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RESEARCH ARTICLE

Assessment, modelling and management of land use and water quality in the upper

Taieri River catchment

RW McDowella* and JA Kittob

aAgResearch, Invermay Agricultural Centre, Mosgiel, New Zealand; bOtago Regional Council, Dunedin,
New Zealand (Current address: Dairy New Zealand, Canterbury Agriculture and Science Centre, Lincoln,
New Zealand)

(Received 17 May 2013; accepted 1 July 2013)

An average of 16 years’ data at sites in the upper Taireri River catchment was used to determine
if water quality had changed commensurate with an increase in the irrigated area and land-use
change. To help remediate perceived gaps in the nutrient modelling software Overseer†, data
was also collected from a low-intensity border dyke and high-intensity spray-irrigated property.
Filterable reactive phosphorus concentrations increased over time and were attributed to the
irrigation of poor anion storage capacity (ASC) soils and irrigation-return flows. Differences
were noted between measured nitrogen and phosphorus loads and those predicted by Overseer†,
which were attributed to a combination of low ASC soils, spray irrigation and artificially drained
soils receiving effluent. These data will be used to calibrate future versions of Overseer†.
However, with an increase in spray irrigation and land-use change forecast for the catchment,
strategies should be employed to mitigate further water quality deterioration.
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Introduction

Irrigation of dryland pastures can markedly

improve productivity and profitability of graz-

ing systems, but can also exacerbate the loss of

surface water quality contaminants such as fae-

cal bacteria, nitrogen (N), phosphorus (P) and

sediment (Trout et al. 2007). Globally, about

two-thirds of water abstracted from ground

or surface water resources is used for irrigation

(Döll 2002). In New Zealand, agriculture ac-

counts for 77% of water allocated for use, with

the majority of irrigation used in the provinces

of Canterbury (972,000 ha irrigated) and Otago

(141,000 ha irrigated) (Aqualinc 2006).Methods

of irrigation vary, but generally, flood irrigation

(usually border dyke or, less often, wild flood) is

used on older schemes, whereas newer schemes

tend to use the more efficient sprinkler systems

such as centre-pivot, low-rate systems and

rotary-boom irrigators; they allow a greater

area to be irrigated from the same amount of

water*c. 90%�94% efficiency compared with

53%�79% for flood irrigation (Causapé et al.

2006). However, although irrigation application

rates are usually well below soil infiltration rates,

run-off can occur as sub-surface flow (including

leaching) or saturation-excess surface run-off,

especially if high application rates are used as an

insurance against soil moisture deficits. This

run-off can carry with it considerable N, P,

suspended solids (SS) and faecal indicator bacter-

ia (Escherichia coli) to receiving streams and also

increase flow rates in otherwise dry streams

(McDowell et al. 2011).
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Although better management practices (in-
cluding those aimed at irrigation) can decrease
losses of water quality contaminants, it is inevi-
table that some will be lost. For instance, in
removing soil moisture as a limit to growth,
high inputs of fertilizer nutrients are used to
ensure maximum potential pasture production.
In order to utilize the additional pasture grown,
stocking rate is increased. However, the 500�
1000 kg N ha�1 deposited in a cow urine patch
is well beyond the ability of the pasture to up-
take N leading to the potential for the surplus
tobe lost asnitrate-N in sub-surface flow(Ledgard
et al. 1999). Enriched soil P concentrations cou-
pled with animal treading, grazing and dung de-
positions increases the loss of P in surface run-off
(McDowell et al. 2007). However, in soils with
little Al- or Fe-oxides, also measured as anion
storage capacity in New Zealand (McDowell &
Condron 2004), and high infiltration rates, much
P loss (e.g. 0.5�2 kg P ha�1 yr�1;McDowell et al.
2004) can also occur via sub-surface flow. Artifi-
cially increasing soil moisture also has the poten-
tial to increase losses of sediment and E. coli via
surface run-off by increasing the likelihood that
soils are near saturation when a storm event oc-
curs. For sediment, losses are also exacerbated in
soils with too little soil carbon to form aggregates
andbind themtogether (Hewitt&Shepherd1997).

The upper Taieri in central Otago has tradi-
tionally been farmed with drystock, with rainfall
supplemented by two irrigation schemes that to-
gether irrigate 9300 ha (ORC 2006). A push for
increased profitability is seeing the conversion and
amalgamation of drystock farms, and the water
rights contained therein, to increase the area under
irrigation, using no more water, but supporting
dairying. Furthermore, while it is possible tomake
a profit from drystock farming, often profits are
boosted by acting as support blocks for recent
dairy farm conversions (e.g. wintering or run-off
blocks) (MAF 2010). With some land-use change,
intensification to dairying, and the likelihood for
more in the upper Taieri catchment, one of the
main objectives of this paper was to determine if
there had been a change in surface water quality
indicators commensurate with changes in land

use since the introduction of the two irrigation
schemes.

If an effect of land-use change associated
with irrigation is established, methods to assess
and mitigate the loss of water quality contami-
nants from land to water, especially in areas of
recent or planned land-use change where there
are sparse data, largely rely on the accuracy of
models. One of the main models employed in
New Zealand to predict the loss of N and P in
relation to farm management practices and land
use is the Overseer† nutrient budgeting model
(AgResearch 2013), hereafter called ‘Overseer†’.
The output from this model is continuously being
updated and calibrated against new experimental
data as it comes to hand (AgResearch 2013).
Data gaps exist for the calibration of Overseer†

and one such gap relevant to the upper Taieri is
for Semi Arid soils under irrigation (AgResearch
2013). There is also potential that due to the pre-
valence in the upper Taieri of soils with a high
infiltration rate and low anion storage capacity
(ASC), the losses of surface water quality con-
taminants such as P may be high compared with
similar intensitypastoral farmsonother soil orders
with higherASC.Hence, a second objectivewas to
determine the relative loss of surface water quality
contaminants under flood and spray irrigation
and compare these with Overseer† estimates.

Materials and methods

Site description and sampling

The upper Taieri catchment spans 183,000 ha in
Otago, New Zealand. The Taieri River origina-
tes in rolling tussock atop the Lammermoor
and Lammerlaw ranges at an altitude of c.
1200 m. From here the headwaters flow north-
wards, falling 200 m towards Canadian flat.
The river then flows via a scroll plain in the
Styx Basin through the Paerau Gorge and into
the Maniototo Basin, finally out-flowing at
Waipiata (Fig. 1). Long-term annual rainfall in
the Maniototo Basin (1991�present) is 281 mm
(ORC 2011).

A number of small tributaries flow into the
Taieri River, namely the Gimmer Burn (Wether
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Burn) and Ewe Burn from the north, and Sow

Burn and Pig Burn from the south and east. All

of these tributaries are heavily abstracted for

irrigation, rarely flowing outside of spring and

storm events. The exception is theGimmerBurn,

which although dry in the mid-reach, receives

regular by-wash (i.e. used and unused irrigation)

from the Maniototo irrigation company (MIC)

scheme. The irrigation scheme was setup in 1975

to irrigate the west side of the Maniototo Basin,

Figure 1 Location of long- and short-term water flow and quantity monitoring sites within the upper Taieri
catchment (sub-catchments are shown for the Maniototo Basin). U and D refer to upstream and downstream
sites on the same stream.
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while a scheme was also established to irrigate
the eastern side of the basin in 1989. Both sche-
mes take up to 6 m3 s�1 from the main stem of
the Taieri River and water stored in the Logan
Burn reservoir. In total, the schemes irrigate c. 60
farms and 9300 hectares.

Irrigation is generally supplied via wild flood
or border-dyke systems. However, more efficient
irrigation systems*largely centre-pivot and
low-rate sprinkler systems*have become pop-
ular as a method of irrigating more land, in-
tensifying and increasing profit. A side effect of
increasing land under irrigation is the potential
transport of water quality contaminants via irri-
gation return flow, which is known to be a partic-
ularly important contributor to the Taieri River
due to low rainfall (ORC 2011). Surface irrigation
return flows occur via outwash either directly to
the river or via schemes that discharge to the
Gimmer Burn and Sow Burn.

Land use (sourced from Agribase data; A
sure Quality NZ 2010) in the Taieri headwaters
is typified by either red tussock (Chionochloa
rubra), plantation forestry (largely Pinus radiata)
or extensive rangeland farmed with drystock
(red deer, sheep and beef) in uplands. At lower
elevations, land use is almost exclusively drystock
with small irrigated areas used strategically for
finishing stock. Most drystock farms employ
border-dyke or flood-irrigation systems. Stock-
ing rates tend to be 3�8 stock units (su) ha�1

depending on the proportion of extensive hill
country or irrigated land within the property.
Over most drystock farms, small amounts of
P (10�15 kgha�1) and sulphur (15�20 kgha�1)
are applied annually and lime (1�4 Mg ha�1)
applied every 2�4 years; N is rarely used. In
contrast, N is regularly used on dairy farms in
the basin (150 kg ha�1), as is P, potassium and
S (e.g. 30�40, 80 [via effluent] and 60�80 kg
ha�1, respectively). Stocking rates are also higher
(3�3.5 cowsha�1 equating to 22�28 suha�1). The
area within the Maniototo Basin under dairying
and dairy support (sheep and beef farms used
during winter for grazing by dairy cattle) has
increased from nothing in 1990 to c. 5000 ha
in 2011 (ORC 2012) with the change to spray

irrigation and also the amalgamation and con-
version of drystock farms and water rights.

The main New Zealand soil order within the
upper Taieri is Semi Arid with smaller outcrops
of Brown and Pallic soil orders in the headwa-
ters. Characteristically, Semi Arid soils have little
organic matter (e.g. organic C B20 g kg�1) and
poor P retention capacity (anion storage capa-
city, ASC; B20%), but high infiltration rates due
to a coarse texture (e.g. sandy loams).

Water monitoring and analysis

As part of regular assessments made by the
OtagoRegional Council, flow has been recorded
since 1992 via a permanent stage height recorder
at three long-term State of the Environment
(SOE) sites on the Taieri River (Fig. 1, Table 1)
and regular gaugings used to calculate a flow
record for sites at Puketoi and Patearoa. Water
quality was assessed on grab-samples taken bi-
monthly at each site, except for the site at
Patearoa which was not sampled between 2007
and 2009. Beginning in September 2010, sites on
the Taieri River and on the Sow Burn and
upstream and downstream of irrigated land on
the Gimmer Burn and Pig Burn were also
monitored for flow and grab-sampled fort-
nightly for 14 months (Fig. 1).

Grab samples of stream water were filtered
(B0.45 mm) in the field and kept on ice while
being transported to a commercial lab for anal-
ysis within 24 h. Samples were analysed for
nitrate plus nitrite N (NNN) (91 mg m�3);
ammoniacal-N (NH4-N) (91 mg m�3); to-
tal N (TN) (910 mg m�3); filterable reactive P
(FRP) (91mgm�3), total P (TP) (91mgm�3),
SS (92 mg m�3) and E. coli using standard
protocols and methods (APHA 1998; Wilcock
et al. 2006).

Non-parametric statistics were used to
compare the central tendency (median) of water
quality analytes between sites. For SOE sites,
trend analysis was conducted with Time Trends
v3.0 (Jowett 2009) via Seasonal Kendall tests on
raw and flow-adjusted data (LOWESS smooth-
ing, 30%span;Hirsch&Slack 1984).TheRelative
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Table 1 Median concentration (all mg L�1 except E. coli which is measured as a MPN cfu 100 mL�1) and

load (all kg ha�1 except E. coli which is measured as a MPN cfu ha�1 for the 14-month intensive sampling
and period of record) of water quality analytes for sites (1 �farthest upstream) on the main stem of the Taieri
River. The P-value for the Mann�Whitney test is given as a test of a significant difference between median

concentrations upstream and the immediate downstream site. The relative Sens Slope Estimator (RSKSE) is
given to indicate a significant (PB0.05) annual percentage change (�1%) in the median concentration over
the period of record.

Analyte/site Median RSKE1 Mann�Whitney Load 10�11 Load record2

Suspended solids
1 Canadian flat 2 Ns B0.001 14 16

2 Stonehenge 2 Ns Ns 8 6
3 Puketoi 2 Ns B0.001 11 22
4 Patearoa 2 �7 Ns 15 10

5 Waipiata 5 �7 23 17
E. coli
1 Canadian flat 35 Ns Ns 1.92E�10 �
2 Stonehenge 36 Ns Ns 4.61E�09 �
3 Puketoi 44 Ns Ns 1.59E�10 �
4 Patearoa 44 Ns B0.001 2.59�09 �
5 Waipiata 99 �1 1.17E�10 �

Nitrate-Nitrite-N
1 Canadian flat 0.003 �8 B0.001 0.02 0.02
2 Stonehenge 0.010 �5 Ns 0.02 0.03

3 Puketoi 0.003 Ns 0.002 0.06 0.06
4 Patearoa 0.003 �5 B0.001 0.06 0.06
5 Waipiata 0.014 Ns 0.04 0.03

Ammoniacal-N
1 Canadian flat 0.005 � Ns 0.04 0.05
2 Stonehenge 0.005 � Ns 0.01 0.01
3 Puketoi 0.005 � 0.002 0.02 0.03

4 Patearoa 0.002 � B0.001 0.04 0.03
5 Waipiata 0.010 � 0.01 0.01

Total N

1 Canadian flat 0.17 Ns Ns 1.23 1.24
2 Stonehenge 0.24 Ns 0.013 0.62 0.38
3 Puketoi 0.32 Ns Ns 1.05 1.16

4 Patearoa 0.32 Ns 0.005 2.02 0.71
5 Waipiata 0.32 Ns 0.83 0.45

Filterable reactive P
1 Canadian flat 0.003 Ns 0.015 0.02 0.02

2 Stonehenge 0.004 4 B0.001 0.01 0.01
3 Puketoi 0.014 5 0.036 0.05 0.03
4 Patearoa 0.014 3 0.002 0.11 0.03

5 Waipiata 0.017 3 0.03 0.02
Total P
1 Canadian flat 0.014 Ns B0.001 0.09 0.08

2 Stonehenge 0.019 Ns B0.001 0.06 0.05
3 Puketoi 0.040 Ns 0.012 0.14 0.11
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Seasonal Kendall Sen Slope Estimator (RSKSE)
was calculated as the Kendall Sens Slope Esti-
mator for flow adjusted data divided by the raw
median values, and was used to represent the
magnitude (significant ifPB0.05 andRSKSE �

1%) and direction of trends in data. Annual loads
were calculated via interpolation (see method 5;
Johnes 2007) of fortnightly (and bi-monthly) sam-
ples for the 2010�11 year (September to October)
and for the period of record for the Taieri
River sites. While it should be noted that this
method may underestimate loads for contami-
nants such as TP which are dominated by storm-
flow (Johnes 2007), the recommended weekly
sampling could not be achieved due to cost.

Monitored farms

To act as potential calibration sites for Over-
seer†, two farms representative of border dyke
and spray irrigation were monitored. Both were
on a slowly permeable, gleyed variant of a
Drybread shallow-to-stony fine sandy loam soil
(Typic Aged-argillic Semi Arid soil: New Zeal-
and Soil Classification; Hewitt 1998). The first
was a drystock property supporting 8 su ha�1

distributed over 2500 ha with 115 ha in border-
dyke irrigation (including 15 ha in wild flood)
for finishing stock. Any outwash from the bor-
der and wild-flood irrigated area was captured
and routed into a storage system designed to
supplement inflow intended for spray irrigation
on other parts of the farm. Irrigation water was
supplied on a rotational basis (when available)
from the MIC to the farm. The area monitored
was usually the first to receive irrigation on the
farm. Irrigation occurred if the farm owner

deemed there was a sufficient soil water deficit to

realize a benefit. From September 2010 to May

2011, irrigation (c. 135 mm per application) occ-

urred seven times. The area was grazed approxi-

mately every 25�30 days at 18 su ha�1 with cattle

and sheep. Nutrient inputs consisted of 18 kg

P ha�1 and 26 kg of S ha�1 applied in late spring.
Monitoring involved measuring water depths

and taking samples of water at a 0.5 m wide weir

located at the inlet and outlet of three border

strips. Each strip was about 100 m long and

bounded by earthen borders 20 m apart and

with wooden boards at the downslope end an-

gled at 1308 to direct flow towards the outlet

weir. Most of the irrigations were 90 min long

with two lasting for 120 min. Flow measure-

ments were used to create a hydrograph of the

event and generate a single flow-proportional

sample of water at the inlet and outlet that was

later analysed for FRP, TP, SS and E. coli.

Loads were calculated as the product of flow-

weighted outflow (minus inflow) concentration

and total outwash (at the outlet). Six soil sam-

ples were taken of the 0�7.5 cm depth from

each strip, bulked, dried, crushed and sieved

(B2 mm) and analysed for Olsen P, organic C,

ASC and water extractable P (a measure of po-

tential P loss to run-off; McDowell & Condron

2004).
The second farm was a recently established

dairy farm, supporting 3.5 cows ha�1 spread

over 255 ha, with 143 ha spray-irrigated via a

centre pivot and the remainder utilizing a low-

rate system. For the centre pivot, irrigation was

supplied every 24�48 h resulting in an average

application depth of 6�8 mm day�1. Irrigation

Table 1 (Continued )

Analyte/site Median RSKE1 Mann�Whitney Load 10�11 Load record2

4 Patearoa 0.040 Ns 0.006 0.27 0.09
5 Waipiata 0.050 Ns 0.12 0.07

1Values for flow-adjusted seasonal Kendal Sen Slope Estimator divided by raw medians to yield a relative percentage
change per annum.
2Data collection periods for Canadian Flat, Stonehenge, Puketoi, Pateroa andWaipiata were 2003�11, 1983�2011, 2001�11,
1996�2011 and 2001�11. Note no samples were taken between 2007 and 2009 at the Patearoa site.
NS, Not significant; �, not applicable due to insufficient data (or too many data B detection limit) to generate a value.
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water contained effluent sourced from a third
(in-line) effluent settling pond mixed with irriga-
tion water at a ratio of 1:10 effluent to irrigation
water. Nutrients, including those in effluent,
were applied at a rate of 150 kg N ha�1 and 50
kg P ha�1 annually. Due to the slowly permeable
nature of the site and a water table about 2 m
below the soil surface, a permanently flowing
drain installed at about 1.5 m below the soil
surface spanned the length of the centre pivot-
irrigated area whose flow was augmented by
three artificial drainage channels installed at
70�90 cm depth beneath the area irrigated by
the centre pivot. Water-level recorders were
placed in the main drain upstream and down-
stream of the centre pivot-irrigated area and
weekly samples taken (plus flow proportional
samples taken during flood events) at both
locations from September 2010 to November
2011. The analytes and methods used to esta-
blish loads were the same as those used for the
stream and river monitoring programme. Ann-
ual loads were expressed as a proportion of the
artificially drained area under centre-pivot ir-
rigation. A meteorological station was located
on site measuring rainfall, soil moisture at 20,
40 and 60 cm depth and calculating potential
evapotranspiration.

Measured loads of N and P for each monitor
farm were compared against those predicted us-
ing the nutrient budgeting software*Overseer†

v.6.0 (AgResearch 2013). Data for the two
farms were generated from detailed interviews
incorporating the information outlined above.

Results and discussion

Water quality state and trend

Median concentrations of most water quality
analytes at SOE sites on the Taieri River were
within guidelines for good surface water qua-
lity in lowland streams in New Zealand (0.009,
0.033, 0.444, 0.9 and 0.614 mg L�1 for FRP, TP,
NNN, NH4-N and TN, respectively; ANZECC
2000). The exception was for FRP and TP con-
centrations at all sites within the Maniototo
Basin (Table 1).

Trend analysis at each site used on average
16 years’ worth of data and showed that a
meaningful trend (�1% change in annual med-
ian concentrations; relative Sens Slope*RSKE,
Table 1) occurred for NNN, P fractions and
SS, but seldom for E. coli (log-transformed),
NH4-N or total N. For NNN, there was a gene-
ral decrease in the Styx Basin, while a decrease
was also evident for SS at sites downstream in
the Maniototo Basin. Despite having a strong
association between P and SS, and a decrease
in median SS concentrations (McDowell et al.
2008), TP exhibited no change whereas FRP
increased from site-to-site in the Maniototo
Basin.

Using a non-parametric Mann�Whitney test,
median concentrations of SS were only enriched
between Puketoi and the last site at Waipiata,
commensurate with the greatest area of irrigated
land (Table 1). Median concentrations of NNN
exhibited increases, decreases or no differences
between upstream and downstream sites. For
FRP and TP there was a consistent increase in
median concentrations between upstream and
downstream sites throughout the Taieri River.
On average, the concentrations of FRP and TP
increased from 0.003 to 0.0017 mg L�1 (560%)
and from 0.014 to 0.050 mg L�1 (350%), res-
pectively, from the headwaters of the Styx Basin
to the outlet of the Maniototo Basin.

Examination of the tributaries (GimmerBurn,
Pig Burn and Sow Burn) flowing into the Taieri
River between Puketoi andWaipiata showed that
where they joined the Taieri River, loads of TN,
FRP and TP were greater than the area-specific
load at either main stem site (Tables 1 and 2).
These tributaries drain a significant proportion
of the irrigated land downstream of Puketoi
(25349, 5391 and 9616 ha for the Gimmer Burn,
Pig Burn and Sow Burn, respectively).

Largely due to irrigation takes, sections
of each tributary (downstream of headwater
sites) are dry for much of the year. Flow in dry
sections occurs beneath the surface of the stream
bed, flowing again where significant volumes of
irrigation-return flow arise or during storm
events (ORC 2011). This return flow can be via
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sub-surface or surface flows (e.g. surface run-off),

but for theGimmerBurn is also in the formof by-

wash (used and unused irrigation water) from the

MIC irrigation race. At the outlet of the Gimmer

Burn, flow rarely occurred outside of the irriga-

tion season (Fig. 2). By-wash was 29% of flow,

meaning the remaining 71% was via irrigation-

return flow. As a proportion of the irrigation

take, flow at the outlet of the Gimmer Burn

(including by-wash and irrigation-return flow)

was 39% meaning the remaining 61% was used

and lost via evapotranspiration, evaporation or

irrigation-return flow prior to reaching the Gim-

mer Burn (Fig. 2).
Irrigation-return flow can carry with it signifi-

cant quantities of mobile nitrate that has leached

from irrigated and grazed pasture (McDowell

et al. 2011), and depending on the hydrological

pathway and soil type, can also carry E. coli, P

and sediment. A comparison of upstream and

downstream sites either side of irrigated land in

the Gimmer Burn and Pig Burn indicated sig-

nificant enrichment of N and P fractions at the

downstream site (Table 2). Losses of P, E. coli

and sediment to water are usually dominated by

surface run-off (McDowell et al. 2008). However,

significant enrichment only occurred between the

PigBurn sites.For sub-surface flow, lossesofPand

E. coli can be important where artificial drain-

age, macropores and/or limited attenuation (e.g.

sorption) occur within the soil (Smith et al. 1985;

Toor et al. 2005). However, McLeod et al. (2008)

classified the immature soils in the basin as hav-

ing a low likelihood of microbial bypass flow due

to their lack of macropores. Where macropore

flow in the soil is low, the potential for P loss in

sub-surface flow is then related to the quotient

of Olsen P and anion storage capacity (ASC,

formerly known as P retention; McDowell &

Condron 2004). Given that the soil in the

Maniototo is of low ASC (commonly 10%�
15%), this suggests that sub-surface trans-

port of P could be much greater than soils of a

higher ASC.
The influence of irrigation is evident when

comparing the relative loadings of each of the

tributaries to the receiving segment of the Taieri

River (Waipiata minus Puketoi). For most of

the analytes, the tributaries accounted for B25%

of the annual load. However, when only the

Figure 2 Change in by-wash (used and unused irrigation water discharged into the Gimmer Burn) relative to
flow in the Gimmer Burn and intake for irrigation (upstream near Puketoi) for the duration of the 2010�11
irrigation season.
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irrigation season was examined, most of the esti-

mated load for all analytes except E. coli came

from the tributaries (Fig. 3), especially for P

fractions, which is consistent with past studies

of the enrichment and loss of P from irrigated

land (e.g. McDowell et al. 2011).

Losses from flood-irrigated system

Flood-irrigation systems, like border dykes,

are an inefficient user of water compared with

spray irrigation systems (Heermann & Solomon

2007). This inefficiency has been recorded

in New Zealand and Australian studies to yield

significant quantities of outwash (30%�60%:

Austin et al. 1996; Wilcock et al. 2011). Much of

this is due to a mismatch between soil specific

infiltration rates, soil moisture and irrigation

rates (i.e. time that headrace gates are open)

(McDowell & Houlbrooke 2009). Over the sev-

en events that delivered irrigation of 950 mm

during the 2010/11 irrigation season, mean out-
wash was 53%.

Much data exist to show that outwash is a
significant source of E. coli and P loss (e.g. Carey
et al. 2004): sediment losses tend to be small due to
good pasture cover preventing erosion (Wilcock
et al. 2011). Median concentrations of E. coli and
P fractions were enriched in outwash compared
with ANZECC (2000) guidelines (Table 3). For
E. coli, this translated into a load that was an
order of magnitude greater than that seen in the
Taieri River or its tributaries (Tables 1, 2 and 3).
Despite having a low ASC (Table 4), and hence
high potential for P loss, the mean measured loss
was c. 0.9 kg TP ha�1. Losses were compared
against other studies of outwash under drystock
and dairy as flow-weightedmeans to account for
different outwash volumes. A Mann�Whitney
test indicated that the median (of mean) FRP
(PB0.001) and TP (P�0.002) concentrations
were enriched under dairy (3.0 mg FRP L�1

and 3.5 mg TP L�1) compared with drystock

Table 2 Median concentration (all mg L�1 except E. coli which is measured as a MPN cfu 100 mL�1) and

load (all kg ha�1 except E. coli which is measured as a MPN cfu ha�1 for the 14-month intensive sampling)
of water quality analytes for upstream (top) and downstream (bottom) sites (where present) contributing to
flow in the lower section of the Taieri River. The P-value for the Mann�Whitney test is given as a test of a

significant difference between median concentrations upstream and downstream sites.

Site/

record1 Statistic

Suspended

solids E. coli

Nitrate-
Nitrite-

N

Ammoniacal-

N

Total

N

Filterable

reactive P

Total

P

Gimmer
Burn top

Median 2 4.80E�01 0.003 0.005 0.260 0.003 0.007
Load 10/11 1 1.38E�09 0.01 B0.01 0.30 B0.01 0.01

Gimmer
Burn
bottom

Median 2 6.45E�01 0.003 0.005 0.495 0.031 0.063
Load 10/11 20 5.95E�09 0.02 0.05 4.12 0.44 0.89
Mann�
Whitney

Ns Ns Ns Ns B0.001 B0.001 B0.001

Pig Burn
top

Median 2 2.00E�00 0.020 0.005 0.110 0.005 0.007
Load 10/11 5 9.10E�08 0.05 0.02 0.52 0.02 0.03

Pig Burn

bottom

Median 4 2.50E�01 0.069 0.005 0.270 0.006 0.014

Load 10/11 66 1.12E�10 0.86 0.08 2.35 0.08 0.19
Mann�
Whitney

B0.001 B0.001 0.001 Ns B0.001 Ns 0.002

Sow Burn Median 5 7.50E�01 0.110 0.005 0.210 0.007 0.016
Load 10/11 207 4.29E�10 1.06 0.12 4.48 0.16 0.61

1Data collection period. Note no samples were taken between 2007 and 2009 at the Patearoa site.
NS, Not significant.
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(0.252 mg FRP L�1 and 0.386 mg TP L�1),

while the median (of mean) loss of FRP and TP

from the Maniototo border-dyke site was no

different from themedian (of mean) loss of FRP

and TP from other drystock studies in Australia

and New Zealand (Table 5).

Figure 3 Relative contribution of contaminant loads for each of the tributaries and the Taieri River between
Waipiata and Puketoi for the 2010�11 year and during the irrigation season from October to April.
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However, losses of P in the studies in Table 5

and ours do not capture sub-surface losses.

Under flood irrigation, much P loss can occur in

sub-surface flow (Sinaj et al. 2002).At the border-

dyke site, depth sampling of soil every 7.5 cm

indicated that ASC was low in the topsoil (12%,

Table 4) and on average remained below 12% to

45 cm. Mean Olsen P concentration only de-

creased from an average of 17 in the 0�7.5 cm

depth (Table 4) to 12 at the 37.5�45 cm depth.

Using the equations of McDowell & Condron

(2004) that predict the likelihood of surface and

sub-surface flow from measures like Olsen P

and ASC, this translates into a P concentration

in the soil solution of 0.056 mg L�1. Provided

the soil solution did not meet an outcrop of
higher ASC soil, this suggests that there is po-
tential for enrichment should flow reach the
Taieri River or one of its tributaries.

While sub-surface flow was not sampled in
the present study, research in Canterbury, New
Zealand suggests that the losses of N as nitrate
under flood irrigation are similar to that under
spray irrigation (Di et al. 1998).

Losses from spray-irrigated site

At our spray-irrigated site, the load of N lost was
dominatedbynitrate (Table 6), but considered low
for a dairy farm (Ledgard et al. 1999). Although
the waterway received flow from drains located
directly beneath the spray-irrigated site, high soil
moisture via irrigation and a shallow water table
would have promoted gaseous N losses via deni-
trification (Stenger et al. 2008). Furthermore, in
establishing a pasture sward and intensifying
when moving from drystock to dairying on a low
organic C soil, it is likely that much of the N will
be immobilized in the root zone as soil organic
matter increases (Walker et al. 1959; McLaughlin
et al. 2006 ) or in shoot material due to the rapid
uptake of N by new pasture (Scholefield et al.
1993). Work in Southland, New Zealand found
that changing from drystock to intensively
grazed dairy cattle yielded high N immobi-
lization rates of 142 and 121 kg N ha�1 yr�1

in plots receiving 200 and 400 kg N ha�1 yr�1

(Monaghan et al. 2005). However, Percival et al.
(2003) hypothesized that immobilization is not
indefinite and, as such, losses would start to
increase with time.

The load of P lost from the spray-irrigated site
was large, indeed much larger than most other
studies of intensive dairying in New Zealand
(McDowell & Wilcock 2008). Hydrologically, a
water balance showed that after removing po-
tential evapotranspiration of 779 mm, irrigation
(1016 mm at c. 6 mm per day) and rainfall
(574 mm) yielded streamflow of 811 mm. This
indicates that there is some scope in decreasing
irrigation and therefore sub-surface flow and
streamflow. The enhanced P loss could be due to

Table 3 Median concentration (all mg L�1 except

E. coli which is measured as a MPN cfu 100 mL�1)
and load (all kg ha�1 exceptE. coli, which ismeasured
as a MPN cfu ha�1) of water quality analytes in out-

wash sampled from the border-dyke irrigated farm
between September 2010 and May 2011.

Analyte

Median

concentration Load

Suspended solids 1 4
E. coli 2.30E�05 3.15E�11

FRP 0.218 0.664
FURP 0.012 0.040
TP 0.286 0.891

Table 4 Mean (� standard error) values of soil
chemical constituents in top soil (0�7.5 cm) of the
border-dyke and spray-irrigated sites.

Site/Analyte Border

Spray

irrigated

Olsen P (mg kg�1) 17 (1.7) 27 (1.9)

Anion storage
capacity (%)

12 (3.6) 13 (0.6)

Water extractable

P (mg L�1)

0.056 (0.003) 0.067 (0.005)

Organic C (g kg�1) 41 (13.6) 37 (12.6)
pH 6.0 (0.2) 6.5 (0.1)
Cation exchange

capacity (me
100 g�1)

15 (5.3) 22 (0.5)
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Table 5 Mean concentration and load of P fractions in outwash, P fertilizer applied and irrigation applied in studies of border-dyke irrigation in

Australia and New Zealand.

Location Land use
Fert1

(kg P ha�1)
Irrigation
(mm)

DRP
(mg L�1)

TP
(mg L�1)

DRP
(kg ha�1)

TP
(kg ha�1)

Outwash
(mm) Reference

Victoria, Australia Dairy � 425 � 0.971 � 1.7 175 Wilcock et al. (2011)
Victoria, Australia Dairy � 600 � 0.055 � 0.1 200 Wilcock et al. (2011)
Shepparton, Victoria Dairy 90 200 4.000 4.500 � 19.8 56 Austin et al. (1996)

Shepparton, Victoria Dairy 23 200 1.500 1.600 � 8.1 110 Austin et al. (1996)
Shepparton, Victoria Dairy 46 200 2.500 3.000 � 12.9 88 Austin et al. (1996)
Shepparton, Victoria Dairy 68 200 3.000 3.600 � 17.0 74 Austin et al. (1996)

Western Australia,
Australia

Dairy � 1300 � 0.167 � 1.0 600 Wilcock et al. (2011)

Shepparton, Victoria,

Australia

Dairy 0 61 1.270 2.190 20 Mundy et al. (2003)

Shepparton, Victoria,
Australia

Dairy 25 980 � 3.600 � 8.1 225 Nexhip et al. (1997)

Shepparton, Victoria,

Australia

Dairy 45 870 � 2.725 � 6.7 244 Nexhip et al. (1997)

Shepparton, Victoria,
Australia

Dairy 65 1010 � 7.438 � 17.5 235 Nexhip et al. (1997)

Amuri plains, North
Canterbury, NZ

Dairy � 500 0.770 0.820 3.9 4.1 180 Houlbrooke (2007)

Waikakahi, Canterbury,

NZ

Dairy � 770 � 0.231 � 0.9 390 Wilcock et al. (2011)

Victoria, Australia Dairy 18 920 5.700 7.100 12.0 15.0 147 Barlow et al. (2005)
Victoria, Australia Dairy 18 533 7.200 7.780 6.5 7.5 53 Barlow et al. (2005)

Victoria, Australia Dairy 18 465 4.000 4.580 3.7 4.3 47 Barlow et al. (2005)
Victoria, Australia Dairy 18 633 7.220 8.020 15.4 17.1 120 Barlow et al. (2005)
Waikakahi, Canterbury,
NZ

Dairy 25 700 0.600 0.800 � 3.4 350 Carey et al. (2004)

Waiau, Canterbury, NZ Drystock 11 1200 0.349 0.482 2.9 4.0 826 Close et al. (1986)
Waiau, Canterbury, NZ Drystock 13 1200 0.045 0.089 0.3 0.5 606 Close et al. (1986)
Waiau, Canterbury, NZ Drystock 23 1200 0.047 0.047 0.4 0.4 936 Close et al. (1986)

Waiau, Canterbury, NZ Drystock 9 1200 0.220 0.419 0.9 1.7 396 Close et al. (1986)
Waiau, Canterbury, NZ Drystock 0 1200 0.119 0.178 0.8 1.1 641 Close et al. (1986)
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Table 5 (Continued )

Location Land use

Fert1

(kg P ha�1)

Irrigation

(mm)

DRP

(mg L�1)

TP

(mg L�1)

DRP

(kg ha�1)

TP

(kg ha�1)

Outwash

(mm) Reference

Winchmore,
Canterbury, NZ

Drystock 0 770 0.023 0.214 � � � McDowell et al. (2003)

Winchmore,
Canterbury, NZ

Drystock 23 770 0.106 0.302 � � � McDowell et al. (2003)

Winchmore,

Canterbury, NZ

Drystock 23 770 0.494 1.002 � � � McDowell et al. (2003)

Winchmore,
Canterbury, NZ

Drystock 23 260 0.075 0.092 0.6 0.7 65 McDowell & Rowley
(2008)

Winchmore,
Canterbury, NZ

Drystock 23 420 0.089 0.123 1.1 1.5 105 McDowell & Rowley
(2008)

Winchmore,

Canterbury, NZ

Drystock 23 770 0.371 0.401 8.6 9.2 193 McDowell & Rowley

(2008)
Winchmore,
Canterbury, NZ

Drystock 23 770 0.743 1.119 � � � McDowell et al. (2003)

Winchmore,

Canterbury, NZ

Drystock 35 770 1.378 1.886 � � � McDowell et al. (2003)

Thompsons creek,
Otago, NZ

Drystock � 800 � 0.340 � 0.7 200 Wilcock et al. (2011)

Gimmer burn, Otago,
NZ

Drystock � 800 � 0.225 � 0.5 200 Wilcock et al. (2011)

Sow burn, Otago, NZ Drystock � 800 � 0.060 � 0.1 200 Wilcock et al. (2011)

North Otago, NZ Drystock 26 287 0.471 1.501 0.3 1.0 67 McDowell &
Houlbrooke (2009)

North Otago, NZ Drystock 50 533 0.742 1.158 0.3 0.7 33 McDowell &
Houlbrooke (2009)

North Otago, NZ Drystock 26 287 0.343 0.968 0.2 0.8 69 McDowell &
Houlbrooke (2009)

1P applied as superphosphate.
�, Unknown or could not be determined.
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a number of factors. The first is the increased

frequency of high soil moisture via irrigation

leading to sub-surface flow and streamflow. High

soil moisture may have resulted in reducing

conditions and mobilization of P via the dissolu-

tion of P sorbed to Fe-oxides (Sallade & Sims

1997). The second is the aforementioned low

ASC of the soil, which combined with a moderate

Olsen P (Table 4) would result in an enriched soil

solution P and potential for loss (e.g. water ext-

ractable P�0.066mgL�1, Table 4). A third is the

presence of an artificial drainage network to faci-

litate losses from the soil solution to the stream

channel. Finally, poor structural stability from

low organic C concentration of the soil (Table 4;

Hewitt & Shepherd 1997) will enhance the disper-

sion of bed sediments in the stream channel and

the decomposition of artificial drainage (viz.

mole) channels resulting in P losses in particulate

form (TP minus filterable unreactive P and FRP).
The load of E. coli lost under spray irriga-

tion was similar to that in tributaries of the

Taieri River (Table 2), but less than that lost

from the border-dyke irrigated area. This

reflects the fact that the majority of flow under

the spray-irrigated site was via sub-surface, and

probably matrix flow that tends to filter out E.

coli (Smith et al. 1985; McLeod et al. 2008).

Prediction of losses at the farm scale

Management of the potential impact of irriga-
tion on receiving waters requires knowledge of
how much of each contaminant is being lost
and of effective strategies to minimize the loss.
One of the most widely used models to assess
the loss of N and P from pastoral farms in New
Zealand is the use of Overseer† (AgResearch
2013). Although widely calibrated, data are not
available to cover all possible combinations of,
for example, land management, climate and soil
types. Overseer† files were generated for both
of the monitor farms. The load of N predicted
to be lost from the spray-irrigated farm was
41 kg N ha�1 yr�1, about twice that measured in
the stream. However, Overseer† predicts the loss
from the root zone and therefore may not be di-
rectly comparablewith streamflow losseswithout
consideration of processes such as immobiliza-
tion in the soil and denitrification that decrease
losses en route. For P, losses were estimated to
be 2.8 and 1.2 kg Pha�1 yr�1 from the spray- and
border-dyke irrigated farms, respectively: a dif-
ference of about 0.3 kg P ha�1 yr�1 was over-
estimated for the border-dyke farm and 1.8 kg P
ha�1 yr�1 underestimated for the spray-irrigated
farm. The data suggest that modelling P losses
from the spray-irrigated farm require further
examination. For low ASC soils (receiving irriga-
tion or high rainfall), modelling with Overseer†

has been successful in other parts ofNewZealand
(e.g. McDowell & Houlbrooke 2009; McDowell
2010). However, the combination of effluent in
irrigation water (which is known to exacerbate P
leaching; Toor et al. 2005), low ASC soils and
an artificial drainage network (acting as macro-
pores to quickly route drainage water and P to
the stream channel) has not been observed. Data
from the Maniototo spray-irrigated site will be
used to calibrate future versions of the model.

Management considerations in the upper Taieri

With the shift towards spray irrigation and in-
tensification in the Maniototo Basin, data sug-
gest that water quality is responding and that

Table 6 Median concentration (all mg L�1 except E.

coli which is measured as a MPN cfu 100 mL�1) and
load (all kg ha�1 except E. coli, which is measured as
a MPN cfu ha�1) of water quality analytes sampled

from the spray-irrigated farm between September
2010 and November 2011.

Analyte

Median

concentration Load

Suspended solids 17 275
E. coli 10 5.50E�10

NNN 0.890 19.60
NH4-N 0.050 0.47
TN 1.180 23.90

FRP 0.010 1.14
FURP 0.011 1.48
TP 0.054 4.64
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strategies should be used before detrimental eco-
system effects occur. Losses of SS have decreased
over time. Hence, it is more likely that detrimental
effects will include the impairment of aesthetic
values or recreational values (e.g. by periphyton
or faecal bacteria). Periphyton growth is likely
to be N-limited (N:P ratioB7; McDowell et al.
2008). This is likely to be reinforced by extensive
macrophyte growth in the Styx Basin stripping N
from the water column, and the potential for
immobilization and high denitrification rates (via
irrigation of slowly permeable soils) that combine
to decreaseN losses at a basin scale (e.g. Vale et al.
2007; Brown et al. 2011). However, while immo-
bilization of N in the soil is high following con-
version to dairy from drystock (Monaghan et al.
2005), this is likely to decrease over time (Percival
et al. 2003) andmay increase N losses to the Taieri
River as pastures mature. Much work in Canter-
bury has shown intensification of dairying over
the past 20 years has resulted in ‘N-leaky’ systems
that are now impacting on groundwater (Hay-
wood&Hanson 2004). Hence, in order to prevent
losses in the future or allow for headroom for the
expansion of current operations, it would be wise
to employ systems and mitigation strategies to
minimize the loss of N from the root zone.

For border-dyke systems, a number of strate-
gies are available to mitigate the loss of contami-
nants such as: not over-grazing before irrigation
to minimize sediment or particulate bound P loss;
the use of a low water soluble P fertilizer to mini-
mize fertilizer P available for loss in outwash
(McDowell et al. 2003); and preventing outwash
and the transport of contaminants derived from
the soil surface (e.g. P, sediment and E. coli) by
better matching irrigation to soil water deficits or
blocking outlets to streams (Houlbrooke 2007).
For spray-irrigation systems, infiltration rates can
decrease due to soil consolidation (Lehrsch &
Kincaid 2010), but more so with animal tra-
ffic, which if not carefully managed can pro-
mote surface contaminant transfers. However,
sub-surface flows are usually the main pathway
of contaminant loss to waterways. Hence, the
principal mitigation mechanism would be to pre-
vent sub-surface flow by better matching spray-

irrigation rates with spatial changes in soil type
and moisture on a daily basis (e.g. Delgado &
Bausch 2005; Hedley et al. 2010). Measures may
also be taken to decrease the source of N avail-
able for loss via nitrification inhibitors or the
modification of applications rates and contami-
nant concentrations (e.g. P and E. coli) in effluent
(Brennan et al. 2011).

Summary and conclusions

An investigation of water quality contaminants
at sites along the Taieri River and tributaries
within the upper Taieri catchment indicated that
median concentrations of most contaminants
were generally low relative to recommended
guidelines except for P fractions. Trend analysis
at long-term SOE sites indicated that most
contaminants exhibited little or no trend except
for an increase in FRP and decrease in SS in
the Maniototo Basin. The enrichment of FRP
occurred from site-to-site towards the outlet of
the Maniototo Basin, while the majority of the
load was from tributaries during the irrigation
season. Transport of contaminants was most
likely via irrigation-return flows via a combi-
nation of outwash, by-wash, but most likely
sub-surface flows. The low ASC of soils in the
basin were highlighted as a key potential cause
of P loss.

Data were collected from a border-dyke and a
spray-irrigated farm. Losses of P, SS and E. coli
in outwash were no different from other studies
of border-dyke systems. In contrast, losses of P
from the spray-irrigated farm were high compa-
red with other farm-scale losses under dairying
and attributed to a combination of low ASC soils,
artificial drainage and effluent application. Mod-
elling with Overseer† was able to predict P losses
towithin 0.3 kgPha�1 yr�1 from the border-dyke
irrigated site, but overestimated N losses and
underestimated P losses at the spray-irrigated
site. These data will be used to calibrate future
versions of Overseer†.

Waterqualitydata is showing signs of response
to irrigation. Hence, it is recommended that with
the forecast expansion for dairying in the upper
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Taieri that the adoption of mitigation practices
would be beneficial in preventing water quality
deterioration.
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