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ABSTRACT: Rivers and streams in New Zealand are natural with free access and used by many
people for swimming and fishing. However, pastoral farming with free grazing animals is a common
land use in New Zealand and faecal microorganisms from them often end up in waterways. These
microorganisms can seriously affect human and animal health if ingested. This paper describes spatial
modeling using GIS of Escherichia coli sources in a large catchment (350 000 ha), the Ruamahanga.
By examining the pathway of water over and through soils, it is possible to determine whether E. coli
sources are connected to waterways or not. The map of E. coli sources connected to waterways
provides useful context to those setting water quality limits. This approach avoids the complexity of
modeling the fate and transport of E. coli in waterways, yet still permits the assessment of catchment-
wide mitigation and best management practice. Fencing of waterways would minimize E. coli sources
directly defecated to water and would reduce total E. coli sources by approximately 35%. Introduction
of dung beetles would minimize sources connected to waterways by overland flow and would reduce
total E. coli sources by approximately 35%. Construction of dairy effluent ponds would minimize
sources connected to waterways through high bypass flow in soils and would reduce total E. coli
sources by approximately 25%.

■ INTRODUCTION

Pastoral farming with free grazing animals is a common land
use in New Zealand. While free grazing is healthy for the
animals, in contrast to feedlots, faecal microorganisms in their
dung can connect with waterways. Hence, the microbiological
water quality of streams flowing through agricultural landscapes
can be poor.1 High levels of faecal microorganisms have serious
effects on both human and stock health, if water is used for
drinking, or contact recreation.1 Rivers and streams in New
Zealand are, by and large, natural with free access to people and
are consequently used by many for swimming and fishing.
Water quality is therefore of particular interest. Indeed, Mao̅ri,
who have a strong food gathering culture, abhor the
contamination of waterways by faecal microorganisms.
Recently, the Ministry for the Environment, New Zealand,

brought out a national policy statement on freshwater to
maintain or improve freshwater quality.2 The policy requires
environmental agencies to “account for sources of relevant
contaminants” and to use collaborative processes for setting
water quality targets in catchments. The catchment-wide
approach should complement the Resource Management Act
1991,3 which in operation minimizes environmental impacts of
resource consents one at a time (a resource consent is an
official approval to use resources). For the large Ruamahanga
catchment (350 000 ha), the local environmental agency, the
Greater Wellington Regional Council, has established a
community-based group (the Whaitua) to set targets for
water quality and water quantity. To help the Whaitua set these

targets, information on the present state of water quality and
relationship to land use and land management is required.
Several models of Escherichia coli numbers have been

developed for use in New Zealand. CLUES4 is a national
model that estimates long-term mean E. coli loads in rivers from
a regression on land use, rainfall, drainage, and in-stream decay
functions. Information such as stocking rates, stock access to
waterways, and effluent treatment is not part of the model, so
the effect of mitigation or best management practice (BMP)
cannot be directly quantified. Wilkinson et al.5 modeled storm-
event pulses of E. coli concentration in the large Motueka river
(200 000 ha) including settling of E. coli with sediment and
remobilisation. However, like the CLUES model, the effect of
mitigation and BMP cannot be quantified. Collins and
Rutherford6 developed a time-dependent model of E. coli
concentration, for the small Whatawhata catchment (∼200 ha),
that includes mitigation and BMP. However, it would require
many new parameters to be determined if it was to be run over
a large catchment. Muirhead et al. developed a modeling
framework for E. coli concentrations in streams at baseflow, for
use at the farm scale,7 as well as a model for use at a finer
paddock scale.8 In summary, there are no models of E. coli
suitable for application at the large catchment scale to quantify
the effects of mitigation and BMP. In countries other than New

Received: October 20, 2015
Revised: December 22, 2015
Accepted: January 15, 2016

Article

pubs.acs.org/est

© XXXX American Chemical Society A DOI: 10.1021/acs.est.5b05167
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

pubs.acs.org/est
http://dx.doi.org/10.1021/acs.est.5b05167


Zealand, the pattern is similar. The modified SWAT model has
been applied with moderate success in small catchments,9−11

but not large catchments.
In this paper, we show how a spatially based approach (using

a geographic information system, GIS) to soil−water modeling
enables the quantification of E. coli sources connected to
waterways in a large catchment. We choose the Ruamahanga
catchment in the Wairarapa region of New Zealand as a case
study because it represents well the current issues of balancing
agricultural development in a landscape with strong recreational
and cultural values. The spatially based approach requires the
mapping of soil hydrological properties at a scale consistent
with land management data, such as land use, stocking rate,
stock access to waterways, and effluent treatment, which all
must be available for the whole catchment. Then the effect of
mitigation and BMP on E. coli sources and their connection to
waterways can be determined. The GIS mapping approach
provides useful context for accounting for E. coli sources, while
avoiding the complexity of modeling E. coli in rivers (which
includes deposition and remobilisation associated with sedi-
ment,12 and die-off and regrowth potential13). It also permits
the assessment of catchment-wide mitigation and BMP. Here
we focus on agricultural sources and their mitigation and also
include urban sewage sources for assessment relative to
agricultural sources. We acknowledge other sources such as
wild animals/fowl and septic tanks, but have not included them
in the current study as they are thought to be significantly
smaller1 and also difficult to mitigate. We show the catchment-
wide effect of dairy effluent ponds, fencing of waterways to
exclude cattle, and the introduction of dung beetles to pastoral
soils.

■ RUAMAHANGA CATCHMENT

The Ruamahanga catchment (Figure 1) is the main watershed
in the Wairarapa region, comprising an area of 350 000 ha. In
the west it drains the mountainous and forest-covered Tararua
ranges (with mean annual rainfall up to 6400 mm), and in the
east it drains largely pasture-covered hill country. The waters
converge at the Ruamahanga river which flows southward
through open lowlands (where mean annual rainfall is as low as
700 mm) with pastoral agriculture, cropping, and viticulture.14

The river flows near several towns, including Masterton
(population 24 000) Toward the coast, it diverts past the
large and shallow Lake Wairarapa and flows finally into Lake
Onoke, which is a beach-bar-dammed lagoon on the shore of
Palliser Bay. The total volume of water discharged to the sea is
high with a mean flow of 85 m3 s−1, but the flow is variable and
often gets as low as 10 m3 s−1 at the end of dry summers.15

While the local population is relatively small, the Ruamahanga
is close to the capital city of New Zealand, Wellington, with
over 200 000 people. From there office-bound people spill out,
seeking refuge in the catchment‘s natural amenities.

■ MATERIALS AND METHODS

Soil−Water Modeling. To determine whether E. coli
sources are connected to waterways it is necessary to consider
the movement of water. When water moves over the land
surface it can entrain E. coli and transport it in suspension to a
waterway. However, when water moves through the soil, E. coli
are generally filtered from the water,1 except when water drains
directly to groundwater through soil with large cracks and
pores.16 Therefore, it is necessary to model the occurrence of

overland flow and water drainage in soils throughout the
Ruamahanga catchment. This requires spatially detailed rainfall
and soil properties.
Water drainage through soil is modeled using a daily soil-

water balance model.17 For each of 59 climate-soil zones,
defined by the intersection of level II land environments18 (i.e.,
climate and landform units) with a map of New Zealand soil
classes,19 a daily model of soil-water content and drainage was
run. Climate inputs were historical daily rainfall and potential
evapotranspiration from the nearest climate station (typically
within 5km) with a long-term record (>10 years). Soil inputs
were total available water and readily available water. Daily
drainage was estimated as the excess of water above total
available water. For each climate-soil zone the annual drainage
was noted, as well as the number of days in a year in which
drainage occurred.
Overland flow is modeled using curve number hydrology.20

Here overland flow (mm) in a storm is estimated from the
storm rainfall (mm) and the curve number of the soil. Curve
numbers were available from a recently produced soil map
called S-map.21 This data was more spatially detailed than the
level II land environments, so for each land environment an
empirical relationship between mean annual overland flow, as a
proportion of mean annual rainfall, and curve number was
developed by running the curve number hydrology on the daily
rainfall record of the land environment using all possible curve
numbers from 1 to 100. These relationships were applied to the
map of mean annual rainfall and the map of curve numbers to
obtain a map of overland flow. A map of overland flow days in a
year was also produced (data not shown).

Direct Access of Cattle to Waterways. Cattle in New
Zealand typically graze pastures within paddocks defined by
wire fences. These fences may or may not permit access to

Figure 1. Map of the Ruamahanga catchment showing land cover,
topographic zones, and stream E. coli measurement sites labeled RS.
The inserted map shows the location of the Ruamahanga catchment in
the lower North Island of New Zealand.
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waterways flowing through or beside farms. Where cattle do
have access, they are likely to visit waterways, as they have a
natural inclination to standing in water.22 They will defecate
directly into the water approximately 10% of their total faeces
production.22 The daily amount of E. coli (in units of CFU
day−1) defecated directly into water from a cattle beast, if it has
access, can then be estimated by 0.1 times the average faecal
production per day (30 kg day−1)1 times the average
concentration of E. coli in faecal material (3 × 108 CFU
kg−1),1 which is approximately 109 CFU day−1. Sheep are averse
to standing in water, so a map giving E. coli numbers (per day)
put directly into streams may be created by digitally intersecting
a map of cattle numbers per ha23 with a map of cattle access to
waterways and multiplying by 109.
To produce a map of cattle access to waterways we

intersected a map of fences (provided by the Greater
Wellington Regional Council) with a map of rivers and streams
(defined as waterways with a catchment area greater than 1
km2). All paddocks with internal access to a stream or river
were identified. As the fences map was not comprehensive,
covering only 30% of the grazing area in the Ruamahanga
catchment, we had to extrapolate out from the data-defined
areas. We did this by determining the proportion of paddocks
with access to waterways within the data-defined areas and
assigning the same proportion to paddocks in similar
topographic zones (Table 1).

The final map of E. coli numbers defecated directly into
streams by cattle is then given by

=D x y abP x y S x y( , ) ( , ) ( , ) (1)

where
D(x,y) is the number of E. coli defecated directly into streams

(CFU ha−1 yr−1); a is the proportion of faecal material
deposited in water if cattle have access (≈ 0.1 7); b is the
number of E. coli produced per year by a cattle beast which is
estimated by multiplying the number of days in a year by the
daily E. coli production from a cattle beast (≈ 365 × 1010 CFU
yr−1 n−1); P(x,y) is the proportion of cattle with access to
streams and is a function of cattle type (either beef or dairy
cattle); S(x,y) is the number of cattle per ha (as at 2011) (n
ha−1); and (x,y) is geographic easting and northing.
Overland Flow through Grazed Paddocks. Both cattle

and sheep graze pastures throughout the year and deposit dung.
During intense rainfall that exceeds the infiltration capacity of
the soils, overland flow through deposited dung will entrain E.
coli and transport it to a waterway. A number of studies
measuring the concentration of E. coli in overland flow have
been reported.1,24−26 Based on these, we assume an average
concentration of approximately 2 × 108 CFU m−3 in overland

flow. We do not attempt to relate concentration of E. coli in
overland flow to dung freshness, as information on animal
movements over the whole Ruamahanga is not available. We
just assume an average value. The number of E. coli reaching
waterways through overland flow in one year may then be
estimated by the product of the volume of overland flow in a
year with the average concentration of E. coli in the water, that
is,

=O x y cF x y( , ) ( , ) (2)

where
O(x,y) is the number of E. coli reaching waterways per year

from a hectare of land through overland flow (CFU ha−1 yr−1);
c is the average concentration of E. coli in overland flow (CFU
m−3); F(x,y) is the volume of overland flow per year from a
hectare of land (m3 ha−1 yr−1).

Sprayed Dairy Effluent. During the normal milking season
of about eight months (September−May), dairy cattle spend
several hours per day in the milking shed. Effluent is washed off
the floor with water into short-term storage (∼1 day), then
sprayed onto land. As the effluent moves into and through the
soil, E. coli are filtered out. The exception is when the soil has
high bypass flow and drainage from the soil is occurring. Under
these circumstances E. coli will be transported through cracks
and large pores to either groundwater or drains. When there is
a storage pond, the timing of spraying may be controlled so that
there is a soil moisture deficit able to receive the effluent
without drainage occurring. However, if there is no storage
pond, spraying takes place each day (in the milking season),
and on those days when drainage occurs E. coli will move
through to groundwater and drains (on soils with high bypass
flow). The number of E. coli doing this may be estimated by

=E x y bdW x y S x y( , ) ( , ) ( , ) (3)

where
E(x,y) is the number of E. coli reaching drains or

groundwater from a hectare of land through effluent spray
(CFU ha−1 yr−1); b is the number of E. coli produced per year
by a cattle beast (≈365 × 1010 CFU yr−1 n−1); d is proportion
of daily faecal material deposited on milking shed floor (≈ 0.2
based on proportion of active day in milking shed); W(x,y) is
the proportion of year in which soil drainage occurs during
milking season(assuming an average spray rate of 3 mm day−1

through the milking season); S(x,y) is the number of dairy
cattle per ha (as at 2011) (n ha−1).
E. coli may also be transported overland to waterways if

effluent is sprayed onto land during times of overland flow. As
before when there is no storage pond, effluent must be sprayed
each day and occasionally this will coincide with a wet day
when overland flow occurs. The estimation of these E. coli
sources is the same as eq 3 except thatW(x,y) is replaced by the
proportion of year in which overland flow occurs during the
milking season.

Urban Wastewater. E. coli sources from urban wastewater
were estimated from the design specifications of the upgrade to
the Masterton wastewater treatment plant27 and from resource
consent information for the other towns (Martinborough,28

Featherston,29 Greytown, and Carterton30). The product of
average daily inflow (m3 day−1) with median concentrations of
E. coli in wastewater, multiplied by 365, gave the approximate
yearly output of E. coli. Dividing by the area of the town then
gave the number of E. coli per ha per year for the town, U(x,y).

Table 1. Proportion of Cattle in Topographic Zone with
Access to Waterways As Extrapolated from Data Defined
Areas

topographic zone beef cattle access dairy cattle access

northern plains 0.32 0.31
southern plains 0.27 0.36
northeastern hill country 0.29 0.26
mideastern hill country 0.24 0.29
southeastern hill country 0.29 0.37
northwestern hills and ranges 0.26 0.43
southwestern hills and ranges 0.53 0.29
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Mitigation Scenarios. Mitigations are available for
reducing the sources of E. coli connected to waterways.
Construction of storage ponds for effluent on dairy farms will
allow spraying to be delayed to an appropriate time to prevent
the transport of E. coli to waterways. For soils with high bypass
flow, these are days when drainage is not occurring. For other
soils, these are days when overland flow is not occurring. The
effect of this mitigation/BMP is modeled by setting W(x,y) in
eq 3 to zero.

A second mitigation is the construction of fences along both
sides of waterways. This will prevent cattle having access to
water and defecating directly into it. The effect of this
mitigation/BMP is modeled by setting P(x,y) in eq 1 to zero.
A third mitigation is the introduction of dung beetles.31 If

dung beetles become established in pasture soils, they
effectively remove all dung from the pasture/soil surface.32

With no dung on the surface, overland flow will have little E.
coli in it. There is also evidence to suggest that E. coli in soil is

Figure 2. (a) Map of sources of E. coli connected to waterways in the Ruamahanga catchment under current land use and management (2013). (b)
Map of sources of E. coli connected to waterways in the Ruamahanga catchment under current land use with the addition of (i) effluent ponds on
dairy farms. (c) Map of sources of E. coli connected to waterways in the Ruamahanga catchment under current land use with the addition of (i)
effluent ponds on dairy farms, and (ii) fences to exclude cattle from waterways. (d) Map of sources of E. coli connected to waterways in the
Ruamahanga catchment under current land use with the addition of (i) effluent ponds on dairy farms, (ii) fences to exclude cattle from waterways,
and (iii) introduction of dung beetles to pastoral soils.
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also reduced.33 The effect of this mitigation is modeled by
setting c in eq 2 to zero. Although dung beetles are yet to be
widely established in New Zealand, 11 species of dung beetle
have recently been imported for research purposes. Some of the
introduction trials have been conducted on farms in the
Ruamahanga catchment.
The effect of these hypothetical mitigations is assessed by

making a map of total E. coli sources connected to waterways
under current land use and management, then applying the
mitigations separately. Visually we show the cumulative effects
of the mitigations in the following order

(1) construction of storage ponds for effluent on dairy farms;
(2) construction of fencing along all first-order waterways;
(3) introduction of dung beetles to pastoral soils (70%

success of establishment is assumed).

■ RESULTS
Sources of E. coli Connected to Waterways. Figure 2a

shows the resulting map of E. coli sources connected to
waterways under current land use and land management. There
is a large range of E. coli yield from essentially zero in the forest
areas of the Tararuas to over 1012 CFU ha−1 yr−1 in dairy farms
near Lake Wairarapa. The high E. coli yields of over 8 × 1011

CFU ha−1 yr−1 are generally associated with dairy farms on high
bypass soils and with towns in the lowlands. Moderate yields of
between 5 and 8 × 1011 CFU ha−1 yr−1 tend to occur on the
dairy farms in the lowlands. Whereas lower yields of less than 5
× 1011 CFU ha−1 yr−1 occur primarily on sheep/beef farms in
the hill country in the east, but there are also some in the
lowlands.
Total E. coli sources connected to waterways in the

Ruamahanga catchment from dairy effluent spraying are
approximately 10 × 1015 CFU yr−1. This is five times the
total E. coli sources from urban wastewater treatment, which are
approximately 2 × 1015 CFU yr−1. Total E. coli sources from
cattle with direct access to waterways are approximately 15 ×
1015 CFU yr−1. This is approximately the same as the total E.
coli sources from overland flow through dung-laden fields. The
relative contributions to total sources from urban, dairy
effluent, direct access, and overland flow are 5%, 25%, 35%,
and 35%.
Figure 2b shows E. coli sources connected to waterways after

the construction of effluent storage ponds on dairy farms. With
storage ponds, spraying can be delayed to times when drainage
is not occurring on soils with high bypass flow, and also to
times when overland flow is not occurring on other soils,
reducing sources from effluent spray to near zero levels. At the
southern end of the catchment near Lake Wairarapa most of
the farms with high E. coli yield in the current scenario have
changed to a medium E. coli yield. The overall reduction in
modeled E. coli sources due to construction of effluent storage
ponds on dairy farms is estimated to be 25%.
Figure 2c shows E. coli sources connected to waterways after

the construction of fences to exclude cattle from all first-order
waterways, in addition to the storage ponds. With fences on
both sides of a waterway, cattle cannot enter the waterway to
defecate directly into water, again reducing sources from direct
access of stock to near zero levels. This mitigation has a
dramatic effect throughout the catchment, reducing nearly all
land to low E. coli yields, with the exception of urban areas. The
overall reduction in modeled E. coli sources from fencing,
relative to present day, is estimated to be 35%.

Figure 2d shows E. coli sources connected to waterways after
the introduction of dung beetles to soils in addition to fencing
and storage ponds. The success rate of establishment for soils in
the Ruamahanga is yet to be established, but we have followed
expert advice34 and assumed a success rate of 70%. This
mitigation also has a dramatic effect throughout the catchment,
reducing nearly all land to very low (relatively) E. coli yields,
again with the exception of the urban areas. The overall
reduction in modeled E. coli sources from dung beetles, relative
to present day, is estimated to be 35%.

Comparison with In-Stream Measurements. We have
quantified numbers of E. coli connected to waterways at source,
rather than in waterways, thereby avoiding complexity that
precludes a whole catchment approach. Nevertheless, it is
interesting to see how closely in order of magnitude do sources
compare with in-stream measurements. Seventeen rivers in the
Ruamahanga catchment have been monitored regularly (∼
monthly) for E. coli concentrations, sufficient to produce a
median E. coli concentration, but not a mean value. For each
river, we estimated the annual loads of E. coli (CFU yr−1) by
multiplying mean annual water discharge (m3 yr−1) by the
median concentration (CFU m−3). The mean rather than the
median concentration should really be used, so this is effectively
assuming that the mean and median concentration are
approximately equal. We acknowledge that this will under-
estimate E. coli loads as the time distribution of E. coli
concentrations will be positively skewed.
We summed up the mapped annual E. coli sources in the

catchments above these sites for comparison with the estimated
annual loads at the sites. However, we allowed an exponential
attenuation of the sources to account roughly for die-off and
assimilation. An attenuation of exp(−kx) where k = 0.1 km−1

gave the highest correlation between attenuated sources and
estimated loads as shown in Figure 3 (this is an attenuation of
10% over 1 km, which is about half the median attenuation at

Figure 3. Plot of estimated annual loads of E. coli in river sites (from
median of measured concentrations) in the Ruamahanga catchment
versus modeled annual loads from land sources. Straight line shows y =
0.26x. Shaded area shows 95% confidence of the fitted line.
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base-flow used by Muirhead et al.7). In-stream attenuation rates
are much higher in base-flow than storm-flow5 and therefore,
we would expect the annual average attenuation to be
significantly less than base-flow attenuation rates.7 In general,
the summed and attenuated sources from the land were about
four times the estimated loads in the rivers (as estimated from
the median concentration). This is good agreement, well within
an order of magnitude, and suggests that mean E. coli
concentrations in streams could be about four times the
median concentrations.

■ SENSITIVITY ANALYSIS
The sensitivity of the total modeled E. coli sources in the
Ruamahanga catchment may be determined by the calculus of
partial differentials. The total modeled sources, TOT, are the
integral of D(x,y), O(x,y), E(x,y), and U(x,y) over the whole
catchment.

∫ ∫= + + +D x y O x y E x y U x y

dxdy

TOT [ ( , ) ( , ) ( , ) ( , )]

(4)

which may be rewritten as

= ̅ + ̅ + ̅ + ̅A D O E UTOT [ ] (5)

where A is the catchment area in ha and the overbar indicates
the mean value over the whole catchment.
Assuming that changes in input parameters due to errors are

independent, then the variance of the first term in (5) may be
approximated by

̅
̅

= + + ̅
̅

+ ̅
̅

AD
AD

a
a

b
b

P
P

S
S

var[ ]
[ ]

var[ ]
[ ]

var[ ]
[ ]

var[ ]
[ ]

var[ ]
[ ]2 2 2 2 2 (6)

The terms on the right-hand side are the squares of the
coefficient of variation for each input parameter in eq 1. These
coefficients of variation are inferred from a consideration of the
likely range of the estimated mean of the parameter (i.e.,
parameter times 4/range). Table 2 shows the coefficient of
variation for each parameter and the contribution to the
variance of total E. coli sources. Equations for the variance of
the other terms in eq 5 are derived similarly, but are omitted
here for the sake of brevity.
The coefficient of variation for total E. coli sources is 0.15,

with each parameter in Table 2 making a contribution to this.
The largest contribution comes from the b parameter (51%)
which is the number of E. coli produced per year by a cattle
beast. More measurements of b in future would reduce the
coefficient of variation. Three other parameters contribute
moderately to the uncertainty of total E. coli sources, a (13%), c
(13%), and F x y( , ) (13%). Likewise, more measurements of
these parameters would reduce their contribution to the total
coefficient of variation.
The coefficients of variation for the percentage contribution

of each source type to the total given in Table 3 will generally
be a little larger than 0.5. This means true percentages will lie
within a range of plus or minus 0.5 times the quoted value at a
confidence level of approximately 70%. Representing the
percentages to the nearest 5% level may therefore be suggesting
an accuracy higher than that warranted by the sensitivity
analysis. However, we retain the figures at the 5% level as they
are the best estimates and keep in mind how uncertainty may
affect management decisions.

■ DISCUSSION
The mapping of soil hydrological properties has enabled the
mapping of water flow over soil and the mapping of water
drainage through soil. The combination of this hydrological
information with animal stocking rates, E. coli content of faecal
matter, and cattle access to waterways, quantifies E. coli sources
connected to waterways. This quantification provides a
powerful extension to the GIS approach initially trialled by
Borel et al.35 (who only had runoff connecting sources), such
that mitigations can be assessed. Indeed, modeling at the
catchment scale shows that much can be done with catchment-
wide mitigation and BMP. For example, fencing of waterways
and construction of dairy effluent ponds, both plausible
scenarios, could reduce the total E. coli sources connected to
waterways in the catchment by 60%.
Progress has already been made with reducing sources of E.

coli in the catchment. In 2013, the dairy industry announced
that a clean streams accord designed to limit access of dairy
cattle to waterways (with a target of 0.1 access) would be
broadened from just Fonterra, the largest dairy company, to all
dairy companies.36 While the fencing map we used was best
available data, the currency of one to ten years may have
excluded some of the recent progress. So it is possible that
average dairy cattle access in the topographic regions could be
more like 0.2, rather than 0.3. Certainly, Fonterra dairy farms
have on average got down to 0.15 access as at 2011.37

(Measurements in the Sherry river showed a 50% reduction in

Table 2. Contribution of Parameters to Variance of Total E.
coli Sources in Ruamahanga Catchmenta

E. coli source parameter

coefficient
of

variation

contribution to
variance of total E.
coli sources (x 1030)

direct access of cattle
to waterways

a (1) 0.5 56 (13%)

P x y( , ) (1) 0.2 9 (2%)

overland flow c (2) 0.5 56 (13%)

F x y( , ) (2) 0.5 56 (13%)

direct access of cattle
to waterways and
sprayed effluent

b (1) 0.5 225 (51%)

S x y( , ) (1) 0.05 2.2 (0.5%)

sprayed effluent d (3) 0.3 9 (2%)

W x y( , ) (3) 0.5 25 (5.7%)

urban wastewater U x y( , ) 0.5 1 (0.2%)

aEquation numbers where parameters are defined are given after the
parameter in round brackets. U(x,y) is defined in the urban wastewater
section.

Table 3. Total E. coli Sources in the Ruamahanga Catchment

source type
E. coli sources in catchment

(CFU yr−1)
% of
total

direct access of cattle to waterways 15 × 1015 35%
overland flow through grazed
paddocks

15 × 1015 35%

sprayed dairy effluent 10 × 1015 25%
urban wastewater 2 × 1015 5%
total modeled sources 42 × 1015 100%
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median E. coli levels after full stock exclusion.38) In contrast,
access of beef cattle to waterways has changed little in the last
10 years, and estimated access data will be essentially current.
In the future, access of beef cattle to waterways may reduce as
Beef and Lamb New Zealand are recommending fencing of
waterways as a BMP.39 Progress is also being made on dairy
effluent storage ponds. The Greater Wellington Regional
council currently requires dairy effluent ponds to be
constructed on dairy farms as resource consents are renewed.
Consequently, within ten years most dairy farms will have dairy
effluent storage ponds.
Modeling E. coli numbers in waterways is difficult because of

their naturally high variation in space and time. The approach
developed here avoided these difficulties by not considering the
fate and transport of E. coli in waterways, but just whether E.
coli sources were connected to waterways. So the basic
questions asked were how large were the sources and whether
they ended up in waterways. We argue that wherever E. coli end
up in waterways there will be a negative environmental impact.
When the question is how many E. coli are in water at a
particular river site, then the distance from sources and fate and
transport needs to be considered. This approach of just
considering E. coli sources connected to waterways is useful,
because it avoids the difficulties of modeling fate and transport,
but nevertheless gives useful information on sources and their
mitigation. However, even though our approach avoids these
difficulties, the sensitivity analysis shows that total E. coli
sources in the Ruamahanga can only be estimated to plus or
minus 15% (at the 70% confidence level). Rather than capture
the inherent spatial variation, the mapping of E. coli sources
here has assumed average values for a range of processes.
For that reason, the maps should not be used to estimate

sources at individual points, such as an individual farm. While
the model of Muirhead et al.7 is more suitable for the farm
scale, our maps are suitable for assessing mitigation potential
over large areas, and for comparing relative contributions of
sources over large areas, such as overland flow versus effluent
spraying. As such, the maps are useful for providing contextual
information to community-based groups when deliberating on
water quality targets, but it would be inappropriate to use them
to determine whether individual farms meet regulations.
Likewise, our maps should not be used to estimate E. coli

concentrations in the waterways, as the link between sources
and loads in rivers is poorly understood−even though mapped
E. coli sources (when attenuated) are about four times the
median of measured E. coli loads in different parts of the
Ruamahanga river. For example, in the Motueka river, which
has a similar catchment area to the Ruamahanga, it was found
that the total E. coli load was dominated by storm events
(∼98%),40 and yet the main sources were both overland flow
(which occurs during storms) and direct deposition by cattle
into waterways (which occurs every day). The additional close
association of E. coli with sediment in the Motueka suggests
that E. coli deposited directly into waterways by cattle may
settle and attach to river channel sediment, which is remobilised
later during storm events. E. coli directly deposited by cattle
would likely be attenuated more strongly than that of overland
flow, but able to be remobilised at a later date during storms.
The modeling approach presented here is generally

applicable in an agricultural system with free grazing cattle
and sheep. However, the parameters used in the models are
likely to vary with landscape and climate. Soil and water
parameters certainly vary with landscape and climate, but these

are well characterized for the Ruamahanga catchment from
nationally available databases. In contrast, animal-based
parameters such as E. coli production per animal may vary
with landscape and climate, but we are not sure as these data
are not common. Hence, we have used average values from
published data throughout New Zealand.
The poor understanding of links between E. coli sources and

E. coli concentrations in waterways does not mean that the
maps of sources cannot be used in setting targets for sources. In
the recent decision by the New Zealand Board of Enquiry into
the Tuki Tuki catchment proposal,41 the board acknowledged a
lack of science consensus as to how nitrate sources related to
nitrate concentrations in rivers. Nevertheless, the board
proceeded with a two-pronged approach that set targets for
nitrate concentrations in the river as well as for nitrate leaching
at the root zone. Similarly, the Whaitua may also wish to set
targets both for E. coli concentrations in the river (based on
measurements and the principal of at least maintaining water
quality to current levels) and for sources of E. coli on the land.
In future, links between sources and concentrations in large
rivers may be better modeled through recent advances in spatial
modeling of soil/water attributes.42

The mapping of E. coli sources connected to waterways at the
catchment scale has shown the relative importance of different
processes involved and hence relative priorities for mitigation.
The two largest sources of E. coli are overland flow (35%) and
direct access of cattle to waterways (35%). Construction of
fences to exclude cattle access from waterways would reduce
the direct access contribution to almost zero and is worth
consideration (assuming that riparian vegetation does not
encourage more wildlife and associated E. coli). Fencing off
waterways also brings other environmental benefits, such as
reduced bank erosion, reduced phosphorus associated with
sedimentation, and increased floral resources for bees in the
riparian margin. The introduction of dung beetles to pastoral
farms may not be quite as effective as fencing and depends on
whether the beetles are able to be established on all soils and
farming systems. Currently, we have assumed that 70% of soils
and farming systems would be appropriate for beetle
establishment, but this figure has yet to be confirmed as only
a few farms have had dung beetles introduced. Although towns
make the smallest contribution, after mitigation of fencing,
effluent ponds, and dung beetles, they become the greatest
contributors, and improvements to wastewater treatment would
then be beneficial.
Dung beetles have only recently been introduced to New

Zealand in 2013. There are potentially large benefits to New
Zealand agriculture if they become widespread. In Australia,
they have become widespread and have had many positive
benefits. These include promotion of earthworms; increased
soil carbon; increased pasture production; reduction of water
pollution; improved control of pests, parasites, and pathogens;
and improved control of bush flies.43 While bush flies are not an
issue in New Zealand, all the other benefits are likely to accrue.
There is little chance that dung beetles will become a pest
because they eat only dung and die out if their food supply is
removed.
This paper has used E. coli numbers as they relate directly to

the New Zealand water quality legislation.2 However, this
spatial framework can also provide information complementary
to other research approaches and techniques, including
molecular microbiology. While the primary interest in faecal
contamination is determining pathogen numbers and associated
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health risks, there is often little pathogen data available at the
scale required for catchment models.44 Therefore, model
development usually needs to focus on E. coli numbers,5 and
then pathogens can be associated with the E. coli numbers. For
example, each of the model equations used in this analysis
contains an E. coli input value that could be replaced with
appropriate data for any individual pathogen to allow an
equivalent catchment scale assessment of that pathogen risk. As
this model shows the spatial distribution of the expected faecal
sources in the catchment, it can complement faecal source
tracking (FST) investigations.45 Different areas of the maps
showing high source loads from animal or human sources could
be confirmed with FST. Detection of human sources in
agriculturally dominated areas would indicate septic tank
sources from farm houses.46 FST could also be used to
determine if wild animals/fowl are a significant contributor to
faecal contamination.7 However, the assessment here has
focused on the amount and location of the agricultural sources
and what to do about them.
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