runoff and stream sediment
and potential source materials, were reasonably successful. In the
case of surface runoff, a remarkably similar concentration of IP
was maintained by suspended surface-runoff sedimentyafter only a
short period of contact with a solution of negligible initial IP
concentration, to the DIP concentration obtained in field studies.
It is of interest that Romkens and Nelson (1974) were able to esti-
mate the concentration of DIP in surface runoff from a fertilized

silt loam using sorption-desorption studies.

The ability of subsoil or stream-bank material to remove large
amounts of IP from solution is consistent with the low DIP concen-
trations observed in subsurface flow when the only particulate mater-
ial in contact with stream flow was stream-bank material. This can
be attributed to a lower saturation of the P sorption complex in
stream-bank material than in the other potential source and suspended-

sediment materials used.

A similar agreement between the concentration of IP maintained
by subsoil material and that observed during stream-base flow was
found by Taylor and Kunishi (1971). With an increase in stream
flow, however, a more complex situation arises with the variable
contribution of potential source material to suspended-stream sedi-
ment. Even so, it was possible in the present study, to account
for a change in the concentration of DIP in the accelerated subsur-
face runoff input into stream flow after a certain period of time,
considering the uptake and release of IP by suspended-stream sedi-
ment and stream-bank material. Kunishi et al. (1972) also observed
that the suspended sediment from a stream at high flow in Pennsyl-
vania sustained higher DIP concentrations than suspended sediment
from the stream at low flow. This difference was attributed to a
much higher proportion of top soil in the suspended material from
the high-flow event contributed by surface runoff, giving a composite
sample of lower P-sorbing capacity than in the low-flow event. The
very high sorption capacity of suspended material from the low-flow
event 1s consistent Qith the presence of a high proportion of stream-
bank material. Furthermore, these workers suggested from sorption-

desorption studies that surface runoff from agricultural land can
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contain 0.05 to 0.20mgP 1-1 DIP, but with movement down stream and

mixing with sediments derived from subsoil or stream-banks, these

concentrations are reduced to 0.010 to 0.015mgP 1_1.

The data obtained indicate that IP sorption and desorption by
potential source materials and suspended sediment, using initial
P concentrations and solution:solid ratios similar to those obtained
in field monitoring studies, provide a meaningful evaluation of

the modification of DIP concentration in surface and stream flow.
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SUMMARY

The work presented in this thesis may be summarised as
follows: _

1. A review of the literature indicated that little data
have been reported on the sources and amounts of P and N forms
transported in runoff types (surface, accelerated subsurface, and
subsurface runoff) and in stream flow from catchments in New
Zealand. Furthermore, little attempt has been made to evaluate
the relative contribution of runoff types to the P and N loadings

of streams draining catchments both in New Zealand and overseas.

2. Although relationships between flow and concentration
of P and N forms varied between the different runoff types, flow
was the more important variable in determining the P and N load-
ings in each runoff type. As a result of more rapid fluctuations
in the concentration of P and N formsyand in flow during surface
and accelerated subsurface runoff, and in storm flow in the strean
draining a dominantly pasture catchment, a greater frequency of
sampling of these runoff types was required to obtain reliable esti-

mates of P and N loadings, than was the case for subsurface runoff.

3. The application of fertilizer P (50kgP ha~ 1) to surface-
runoff plots in the catchment in June 1975, dramatically increased
the concentrations and amounts of P forms transported in surface
runoff. The amounts of P forms transported in surface runoff
from both unfertilized and fertilized pasture in the preseat study
were greater than those reported in similar overseas studies.

Low amounts of dissolved N forms were transported in surface run-

off.

L. Although grazing with dairy cows resulted in a significant
increase in the transport of P forms in surface runoff, the effect
of grazing was not as sustained as that due to fertilizer appli-
cation. In the case of N, however, grazing resulted in a greater
loss of N forms than that reported in surface runoff studies over-
seas, including several which have involved fertilizer N appli-

cations.
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5. Highly significant correlations were obtained between
the concentration of DIP in surface runoff and the amounts of
extractable P in the surface soil (0-5cm) of unfertilized and
fertilized, drained and undrained surface-runoff plots. Remark-
ably similar regression equations, predicting the losses of DIP
in surface runoff, were obtained for all treatments except the
fertilized, undrained situation. The data obtained suggest
that the soil-sampling procedure used could be improved. The
use of the laboratory extraction procedure for predicting the
locsses of DIP in surface runoff from a surface soil, differing
greatly in the amounts of extractable soil P, appears to be a

feasible proposition.

6. Applications of urea to the drained area of the sub-
catchment resulted in a dramatic increase in the loss of N forms
in accelerated subsurface runoff. The concentrations of both P
and N forms, in this runoff type also increased following grazing,
although the effect of grazing on N concentrations was less than
that of urea application. In addition, tile discharge was drama-

tically reduced following grazing, as a result of surface pugging.

7. Significant correlations were obtained between the con-
centrations of DIP and NO_, in accelerated subsurface runoff and

3

the amounts of extractable soil P and NO, in the subsoil at 40-50cm.

3
This depth corresponded to that of the mole channels.

8. Appreciably greater amounts of N forms than P forms were
transported annually in stream flow from the Massey Catchment.
The amounts of P and N forms transported, however, were greater
than those reported in overseas studies, even though in many cases
higher fertilizer P and N application rates were used than in the

present studye.

9. The amounts of water discharged and P and N forms, and
sediment transported in stream flow were separated into those
transported during subsurface and storm flow using hydrograph
analysis. Although a greater amount of water and N forms was
discharged annually in subsurface flow than in storm flow, a
larger amount of P forms was transported in storm flow. This

is attributed to the appreciably higher proportion of TN occurring



265

in the dissolved form.

10. Of the three runoff types, surface runoff contributed
the major proportion of the annual P loading of the stream in
the subcatchment, whereas subsurface runoff contributed_the major
proportion of the water discharged and the annual N loading.
It appears, however, that stream-bank erosion and the resuspension
of bottom sediments contributed the major proportion of the annual

loading of P forms and sediment in the stream.

11. Larthworm casts contained an appreciably greater amount
of IP and OP than underlying soil material from which the casts
were derived. The additional IP in the casts was sorbed by a
more-physical sorption type and, as a consequence, was released
more readily to solution than the IP in underlying soil. The
importance of earthworms in increasing the rate of P cycling in

a so0il under pasture is indicated.

12. The fact that peak cast production coincided with periods
of increased surface runoff suggests that earthworm casts may be
a potential source of both particulate material and particulate

P to surface runoff.

1%2. The ability of the potential sources of particulate
material in the stream (surface soil, stream-bank material, and
earthworm casts) to sorb IP from solution and release IP to
solution, under conditions which simulate the surface-runoff
environment, varied appreciably. Earthworm casts, and to a
lesser extent surface soil, released IP to solution, whereas a
rapid and extensive sorption of IP by stream-bank material indi-
cated a possible buffering during transport in the stream of the

IP released to solution in the surface-runoff environment.

14. A study of the sorption and release of IP by potential
source materials and suspended-stream and surface-runoff sediments
with time, at specified solution:solid ratios and amounts of
added IP, appeared to simulate reasonably well the modification

of IP concentrations in both surface runoff and stream flow.



266

BIBLIOGRAPHY

Alexander, M. 1965. Nitrification. In Soil Nitrogen, W.V.
Bartholomew and F.E. Clark (eds.). p. 307-343. Amer. Soc. Agron.

Allen, S.E., Carlisle, A., White E.J., and Evans, C.C. 1968.
The plant nutrient content of rainwater. J. Ecol. 56, 497-504.

Allison, F.E., Kefauver, M., and Roller, E.M. 1953. Ammonium

fixation in soils. Soil Sci. Soc. Amer. Proc. 17, 107-110.

Arnold, P.W. 1954. Losses of nitrous oxide from soil. J. Soil

Sci. 5, 116-128.

Aubertin, G.M., and Patric, J.H. 1974. Water quality after clear-
cutting a small watershed in W. Virginia. J. Environ. Qual. 3,

2k3-249,

Baker, J.L., Campbell, K.L., Johnson, H.P., and Hanway, J.J.
1975. Nitrate, phosphorus, and sulfate in subsurface drainage

waters.J. Environ. Qual, 4. 406-k12.

Barley, K.P. 1961. The abundance of earthworms in agricultural
land and their possible significance in agriculture. Adv. Agron.

13, 249-268.

Barnes, T.W. 1950. The formation of nitrates in the soil following

various crop rotations. J. Agric. Sci. 40, 166-168.

Barnett, A.P., Carreker, J.R., Fernando Abruna, Jackson, W.A.,
Dooley, A.E., and Holladay, J.H. 1972. Soil and nutrient losses
in runoff with selected cropping treatments on tropical soils.

Agron. J. 24, 391-395.

Barrow, N.J. 1970. Comparison of the adsorption of molybdate,
sulphate, and phosphate by soils. Soil Sci. 109, 282-288.



267

Bassalik, K. 1913. ﬁber Silikatzersitzung durch Bodenbacterien.

e Ggrungsphysiol. 11, 1-32.

Batchelder, A.R., and Jones, J.N. 1972. Soil management factors
and growth of Zea mays L. on topsoil and exposed subsoil. Agron.
J. 24, 648-652.

Benoit, G.R. 1974. The effect of agricultural management of wet
sloping soil on nitrate and phosphate in surface and subsurface

water. Water Resources Res. 9, 1296-1303.

Betson, R.P. 1964. What is watershed runoff? J. Geophys. Res.
69, 1541-1552.

Blakemore, M. 1966. Seasonal changes in the amounts of phosphorus
and potassium dissolved from soils by dilute calcium chloride

solutions. J. Agric. Sci., Camb. 66, 139-146.

Bolton, E.F., Aylesworth, J.W., and Hare F.R. 1970. Nutrient
losses through tile drains under three cropping systems and two
lertility levels on Brookston clay loam. Can..d. So0il Sci. 50,

275-279.

Bouldin, D.R., Lehr, J.R., and Sample, E.C. 1960. The effect
of associuted salts on transformations of monocualcium phosphate

monohydrate at the site of application. Soil Sci. Soc. Amer. Proc.

2h, L6L-LE8.

Branson, F.A., and Owen, J.B. 1970. Plant cover, runoff, and
sediment yield relationships on Mancos Shale in Western Colorado.

Water Resources Res. 6, 783-790.

Bremaer, J.M. 1965. Organic nitrogen. In Soil Nitrogen, W.V.

Bartholomew and F.E. Clark (eds.). p. 43-92. Amer. Soc. Agron.

Brink, N., and Gustafson, A. 1970. Kvave och fosfar fran skog,
aker och bedyggelse. Lantbrukshogskolan. Institutionenen for

Marveten Skap-Vattenvard, No. 1, Uppsala, Sweden.



Broadbent, F.E., and Clark F.E. 1965. Denitrification. In Soil
Nitrogen, W.V. Bartholomew and F.E. Clark (eds.). p. 344=359.

Amer. Soc. Agron.

Brown, E.H., Lehr, J.R., Frazier, A.W., and Smith, J.P. 1964 .
Calcium ammonium and calcium potassium pyrophosphate systems.

J. Agric. Food Chem. 12, 70-73.

Brown, J.M., and Bartholomew, W.V. 1962. Sorption of anhydrous
ammonia@ by dry clay systems. Soil Sci. Soc. Amer. Proc. 26,

258-262.

Brown, W.E., and Lehr, J.R. 1959. Application of phase rule to
the chemical behavior of monocalcium phosphate monohydrate in

soils. Soil Sci. Soc. Amer. Proc. 23, 7-12.

Burke, W., Mulqueen, J., and Butler, P. 1974a. Aspects of the
hydrology of a gley on a drumlin. Irish J. Agric. Res. 13, 215-228.

Burke, W., Mulqueen, J., and Butler, P. 1974b. Fertilizer losses
in drainage water from a surface gley. Irish J. Agric. Res. 13,
203-214.

Burm, R.J., Krawczyk, D.F., and Harlow, G.L. 1968. Chemical
and physical composition of combined and separate sewer discharges.

J. Water Pollut. Control Fed. 40, 112-126.

Burwell, R.E., Schuman, G.E., Piest, R.F., Spomer, R.G., and
McCalla, T.M. 1974. Quality of water discharged from two agri-

cultural watersheds in S.W. Iowa. Water Resources Res. 10, 359-365.

Burwell, R.E., Schuman, G.E., Saxton, K.E., and Heineman, H.G.
1976. Nitrogen in subsurface drainage from agricultural watersheds.

J. Environ. Qual. 5, 325-329.

Burwell, R.E., Timmons, D.R., and Holt, R.F. 1975. Nutrient
transport in surface runoff as influenced by soil cover and

seasonal periods. Soil Sci. Soc. Amer. Proc. 39, 523-528.



269

Cady, F.B., and Bartholomew, W.V. 1960. Sequential products of
angerobic denitrification in Norfolk soil material. Soil Sci.

Soc. Amer. Proc. 24, 471-482.

Calvert, D.V., Stewart, I'.H., Mansell, R.J5., and Fiskell, J.G.A.
1975. Movement of nitrate and phosphate through soil drain tile
outlets. Agron.Abstr. p. 23.

Carlisle, A., Brown, A.ll.F., and White, E.J. 1966. The orgunic
matter and nutrient elements in precipitation beneath sessile oak

(Quercus petraea) canopy. J. Ecol. 54, 87-98.

Carter, D.L., Bondurant, J.A., and Robbins, C.W. 1971. Water
soluble nitrate, phosphate, and total salt balances on a large

irrigation tract. Soil Sci. Soc. Amer. Proc. 35, 331-335.

Cloos, P., Herbillon, A., and Echeverria, J. 1968. Allophane-
like synthetic silico-aluminas. Phosphate adsorption and avail-

ability. Trans. Ninth Intern. Cong. Soil Sci., Adelaide, 2,
733-743.

Cole, C.V., and Jackson, H.L. 1950. Solubility equilibrium
constant of dihydroxy aluminum dihydrogen phosphate relating to

a mechanism of phosphate fixation in soils. Soil Sci. Soc. Amer.

Proc. 15, 84-89.

Cooke, G.W., and Williams, R.J.B. 1970. Losses of nitrogen and
phosphorus from agricultural land. Water Treat.Exam. 19, 253-276.

Cooke, G.W., and Williams, R.J.B. 1973. Significance of man-
made sources of P: Fertilizers and farming. The phosphorus in-
volved in agricultural systems and possibilities of its movement

into natural water. Water Res. 1, 19-33.

Cowan, W., and Lee, G.F. 1971. Leaves as a source of phosphorus.

Rep. Water Chem. Program, Univ. of Wisconsin, Madison, Wisconsin.

Devine, J.R., Gunary, D., and Larsen, S. 1968. Availability of

phosphate as affected by duration of fertilizer contact with soil.

J. Agric. Sci., Camb. 71, 359-367.



270

Doneen, L.D. 1966. Effect of soil salinity and nitrates on tile
drainage in the San Joaquin Valley, California. Water Sci. Eng.

Paper 4002, Univ. of California (Davis) 45pp.

Dragoun, F.J. 1969. Effects of cultivation and grass on surface

runoff. Water Resources Res. 5, 1078-1083.

Dragoun, F.J., and Miller, C.R. 1966. Sediment characteristics
of two small agricultural watersheds. Trans. Amer. Soc. Agric.

Engrs. 9, 66-70.

Duley, F.L., and Hays, 0.E. 1932. Effect of degree of slope on
runoff and soil erosioa. J. Agric. Res. 45, 349-360.

Duley, F.L., and Russel, J.C. 1941. Crop residues for protecting

row cropland against runoff and erosion. Soil Sci. Soc. Amer. Proc.

6, 484-487.

Duley, F.L., and Russel, J.C. 1942. Effect of stubble mulching

on soil erosion and runoff. Soil Sci. Soc. Amer. Proc. 7, 77-81.

Duncan, M.J. 1972. In Annual Research Report, Water and Soil

Division, Ministry of Works and Development, Wellington, New Zealand,

po 37'38 o

Dunne, T., and Black, R.D. 1970. Partial area contributions to
storm runoff in a small New England watershed. Water Resources Res.

6, 1296-1311.

During, C. 1971. The effect of fertilizers on the waters of the
Waikato. Seminar on the waters of the Waikato. Univ. of Waikato,

p. 107-116.

During, C. 1972. Fertilizers and soils in New Zealand farminge.

Government Printer, Wellington.

Dutt, A.K. 1948. Earthworms and soil aggregation. J. Amer. Soc.
Agron. 40, 407-410.



271

Edwards, A., and Thornes, J. 1973. Annual cycle in river water

quality. A time series approach. Water Resources Res. 9, 1286-1295.

Edwards, W.M., Simoson, E.C., and Frere, M.H. 1972. Nutrient

content of barnlot runoff water. J. Environ. Qual. 1, 401-405.

Elliot, I.L. 1971. The role of topdressing in water eutrophication.
Proc. Thirteenth Tech. Conf. New Zealand Fert. Manuf, Res. Assoc.

93 pp.

¥lliot, L.F., McCalla, T.M., Mielke, L.N., and Travis, T.A. 1972.
Ammonium and nitrate in soil water of feedlot and field soil profiles.
App. Microbiol. 23, 810-813.

Engberg, R.A. 1971. Nitrate and orthophosphate in several Nebraska
streams. U.S. Geol. Surv. Prof. Paper 750-C: p.C215-C222.

Ingelbrecht, R.C., and Morgan, J.S. 1961. Land drainage as a
source of phosphorus in Illinois surface waters. In Algae and
Metropolitan Wastes. Pub. No. SEC-TR-W61-3 U.S.D.A. of Health,

Education and Welfare.

Environmental Protection Agency. 1971. Methods for Chemical Analysis
of Water and Wastes. U.S. Govt. Print. Office, Washington D.C. 312
bp.

Erickson, A.E., and Ellis, B.C. 1971. Nutrient content of drainage
water from agricultural land. Michigan Agric. Exp. Sta. Res. Bull.
31, 61pp.

Bvans, A.C. 1948. Studies on relationships between earthworms and

soil fertility. 2. Some effects of earthworms on soil structure.

Ann. appl. Biol.' 35, 1-13.

Evans, A.C., and Guild, W.J. 1947. Studies on the relationships
between earthworms and soil fertility. 1. Biological studies in

the field. Ann. appl. Biol. 34, 307-330.



272

Fish, G.R. 1969. Lakes: Value of recent research to measure

eutrophication and to indicate possible causes. J. Hydrol. 8,

77-85.

Fordham, A.W. 1963. Measurement of the chemical potential of
phosphate in soil suspensions. Aust. J. Soil Res. 1, 144-156.

Fox, R.L., and Kamprath, E.J. 1970. Phosphate sorption isotherms

for evaluating requirements of soils. Soil Sci. Soc. Amer. Proc.

34, 902-907.

Frazier, A.W., Lehr, J.R., and Smith, J.P. 1963. The magnesium

phosphates hannayite, schertelite, and pobierrite. Amer. Miner. 48,

635-641.

Frere, M.H. 1Y71. Requisite sampling frequency for measuring
nutrient and pesticide movement in runoff water. J. Agric. Food

Chem. 19, 837-839.

Frink, C.R. 1969. Water pollution potential estimated from farm
nutrient budgets. Agron. J. 61, 550-553.

Gambrell, R.P., Gilliam, J.W., and Weed, S.B. 1975. Nitrogen
losses from soils of the N. Carolina coastal plain. J. Environ.

Qual. &4, 317=-323.

Gardner, W.R. 1965. Movement of nitrogen in soil. In Soil

Nitrogen, W.V. Bartholomew and F.E. Clark (eds.). Amer. Soc. Agron.
p. 550-572.

Gburek, W.J., and Heald, W.R. 1974. Soluble phosphate output of
an agricultural watershed in Pennsylvania. Water Resources Res. 10,

113-118.

Gerard, B.M. 1967. Factors affecting earthworms in pastures. J.
Anim. Ecol. 36, 235-252.



273

Gilbertson, C.B., McCalla, T.M., Ellis, J.R., Cross, E.O., and
Woods, W.R. 1970. The effects of animal density and surface slope
on the characteristics of runoff, solid wastes, and nitrate move-
ment on unpaved beef feedlots. Nebr. Agric. Exp. Sta. Bull. SB508.
Gilchrist, A.N., and Gillingham, A.G. 1970. Phosphorus movement

in surface runoff water. N.Z.J. Agric. Res. 13, 225-2321.

Gilliam, J.W., Daniels, R.B., and Lutz, J.R. 1974. Nitrogen
content of shallow groundwater in N. Carolina coastal plain. J.
Environ. Qual. 3, 147-151.

“
Gillingham, A.G., Syers, J.K., and Gregg, P.E.H. 1976. Phosphorus
cycling in steep hill country pasture. N.Z. Soil News 24, 127-128.

Glandon, L.R., and Beck, L.A. 19€9. Monitoring nutrients and
particles in subsurface agricultural drainage. In Collected Papers
Regarding Nitrates in Agricultural Water, U.S. Dept. Int., FWQA, Water
Pollut. Cont. Res. Series 13030, ELY 12/69, Washington D.C.

Gore, A.J.P, 1968. The supply of six elements'by rain to an
upland peat area. J. Ecol. 56, 483-495.

Gosz, J.R., Likens, G.E., and Bormann, F.H. 1973. Nutrient
content of litter fall on the Hubbard Broox experiment, New Hampshire.

Ecology 53, 769-784.

Graff, 0. 1970. Phospiaorus content of earthworm casts. LandForsch

Volkenrode. 20, 33-36.

Greenland, D.J. 1958. Nitrate fluctuations in tropical soils J.
Agric. Sci. 50, 82-92.

Guild, W.L. 1955. Earthworms and soil structure. Soil Zool,
(Proc. Nottingham Sch. Agric. Sci.) 83-98.

Gupta, M.L., and Sakal, R. 1967. Role of earthworms on the avail-
ability of nutrients in garden and cultivated soils. J. Ind. Soc.
Soil Sci. 15, 149-151.



274

Guy, H.P. 1964. An analysis of some storm period variables affect-
ing stream sediment transport. Prof. Paper 462-E, U.S. Geol. Surv.

Washington D.C. L46pp.

Guy, H.P., and Ferguson, G.E. 1970. Stream sediment, an environ-

mental problem. J. Soil Water Conserv. 25, 217-221.

Hanway, J.J., and Laflen, J.M. 1974. Plant nutrient losses from

tile-outlet terraces. J. Environ. Qual. 3, 351-3256.

Harms, L.L., Dornbush, J.N., and Anderson, J.R. 1974. Physical
and chemical quality of agricultural land runoff. J. Water Pollut.
Control Fed. 46, 2460-2470.

Harmsen, G.W., and Kolenbrander, G.J. 1965. Soil inorganic
nitrogen. In Soil Nitrogen, W.V. Bartholomew and F.E. Clark (eds.).
Amer. Soc. Agron. p. 43-92.

Harmsen,G.W., and von Schreven, D.A. 1955. Mineralisation of or-

ganic nitrogen in soil. Adv. Agron. 7, 299-398.

Harris, R.V¥., Ryden, J.C., and Syers, J.K. 1972. Phosphorus
transport and mobility in land-water systems. Int. Biol. Program,

Eastern Deciduous Forest Biome, Rep. 72-99, 24pp.

Heber, U. 1967. Freezing injury and uncoupling of phosphorylation
from electron transport in chloroplasts. Plant Physiol. 42, 1343-
1350.

Hegwood, G.A. 1966. The influence of the rate and sources of
nitrogen, soil temperature, water application, and plant growth on
certain aspects of strawberry nitrogen nutrition, and on the form

and amounts of nitrogen found in an Oliver silt loam and its leachate.
Diss. Abstr. 26, 4154-4155.

Hendriksen, A., and Selmer-Olsen, A.R. 1970. Automatic method
for determining nitrate and nitrites in water and soil extracts.

Analyst, 95, 514-517.



&>

Hergert, G.W., Bouldin, D.R., and Klausener, S.D. 197k4.
Phosphorus movement in soils receiving heavy manure applications.

Agron. Abstr. p.28.

Hobbie, J.E., and Likens, G.E. 1973. Output of phosphorus,
organic carbon, and fine particulate carbon from Hubbard Brook

watersheds. Limnol. Oceanogr. 18, 734-742.

Holt, R.F., Timmons, D.R., and Latterell, J.J. 1970. Accumu-
lation of phosphates in water. J. Agric. Food Chem. 18, 781-784.

Hope, G.D., and Syers, J.K. 1976. Effects of solution to soil
ratio on phosphate sorption by soils. J. Soil Sci. 27, 301-306.

Huffman, E.O. 1962. Reactions of phosphate in soils: Recent
research by TVA. Proc. Fertil. Soc. 71, 48pp.

Huffman, E.O. 1958. Behaviour of fertilizer phosphates. Trans.

Ninth Intern. Cong. Soil Sci. 2, 745-75h4.

Hutchinson, G.E. 1957. In A Treatise on Limnology. Published by
J. Wiley and Sons, New York.

Jackson, M.L. 1968. Soil Chemical Analysis - Advanced Course. U4th
printing. Published by the author, Dept. of Soil Sci. Univ. of

Wisconsin, Madisoa.

Jacksoa, W.A., Amussen, L.E., Hauser, E.W., and White, A.W. 1973.
Nitrate in surface and subsurface flow from a small agricultural

watershed. J. Environ. Qual. 2, 480-482.

Jacquiem, H., and Berlier, Y. 1956. Evolution du ponvoir nitri-
ficant d'un sol de Basce Cote d'Ivoie l'action du climat et de la
vegetation. Rapports Sixth Intern. Cong. Soil Sci. Paris. C,

343-347.

Jaworski, N.A., and Hetting, L.J. 1970. Relative concentrations of
nutrients in the Potomac River Basin from various sources. Rep.
No. 31, Chesapeake Tech. Support Lab., Middle Atlantic Reg., F.W.P.
C.A., U.S. Dept. Interior.



276

Jenny, H. 1941. In Factors of Soil Formation. Published by
McGraw-Hill Book Co., New York.

Johnson, A.H., Bouldin, D.R., Goyette, E.A., and Hedges, A.M.
1976. Phosphorus loss by stream transport from a rural watershed:

Quantities, processes, and sources. J. Environ. Qual. 5, 148-157.

Johnson, H.P., and Moldenhauer, W.C. 1970. Pollution by sediment:
Sources, detachment, and transport processes. In Agricultural
Practices and Water Quality, T.L. Willrich and G.E. Smith (eds.).

p 3-20. Iowa State Univ. Press.

Johnston, W.R., Ittihadieh, F., and Daum, R.M. 1965. Nitrogen
and phosphorus in tile drainage effluent. Soil Soc. Sci. Amer.
Proc.. 29, 287-289.

Jones, J.R., Borofka, B.P., and Bachmann, R.W. 1975. Factors
affecting nutrient loads in some Iowa streams. Water Res. 10,

117=-122.

Kamprath, E.J., Broome, S.W., Raja, H.E., Tonapa, S., Baird,
J.V., &and Rice, J.C. 1973. Nitrogen management, plant population,
and row studies with corn. N. Carolina Agric. Exp. Sta. Tech.

Bull. No. 217, Raleigh, N. Carolina.

Keup, L.E. 1948. Phosphorus in flowing waters. Water Res. 2,

373-386.

Kilmer, V.J., Gilliam, J.W., Lutz, J.F., Joyce, R.T., and Eklund,
C.D. 1974. Nutrient losses from fertilized grassed watersheds in

western North Carolina. J. Environ. Qual. 3, 214-219.

Klausner, S.D., Z2Zwerman, P.J., and Ellis, D.F. 1974. Surface
runoff losses of soluble nitrogen and phosphorus under two systems

of soil management. J. Environ. Qual. 3, 42-46.

Kleusener, J. 1972. Nutrient transport and transformations in

Lake Wingra, Wisconsin. Ph.D. Thesis, Univ. of Wisconsin. Madison.



277

Knoblauch, H.C., Kolodmy, L., and Brill, G.D. 1942. Erosion
losses of major plant nutrients and organic matter from Collington

sandy loam. Soil Sci. 53, 369-378.

Kohl, D.M., Shearer, G.B., and Commoner, B. 1972. Fertilizer
nitrogen: Contribution of nitrate to surface water in a corn belt

watershed. Science 174, 1331-1334.

Kohnke, H. 1941. Runoff chemistry: An undeveloped branch of

soil science. Soil Sci. Soc. Amer. Proc. 6, 429-450.

Kolenbrander, G.J. 1969. Nitrate content and nitrogen loss in

drainwater. Neth. J. Agric. Sci. 17, 246-255.

Kononova, A.M. 1961. Soil organic matter. Translated by T.Z.
Nowakoski and G.A. Greenwood. Published by Pergamon Press, New

York.

Koritnig, S. 1965. Geochemistry of phosphorus. 1. The replacement
of Si“+ by P5+ in rock-forming silicate minerals. Geochim. Cosmo-

chim. Acta 29, 361-371.

Kunishi, H.M., Taylor, A.W., Heald, W.R., Gburek, W.J., and
Weaver, R.N. 1972. Phosphate movement from an agricultural water-
shed during two rainfall periods. J. Agric. Food Chem. 20,
900-905.

Kunkle, S.M., and Comer, G.H. 1972. Suspended, bed, and dissolved
loads in The Sleepers River, Vermont, U.S.A. U.S.D.A. Pub. A.R.S.
41-188.

Kurtz, L.T. 1970. Fate of'applied nutrients in soil. J. Agric.
Food Chem. 18, 773-780.

Landergren, S. 1962. In Geochemistry, A. Muir (ed). Published
by Clarendon, Oxford, p.455-467.

Langbein, W.B., and Iseri, K.T. 1960 General introduction and hy-
drologic definitions. In Manual of Hydrology. Part 1. General

surface water techniques. U.S.G.S. Water-supply paper 1541-A p. 1-26.



278

Larsen, S. 1971. Residual phosphorus in soils. Tech. Bull.,
Ministry of Agriculture, Fisheries, and Food 20, 34-41.

Larsen, S., and Court, M.N. 1960. The chemical potentials of
phosphate ions in soil solutions. Trans. Seventh Intern. Cong.

Soil Sci. 2, 413-421.

Lee, G.F. 1966. Report on the nutrient sources of Lake Mendota.

Report to the Lake Mendota Problems Committee, Madison, Wisconsin.

Lee, G.F. 1970. Eutrophication. Eutrophication Information

Program, Univ. of Wisconsin, Madison. Occas. Paper 1. 50 pp.

Lee G.F. 1973. Role of phosphorus in eutrophication and diffuse

source control. Water Res. 7, 111-128.

Lee, G.F., Beatty, M.T., Corey, R.B., Fruh, E.G., Holt, C.L.R.
Hunter, W., Lawton, G.W., Peterson, A.E., Schraufnagel, R.H.,
and Young, X.B. 1969. Revised report on the nutrient sources to

Lake Mendota. Report to Lake Mendota Problems Committee, 56 pp.

Lee, K.I'. 1959. A key for the identification of New Zealand earth-
worms. Report Tuatata 8, 13-60.

Lehr, J.R., Brown, W.E., and Brown, E.H. 1959. Chemical be-
haviour of monocalcium phosphate monohydrate in soils. Soil Scie.

Soc. Amer. Proc. 23, 3-7.

Lehr, J.R., Engelstad, 0.P., and Brown, E.H. 1964. Identification
of rcaction products from phosphate fertilizers in soils. Soil Sci.

Soc. Amer. Proc. .26, 446-452,

Libois, A. 1968. Dynamics of mineral nitrogen in a bare soil.

Anals. Agron. 19, 103-128.

Likens, G.E., Bormann, F.H., Johnson, N.M., Fisher, D.W., and
* Pierce, R.S. 1970. Effects of forest cutting and herbicide treat-
ment on nutrient budgets in the Hubbard Brook watershed-ecosystem.

Ecol. Monogr. 40, 23-47.



279

Lindquist, B. 1941. The importance of some Scandinavian earthworms
for the decomposition of broadleaf litter, and for the structure of

mull. Swenska SkogsForen Tidskr. 29, 179-242.

Lindsay, W.L., and Stephenson, H.F. 1959. Nature of the reactions
of monocalcium phosphate monohydrate in soils. 1. The solution

that reacts with the soil. Soil Sci. Soc. Amer. Proc. 23, 12-18.

Loehr, R.C. 1974. Characteristics and comparative magnitude of

non-point sources. J. Water Pollut. Control Fed. 46, 1849-1872.

Lusby, G.C., Reid, V.H., and Knipe, 0.D. 1971. Effects of grazing
on hydrology and biology of Badger Wash Basin in W. Colorado, 1953-
1966. U.S. Geol. Surv. Water-supply Paper 1532-D.

McCalla, T.M., Ellis, J.R., Gilbertson, C.B., and Woods, W.R.
1972. Chemical studies of solids, runoff, soil profile, and ground-
water from beef cattle feedlots at Mead, Nebraska. In Proc. Cornell

Agric. Waste Management Conf., Syracuse, New York. p, 211-223.

McCarty, P.L. 1967. Sources of nitrogen and phosphorus in water

supplies. J. Amer. Water Works Assoc. 59, 344-3266.

McColl, R.H.S., White, E., and Waugh, J.R. 1975. Chemical
runoff in a catchment converted to agricultural use. N.Z.J. Sci.

18, 67'8"}.

McQuitty, J.B., Robertson, J.A., and Barber, E.M. 1971. Feedlot
pollution: A literature review. Res. Bull. p. 71-72. Dept. of

Agric. Enge.y Univ. of Alberta, Edmounton, Canada.

Mack, A.R. 1959. Influence of temperature and moisture on soil
phosphorus, as characterised by plant uptake and chemical fraction-

ation. Diss. Abstr. 20, 18.

Mackenthun, K.M. 1965. Nitrogen and phosphorus in water. An

annotated selected bibliography of their effects. U.S. Dept. Health,
Education, and Welfare, Public Health Service, Div. of Water Supply

and Pollution Control. U.S. Govt. Print. Office Washington D.C. 111 ppe.



280

Marks, P.L., and Borman, F.H. 1972. Revegetation following
forest cutting: Mechanisms for return to the steady-state

nutrient cyclinge. Science 176, 914-915,

Massey, H.F., and Jackson, M.L. 1952. Selective erosion of soil

fertility constituents. Soil Sci. Soc. Amer. Proce. 16, 353-356,

Masur, A. and Hanif, H. 1972. A study of surface runoff and sediment

release in a chir pine area. Pakistan J. Forestry 22, 113=-142.

Meek, B.D., Grass, L.B., and McKenzie, A.J. 1969. Applied
nitrogen losses in relation to oxygen status of soils. Soil Sci.

Soc. Amer. Proc. 33, 575-578.

Miller, R.B. 1961. Chemical composition of rainwater at Taita,
New Zealand, 1956-1958. N.Z.J. Sci. 4, 844-853.

Miner, J.R., Lipper, R.I., Fina, L.R., and Funk, J.W. 1966.
Cattle feedlot runoff - its nature and variation. J. Water Pollut.
Control Fed. 38, 1582-1591.

Minshall, N.E., Nichols, M.J., and Witzel, S.A. 1969. Plant
nutrients in base flow in south west Wisconsin streams. Water
Resources Res. 5, 706-713.

Mitchell, S.F. 1971. Phytoplankton productivity in Tomohawk Lagoon,

Lake Waipori, and Lake Mahinerangi. Fish. Res. Bull. 3.

Moe, P.G., Mannering, J.V., and Johnson, G.B. 1967. Loss of

fertilizer nitrogen in surface runoff water. Soil Sci. 104, 389-394,

Moe, P.G., Mannering, J.V., and Johnson, G.B. 1968. Comparison
of nitrogen losses from urea and ammonium nitrate in surface runoff

water. Soil Sci. 105, 428-433,

Morris, R.L. 1973. Stream water quality as affected by cattle
feedlot runoff: A preliminary report. 22 pp. State Hygenic

Laboratory, Iowa City, Iowa.



281

Mortland, M.M., and Wolcott, A.R. 1965. Sorption of inorganic
nitrogen compounds by soil materials. In Soil Nitrogen, W.V.

Bartholomew and F.E. Clark, pe. 150-198. Amer. Soc. Agron.

Muir, J., Olsen, E.C., and Olsen, R.A. 1973. A study of factors
influencing the nitrogen and phosphorus contents of Nebraska waters.

J. Environ. Qual. 2, 466-470.

Munn, D.A., Mclean, E.O., Ramirez, A., and Logan, T.G. 1973.
Effect of soil cover, slope, and rainfall factors on soil and
phosphorus movement under simulated rainfall conditions. Soil Sci.
Soc. Amer., Proc. 37, 428-431.

Murphy, J., and Riley, J.P. 1962. A modified single solution
method for the determination of phosphate in natural waters. Anal.
Chim. Acta. 27, 31-36.

Murrman, R.P., and Peech, M. 1969. Effect of pH on labile and
soluble phosphorus in soils. Soil Sci. Soc. Amer. Proc. 33,
205-210.

Nelson, C.E. 1953. Methods of applying nitrate fertilizer on
field corn and a study of the movement of ammonium and nitrate in

the soil under irrigation. Agron. J. 45, 154-157.

Nelson, C.E., and Weaver, W.H. 1971. Salt balances for the Wapato
Project for 1970-1971, compared with the salt balance for 1941-1942.
Wash. Agric. Exp. Sta. Bull., 743. 12 ppe

Nelson, D.W., and Romkens, M.J.H. 1969. In Relationship of
Agriculture to Soil and Water Pdlution. pe. 215-225. Cornell

Unive. Press, Ithaca, New York,

Nelson, D.W., and Romkens, M.J.H. 1971. Transport of phosphorus
in surface runoff. A.R.S., U.S.D.A., Purdue J. Paper No. 3968.

Nielson, R.L. 1953. Earthworms. N.Z.J. Agric. 86, 374,



282

Nielson, G.A., and Hole, F.D. 1964. Earthworms and the develop-
ment of coprogenous A1 horizons in forest soils of Wisconsin. Soil

Sci. Soc. Amer. Proc. 28, 426-430.

Nightingale, H.I. 1972. Nitrates in soil and groundwatgr beneath
irrigated and fertilized crops. Soil Sci. 114, 200-311.

O'Connor, K.F. 1968. The role of agricultural land use in affecting
water quality. In Water Resource Symp. 4LOth. A.N.Z.A.A.S. Conge.
Proc. 1, 52-65.

O'Connor, P.W., and Syers, J.K. 1975. Comparison of methods for
the determination of total phosphorus in waters containing particu-

late materiale J. Environ. Qual., 4, 347-350.

Olness, A., Smith, S.J., Rhoades, E.D., and Menzel, R.G. 1975.
Nutrient and sediment discharge from agricultural watersheds in

Oklahoma. J. Environ. Qual. &4, 331-336.

Olsen, S.R., Cole, C.V., Watanabe, F.S., and Dean, L.A. 1954,
Estimation of available phosphorus in soils by  extraction with

sodium bicarbonate. U.S.D.A. Circ. 939,

Olsen, S.R., and Watanabe, F.S. 1970. Diffusive supply of phosphorus

in relation to soil textural variations. Soil Sci. 110, 3%18-327.

Olson, R.A., Seim, E.C., and Muir, J. 1973. Influence of agricul-
tural practices on water quality in Nebraska: A survey of streams,

groundwater, and precipitation. Water Res. Bull. 9, 301-311.

Owens, M. 1970. Nutrient balances in rivers. Water Treat., Exam.

19, 239-252.

Parle, J.N. 1963. Microbiological study of earthworm casts. J.
Gen. Microbiol. 13, 13=22.

Parr, J.F., and Bertrand, A.R. 1960. Water infiltration into

soils. Adv. Agron. 12, 311-363.



283

Pesek, J., Stanford, G., and Case, N.L. 1971. Nitrogen pro-
duction and use. EB Fertilizer Technology and Use. Soil Sci.

Soc. Amer., Madison, Wisconsin.

Philen, 0.D., and Lehr, J.R. 1967. Reactions of ammonium polyphos-
phates with soil minerals. Soil Sci. Soc. Amer. Proc. 31, 196-199.

Pollok, J. 1975. A comparative study of certain New Zealand and

German soils formed from loess. Ph. D. thesis, Univ. of Bonn. 312 pp.

Power, J.F., and Alessi, J. 1971. Nitrogen fertilization of semi-
arid grasslands: Plant growth and soil mineral N levels. Agron. J.

63, 277-280.

Pratt, P.F., Jones, W.W., and Hunsaker, V.E. 1972. Nitrate in
deep soil profiles in relation to fertilizer rates and leaching vol-

ume. J. Environ. Qual. 1, 97-102.

Ragan, R.M. 1967. An experimental investigation of partial area

contributions. Intern. Assoc. Sci. Hydrol. Proc. Berne, Symp.

Ray, H.E., McCGregor, J.M., and Schmidt, E.L. 1957. Movement of

ammonium nitrate in soils. Soil Sci. Soc. Amer. Proc. 21, 309-312.

Rennes, A., Tillman, R.W., Syers, J.K., and Bowler, D.G. 1977.
kffect of mole drainage on the movement of water in surface runoff.

N.Z. J. Agric. Res. 20, in press.

Rorkens, M.J.H., and Nelson, D.W. 1974. Phosphorus relationships

in runoff from fertilized soils. J. Environ. Qual. 3, 10-13.

Romkens, M.J.H., Nelson, D.W., and Mannering, J.V. 1973 Nitrogen
and phosphorus composition of surface runoff as affected by tillage

method. Je. Environ. Qual. 2, 292-295.

Russell, E.W. 1973. In Soil Conditions and Plant Growth. p. 196-

205. Longmans, London.

Ryden, J.C., and Syers, J.K. 1973. Losses of phosphorus from forest
watersheds. Fertilizing Forest Wdrkshop, Unive. of Waikato. 13 pp.



284

Ryden, J.C., and Syers, J.K. 1975. Rationalisation of ionic
strength and cation effects on phosphate sorption by soils. J.

Soil Sci. 26, 395-406.

Ryden, J.C., and Syers, J.K. 1977a. Desorption and isqtopic
exchange relationships of phosphate sorbed by soils and hydrous

ferric oxide gel. J. Soil Sci. 28, in press.

Ryden, J.C., and Syers, J.K. 1977b. Origin of labile phosphkate

pool in soils. Soil Sci. 123, in press.

Ryden, J.C., Mclaughlin, J.R., and Syers, J.K. 1977a. Mechanisms
of phosphate sorption by soils and hydrous ferric oxide gel. J.

Soil Sci. 28, in press.

Ryden, J.C., Syers, J.K., and Harris, R.F. 1972a. Potential of
an eroding urban =so0il for the phosphorus enrichment of streams: 1.
Evaluation of methods. J. btnviron.Qual. 1, 431-434,

Ryden, J.C., Syers, J.K., and Harris, R.F. 1972b. Potential of
an eroding urban soil for the phosphorus enrichment of streams: 2.

Application of adopted method. J. Environ Qual. 1, 435-438.

Ryden, J.C., Syers, J.K. and Harris, R.F. 1973. Phosphorus in
runoff and streams. Adv. Agron. 25, 1-45.

Ryden, J.C., Syers, J.K., and Mclaughlin, J.R. 1977b. Effect
of ionic strength on chemisorption and potential determining sorption

by soils. J. Soil Sci. 28, in press.

Saunders, W.M.H. 1965, Phosphate retention by New Zealand soils
and its relationship to free sesquioxides, organic matter, and

other soil properties. N.Z.J. Agric. Res. 8, 30-57.

Saunders, W.M.H., and Metson, A.J. 1971. Seasonal variation of

phosphorus in soil and pasture. N.Z.J. Agric. Res. 14, 307-328.

Sawyer, C.N. 1947, Fertilization of lakes by agricultural and
urban drainage. J. New England. Water Works Assoc. 61, 109-127.



285

Schnidler, D.W., and Nighswander, J.E. 1970. Nutrient supply
and primary production in Clear Lake, eastern Ontario. J. Fish.

Res. Board Canada 27, 2009-2036.

Schreiber, J.D , Duffy, P.D., and McClurkin, D.C. 1976.
Dissolved nutrient losses in storm runoff from five southern pine

watersheds. J. Environ Qual. 5, 201-205.

Schuman, G.E., and Burwell, R.E. 1974. Precipitation nitrogen
contribution relative to surface runoff discharges. J. Environ.

Qual. 3, 366-368.

Schuman, G.E., Burwell, R.E., Piest, R.F., and Spomer, R.G.
1973a. Nitrogen losses in surface runoff from agricultural water-

sheds on Missouri Valley loess. J. Environ Qual. 2, 299-302.

Schuman, G.E., McCalla, T.M., Saxton, K.E., and Knox, H.T. 1975.
Nitrate movement and distribution in soil profiles of differentially

fertilized corn watersheds. Soil Sci. Soc. Amer. Proc. 39, 1192-

1197.

Schuman, G.E., Spomer, R.G., and Piest, R.F. 1973b. Phosphorus
losses from four agricultural watersheds on Missouri Valley loess.
Soil Sci. Soc. Amer. Proc. 37, 424-427.

Schwab, G.0., Mclean, E.0., Waldron, A.C., White, R.K., and
Wickener, D.W. 1973. Quality of drainage water from a heavy-

textured soil. Trans. Amer. Soc. Agric. Engrs. 16, 1164-1167.

Shapiro, R.E., and Fried, M. 1959. Relative release and retentive-

ness of soil phosphates. Soil Sci. Soc. Amer. Proc. 23, 195-198.

Singer, M.J., and Rust, R.H. 1975. Phosphorus in surface runoff

from a deciduous forest. J. Environ Qual. 4, 307-311.

Skujins, J.J. 1967. Soil enzymes. In Soil Biochemistry, A.D.
McLaren and G.H. Peterson (eds.). p. 371-44L4., Published by Marcel
Dekker, New York.



286

Smith, M.W. 1959. Phosphorus enrichment of drainage waters from
farmlands. J. Fish. Res. Board Canada 16, 887-895.

Speir, T.W., and Ross, D.J. 1975. Effects of storage on the
activities of protease, urease, phosphatase, and sulphatase in

three soils under pasture. N.Z.J. Sci. 18, 231-237.

Standford, G., England, C.B., and Taylor, A.W. 1970. Fertilizer
use and water quality. U.S.D.A., A.R.S. 41-169. U.S. Govt. Print.
Office, Washington D.C.

Standford, G., and Pierre,W.H. 1947. The relation of potassium
fixation to ammonium fixation. Soil Sci. Soc. Amer. Proc. (1946) 11,

155-160.

Stevenson, F.J. 1965. Origin and distribution of nitrogen in soil.
In Soil Nitrogen, W.V. Bartholomew and F.E. Clark (eds.). p. 1-41.

Amer. Soc. Agron.

Stockdill, S.M.J. 1966. Effect of earthworms on pastures. Proc.
" N.Z. Ecol. Soc. 13, 68=74,

Stoltenberg, N.L., and White, J.L. 1953. Selective loss of plant

nutrients by erosion. Soil Sci. Soc. Amer. Proc. 17, 406-410.

Syers, J.K. 1974. Effect of phosphate fertilizers on agriculture
and the environment. N.Z. Agric. Sci. &, 149-164.

Syers, J.K., and Williams, J.D.H. 1977. Sources, amounts,and forms
of phosphorus and arsenic in soils. In Soil Chemistry, J.H. Bremner

and G. Chesters (eds.). Published by Marcel Dekker, New York.

Syers, J.K., Evans, T.D., Williams, J.D.H., and Murdock, J.T.
1971. Phosphate sorption parameters of representative soils from
Rio Grande Do Sul, Brazil. Soil Sci. 112, 267-275.

Syers, J.K., Shah, R., and Walker, T.W. 1969. Fractionation of
phosphorus in two alluvial soils and particle-size separates. Soil
SCi. 108, 283-2890



287

Sylvester, R.0. 1961. Nutrient content of drainage water from
forested urban and agricultural wastes. U.S. Dept. Health,

Education and Welfare, Pub. No. SEC-TR-W61-3, p. 80-87.

Tabatabai, M.A., and Bremner, J.H. 1969. Use of P-nitrophenyl phos-

phate for assay of soil phosphatase activity. Soil Biol. Biochem.

1 [} 301 -307.

Taylor, A.W. 1967. Phosphorus and water pollution. J. Soil
Water Conserv. 22, 228-231.

Taylor, A.W., Edwards, W.M., and Simpson, E.C. 1971. Nutrients
in streams draining woodland and farmland near Coshocton, Ohio.

Water Resources Res. 7, 81-90.

Taylor, A.W., and Gurney, E.L. 1965. Precipitation of phosphate
by iron oxide and aluminum hydroxide from solutions containing

calcium and potassium. Soil Sci. Soc. Amer. Proc. 29, 18-22.

Taylor, A.W., and Kunishi, H.M. 1971. Phosphate equilibria on
stream sediment and soil in a watershed draining an agricultural

region. J. Agric. Food Chem. 19, 827-831.

Terry, A.M. 1966. Automatic Kjeldahl nitrogen measurements in
waste treatment and water pollution control. Technicon Symp.

New York, October, 580-583.

Terry, D.L., and McCants, C.B. 1970. Quantitative prediction
of leaching in field soils. Soil Sci. Soc. Amer. Proc, 34, 271=-
276.

Thomas, A.W., Carter, R.L., and Carreker, J.R. 1968. Soil,
water, and nutrient losses from Tifton sandy loam. Trans. Amer.
Soc. Agric. Engrs. 11, 677-679.

Thomas, G.W., and Barfield B.J. 1974, Unreliability of tile
effluent for monitoring subsurface nitrate losses from soils. J.
Environ. Qual. 3, 183-185.



288

Thomas, G.W., and Crutchfield,J. 1974. Nitrate and phosphorus
contents of streams draining small agricultural watersheds in

Kentucky. J. Environ. Qual. 3, 46-49,

Timmons, D.R., Burwell, R.E., and Holt, R.F. 1968. Lgss of crop

nutrients through runoff. Minnesota Sci. 24, 16-18.

Timmons, D.R., Burwell, R.E., and Holt, R.F. 1973. Nitrogen
and phosphorus losses in surface runoff from agricultural land
as influenced by placement of broadcast fertilizer. Water Resources

Res. 9, 658-667.

Timmons, D.R., Holt, R.F., and Latterell,J.J. 1970. Leaching
of crop residues as a source of nutrients in surface runoff water.

Water Resources Res. 6, 1367-1375.

Tomlinson, T.E. 1970. Trends in nitrate concentration in English
rivers in relation to fertilizer use. Water Treat. Exam. 19,

277-293.

Tomlinson, T.E. 1971. Nutrient losses from agricultural land.

Outlook on Agric. 6, 272-278.

Townshend, A.R., Black, S.A., and Janse, J.F. 1970. Beef cattle
feedlot operations in Ontario. J. Water Pollut. Control Fed. 42,
195-208.

Vice, R.B., Ferguson, G.E., and Guy, H.P. 1968. Erosion from
suburban highway construction. Proc. Amer. Soc. Civil Engrs. 94,

345-348,

Viets, F.G. 1971. Fertilizer use in relation to surface and
groundwater pollution. In Fertilizer Technology and Use, <Znd ed.,
R.A. Olson, T.J. Army, J.J. Hanway, and V.J. Kilmer (eds.). Soil

Sci. Soc. Amer., Madison, Wisconsin.

Viets, F.G. 1975; Environmental impact of fertilizers. C.R.C.

Critical review in Environmental Control p. 423-453.



289

Viets, F.G., and Hageman, R.M. 1971. Factors affecting the accu-
mulation of nitrate in soil, water, and plants. U.S.D.A. - A.R.S.

Agric. Handbook No. 413. 63 pp.

Vimrerstedt, J.P., and Finney, J.H. 1973. Impact of earthworm
introduction on litter burial and nutrient distribution in Ohio strip-

mine spoil banks. Soil Sci. Soc. Amer. Proc. 37, 388-391.

Vollenweider, R.A. 1968. Scientific fundamentals of the eutro-

phication of lakes and flowing waters with particular reference to

nitrogen and phosphorus. O0.E.C.D. Rep. OAS/CSI/68.27, Paris.

Walker, T.W., and Adams, A.F.R. 1958. Studies on soil organic
matter 1. Influence of phosphorus content of parent material on
accumulations of carbon, nitrogen, sulphur, and organic phosphorus

in grassland soils. Soil Sci. 85, 307-318.

Walling, D.E. 1974. Suspended sediment and solute yields from a
small catchment prior to urbanisation. Inst. Br. Geogr. Spec. Pub.

6, 169-192.

Walling, D.L., and Foster, I.D.L. 1975. Variation in natural
chemical concentration of river water during flood flows and lag
effect: Some further comments.J. Hydrol. 26, 237-24L.

Walling, D.E., and Teed, A. 1971. A simple pumping sampler for
research into suspended sediment transport in small catchments.
J. Hydrol. 13, 325-337.

Wang, W.C. 1974. Adsorption of phosphate by river particulate
material. Water Res. Bull. 10, 662-671.

Wang, W.C., and Evans, R.L. 1970. Dynamics of nutrient concen-
trations in the Illinois river. J. Water Pollut. Control Fed.

L2, 2117-2123.

Warren, R.G., and Joknston,A.E.1963. The park grass experiment.
Rothamsted Rep. 240-262,



290

Waters, R.A.S. 1955. Numbers and weights of earthworms under a

highly productive pasture. N.Z.J. Sci. Tech. A 36, 516-525.

Weibel, S.R. 1969. Urban drainage as a factor in eutrophication.
In Eutrophication: Causes, Consequences, Correctives, R. 383-403.

National Academy of Sciences, Washington D.C.

Weidner, R.B., Christianson, A.G., Weibel, S.R., and Robeck, G.G.
1969. Rural runoff as a factor in stream pollution. J. Water
Pollut. Control Fed. 41, 377-384,

Wells, C., Whingham, B., and Lieth, M. 1972. Investigation of
mineral nutrient cycling in upland Piedmont forest. J. Eisha
Mitchell Scientific Soc. 88, 66-78.

White, A.W., Barnett, A.P., Jackson, N.A., and Kilmer, V.J. 1967.
Nitrogen fertilizer loss in runoff from cropland tested. Crops
and Soils 19, 4-28.

White, L. 1972. The distribution and movement of '"reactive' P
through catchments under varied land use. Proc. N.Z. Ecol. Soc.

19, 163-172.

White, E.M. 1973. Water leacheable nutrients from frozen or dried

prairie vegetation. J. Environ. Qual. 2, 104-107.

White, E.M., and Williamson, E.J. 1973. Plant nutrient concentration
in runoff from fertilized cultivated erosion plots and prairie in

eastern South Dukota. J. Environ Qual. 2, 453-455.

White, G.C., and Greenham, D.W.P. 1967. Seasonal trends in
mineral nitrogen content of the soil in a long term nitrogen,

phosphorus, potassium trial on dessert apples. J. Horte. Sci. 42,

L19-428.

White, R.E. 1966. Studies on phosphate potentials of soils. 4.
The mechanisms of the "soil/solution ratio effect". Aust. Je Soil

Res. &4, 77-85.



291

Wiebel, S.R., Anderson, R.J., and Woodward, R.L. 1964. Urban
land runoff as a factor in stream pollution. J. Water Pollut.
Control Fed. 36, 914-924.

williams, E.G., Scott, N.M., and McDonald, M.J. 1958.. Soil
properties and phosphate sorption. J. Sci. Food Agric. 9, 551-559.

Willrich, T.L. 1969. Properties of tile drainage water. Completion
report, project A-013-1A, 29 ppe Iowa State Water Res. Res. Inst.

Wisler, G.O., and Brater, E.F. 1949. In Hydrology. Published
by Wiley, London.

Young, R.A., and Burwell, R.E. 1972. Prediction of runoff and
erosion from natural rainfall using a rainfall simulator. Soil

Sci. Soc. Amer. Proc. 36, 827-830.

Zajonc, I. 1970. Seasonal variation in distribution of earthworms
in grasslands: Lffect of nitrogen fertilizers on its characteristics.
Pedobiologia 10, 286-304

Zubriski, J.C., Dahnke, W.C., and Torkelson, R.A. 1971. Phos-
phorus as a pollutant in surface waters. N. Dakota Agric. Expe.
Sta. 28, 40-43.

Zwerman, P.J., Greenling, T., Klausner, S.D., and Lathwell,

D.J. 1972. Nitrogen and phosphorus content of water from tile
drains at two levels of management and fertilization. Soil Sci. Soc.
Amer. Proc. 36, 134-137.



	20001
	20002
	20003
	20004
	20005
	20006
	20007
	20008
	20009
	20010
	20011
	20012
	20013
	20014
	20015
	20016
	20017
	20018
	20019
	20020
	20021
	20022
	20023
	20024
	20025
	20026
	20027
	20028
	20029
	20030
	20031
	20032
	20033
	20034
	20035
	20036
	20037
	20038
	20039
	20040
	20041
	20042
	20043
	20044
	20045
	20046
	20047
	20048
	20049
	20050
	20051
	20052
	20053
	20054
	20055
	20056
	20057
	20058
	20059
	20060
	20061
	20062
	20063
	20064
	20065
	20066
	20067
	20068
	20069
	20070
	20071
	20072
	20073
	20074
	20075
	20076
	20077
	20078
	20079
	20080
	20081
	20082
	20083
	20084
	20085
	20086
	20087
	20088
	20089
	20090
	20091
	20092
	20093
	20094
	20095
	20096
	20097
	20098
	20099
	20100
	20101
	20102
	20103
	20104
	20105
	20106
	20107
	20108
	20109
	20110
	20111
	20112
	20113
	20114
	20115
	20116
	20117
	20118
	20119
	20120
	20121
	20122
	20123
	20124
	20125
	20126
	20127
	20128
	20129
	20130
	20131
	20132
	20133
	20134
	20135
	20136
	20137
	20138
	20139
	20140
	20141
	20142
	20143
	20144
	20145
	20148
	20149
	20150
	20151
	20152
	20153
	20154
	20155
	20156
	20157
	20158
	20159
	20160
	20161
	20162
	20163
	20164
	20165
	20166
	20167
	20168
	20169
	20170
	20171
	20172
	20173
	20174
	20175
	20176
	20177
	20178
	20179
	20180
	20181
	20182
	20183
	20184
	20185
	20186
	20187
	20188
	20189
	20190
	20191
	20192
	20193
	20194
	20195
	20196
	20197
	20198
	20199
	20200
	20201
	20202
	20203
	20204
	20205
	20206
	20207
	20208
	20209
	20210
	20211
	20212
	20213
	20214
	20221
	20222
	20223
	20224
	20225
	20226
	20227
	20228
	20229
	20230
	20231
	20232
	20233
	20234
	20235
	20236
	20237
	20238
	20239
	20240
	20241
	20242
	20243
	20244
	20245
	20246
	20247
	20248
	20249
	20250
	20251
	20252
	20253
	20254
	20255
	20256
	20257
	20258
	20259
	20260
	20261
	20262
	20263
	20264
	20265
	20266
	20267
	20268
	20269
	20270
	20271
	20272
	20273
	20274
	20275
	20276
	20277
	20278
	20279
	20280
	20281
	20282
	20283
	20284
	20285
	20286
	20287
	20288
	20289
	20290
	20291
	20292
	20293
	20294
	20295
	20296
	20297
	20298
	20299
	20300
	20301
	20302
	20303
	20304
	20305
	20306
	20307
	20308
	20309
	20310
	20311
	20312
	20313
	20314
	20315



