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country pastures. In the most agronomically detailed
study, Lambert et al. (1985) found that total P losses
under rotational grazing management of cattle were
more than twice that which occurred with either
rotational or continuous sheep grazing. This was
predominantly because of greater sediment losses
with cattle grazing associated with increased treading
damage and bare ground. Published studies of N and
P losses in overland flow from intensively farmed
lowland pastures have largely been confined to work
conducted at Massey University during the 1970s
and early 1980s (Sharpley & Syers 1976, 1979;
Sharpley et al. 1983), which demonstrated the
important influence that factors such as fertiliser,
grazing, and soil drainage can have on P losses in
particular. Several catchment scale studies in New
Zealand examining the effect of land use on water
quality have identified that much of the N lost from
grazed pastures is via drainage, whereas much of the
P loss can be attributed to overland flow, artificial
subsurface drainage systems or stream bank erosion
(Thorrold et al. 1997, 1999).

Given the very limited amount of information
about N and P losses from intensively farmed
lowland soils in southern New Zealand, a 3-year trial
was established to measure overland flow from a
cattle-grazed pasture in Southland. The objective of
this trial was to quantify N and P losses in overland
flow from drained and undrained soils, receiving
either nil or 400 kg fertiliser N ha–1 year–1. These
overland flow measurements were supplementary to
measurements at an existing trial (Monaghan et al.
2000, 2002) examining nutrient losses in mole-tile
drainage under N fertiliser inputs ranging from 0 to
400 kg N ha–1. Management practices that may
exacerbate N and P losses via overland flow, as well
as those that can lessen the environmental impacts
of these nutrient losses, are discussed.

METHODS

Site details

The experimental site was situated in eastern
Southland (46°21¢22¢¢S, 168°44¢12¢¢E), approximately
4 km west of the Edendale township. The site was
flat to undulating, with a slope averaging 3° and
ranging from 0 to 4°. Average annual rainfall for the
area is approximately 1000 mm, though for the 3
years of this study (1998–2000) it averaged 915 mm.
Recent soil surveying (Carrick et al. 2001) identified
two soil complexes within the experimental area.
The soil complex used for this study was a
Waikoikoi-Arthurton one (Fragic Perch-gley Pallic
and Pallic Firm Brown soils, respectively). This soil
complex had a moderately or well developed A
horizon with a silt loam texture. The fertility of the
site was monitored by annual soil sampling and
analysis for major nutrients. Some chemical and
physical properties of this soil are shown in Table
1. Maintenance amounts of fertiliser nutrients were
applied annually to maintain soil fertility levels, with
550 kg ha–1 superphosphate (75 kg P ha–1) applied
in March 1998, and 450–550 kg ha–1 of 15% potassic
super (55 kg P ha–1) applied in December 1998 and
December 1999.

Experimental treatments

Nitrogen and phosphorus losses in overland flow
were examined under two levels of fertiliser N input
(0 and 400 kg N ha–1 year–1 applied as urea) and two
drainage regimes (drained and undrained). Each N
treatment was replicated three times in a randomised
block design within the drainage treatments. The two
drainage regimes were in separate but adjacent
blocks within the trial area. This lack of
randomisation in the drainage treatment limited the

Table 1 Some initial chemical and physical properties of the Fleming silt loam. Cation-anion concentrations are in
MAF Quicktest units (Cornforth & Sinclair 1984). Physical properties are given as means with standard errors in
brackets.

Chemical property       Value Physical property       Value

          (0–75 mm depth)       (0–50 mm depth)     (50–100 mm depth)
         Drained soil

pH (water)        6.1          Bulk density (Mg m–3) 0.90 (0.03) 1.04 (0.01)
Olsen-P (mg ml–1)        24          Ksat (mm h–1)  384 (259)  382 (173)
SO4-S (mg g–1)        16          Macropores > 30 mm (% v/v) 9.16 (2.55) 7.62 (1.12)
Ca        11
Mg        16          Undrained soil
K        10          Bulk density (Mg m–3) 0.86 (0.03) 1.06 (0.01)

         Ksat (mm h–1)  138 (53)    15 (7)
         Macropores > 30 mm (% v/v) 9.80 (2.44) 7.24 (0.87)
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statistical analysis, as drainage was included in the
blocking for the ANOVA analysis. However, the
interaction between N and the drainage treatment
could be analysed statistically.

The size of the drained plots was 0.09 ha (23 m
wide ¥ 39 m long) while for the undrained plots it
was 0.05 ha (25 m wide ¥ 20 m long). Plot geometry
meant that slope lengths for the drained and
undrained plots were similar. The drainage system
(mole channels at 450 mm depth connecting to
100 mm clay pipes laid at 750 mm depth) was
installed in the spring of 1995 on the eastern
boundary of each plot to intercept mole channels,
which ran in an east-west direction (Monaghan et al.
2002). For the 400 kg N ha–1 treatment (hereafter
referred to as “400N/high stocking density”) the N
was applied after each grazing at a rate of 50 kg N
ha–1, with four applications each spring and autumn,
commencing with the August and February grazings,
respectively. Because of the extra pasture grown
with the applied N, stocking rate was adjusted to
cope with the extra feed on these plots, which were
grazed to a constant pasture residual of 1600–
1800 kg DM ha–1. A mixture of heifers, 2- to 5-year-
old steers and dry cows, grazed the plots at
approximately 3- to 4-weekly intervals from early
August to late May. The average stocking rate on the
0N/low stocking density plots for this period was 2.0
cows ha–1, whereas on the 400N/high stocking
density plots it was 3.1 cows ha–1. Nil winter grazing
occurred on the trial, as this is a common
management strategy in Southland that has evolved
mainly to protect pastures from treading damage
during the wet winter months.

Overland flow measurements

Overland flow was collected by PVC guttering,
installed on the downslope boundary of each plot,
as used by Greenhill et al. (1983a). Each plot was
also hydraulically isolated from neighbouring plots
by means of ditches and/or raised earthworks on the
upslope sides of each plot. So that no overland flow
would be lost at the soil/gutter interface, a “flange”
of builder’s dampcourse was installed into a slot in
the soil approximately 10–20 mm below the turf
layer. This flange extended over the edge of the
guttering and directed all the overland flow into the
guttering. These gutters then transported the
overland flow to large tipping buckets (0.5 litre
capacity). The flow through each tipping bucket was
recorded using an eight channel SDM-SW8A Switch
Closure Input Module linked to a Campbell
Scientific CR10 logger. A siphon collection system

retained 0.1–0.2% of the water passing through the
tipping bucket apparatus. Samples of overland flow
were collected and stored for N and P analysis at the
end of each overland flow event.

Analysis

Water samples were analysed for ammonium-N and
nitrate-N concentrations using standard auto-
analyser procedures. Gaseous ammonia, formed
following the mixing of the aqueous sample and a
sodium hydroxide carrier stream, was diffused
through a gas permeable membrane into an indicator
stream. This indicator stream comprised a mixture
of acid-base indicators where the resulting colour
shift was measured photometrically. Nitrate in
samples was reduced to nitrite in a cadmium
reductor. On the addition of an acidic sulphanilamide
solution, this nitrite then formed a diazo compound,
which in turn was coupled with N-(1-naphthyl)-
ethylene diamine dihydrochloride (NED) to form a
purple azo dye that was again measured
photometrically. Concentrations of total P (TP) and
dissolved reactive phosphate (DRP) were also
determined colorimetrically using standard
laboratory procedures (APHA 1998; method APHA
4500-P B5, E (mod); APHA 4500 P B1, E;
respectively). Overland flow samples obtained
within 48 h following N fertiliser applications were
analysed for urea using the method described by
Mulvaney & Bremner (1979) and adapted for
autoanalyser procedures. Soil and drainage samples
collected during 1996 and 1997 had shown that, due
to rapid hydrolysis of the urea granule, urea
concentrations were always below detection limits
48 h after the application of fertiliser urea.

Statistical analysis was carried out by analysis of
variance using the statistical package GENSTAT
version 5, release 4.22. N and P concentrations were
analysed after log10 transformation, with the back-
transformed means presented.

RESULTS

The volume of overland flow collected from the
undrained plots was consistently greater than that
from the drained plots (Table 2). This difference
tended to be greater in late winter and spring months,
than in autumn or early winter months, irrespective
of the monthly rainfall total (Fig. 1). However, the
largest run-off event occurred in November 1999
(Table 2, Fig. 1), and overshadowed earlier smaller
events. For the drained plots mean overland flow
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volumes were increased by only 6% on the 400N/
high stock density plots compared with the 0N/low
stock density plots. However, for the undrained plots
the increased stock density resulted in an increase
in mean overland flow of 197% (P < 0.05). The
application of N fertiliser had little effect on the
ammonium-N concentration in overland flow over
the autumn and winter months (Fig. 2). As these
events were relatively small, they may not have been
large enough to show the N treatment effect.

Fig. 1 Monthly overland flow
volumes, rainfall, and evapotra-
spiration (ET) totals from 1998 to
2000. Note: rainfall was measured
at the trial site, while ET is from
Invercargill, 35 km SW of trial
site.

However, from late August ammonium-N
concentrations significantly increased (P < 0.05)
following N fertiliser application, particularly for the
drained treatments (Fig. 2A). These increases in
ammonium-N concentrations appear to be more
closely related to the time of grazing than N fertiliser
application date. For two events in particular (Days
241 and 320), the increase in ammonium-N
concentration occurred on the day before the N was
applied but while the cattle were grazing the trial.
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The largest increase in ammonium-N concentration
occurred at Day 282, 2 days after the N fertiliser was
applied and 4 days after grazing. The nitrate-N
concentrations in overland flow tended to be more
variable than the ammonium-N concentrations,
particularly for the undrained treatments (Fig. 3).
There were few significant differences caused by the
application of N fertiliser, despite the differences of
between 2 and 3 mg N litre–1 apparent between the
0N/low stocking density and 400N/high stocking
density treatments in the early spring period. The
concentrations and amounts of urea-N in overland
flow samples collected within 48 h following
fertiliser application were negligible.

Concentrations of TP and DRP in overland flow
are shown in Fig. 4 and 5, respectively.
Concentrations were highest in the summer/autumn
months, dropping to a low in the winter months, with
the TP concentration fluctuating more over the
winter than DRP concentrations. However, even the
lowest DRP concentration measured at this site (27
mg litre–1) exceeded recommended guidelines for P
in surface waters (10 mg litre–1; ANZECC 2000).
Although not significantly different for the first two
overland flow events of each year, it does appear that
the higher stocking rate on the 400N/high stocking
density plots resulted in higher TP and DRP
concentrations. In the case of DRP, this trend
continued for virtually all the overland flow events
in the 3 years of this study and was certainly true of

the flow event recorded on Day 241, 2 days
following grazing (P < 0.05).

The amounts of N and P lost via overland flow
tended to reflect the overland flow volumes (Fig. 6
cf. Fig. 1). Losses of N and P in overland flow from
the drained soil were small, with no statistically
significant differences between the 0N/low stocking
density and 400N/high stocking density treatment
(Table 3). For the undrained soil, N and P losses were
greatly increased, particularly for the 400N/high
stocking density treatment where P and N losses
were two to seven times greater than those recorded
in the drained soil. This was particularly apparent
when several overland flow events occurred in one
month, or where large single events occurred within
a month (Fig. 6). In the year 2000, the one significant
overland flow event measured occurred in October
(Table 2), when concentrations of both ammonium-
N and nitrate-N were greater on the higher stocked
400N/high stocking density treatment than on the
lower stocked 0N/low stocking density treatment.
When all events were averaged over the 3 years, this
event created a bias towards high spring N losses.
Figure 6 shows that while drainage status had the
greatest overall effect on the amount of N or P lost,
stocking rate also influenced these losses. Where
stocking rate was low (0N/low stocking density), the
greatest P losses occurred in winter, with smaller P
losses occurring in the spring months, despite higher
volumes of overland flow (Fig. 6 cf. Fig. 1). In

Table 2 Rainfall and overland flow event volumes measured on drained and undrained treatments.

 Event Overland flow volumes (mm) from
Date  Year rainfall      Drained plots     Undrained plots
(day/month)  (mm) 0N 400N 0N 400N

18 Feb 1998 13.5           <0.05           <0.05           <0.05           <0.05
  2 Jun 10.5 0.7 0.4 0.6 0.8
23 Jun 13.5 0.3 0.3 0.5 0.4
26 Jun   7.5 1.9 1.4 4.9 5.5
  6 Aug   9.5 0.2 0.2 0.3 0.3
21 Aug   7.0 0.2 0.4           <0.05 0.8
29 Aug 17.0 0.7 0.9 2.2 5.0
  6 Sep   8.0 0.2 0.3 0.8 1.6
16 Sep 14.0           <0.05 0.3 0.4 0.2
  5 Oct 15.5 1.2 0.9 1.2 5.0
23 Oct 15.0           <0.05           <0.05 0.6 0.5
19 Apr 1999 17.0 0.05           <0.05           <0.05           <0.05
13 Jun 27.0 0.5 0.4 1.1 0.7
  6 Jul   9.0           <0.05           <0.05           <0.05 0.1
25 Aug 17.0 0.7 0.4 2.8 5.1
17 Nov 85.0 2.3 2.8 7.0           27.5
18 Nov 55.0 0.1           <0.05 0.5            10.0
  9 Oct 2000 42.5 0.1 0.8 1.4 5.1

Total (SE)         1998–2000        9.2 (0.7)          9.5 (0.7)        24.3 (1.9)         68.6 (6.6)
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Fig. 2 Effect of N fertiliser ap-
plication on ammonium-N concen-
trations in overland flow for A,
drained and B, undrained treat-
ments. Solid line is no nitrogen,
while dotted line is 400 kg N ha–1

year–1. Inverted triangles indicate
application times for 50 kg N ha–1.
Significance levels are: * = P <
0.05, ** = P < 0.01.

contrast, where the stocking rate was higher (400N/
high stocking density) P losses were sometimes
higher in spring months than in winter (Fig. 6).

DISCUSSION

At this site overland flow occurred when rainfall
exceeded the infiltration rate of the soil. Haygarth
& Jarvis (1999) suggested that where drains had been
installed or where subsoils and bedrock are
permeable, then overland flow is uncommon and
tends to only occur only during very wet periods.

Here drainage had the effect of decreasing overland
flow volumes by 60% on the 0N/low stocking
density plots and 84% for the 400N/high stocking
density plots. However, the annual overland flow
volumes recorded in this study for the drained plots
(3 mm) are small when compared with average
annual drainage volumes (373 mm; Monaghan et al.
2000) measured at this site. Other factors influencing
overland flow are surface compaction and
roughness. Tian et al. (1998) and Nguyen et al.
(1998) suggested that cattle grazing could have a
detrimental effect on water infiltration rate, lasting
for up to 6 months. This could explain the increased
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Fig. 3 Effect of N fertiliser ap-
plication on nitrate-N concentra-
tions in overland flow for A,
drained and B, undrained treat-
ments. Solid line is no nitrogen,
while dotted line is 400 kg N ha–1

year–1. Inverted triangles indicate
application times for 50 kg N ha–1.
Significance levels are: * = P <
0.05.

overland flow on the 400N/high stocking density
treatment (stocked at 3.1 cows ha–1) (Table 3),
especially for the undrained plots. MacKay et al.
(1999) found that high sheep stocking rates caused
a change in functional pore size distribution and a
decline in infiltration rate of approximately 50%. We
could expect the effects to be greater with cattle.
Indeed, Drewry & Paton (2000) found that reducing
stocking rate by excluding cows for selected grazings
significantly improved water infiltration within the
0–5 cm soil layer.

The amounts of P lost via overland flow in this
study were small compared with that applied as

fertiliser (maximum annual loss of 0.23 kg ha–1

compared with 45 kg ha–1 applied), and to that
reported in other New Zealand studies (e.g., Sharpley
& Syers 1976, 1979; Cooke 1988). However, in
surface waters small losses of P can accelerate the
growth of nuisance weeds and algae. The
concentrations found in water from nearly all the
overland flow events (Fig. 4) were much greater than
accepted guideline values for receiving waters. This
is particularly true for the first few overland events
after the summer dry period (Fig. 4), despite the
volumes of overland flow being very low. Because
of this potential, changes in management to reduce
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Fig. 4 Effect of N fertiliser
application and associated increased
stocking rate on total P concentrations
in overland flow A, drained and B,
undrained treatments. Solid line is
no nitrogen (2 cows ha–1), while
dotted line is 400 kg N ha–1year–1

(3.1 cows ha–1). Triangles indicate
periods when cows grazed the trial.

losses of P in overland flow would be desirable.
Some studies have found losses of P in overland flow
were either not influenced by P fertiliser application,
or losses were only a small percentage of that applied
as P fertilisers (Greenhill et al. 1983b; Scholefield
& Stone 1995). Others have reported a direct link
between P fertiliser and P concentration in overland
flow (Sharpley & Syers 1976; Haygarth & Jarvis
1997; Owens et al. 1998), especially when there was
a short time interval between fertiliser application
and the overland flow event. This does not appear
to be the case here, for while TP and DRP
concentrations were greatest in summer and autumn

(Fig. 3 and 4), possibly enhanced by summer
applications of P fertiliser, P losses were greatest in
winter and spring (Fig. 6).

The results presented here show that, in
Southland, overland flow losses of N and P occur
mostly in winter and spring. Hence, changes in
management during these seasons are likely to have
the greatest effect on these annual losses. Smith
(1987) also observed that virtually all P and N
transported in overland flow from a Waikato hill
country pasture occurred during winter and spring
months. As the current practice in Southland is to
remove cows from milking areas onto run-off areas
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Fig. 5 Effect of N fertiliser ap-
plication and associated increased
stocking rate on dissolved reactive
phosphate (DRP) concentrations in
overland flow for A, drained and
B, undrained treatments. Solid line
is no nitrogen (2 cows ha–1), while
dotted line is 400 kg N ha–1 year–1

(3.1 cows ha–1). Triangles indicate
periods when cows grazed the trial.

or feedpads over the winter, it would seem that
options are limited to further reduce winter P losses
from these areas. One of these would be to limit soil
Olsen P, as the concentration of P in the soil is known
to have an influence on P losses in overland flow
(Sharpley 1980; McDowell & Sharpley 2003).
However, in this study soil Olsen P levels were close
to agronomic optimums and direct P losses from
fertiliser applications were minimal. Interestingly,
Lambert et al. (1985) noted that a rise in soil nutrient
status did not necessarily lead to an associated rise
in total run-off P losses from the hill country soil
under study. Higher soil P levels resulted in greater

pasture growth, which reduced annual run-off
volume by 25% but elevated run-off P concentration.
Because of these compensating changes there was
no net effect of fertiliser and soil fertility on annual
P losses. Changes in spring grazing management,
such as on-off grazing, grazing paddocks away from
waterways or the use of feed pads when soil and
weather conditions are wet, may however lead to
reduced losses of P in overland flow.

The DRP fraction accounted for less than 30% of
the total P lost in overland flow in this study, with
the remaining 70% comprising particulate and
organic P (Table 3). Transported suspended
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sediment is often linked with high rates of particulate
P (PP) transfer (Ulen 1997; Fraser et al. 1999).
Haygarth & Jarvis (1997) and Smith et al. (2001)
found that the presence of organic P in excretal
returns could also contribute to PP loads as well as
DRP. Correlation between P losses during spring
events and time since grazing also indicates that the
latter is an important determinant of TP as well as
DRP losses (data not shown). It would also appear
that where stocking rates are increased, drainage
status plays an important role in determining P loss
(Fig. 6). This finding is consistent with that reported
by Sharpley & Syers (1976), who found that drained
plots produced much lower quantities of run-off
water, and consequently lower amounts of P
transported in flow. It is possible that increased soil
surface damage on the wetter undrained areas caused

by the higher stocking rate of the 400N/high stocking
density treatment caused an increase in sediment and
PP loss (Fig. 1 and 6).

The amounts of dissolved inorganic N transported
in overland flow were small relative to the amounts
lost in mole-tile drainage from this site (Monaghan
et al. 2000, 2002). Losses of nitrate-N and
ammonium-N were similar (Table 3). Some workers
have found that when rainfall occurs soon after N
application, nitrate-N concentrations in drainage and/
or surface run-off increase (e.g., Sharpley et al. 1983;
Owens et al. 1984). This was not evident in the
overland flow measured in this study, as there was
little change in nitrate-N concentrations with N
application (Fig. 2B). In contrast, ammonium-N
concentration increased considerably for the 400N/
high stocking density treatment in the spring months

Table 3 Annual N and P losses in overland flow from drained and undrained plots.
Nutrient loss means calculated from log-transformed data. Significance levels given are for
the main effect of N application.

Run-off Total P  DRP NO3-N NH4-N
  (mm)  (g/ha) (g/ha)  (g/ha)  (g/ha)

1998
Drained
    0N   5.2    43   13     44    26
    400N   5.1    52   14     71    72
Undrained
    0N 11.3  135   17   188  105
    400N 20.1  380   69   490  501

     †    †
1999
Drained
    0N   3.7    49     5     25    43
    400N   3.7    38     4     31    62
Undrained
    0N 10.5  131   34   379  317
    400N 43.4  264   42   871  294

   *
2000
Drained
    0N   0.1      0 No data      0      0
    400N   0.8      1      1      9
Undrained
    0N   1.4      3      4      8
    400N   5.1    47    79  288

  *
Annual Mean
Drained
    0N   3.0    31     9     23    23
    400N   3.2    30     8     36    48
Undrained
    0N   7.7    90   26   190  143
    400N 22.9  230   56   480  361

   *      *    †

Significance: † = P < 0.10; * = P < 0.05.
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Fig. 6 Effect of drainage status and rainfall on monthly total P losses for A, 0N/low stock density and B, 400N/high
stock density plots from 1998–2000.

(Fig. 2). These significant increases in ammonium-
N concentrations occurred following grazing and/or
urea application (Fig. 2). Due to budgetary
constraints, measurements of total N concentrations
were unable to be made on the flow samples
collected during this study. However, detailed
analysis of samples collected from five overland
flow events from this study site during 1997 showed
that dissolved inorganic N (DIN, or the sum of
ammonium- and nitrate-N) accounted for
approximately 76% of the total N found in the
samples, indicating that DIN was the major N form
likely to be present in overland flow. In contrast,
Cooke & Cooper (1988) estimated that overland
flow from a hill country pasture was the source of
virtually all of the reduced N inputs to a Waikato

stream, accounting for 86% of the total N exported
from the catchment under study. The high proportion
of N lost in reduced forms, and conversely relatively
low proportion lost as nitrate, was attributed in part
to the re-processing of nitrogen contained in
subsurface flow in organic-rich seepage zones
present in near-stream areas.

CONCLUSION

Measurements of N and P losses via overland flow
at this site have shown that most losses occur in late
winter and spring as a consequence of soil treading
damage and the moist soil conditions at these times
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of the year. These findings indicate that (i) direct run-
off of summer and early-autumn applied fertiliser P
is relatively minor, and (ii) management strategies
to reduce P losses from grazed pastures should focus
on reducing soil-treading damage in late winter and
spring, particularly for heavy, poorly-drained soils.
Ensuring soil P levels do not increase above
currently recommended agronomic targets should
also help minimise P losses in overland flow. The
provision of artificial drainage was found to
considerably reduce losses of N and P in overland
flow from this soil.
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