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ABSTRACT
To meet the water quality outcomes sought by catchment
communities and regulators, the losses of nitrogen (N),
phosphorus (P) and sediment from dairy and sheep/beef farms
must be reduced across many catchments. We conducted a high-
level desktop analysis of farm typologies and established that if
mitigation actions were fully implemented across dairy and
sheep/beef farms, losses of N and P could have been decreased
by up to 16 and 23%, respectively, compared to the estimated
losses for 2015 (where established actions were only partially
implemented). Potential decreases were greater for dairy land
(34% N and 26% P) because of its greater per hectare yield and
number of mitigation actions available before land use change is
required. If established and developing mitigation actions were
fully implemented by 2035, potential N, P and sediment losses
may decrease by up to 34, 39 and 66%, respectively, compared to
actual 2015 losses. These results can inform investment and
planning by the rural sector as part of an assessment of the
potential for on-farm actions to mitigate losses from existing land
use.

ARTICLE HISTORY
Received 8 June 2020
Accepted 28 October 2020

KEYWORDS
Dairy; mitigation actions;
New Zealand; objectives;
sheep/beef; water quality

Introduction

The loss of contaminants, such as nitrogen (N), phosphorus (P) and sediment, from agri-
cultural land use contributes to the pressure on freshwater quality and integrated
measures of stream biological health (e.g. macroinvertebrate communities) (Parliamen-
tary Commissioner for the Environment 2015). This pressure is likely to increase with the
need to produce more food (Steinfield et al. 2006; Legg et al. 2016), but may also decrease
if the contaminants lost can be mitigated (Doody et al. 2012) or ‘offset’ by habitat
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improvements. There is a wide variety of actions aimed at mitigating contaminant losses
to water. Many have a long history and are well established, having been tested over a
range of conditions, and include stock exclusion, wintering off paddock, dairy effluent
management, and fertiliser management. Other mitigation actions have been developed
over a few years (commonly≤ 3) and validated at a handful of locations, and include
various edge-of-field mitigations, in-stream sorbents, controlled drainage, management
of critical source areas, and retention dams and bunds (McDowell et al. 2018).

Research has shown that landowners must have confidence in the effectiveness of miti-
gation actions before they will be readily implemented. Furthermore, many land owners
must also act in collaboration to collectively achieve decreases in losses at a catchment
scale (Payne and White 2006; Bewsell et al. 2007). As a result, catchment-, regional- or
national-scale studies dealing with the ability to reduce contaminant losses usually
assess established actions, while assessments of developing actions tend to be limited
to the few farms or locations where they have initially been explored. To address national
policy issues around water quality and land use we need to be able to assess the efficacy,
and aggregated water quality benefits at different scales, of both established and develop-
ing contaminant mitigation actions across different climate, soil and landscape-types.

In New Zealand, recent national policy aims to set water quality objectives for N, P
and sediment (Ministry for the Environment 2020). Although minimum standards
(bottom lines) are set nationally, objectives desired by local communities are set region-
ally for catchments. For catchments identified as over-allocated in nutrients, required
changes in land use practices (i.e. mitigation actions) need to be implemented on-farm
to reduce nutrient losses. Given the diversity of landforms and climate, land use and
practices vary considerably, resulting in a wide range of contaminant loss profiles. For
instance, although dairy farms are generally considered to have higher yields of nutrient
loss relative to other land use types, a summary of yields determined from catchments
from c.1975 to 2007 found that P losses for dairy farms could be both greater and
lesser than drystock farms (McDowell and Wilcock 2008). The guidance given to land
owners to support them in choosing appropriate mitigation actions has been to consider
how they work over a range of diverse landforms, climates, land uses and practices
(McDowell et al. 2018). However, modelling every permutation is computationally
difficult and constrained by access to data. Instead, attention has turned to grouping
this diversity into classes, hereafter called ‘typologies’ that can be assigned a representa-
tive contaminant loss rate (viz yield; e.g. kg N ha−1 yr−1). Modelling the distribution and
mitigation of contaminant losses from these typologies can inform questions about land
use management to meet water quality policy (Andersen et al. 2007).

The aim of this study was to estimate the maximum load (kg) of contaminants that
could be mitigated from current pastoral land uses if current (i.e. established) mitigation
actions had been implemented, where suitable, by 2015. However, research in Australasia
found that, from inception, the average time to peak adoption of a new land use practice
(or in this case a mitigation action) is about 15–20 years (Botha et al. 2015; Kuehne et al.
2017). Furthermore, some catchments can exhibit lengthy lag-times between implement-
ing a strategy and seeing a water quality outcome (Meals et al. 2010). Therefore, we also
chose to determine the maximum load of contaminants that could be mitigated if all
developing actions were implemented by 2035. We wish to inform landowners and
policy makers about the magnitude of reductions that may be possible with the
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current type and distribution of catchment land use. Our analysis extends the consider-
ation of mitigation that has been achieved prior to 2015 and reported in the companion
paper by (Monaghan et al. 2020b). This paper is a desktop, national scale analysis that
makes many assumptions. These assumptions and the limitations of the data and
results are discussed in detail.

Materials and methods

Approach

Monaghan et al. (2020a) presented an approach to estimate the likely losses of N, P, and
sediment in 1995 and 2015 from representative farm types (called typologies). The fol-
lowing sections describe briefly the approach to assigning typologies and how we used
these to estimate N and P losses. We refer to three scenarios:

(1) ‘2015 current’ as presented in Monaghan et al. (2020b) referring to losses after the
partial (i.e. current) adoption of a range of established mitigation actions had
been considered.

(2) ‘2015 potential’ referring to losses estimated after the full (100%) implementation of
established mitigation actions had occurred in 2015, and

(3) ‘2035 potential’ referring to losses estimated after the full (100%) implementation of
established plus developing mitigation actions had occurred by 2035 (Table 1).

As there were fewmitigation actions for sediment and due to the long lag time for these
few actions to take effect, we only present the 2015 current and 2035 potential scenarios.

We assumed that land use was the same in 2015 and 2035. This also assumed that live-
stock numbers, genetic gain and farm systems were kept constant. We recognise that this
may contribute to an underestimation of animal performance and hence overestimate
potential losses.

Both dairy and sheep/beef pastoral land uses were classified into typologies that were
distributed across the country. Limited information was available on attenuation pro-
cesses that occur beyond a typology (e.g. aquifer denitrification) (Rivas et al. 2017)
and hence this consideration was excluded from our analysis.

Categorisation of typologies for farm contaminant losses

Typologies were developed for dairy and sheep/beef farms. The development of the
typologies, and the assumptions involved therein, is explained in detail in Monaghan
et al. (2020a). Typologies represented combinations of the major edaphic (e.g. soil
type, slope, temperature and rainfall attributes) and management (e.g. irrigation and
stocking intensity) factors that are known to control pastoral and arable productivity
and N, P and sediment losses. Arable factors were included as one of the sheep/beef
typologies had most of the arable land in New Zealand.

Briefly, we used expert opinion and previous sensitivity analyses of components of the
Overseer® Nutrient Budgeting software (hereafter referred to as Overseer) version 6.3.1
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Table 1. Additional ‘developing’ mitigation actions included in modelling farm-scale reductions of nitrogen (N) and phosphorus (P) losses to water in 2015 and
2035. Further information on the assumptions relevant to each typology is given in Supplementary Table S3.

Mitigation action Land use Relevant typologies

Action effectiveness (in parentheses)
and priority of application

9 = high, 1 = lowa References

Retention dams, bunds or
sediment traps

Dairy P (8, 9, 10, 11, 20) 9 (P = 25%) Levine et al. (2017)

Strategic grazing of pasture
within critical source areas
(CSAs)

Dairy P (all) 6 (P = 26%) McDowell et al. (2014)

Strategic grazing of crops
within CSAs

Dairy P (12, 13, 14, 15, 17, 18, 19) 6 (P = 65%) Monaghan et al. (2017)

Tile drain amendments Dairy P (2, 3, 13) 6 (P = 70%) McDowell et al. (2008)
In-stream sorbents Dairy P (2, 3, 4, 5, 6, 8, 9, 10, 11, 20) 4 (P = 10%) McDowell et al. (2007)
Alum applied to pasture or
crops in CSAs

Dairy P (all) 4 (P = 28%) McDowell and Houlbrooke
(2009); McDowell and Norris
(2014); McDowell (2015)

Controlled release fertiliser Dairy P (all) 3 (P = 5%)
Sheep/beef P (all) 3 (P = 5%)

Variable rate fertiliser Dairy P (all) 3 (P = 10%)
3 (N = 5%)

White et al. (2017)

Sheep/beef P (1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 13) 3 (P = 10% + Overseer)
Variable rate irrigation and
fertigation

Dairy P (14, 17, 18) 3 (P = 65%) McDowell (2017)

On-off grazing in autumn/
winter

Dairy P (all)
N (all although 11 had effect
<0.3%)b

2 (N/P = Overseer) McDowell et al. (2005)

Edge of field attenuation Dairy, P/N (1, 2, 3, 8, 9, 10, 11, 12, 13,
14, 19, 20)

1 (P = 65%)
4 (N = 35%)

McDowell et al. (2008);
Schipper et al. (2010)

Sheep/beef P (all, although only 3, 4, 8, 9,
11, 12, 13, 14, 15, 16 had
effect above 0.3%)

1 (P = 65% + Overseer)
4 (N = 35% + Overseer)

Controlled drainage Dairy P/N (1, 2, 3, 12, 13, 14) 1 (P = 14%)
4 (N = 50%)

Tan and Zhang (2011);
Sunohara et al. (2015)
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Sheep/beef P (3, 11, 12, 13, 16, 17)
N (2, 11, 12, 13, 14, 15, 16)

4 (P = 14% + Overseer)
4 (N = 50% + Overseer)

Constructed wetlands Dairy P/N (1, 2, 3, 8, 9, 10, 11, 12, 13,
14, 19, 20)

6 (N = Overseer)
1 (P = Overseer)

Tanner et al. (2005)

Sheep/beef P (all ex 4, 15) 4 (N = Overseer)
1 (P = Overseer)

Decreasing N inputs (fertiliser
and supplements) by half

Dairy N (all ex 1, 2, 3, 4, 8 and 14) 3 (N = Overseer) Monaghan et al. (2018)

Catch crop Dairy N (12, 15) 4 (N = Overseer) Malcolm et al. (2016)
Nitrification inhibitors Dairy N (all ex 1, 8) 3 (N = Overseer) Di and Cameron (2002); Smith

et al. (2012); de Klein et al.
(2014); Ledgard et al. (2014)

Increasing the area in
plantation forestry from 12.5
to 25% of the property

Sheep/beef P/N (all) 3 (N/P = Overseer) Manderson et al. (2013); Baillie
and Neary (2015)

aData for the prioritisation of cost-effectiveness is taken from (McDowell et al. 2018). Actions are implemented in bundles for each nutrient via Overseer to the whole farm or the relevant
proportion within a typology (+ Overseer). Where no Overseer analysis is available, percentage reductions were applied to the relevant area. If two or more strategies are of equal priority,
calculations use the mean of relevant actions within a bundle. Percentage decreases reflect effectiveness to relevant areas within the farm, but are used in calculations at a typology scale.
Additional information concerning the relevant areas within typologies is given in Supplementary Table S3.

bThe detection limit was <1%, below which any effect was not included in the final typology calculation.
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(McDowell et al. 2015; AgResearch 2016) to develop a classification of attributes that
influence contaminant losses to water. Dairy typologies (Supplementary Table S1), cate-
gorised farms into classes based on combinations of spatial databases of temperature,
slope, soil wetness and drainage and real farm information (e.g. for stocking rates) con-
tained within 431 Overseer files sourced from DairyBase for the 2014/15 production
season (DairyNZ 2018). Sheep/beef farm typologies (Supplementary Table S2) combined
spatial data for topography, slope and climate with farm classes used in the Beef and
Lamb New Zealand (BLNZ) Economic Service Sheep/beef Farm Survey (Beef and
Lamb New Zealand 2018).

Classifications were made of whole farm parcels if an attribute (e.g. soil type) rep-
resented >50% of total farm area. We recognise that this could cause error if a farm con-
tains a diverse array of attributes; for example, a hill country farm with flat finishing land
and steep hills that may be classed as a ‘hill country’ farm by BLNZ. Land use was
extracted from AgriBase (Sanson 2005). The mean values and settings for farm inputs,
management and production information for a typology was input into Overseer to gen-
erate a representative Overseer file for a typology. However, since soil Olsen P concen-
trations were not provided with Dairybase information, we used the mean regional
soil Olsen P test concentrations calculated for 2015 by the fertiliser co-operative – Bal-
lance Agri-Nutrients. Their database contained, for example, dairy farms for sedimentary
soils (11,640 samples from 1416 farms), volcanic soils (2867 samples from 673 farms),
pumice soils (1346 samples from 228 farms) and peat soils (763 samples from 161 farms).

After accounting for interactions there were potentially 96 dairy farm typologies, but
only 61 of these supported dairy farming (Supplementary Table S1). As per the approach
of Monaghan et al. (2020a), we restricted our analysis to the 20 combinations that
covered the greatest area (67% of land used for dairy farming in New Zealand). In con-
trast, the 17 sheep/beef typologies covered 89% of land used for drystock farming. Note
that the mixed finishing typology in Marlborough/Canterbury (typology 17; Supplemen-
tary Table S2) contained about 66% of New Zealand’s arable cropping land.

Modelling the effectiveness of actions suitable for mitigating N, P and sediment
losses

In a previous paper, Monaghan et al. (2020b) examined established mitigation actions
that had been partially adopted by the farming community in 2015. Their analysis did
not include either full (100%) implementation of these established actions or several
developing actions. Developing actions have been less widely accepted and
implemented by the farming community because their cost and effectiveness have
only been established in a handful of cases and national cost-effectiveness has yet to
be established.

We contend that full implementation of established and developing actions (where
applicable) will play an important role in mitigating contaminant losses to water from
farms over the next two decades of New Zealand agriculture. The effectiveness of poten-
tial mitigation scenarios is made relative to the 2015 current state (i.e. 2015 current) base-
line scenario of Monaghan et al. (2020b). From this we calculate losses assuming 100%
implementation of mitigation actions for 2015 (potential) and 2035 (potential). Whilst
we recognise that these may be optimistic scenarios, model outputs do provide an
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indicative illustration of the potential for changes in land use practice (i.e. mitigation
actions) to address the challenges of farming within environmental water quality limits.

We used five dairy and three sheep/beef groupings of established mitigation actions to
reduce N and P losses in the ‘2015 potential’ scenario. These groupings are described in
full in Monaghan et al. (2020b) and briefly below. Established groupings of mitigation
actions used for the 2015 potential scenario for dairy were: (1) Fencing out stock
access to all rivers 4th order or above as per proposed Government policy (Ministry
for Primary Industries 2017), which was expanded to 100% of permanent streams in
the 2035 potential scenario; (2) Improved management of fertiliser to avoid over-apply-
ing nutrients; (3) improved irrigation water practices such as improved scheduling and
variable rate irrigation (VRI) (McDowell 2017); (4) Scheduling applications of farm dairy
effluent (FDE) for periods when soil is sufficiently dry to retain the applied liquid (Mon-
aghan et al. 2010), or via low rate or VRI systems for irrigated typologies; and (5) Off-
paddock grazing management which includes off-paddock wintering of dairy cattle via
the use of barns and standoff pads (Christensen et al. 2012).

Established groupings of mitigation actions used for the 2015 potential scenario for
sheep/beef farms were: (1) Fencing out stock as above, but with an allowance to period-
ically graze margins to keep weeds under control; (2) Improved fertiliser management as
above; and (3) Land retirement from grazing as supported by several national pro-
grammes (Land Information New Zealand 2018; Ministry for Primary Industries 2018;
Queen Elizabeth II National Trust 2019).

For the 2035 (potential) scenario we used a set of developing mitigations (Table 1,
Supplementary Table S3). Although exhaustive, this list is not comprehensive, and
some other strategies may be missing or be developed. For example, dairy cows
grazing pastures rich in plantain have been shown to have low concentrations of
urinary-N (Box et al. 2017). Developing actions were applied to the typologies where
they were considered most relevant. These actions included: technologies to capture
losses from the edge of the field (McDowell et al. 2007; Schipper et al. 2010); the appli-
cation of chemical amendments to reduce the availability of N (Di and Cameron 2002; Di
et al. 2009; Smith et al. 2012) or P; application of variable fertiliser rates to steeper land
(White et al. 2017); limiting N imports in feed and fertiliser (Monaghan and De Klein
2014); the strategic sowing of P efficient pastures and delayed grazing of critical source
areas (McDowell et al. 2014); and the use of retention dams / bunding and controlled
drainage systems (Tan and Zhang 2011; Levine et al. 2017) to reduce overland and sub-
surface flow (respectively) from getting to the stream unattenuated.

The effectiveness of each of the groups of mitigation actions for N and P was assessed
at the typology (viz. farm) scale and aggregated to yield a national-scale effectiveness by
typology. Where possible, effectiveness was assessed by manipulating relevant manage-
ment settings in theOverseer file for each of the constructed typology farms. WhereOver-
seer functionality did not allow this, we assumed a standard effectiveness based on the
mean efficacies in published studies as described in Table 1. After determining the suit-
ability of an action to a typology, actions were bundled and applied in the order of most
to least cost-effective according to the method of McDowell et al. (2018). Bundling
actions had the effect of buffering uncertainty in actions with few data with those that
had more data. The mean effectiveness for actions were spatially weighted where
single or multiple actions within a bundle only applied to part of a farm. For instance,
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the strategic grazing of cropland was assumed to only apply to 10% of the property that
represented critical source areas; hence, the 65% reduction for P resulted in a spatial
weighting for that action of 6.5% at the farm scale. The spatial coverage of developing
strategies was applied at the rate recommended by their developers (see Supplementary
Table S3 and typology-specific order and effectiveness in Tables S4–S7).

Estimates of sediment erosion in 2015 (current) were produced for each typology via
the NZeem® model over a 15-m resolution (Dymond et al. 2010). The mitigation of
erosion in New Zealand focuses on (1) reducing hillslope erosion (landslides, gullies,
earthflows) using combinations of spaced-tree planting or land retirement as part of
Whole Farm Plans (WFPs), and (2) reducing bank erosion by fencing out stock and
riparian planting (Basher 2013). A fully implemented WFP was assumed to reduce
erosion from hillslopes by 70% with space-planted trees (Douglas et al. 2013); riparian
retirement was assumed to reduce bank erosion by 80% (Dymond et al. 2010, 2016).
For the 2035 (potential) estimate, it was assumed that all remaining untreated erodible
pastoral farmland, defined as Land Use Capability Class 6e, and 7e by Lynn et al.
(2009), was mitigated with implemented WFPs. The fencing-out of stock was assumed
for all remaining permanent streams.

Mapping the effectiveness of actions relative to potential policy

Individual typologies were intersected with some 560,000 river catchments, as defined by
the River Environment Classification (REC) (Snelder et al. 2005). Estimated total N (TN)
and total P (TP) loads for each REC catchment, for the period 2013–2017, were extracted
from Snelder et al. (2018). These represented the catchment loads of TN and TP in the
2015 current scenario. Loads were intersected with the effective mitigation potential for
typologies within the catchment according to the 2015 and 2035 (potential) scenarios.
Where more than one typology intersected a catchment, an area-weighted average was
generated. The area-weighted percentage reduction for the 2015 and 2035 potential scen-
arios were applied to these loads, resulting in catchment-specific, mitigated loads. We left
nutrient losses for native or exotic forestry within a catchment unchanged as these land
uses contributed less TN and TP to catchment loads than other land uses and therefore
did not need to be mitigated (McDowell and Wilcock 2008; Baillie and Neary 2015). The
mitigated load therefore only applied to the area of land in dairy or sheep/beef (plus 66%
of arable land).

Results and discussion

Potential to mitigate N and P with established actions

The dairy and sheep/beef typologies covered approximately 1.48M of the 2.25 M ha of
land under dairy and 8.26M of the 9.33 M ha under sheep/beef (Supplementary Tables
S1 and S2) (Beef+Lamb New Zealand Economic Service 2018; Livestock Improvement
Corporation Limited & DairyNZ 2019). The typologies, and the area covered by them,
represent the best information set we have that describes pastoral land use pressures
on water quality for landscapes that have contrasting soil and climate (vulnerability)
attributes. Although no indication of representativeness, the area-weighted mean N
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yield for dairy (31 kg N ha−1 yr−1) and P yield for sheep/beef typologies (0.6 kg P ha−1

yr−1) in the 2015 potential scenarios (Table 2) were similar to that measured from 54
New Zealand dairy and sheep/beef farmed catchments from the early 1970s to 2008 of
27 catchments (McDowell and Wilcock 2008). This suggests that the yield predicted
were, at least, of a similar magnitude to those observed; more analysis of the accuracy
of N and P yields for typologies is given in Monaghan et al. (2020a)

The effect of the full implementation of established mitigation actions (2015 potential)
and developing mitigation actions (2035 potential) on N, P and sediment yields and loads
for each typology are given in Supplementary Tables S8–S10. When modelled in Over-
seer, the efficacy of established mitigation actions often have interdependencies, for
example, improved accounting and use of nutrients contained within FDE will reduce
the need for fertiliser nutrient applications. Consequently, presenting the effect of a
single action is hard to distinguish. Instead, we present the combined effect of established
mitigation actions by typology as yields in Figures 1 and 2.

Owing to the greater number (and effectiveness) of mitigation actions available and
greater yields, more N and, to a lesser extent, P was mitigated from dairy than sheep/
beef land uses (Figures 1 and 2). The efficacy of established actions used in the 2015
potential scenario is discussed in detail in Monaghan et al. (2020b). Dairy typologies
that exhibited the greatest decrease in N and P yields following the full implementation
of established actions were often wet or irrigated (e.g. Typologies 3 and 17; Figure 3)
where actions such as better scheduling of irrigation or FDE applications are considered
to be most effective (Monaghan et al. 2009, 2010).

The typologies where reductions on sheep/beef was greatest were those associated
with steep slopes where less effort has gone into fencing-off streams from stock (Typol-
ogies 5–10; Figure 2), or where there is potential to reduce soil Olsen P concentrations in
finishing operations (e.g. Typology 12).

The key difference between the contaminant yields and loads for the 2015 current and
potential scenarios is the rate of uptake of established actions. Defining the level of
current uptake of mitigation actions involves considerable uncertainty as it often relies
on self-reported statistics. For example, actions such as fencing out stock from streams
were listed to be > 90% complete in most regions for many years (Ministry for
Primary Industries 2013). However, subsequent auditing of these values put the rate of
qualifying streams (i.e. those wider than 1 m and deeper than 30 cm) at 42% (Sanson
and Baxter 2011). We used the best possible industry statistics of uptake via DairyBase
to define the 2015 current scenario, and because the established actions do capture
areas of the farm or practices that lose much N and P, there are considerable gains
still to be made by fully adopting them (i.e. 2015 potential scenario).

Potential to mitigate N and P with established and developing actions

The area-weighted contaminant yields for the 2035 potential scenario for dairy (19 kg N
ha−1 yr−1, 0.5 kg P ha−1 yr−1, 139 t sediment ha−1 yr−1) and sheep /beef (10.4 kg N ha−1

yr−1, 0.5 kg P ha−1 yr−1, 222 t sediment ha−1 yr−1) were less than those in the 2015
potential scenario (Table 2). We remind the reader that we assumed no land use
change nor change in farm practices of the base farm typologies. Like the 2015 potential
scenario, there were more mitigations and a greater potential to decrease contaminant
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Table 2. National estimates of nitrogen (N), phosphorus (P) and sediment loads and yields for sheep/beef, dairy and a national overall area-weighted mean for
loads and yields under the current rate of implementation (2015 current) and if current and developing actions were fully implemented (2015 potential and 2035
potential). No estimate is given for the potential mitigation of sediment in 2015.

Analyte – land use
2015 current

loada
2015 current

yieldb
2015 potential load

(kg)
2015 potential

yieldb
2035 potential

loada
2035 potential

yield

2015 potential load
decrease relative to 2015

current load (%)

2035 potential load
decrease relative to 2015

current load (%)

N – Sheep/beef 99,010,979 12.0 95,420,968 11.5 82,295,983 10.4 4 13
N – Dairy 69,292,883 47.0 45,513,271 31.0 28,574,547 19.0 34 59
N – Overall 168,303,862 17.0 140,934,239 14.0 110,870,530 11.0 16 34
P – Sheep/beef 6,457,300 0.8 5,006,792 0.6 4,163,978 0.5 22 36
P – Dairy 1,579,398 1.1 1,172,051 0.8 777,609 0.5 26 51
P – Overall 8,036,698 0.8 6,178,843 0.6 4,941,587 0.5 23 39
Sed – Sheep/beef 57,544,294 696 – – 18,312,055 222 - 68
Sed – Dairyc 5,816,516 258 – – 3,134,729 139 – 46
Sed – Overall 63,360,810 646 – – 21,446,784 219 – 66
akg for N and P, t for sediment.
bYields for N and P are presented as kg ha−1 yr−1 and as t ha−1 yr−1 for sediment.
cDairy loads and yields are inclusive of those listed in Supplementary Table S1 outside of the top 20 typologies.
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Figure 1. Estimated nitrogen (N), phosphorus (P) and sediment yields for selected dairy typologies in
2015 (2015 current) and after assuming full implementation of established mitigation actions in 2015
(2015 potential), or of developing mitigation actions in 2035 (2035 potential).
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yields from dairy compared to sheep/beef farmed land. The marked decrease in contami-
nant losses afforded by implementing developing actions indicates that considerable
losses occur from areas not addressed by established actions and that we now have a

Figure 2. Estimated nitrogen (N), phosphorus (P) and sediment yields for each sheep/beef typology in
2015 (2015 current) and after assuming full implementation of established mitigation actions in 2015
(2015 potential), or of developing mitigation actions in 2035 (2035 potential).
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better understanding of loss pathways and how losses can be mitigated. For instance,
although it was known that most contaminant losses come from a minority of a
farm’s area (termed critical source areas; CSAs) (Gburek et al. 2002), only recently has
the technology been made available to identify CSAs and how they vary across the land-
scape (McDowell et al. 2015).

The efficacy of actions on sheep/beef land was also often different to that on dairy land
(Figure 3). For instance, on average, strategic grazing of cropland to avoid wet times of
the year was more effective in reducing P yields from dairy land (4%) than from sheep/
beef (2%). This might be due to the relatively large amount of crop areas and associated P
loss (e.g. 10% of the farm that contributes 30–40% of the farm’s P loss) for dairy farms
associated with the grazing of forage (cropland or pasture) through the wetter months
(Monaghan et al. 2017), whereas sheep/beef farms carry fewer relative stock numbers
over this period.

Geographically, areas with the greatest N and P loads (not yields) in the 2035 potential
scenario from dairy land were concentrated in warm, flat, well drained areas with good
rainfall in the North Island (e.g. Typology 5), or in cool, flat well-drained areas in the
South Island (Typology 17) (Supplementary Table S8). For sheep/beef land use, high
N, P and sediment loads were associated with steeper country on the east coast of the

Figure 3. Mean (error bars are the standard error of the difference across all sector typology units)
decreases in nitrogen (N) or phosphorus (P) yields predicted in 2035 for dairy and sheep/beef typol-
ogies associated with the full implementation of bundles of established and developing mitigation
actions. Bundles are modelled in the order of least to most cost effective from the bottom to top
as per McDowell et al. (2018).
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North Island (Typologies 5, 8 and 9), or for more intensively stocked areas of the South
Island (Typology 14) (Supplementary Tables S9 and S10). Loads of N and P lost in 2035
from sheep/beef land accounted for 73 and 82% of losses across New Zealand, respect-
ively (Table 2), because of a greater areal extent and greater relative gains in mitigating
losses from dairy typologies (Table 2). For sediment, losses from sheep/beef land use
accounted for 91% in the 2015 current scenario decreasing to 86% in the 2035 scenario.

Following full implementation of established actions (i.e. 2015), loads of N and P
decreased by up to 16 and 23%, respectively (Table 2). Upon implementing additional
developing mitigation actions by 2035, the national loads of N and P (2035 potential
scenario) from pastoral land were up to 34 and 39% less than the base load estimated
for 2015 (Table 2; Figure 4).

Figure 4. Average current (2015) and potential catchment yield (2015 and 2035) (kg/ha/yr) of N (top)
and P (bottom) after applying all farm-scale mitigation actions to farm typologies.
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Limitations of the study

Our estimates of N, P and sediment yields and loads, and their mitigation, come with
several caveats and assumptions that could restrict their accuracy and use under
certain circumstances. These caveats can be categorised into uncertainty around the
representativeness of typologies, the spatial and temporal resolution of inputs and
model error.

The typologies represent a compromise of using the best available data on farm man-
agement and edaphic factors that control contaminant losses. We recognise that there are
other factors that control losses such as anion storage capacity or the frequency of runoff
events (for P) which were not able to be included (Morton et al. 2003; Sharpley et al.
2008). Nevertheless, for areas where we had observed data, Monaghan et al. (2020a)
showed that the predicted pattern of loss (i.e. coefficient of determination), if not
always the magnitude of loss, was similar to that measured at a farm to small catchment
scale. As a result, our analysis is intended to give a national picture of losses and should
not be used to infer losses from a specific farm.

We also recognise that empirical models like Overseer (for N and P) or NZeem® (sedi-
ment) rely on adequate data to estimate losses and that catchment-scale processes which
determine the final load of contaminants reaching the receiving environment were not
accounted for. For example, attenuation processes within aquifers can substantially
decrease N loads in some areas (Close et al. 2016; Rivas et al. 2017). The same magnitude
of change is possible for the sorption of P from the water column (Weigelhofer et al.
2018) or through sediment deposition (Vale et al. 2016). To more accurately account
for this, process-based models, able to represent scale specific attributes and processes
(Dymond et al. 2016) may have helped, but too few data were available at the national
scale to fully support this approach.

In addition to considering mitigations at the same spatial scale, it is known that the
effects of mitigations decrease or take longer to become effective with greater distance
from the point of implementation (Macintosh et al. 2018). This is caused by different
rates of implementation across a catchment or catchment processes (Meals et al. 2010;
Van Meter and Basu 2017). We assumed that farm-scale mitigations would eventually
result in catchment scale decreases of a similar magnitude, and that catchment-scale
attenuation processes remain unchanged. The 2035 scenario is considered to reflect a
reasonable length of time for developing actions to be adopted and become effective at
a catchment-scale considering that the average time to peak adoption of agricultural
innovation in Australasia is around 16–20 years (Botha et al. 2015; Kuehne et al.
2017). However, it is also likely that some typologies would be subject to long lag-
times, which will increase the time before changes in water quality following the adoption
of mitigation actions are observed downstream. For instance, tortuous flow paths in the
central plateau of the North Island can lead to lag times of 60–100 years between N being
lost from the root zone and a significant proportion appearing in nearby streams (Mor-
genstern and Daughney 2012; Clague et al. 2019). This may mean that in these areas our
estimates of effectiveness are optimistic.

Finally, it is likely that the effectiveness of some actions may not perform as expected
in one region compared to another. This is more likely for developing mitigations that
are not captured in mechanistic models like Overseer. This could mean that the
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effectiveness of actions is either over or underestimated. Past research using the mean of
effectiveness has also employed upper and lower bounds representing standard errors
(McDowell 2014). Although some of the developing actions have repeated trials from
which standard errors could be calculated, many such as the strategic grazing of pastures
of crops did not. Instead of excluding these actions we chose to include them within
bundles of actions.

We also note that the efficacy of some mitigation actions may decline with time natu-
rally or due to a changing climate. For example,most constructedwetlandswill accumulate
sediment and P though deposition. However, the rate of sediment and P accumulation
decreases with time (Braskerud 2002; Vymazal 2018). In addition, once the wetland
becomes anaerobic, it not only removes N via denitrification, reducing conditions lead
to the dissolution of P associated with iron and manganese, causing the wetland to
become a source, not sink, of dissolved P (Ann et al. 1999). Predictions of climate
change are that the frequency of high intensity storms by 2050 are set to increase. We
have not taken this effect into account, but it is likely to decrease the effectiveness of miti-
gating losses, especially of sediment (Lu et al. 2013).

These caveats mean that our estimates are only an approximation of relative losses and
only pertain to the typologies shown. Although contaminant yields and loads cannot be
referenced to specific farms, they can be used to identify, at a coarse spatial scale, where
opportunities lie for further investigation into the modelling and mitigation of N, P and
sediment losses at catchment and regional scales. Such studies are essential in predicting
the likelihood of meeting water quality objectives, and therefore the efficacy of any pro-
posed remedial actions.

Conclusions

If all current established mitigation actions had been implemented by 2015, the potential
percentage decreases in national loads of N and P would have been 16 and 23%, respect-
ively. A greater proportion of this could have been achieved from landunder dairying (34%
for N and 26% for P) because of its greater per hectare yield and the number of mitigation
actions available. If all developing mitigation actions were implemented by 2035 the
national load of N, P and sediment from pastoral land could be decreased from 2015 base-
line (i.e. estimated current state) by 34, 39 and 66%, respectively. These data may inform
investment and planning by the rural sector as part of an assessment of the potential for
mitigation actions to meet catchment water quality objectives; or whether a change in
land use or land intensity is required.
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