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A B S T R A C T   

Percentage-based targets for conservation and restoration provide a compelling narrative for enhancing nature 
and human wellbeing. However, evidence is still lacking for what these percentage targets should be, especially 
for improving multiple ecosystem services. Furthermore, restoration targets can be challenging to implement 
across decision-making scales. We explored these challenges in the Ruamahanga Basin in the North Island of 
Aotearoa New Zealand, where ~98% of wetlands have been drained. We created restoration scenarios that in-
crease the percentage area of wetland restored at two spatial scales: first, across the entire Ruamahanga Basin, 
and second, using subcatchments delineated from the contributing areas of individual historical wetlands. These 
scales allow us to adopt the decision-making perspective of basin-scale managers/planners as well as groups/ 
individuals restoring single wetlands. At each scale, we estimate gains and losses towards plausible targets for 
nitrogen and phosphorus retention, carbon storage, and agricultural productivity using the high-resolution, 
ecosystem service modelling tool, LUCI. At the basin scale, ecosystem service changes were incremental, 
showing linear trends through to full wetland restoration. We found no percentage value at which restoration did 
not add benefits for nutrient retention and carbon storage and no percentage value at which restoration did not 
detract from agricultural productivity. Within subcatchments, gains in phosphorus retention were achieved 
across all restoration percentages. Nitrogen retention targets were mostly met when the percentage of wetlands 
restored exceeded 60%. Contrasting outcomes at two different scales showed that most of the variability in 
ecosystem service outcomes is found at fine spatial scales, rather than at the basin scale, which has implications 
for choice of policy mechanisms and spatially-targeted management of ecosystem services.   

1. Introduction 

Percent-area targets, which specify conservation or restoration tar-
gets based on portions of land area, are widespread in conservation and 
resource management. The IUCN’s and Global Biodiversity Framework 
(Target 3) recommendation of protecting 30% of global land and sea-
scapes by 2030 is fundamental to current strategies for conservation 
(IPCC, 2022; Woodley et al., 2019, https://www.cbd.int/article/cop15- 
final-text-kunming-montreal-gbf-221222). Percent-area targets offer 
appealing simplicity for policy, but important questions remain about 
the effectiveness of these targets (Carroll and Noss, 2021; CBD, 2020; 
IPBES, 2019). Currently, only 16% percent of global land is protected 

(Carroll and Noss, 2021; UNEP-WCMC, 2021), but this percentage varies 
by country. Globally, only 10% of the current protected area network is 
structurally connected (Ward et al., 2020), and shortfalls in both 
representativeness of different ecosystems and structural connectivity 
suggests restoration is needed to fill these gaps. 

Setting percent-area targets to improve multiple ecosystem services 
is challenging, and recommended percent-area targets remain contested 
in the ecological literature (Banks-Leite et al., 2021). Supporting these 
recommendations is a long history of research on how much restoration 
is needed to improve individual ecosystem services, such as phosphorus 
retention (Wang and Mitsch, 1998). For example, landscape simulations 
show the percent of agricultural land cover influences nutrient loading 
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in streams, but above 30% agriculture and <50% forest, these outcomes 
are highly sensitive to spatial patterns of the land use (Gergel, 2005; 
Thomas et al., 2020). Targets for productive landscapes have suggested 
that an area of at least 20% native habitat can improve nature’s con-
tributions to people and connectivity (Garibaldi et al., 2021). Keeping 
wetland extent between 3 and 7% of total watershed area is recom-
mended for water quality and flood abatement, but specificity is lacking 
for these targets in different ecosystem types, such as diverse wetland 
types (fens, swamps, etc.) (Mitsch and Gossilink, 2000). Moreover, when 
multiple values and objectives are considered, protected area targets 
often become high (>50%) (Woodley et al., 2019). 

Debates on percent-area restored targets have acknowledged that 
ideal targets may vary with spatial scale and context. For example, 
recent claims that forest area should be at least 40% are seen as lacking 
evidence, and regionally defined percent-area targets are proposed 
instead (Arroyo-Rodríguez et al., 2020; Banks-Leite et al., 2021). Fractal 
approaches, whereby a fixed percentage at each spatial scale is restored, 
have also been proposed (Ekroos et al., 2016). Challenges for setting 
targets include that spatial scale can influence the detection of ecolog-
ical thresholds (Spake et al., 2022). While outcomes from restoring 
different percentages of the landscape vary with spatial scale, quanti-
tative comparisons of ecosystem services after implementing percent- 
based targets have rarely been examined at multiple scales. Further-
more, restoration decisions in the real world are made at different scales: 
from broad-scale national policies, through planning by regional coun-
cils down to local on-farm management for restoring individual wet-
lands. Despite spatial scale underpinning how decisions are made in 
restoration, there is very little work exploring the dynamics of different 
spatial scales in restoration planning (Gilby et al., 2021). Approaches 
that explore the consequences of local vs. broadscale planning on 
ecosystem services are sorely needed. 

Representation of wetlands, and other at-risk ecosystems, in percent- 
area targets is important to protect the biodiversity and ecosystem ser-
vices they provide (Zedler and Kercher, 2005). Globally, between 64 and 
71% of wetlands have been drained since the1900′s while in some 
countries, such as Aotearoa New Zealand, this figure exceeds 90% 
(Ausseil et al., 2008; Davidson, 2014). In Aotearoa, this wetland loss is 
especially concerning as wetlands are held in the highest regard by 
indigenous Māori, being important sources of food, fibres, and cultural 
services (Taura et al., 2017). Competing with agricultural production in 
fertile lowlands, wetland restoration can enhance a wide range of 
ecosystem services, increasing biodiversity and carbon storage, 
improving water quality and aesthetics, and reducing floods (Clarkson 
et al., 2013; Tomscha et al., 2021). Furthermore, despite that in 
Aotearoa, 33.4% of land is already managed by the Department of 
Conservation (Ministry for the Environment, 2010), loss of native spe-
cies remains a problem (Hare et al., 2019). This continuing species loss is 
likely due, in part, to the lack of representation of wetlands and lowland 
ecosystems in the conservation estate. Protection of existing wetlands 
provides insufficient area to sustain their functions and services, and 
specific information on appropriate percent-area targets for wetland 
restoration are needed. 

Much of the research on percent-area targets for wetland restoration 
have focused on optimizing the placement of wetlands (Newbold, 2005). 
While optimal wetland placement can improve water quality (e.g., Singh 
et al., 2019), to date, most wetland restoration in Aotearoa New Zealand 
occurs opportunistically in locations selected by willing landowners or 
proximal community groups. Sweeping guidelines, such a 30% protec-
tion by 2030 (CBD, 2020; UNEP, 2020), assume broad scale planning 
and prioritization. There are potentially enormous benefits to broad- 
scale restoration planning, with estimates of tripled gains and halved 
costs when targeted approaches are employed (Strassburg et al., 2019). 
While strategic restoration may produce optimal results (Newbold, 
2005; Singh et al., 2019) opportunistic projects may also provide critical 
momentum for restoration, especially in contexts where there are 
limited economic incentives for landowners to restore. For example, in 

Aotearoa New Zealand, voluntary opportunism, alongside stock exclu-
sion regulations (RMA, 2020 i.e., fences required around natural 
wetland and streams >than 1 m in width) are the primary drivers of the 
extent and location of wetland restoration initiatives (pers. obs). Given 
the current lack of coordination, new insights to the simultaneous 
benefits of restoration, from both the individual decision-making 
perspective, as well as from a broader basin-scale planning perspec-
tive, are urgently needed (Ruamahanga Whaitua Committee, 2018). 

Several policy objectives point towards restoring wetlands in 
Aotearoa New Zealand. As the UN decade of restoration begins, 
Aotearoa has the responsibility to restore wetlands as a signatory of the 
Ramsar Convention on Wetlands (Myers et al., 2013). Concomitantly, 
investment in restoration is growing rapidly through the One Billion 
Trees programme and on private farms through legislated changes to 
freshwater protection (Forestry, 2018; Parliamentary Counsel Office, 
2020). Thresholds for nitrate levels in drinking water are important as 
high nitrate levels can contribute to colorectal cancers (Richards et al., 
2021), hence, wetlands may improve health outcomes through water 
denitrification. Alongside water quality targets, Aotearoa New Zealand 
has obligations to meet targets for mitigating greenhouse gas emissions 
(Paris Agreement to the United Nations Framework Convention on 
Climate Change, 2015). Wetlands are known carbon storage hotspots, 
because vegetation often grows vigorously in wetlands due to high 
nutrient levels, and anoxic wetland soils reduce decomposition of 
organic matter, favouring carbon accrual (Bentley et al., 2022; Nahlik 
and Fennessy, 2016). In summary, wetland restoration provides op-
portunities for meeting the multiple objectives of regulating the climate, 
ensuring clean rivers, mitigating flood risk and supporting human 
health. 

While percent-area targets are often explored in simulated land-
scapes, understanding these dynamics in real catchments underscores 
how different contexts can change restoration outcomes. In this study, 
we examined the relationship between the percentage of wetland 
restored at two spatial scales and ecosystem service change. Our work is 
focussed on a watershed that has lost all but 2% of its original extent of 
wetlands, and where regional governments have suggested targets of 
increasing this extent to 10% of their original extent (Crisp, 2020). We 
use the LUCI framework and freely available models, to explore changes 
in four ecosystem services (nitrogen (N) and phosphorus (P) retention, 
carbon storage, and agricultural production). We ask several questions 
to better understand the outcomes for restoring different amounts of 
wetland. 1) How much wetland restoration is needed to achieve water 
quality standards for N and P? 2) What co-occurring gains will this 
percentage of restoration achieve for carbon? 3) How much productive 
agricultural land is given over to restoration in each scenario? 4) Do 
gains and losses of ecosystem services accelerate, decelerate, or change 
proportionately with percentage area restored? Our approach also al-
lows us to explore how percent-area restoration targets may lead to 
different ecosystem service gains and trade-offs, when applied at two 
different decision-making scales: 1) individual wetland-derived sub-
catchments and 2) full basin extents; enabling a more integrated un-
derstanding of the benefits of wetland restoration both locally and 
regionally. 

2. Methods 

2.1. Study site 

In the southern part of Aotearoa New Zealand’s North Island, the 
Ruamahanga Basin (Fig. 1) is traditional territory of two Māori iwi 
(tribes): Ngāti Kahungunu ki Wairarapa and Ngāti Rangitāne o Wair-
arapa. Māori farms make up 3.6 percent of all farmlands in New Zealand 
(Stats NZ, 2021). Contemporary land use is primarily agriculture, 
including sheep and beef cow farming, dairy and viticulture. Histori-
cally, wetlands comprised 26% of the basin, however, wetland loss in 
this 3360 km2 basin has been severe with more than 98% (~856 km2) of 

S. Tomscha et al.                                                                                                                                                                                                                                



Ecosystem Services 61 (2023) 101527

3

the historical (pre-human) wetland extent drained (Tomscha et al., 
2019). Wetland restoration projects in the basin are starting to reverse 
this trend; driven by iwi, grass-roots community efforts, farmers, and 
local government. More than 50 community groups have united to 
support restoration in the region (https://waip2k.org.nz/, Accessed 22 
Mar. 2022). The iwi are strong proponents of restoration, as wetlands 
were a key food source and formed the backbone of their economy prior 
to colonization and widespread wetland drainage. 

2.2. Development of wetland restoration scenarios 

The extent and location of historical wetlands guided our modelling 
of restoration scenarios. The boundaries of the historical wetlands were 
estimated using a combination of soil data and digital elevation models 
(Ausseil et al., 2008), available online (https://data.mfe.govt.nz/table 
/52541-estimated-contemporary-and-pre-human-wetland-area-by-t 
ype-2008-estimate/). A wetland was considered restored in our model 
by switching the land cover from its contemporary cover to indigenous 
forest. Because historical wetlands comprised ~26% of the Ruamahanga 
Basin, we are unable to model how wetland restoration benefits water 
quality at greater percentages, as we assume this to be the maximum 
possible extent of wetlands in the Ruamahanga Basin. By contrast, via 
our subcatchment scale approach, we were able to model the benefits of 
wetland restoration occurring at greater portions of the total local 
watershed, up to 100% of the subcatchment if the historical conditions 
at each location were classified as wetlands. In sum, we explored 
restoration outcomes by generating scenarios at two different scales: 1) 
Ruamahanga Basin scale (n = 19 scenarios) and 2) multiple subcatch-
ments (n = 302 scenarios) nested within the Ruamahanga Basin 
(Table 1). Subcatchments were delineated using the areas contributing 
surface-flow to 402 uniquely identified historical wetlands. 

2.3. Ruamahanga basin scale (19 Scenarios) -Restoring from 0 to 95% of 
historical wetlands 

The Ruamahanga Basin scale allowed us to explore consequences of 
different restoration targets from the perspective of broad-scale decision 
makers, such as regional councils. Random locations in each and every 
historical wetland (n = 402) were selected on the map using ESRI’s 
ArcGIS (Fig. 2). Restoration was initiated at these random points, and 
using a spread tool, restoration was extended from these points in eight 

Fig. 1. The Ruamahanga Basin situated on Aotearoa New Zealand’s North Island is a 3360 km2 basin historically rich with wetlands. The thick black line outlines the 
basin. Approximately 26% of the basin was wetland prior to colonial drainage for agriculture. Green areas show historical wetlands (pre-human), while purple areas 
show the sparse remaining wetlands. 

Table 1 
Differences between the Ruamahanga Basin and test-catchment scale ap-
proaches for exploring wetland restoration and ecosystem services.   

Spatial scale of scenarios  

Ruamahanga Basin Subcatchments nested within 
the Ruamahanga Basin 

Number of 
iterations/ 
scenarios 

(n = 19) 
Incremental increases in the 
percentage of the historical 
wetland extent restored until 
full restoration is reached 

(n = 302) 
Sub catchments > 1 km2 each 
run as both restored and 
unrestored (302 × 2) to 
capture gains achieved from 
restoration 

% of historical 
wetland 
restored 

0, 5, 10, 15 …95 % 100% (within the 
subcatchment) 

% of catchment 
area restored 
as wetland 

0, 1.33, 2.67, …-26 % (of 
basin) 

<1–100% (of subcatchment) 

Watershed 
position of 
restoration 

Random placement within 
each historical wetland 

Catchment outlet, 100% of the 
wetland’s historical extent 

Likely decision 
maker 

Regional council Landowner or catchment 
group 

Decision 
context/ 
question 

How much wetland 
restoration is required to 
achieve ecosystem service 
targets? 

What is the change in 
ecosystem services from 
restoring this (one) wetland?  
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Fig. 2. Different initiation points led to different restored areas for each scenario. Here we show 4 of 19 of the Ruamahanga Basin scale scenarios). Wetlands are 
restored in random locations (Random Initial Points, n = 402) within the historical wetland extent, and then from these random points, which differ by scenario, 
restoration is extended to fill a target extent (e.g., 2.67 % of the basin). 

Fig. 3. Examples (4 of 302) of restored wetlands (filled green) and their contributing areas (hashed green). The wetland used to delineate the subcatchment 
comprises a different percentage of the subcatchment ranging from <1% to 100% of the subcatchment Here we show four examples found throughout the Rua-
mahanga basin (5%, 31%, 56%, and 89%). We defined the 302 subcatchments by delineating contributing areas to historical wetlands within the Ruamahanga basin. 
See Fig. 4 for maps of the subcatchments. 
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compass directions until the desired area was reached (Chubaty and 
McIntire, 2020). We restored individual wetlands in increments of ~five 
percent, resulting in nineteen scenarios (0–95% of total historical 
wetland extent restored). We created a new set of random points for 
each of the 18 restoration scenarios (1 scenario was unrestored). 
Restoring in random locations reflects current opportunistic practices, 
which do not target specific positions on the landscape. 

2.4. Subcatchment scale -restoring from 0 to 100% of each subcatchment 
to wetland 

Our subcatchment scale approaches restoration from the perspective 
of a decision maker restoring an individual wetland (Fig. 3, Fig. 4). Areas 
contributing surface-runoff water for each historical wetland were 
mapped using ArcGIS hydrology tools. Wetlands with contributing areas 
of <1 km2 were excluded from the study to ensure the contributing areas 
were not a result of DEM artefacts. This exclusion of small contributing 
areas (n = 100) resulted in 302 subcatchments, ranging in size from ~1 
km2 to 200 km2 (Fig. 4). Next, we determined how much of these 
contributing areas were historically wetland, which ranged from <1% to 
nearly 100%. These highly varying wetland extents allowed us to infer 
how much wetland restoration as a percentage of the total catchment 
area is needed to affect measurable ecosystem service gains. The size of 
the contributing area was significantly, albeit weakly, correlated with 
the percentage of historical wetland (Pearson’s r ~ 0.30, p < 0.01), 
justifying going forward with our subcatchment analysis. One benefit of 
this approach is that all the wetland restoration took place in the same 
position within the catchment-surrounding the outlet, which allowed us 
to control for landscape position, which can be an important determi-
nant of ecosystem service outcomes (Tran et al., 2022). One drawback of 
our subcatchment approach is that there may be fundamental biophys-
ical differences (e.g., terrain/climate/soil) among subcatchments with 
different proportions of wetland, which could influence the provisioning 
of ecosystem services but are unaccounted for in our approach. 

2.5. Ecosystem service models 

2.5.1. LUCI modelling 
Because wetlands are often small, high-resolution models are needed 

to quantify the ecosystem services they provide (Tomscha et al., 2019). 

We also know that small wetlands can be disproportionately important 
for certain ecosystem services, such as nutrient retention (Cheng and 
Basu, 2017). Our ecosystem services modelling was done through the 
modelling tool Land Use Capability Indicatory (LUCI) (https://www. 
lucitools.org/). Formerly called Polyscape, LUCI is an ecosystem ser-
vice modelling framework, which provides freely available models for 
multiple ecosystem services, biodiversity, and their trade-offs. LUCI runs 
on ESRI’s ArcGIS (Jackson et al., 2013; Trodahl et al., 2017b). LUCI is a 
suitable tool for modelling changes in ecosystem services at spatial 
resolutions of 5 m2, providing an ideal tool for modelling ecosystem 
services associated with wetland restoration. Our simulations focus on 
biophysical mechanisms (Häyhä and Franzese, 2014), which LUCI is 
well-suited to model due to its high-resolution nutrient modelling tools, 
ability to model across different scales, as well as prior validation in a 
New Zealand environment (Bagstad et al., 2013). LUCI requires several 
GIS layers as input, including a digital elevation model, land cover, soil, 
and climate data. We used freely available spatial data in Aotearoa New 
Zealand, with minor amendments (Table 2). LUCI tools were run on both 
the restored and unrestored landscapes for a total of 19 runs at the 
Ruamahanga Basin scale and 604 subcatchment runs, each at a 

Fig. 4. Individual subcatchments (i.e. contributing areas) of different historical wetlands (302 of 302), which overlap and vary greatly in size. Historical wetlands 
extended across <1% to 100% of these subcatchments, Panel A shows 115 subcatchments where wetlands comprise a lower (<11%) percentage of the catchment 
area, average subcatchment size = 663 km2. Panel B shows 115 subcatchments where wetlands comprise a medium (11–40%) percentage the wetland area, average 
subcatchment size = 143 km2. Panel C shows 72 subcatchments were wetlands comprise a high (41%–100%) percentage of the subcatchment area, average sub-
catchment size = 57 km2. 

Table 2 
Summary of datasets used in LUCI to estimate ecosystem service gains from 
incremental increases in restored wetland extent. Descriptions ().  

Dataset Description Source 

Digital elevation 
model (DEM) 

1 m LIDAR point cloud 
resampled to a 5 m raster 

Greater Wellington 
Regional Council ( 
LINZ, 2013) 

Soil Fundamental Soils Layer, vector 
polygons based on soil surveys 
(1930′s-present), resolution 
variable 

(Landcare Research, 
2015) 

Land cover New Zealand Land Cover 
database LCDB (v5), 33 
landcover types across New 
Zealand identified largely using 
SPOT imagery 

(Landcare Research, 
2020) 

Precipitation Average annual rainfall in mm 
yr− 1 at a 0.5 km grid resolution 

(NIWA, 2018) 

Evapotranspiration 0.5 km grid resolution (NIWA, 2018) 

adapted from Tomscha et al., 2019 
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resolution of 5 m × 5 m pixels (Table 1), assessing four ecosystem ser-
vices in relation to recognised thresholds (Table 3). 

2.5.2. Agriculture 
Agricultural productivity was modelled based on a combination of 

land cover maps, aspect, slope, soil fertility, and drainage (The LUCI 
team, 2019). Each raster is classified based on a categorical ranking of its 
potential agricultural productivity. For example, to be considered highly 
productive, the maximum productivity value, the slope must be <5% 
and elevation must be lower than 350 m, and soil fertility must be high. 
Then this potential productivity is contrasted to the raster cell’s current 
use. After assessing potential agricultural productivity across a land-
scape, LUCI evaluates whether the current land use is a good fit for its 
potential productivity. For example, if the raster cell is potentially very 
productive, but currently a forest, the cell is considered negligibly pro-
ductive. The output is divided into four ranked categories: High pro-
ductivity, Moderate productivity, Marginal productivity, and Negligible 
productivity. To explore change in this ecosystem service, we describe 
the total area that switches category following restoration. We note that 
any loss of productivity is likely to be undesirable to farmers, and from a 
societal point-of-view loss of highly productive land to restoration is 
likely to be the most contentious. 

2.5.3. Carbon 
The IPCC Tier 2 protocol was used to evaluate carbon storage (The 

LUCI team, 2019). For the Tier 2 protocol, carbon storage estimates are 
based on a combination of soil and land cover data, which have been 
parameterized using Aotearoa New Zealand-specific data linking carbon 
estimates to New Zealand Land Cover Database LCDB (v5). We report 
carbon storage in tonnes per hectare, and subsequently, convert these to 
annual emissions per person to provide a tangible comparison for how 
wetland restoration can contribute to emissions targets. The threshold 
we adopted for carbon storage is the amount that offsets the per capita 
carbon emissions of the population of the Wairarapa (48,480 individuals 

in 2018), the administrative area in which the Ruamahanga Basin lies 
(Stats NZ, 2018). For per capita carbon emissions, we used the average 
annual emissions of 7.5 tonnes per capita in 2018 (Ministry for the 
Environment, 2021) (https://environment.govt.nz/publications/new- 
zealands-greenhouse-gas-inventory-1990–2019-snapshot/how-new-zea 
land-compares-to-other-countries). 

2.5.4. Nitrogen and phosphorous modelling 
Nitrogen and phosphorus retention were modelled in LUCI using a 

modified export coefficient approach, export coefficients being a long- 
standing approach in modelling nutrient flows (White et al., 2015). 
Topographic routing of water flow combined with data on rainfall and 
information on N and P retention and export per land cover type pro-
vided an estimate of the nutrient load present at any given grid cell. Both 
dissolved and particulate pathways were calculated and summed to 
obtained total export and retention values. Stream concentrations of 
both N and P were estimated along the stream network based on these 
terrestrial flows, providing an annual average concentration of both N 
and P (The LUCI team, 2019). Point sources can be considered, but the 
process of collating data on wastewater discharges, sewage tanks etc. 
was prohibitive and hence only diffuse pollution sources were consid-
ered. We validated the model for our unrestored scenario (see Appendix 
1), and additional validation of these models in a New Zealand context 
are demonstrated elsewhere (Taylor, 2018; Trodahl et al., 2017a). 

2.5.5. Nitrogen thresholds 
The impacts of high nitrogen levels in waterways include both 

ecosystem state changes, such as eutrophication and excess periphyton 
growth, as well as human health implications, such as increases in 
colorectal cancers (Ministry for the Environment, 2020; Richards et al., 
2021). Hence, setting limits for nitrogen is multifaceted. Here, we use a 
simple standardized approach focusing on the impacts to human health, 
exceedance of the 0.87 mg NO3-N/L recommended for reducing colo-
rectal cancers in the restored and unrestored wetland scenarios 
(Richards et al., 2021). Our approach is conservative, because we know 
not all N in streams will be nitrates, however, in the Aotearoa New 
Zealand, where survivorship of colorectal cancers is lower in Māori and 
Pasifika communities, a cautious approach to nitrogen levels is war-
ranted (Sharples et al., 2018). Our approach is also conservative relative 
to the World Health Organization recommended threshold of 11.3 mg/L. 
LUCI models total N but we assume, in the context of the Ruamahanga 
Basin, that this is mostly nitrate because it is more mobile in soils than 
other forms of N (Paul and Clark, 1996) and is therefore likely to leach to 
waterways in agricultural contexts (Di and Cameron, 2002). Further-
more, evidence suggests nitrate is more abundant than other forms of 
nitrogen within a local wetland within the Ruamahanga Basin (Waring, 
2017). 

2.5.6. Phosphorus thresholds 
Thresholds for total P are established by the New Zealand Ministry 

for the Environment and are often spatially explicit (Ministry for the 
Environment, 2020). As a general guideline, total P thresholds of 0.025 
and 0.075 mg/L are suggested as the boundaries between oligotrophic 
and mesotrophic and the boundary between mesotrophic and eutrophic 
streams, based on guidance from the literature (Dodds et al., 1998; The 
LUCI team, 2019). Phosphorous is problematic in the Wairarapa more 
generally, as Lake Wairarapa’s phosphorus concentration classifies it as 
supertrophic (Cockeram et al., 2014). However, there is some evidence 
that phosphorus may be decreasing in NZ waterways (McDowell et al., 
2019). 

Table 3 
Overview of the policy-relevant thresholds and unit of measurements for 
ecosystem services at two scales (Ruamahanga Basin and sub catchment).  

Ecosystem 
service 

Scale Major assumptions and 
limitations of the 
threshold Ruamahanga 

Basin 
Subcatchments 

Nitrogen 
retention 

Thresholds based on risk of colorectal 
cancers 
>0.87 mg/L  

• Total N = Nitrates 
Not spatially 

explicit 
Doesn’t consider 

ecological thresholds 
Phosphorus 

retention 
Thresholds based on boundaries 
between oligotrophic, mesotrophic 
and eutrophic streams 
>0.025 mg/L (moderate 
concentration) 
>0.075 mg/L (high concentration)  

• Not spatially explicit 
for flowing water 

Carbon 
Storage 

Δ tonnes C 
Thresholds based 
on offsetting 
population of the 
Wairarapa 

None  • New Zealand average 
emissions apply to the 
Wairarapa,7.5 tonnes 
per capita (2018 
estimate) (Ministry for 
the Environment 
2021) 

Arbitrary 
population boundary 

Agricultural 
production 

Δ ha of land productivity categories 
Land is categorized into four classes: 
-Highly productive 
-Moderately productive 
-Marginally productive 
-Negligibly productive  

No thresholds specified  

• Productive value of 
land is equivalent to 
profit and goals for 
farming  
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3. Results 

3.1. Basin-scale restoration 

3.1.1. Nitrogen and phosphorus retention for improved water quality 
Basin-scale restoration improved N and P in-stream concentrations, 

but high soil N concentrations remained widespread. Most (60.1%) of 
the Ruamahanga basin is modelled to be affected by soil–water con-
centrations of nitrogen that may increase the risk of colorectal cancers, if 
consumed (Fig. 5). With restoration of 95% of historical wetlands, which 
amounts to ~688 km2 of restored area, this percentage falls to 40.7 %. 
We found a linear relationship between the area set aside for wetland 
restoration and the gains in nitrogen retention. Phosphorus concentra-
tions higher than 0.025 mg/L were predicted to be found across more 
than 40% of the basin, of which 17.3% exceed 0.075 mg/L. Restoring 
95% of historical wetlands, is predicted to almost halve the number of 
locations that exceed 0.075 mg/L to 9.1% of the total. We found a linear 
relationship between the area set aside for wetland restoration and the 
gains in phosphorus retention. 

3.1.2. What co-occurring gains are achieved for carbon? 
Carbon gains are incremental according to our IPCC tier 2 models, 

reaching gains of 600,000 tonnes of carbon with 95% of the historical 
wetland restored. Just over 45% of the historical wetland in the Rua-
mahanga Basin would need to be restored to offset the annual carbon 
emissions of the Wairarapa. However, offsetting the carbon equivalent 
of all gases per capita (16.9 tonnes per capita), is not possible through 
wetland restoration, which requires gains of 819,312 tonnes (MfE, 
2021). 

3.1.3. How much agricultural land is lost in each scenario? 
Modelled wetland restoration, for the most part, took highly pro-

ductive land out of production. While most historical wetland locations 
are considered highly productive, a small percentage of the land is 
considered moderately and marginally productive. In our 95% restora-
tion scenario, 8.27 km2 were initially moderately productive, and 2.27 
km2 were initially marginally productive. These locations represent 
obvious opportunities for restoration without sacrificing highly pro-
ductive agricultural lands. 

3.2. Subcatchment restoration 

3.2.1. How much restoration can achieve water quality standards for N and 
P? 

Restoration helped most subcatchments achieve targets for water 
quality across a range of percent restored (Fig. 6). At ~60% of a total 
catchment restored, all but one basin achieved N levels below 0.87 mg/ 
L, which would ensure N in these waterways would not contribute to 
colorectal cancer risk. Although it should be noted that increases in 
colorectal cancers are incremental with nitrate levels, which means any 
reduction in nitrates would be positive towards the goal of reducing 
rates of colorectal cancers. For phosphorus, reductions were poorly 
linked to percent subcatchment restored. Nonetheless, wetland resto-
ration reduced P levels below thresholds. Here, in all cases, restoration 
reduced P levels at the stream outlet to levels below 0.025 mg/L (Fig. 6). 

3.2.2. Carbon sequestration gains and losses in agricultural production 
Sequestered carbon primarily increased through wetland restoration, 

but there is no clear trend in how this relates to percent subcatchment 
restored as wetland, increases in carbon were highly variable but 
slighter greater when >50% of the subcatchment was restored (Fig. 7). 
On the other hand, agricultural production primarily decreases with 
wetland restoration, but again with no obvious relationship with percent 
of subcatchment restored (Fig. 7). 

3.2.3. Do gains and losses accelerate, decelerate or change proportionately 
with percentage area restored? 

At the basin scale, all ecosystem services change proportionately and 
linearly with restored area (Fig. 4). However, at the subcatchment scale, 
changes for N and P were nonlinear. We found rapid gains in N and P 
removal between 0 and 30% followed by an attenuation of gains from 
~30–70% of subcatchment restoration (Fig. 7). This attenuation was 
greater for P than for N. For both N and P, gains accelerated again above 
~60% of subcatchment restoration. There was no clear pattern for 
changes in carbon and agricultural productivity at the subcatchment 
scale. 

4. Discussion 

Our main finding from restoring historical wetlands incrementally 
and randomly across the Ruamahanga Basin scale is that we found no 
percentage at which restoration did not add benefits for N and P 
retention and carbon storage, and no percentage at which restoration 
did not detract from agriculture. At the basin scale, overall gains and 
losses in ecosystem services were incremental. However, at the sub-
catchment scale, more variability emerged for water quality. While 
gains in carbon storage and loss in agricultural productivity are unsur-
prisingly related to the total area restored, rather than the percentage of 
subcatchment restored, gains in N retention are closely related to the 
percentage of subcatchment restored, with nearly all subcatchment 
water nitrate levels meeting threshold targets when greater than 60% of 
the subcatchment is restored. Below, we discuss the implications of these 
findings at different scales. 

At the subcatchment scale, most catchments restored at >60% ach-
ieved compliance for nitrogen targets and phosphorus, and as such, 60% 
restored holds promise as a target for achieving N and P standards for 
specific locations where these concentrations are problematic. At the 
basin scale, however, problematic levels of nitrates remained spatially 
extensive. These spatially extensive high N concentrations represent soil 
water, and are therefore unlikely to be consumed in situ, but may have 
long-term impacts on groundwater nitrate levels (Basu et al., 2022; 
Rajanayaka et al., 2020). In other words, the implications of extensive 
high N concentrations in soils are likely to emerge only in the future as 
high groundwater nitrogen. To mitigate N across the Ruamahanga 
Basin, restoration of upland ecosystems would also be needed. 

Carbon emissions for the population of the region were offset for one 
year by restoring ~13% of the Ruamahanga Basin. Here, we assumed 
full restoration to indigenous forest cover, but forest restoration is 
clearly not instantaneous, as the accumulation of carbon takes place 
over decades to centuries (Carswell et al., 2012). Furthermore, while 
swamp forests were formerly extensive, not all wetland types in the 
study region support trees (Tomscha et al. 2019), calling into question 
the plausibility of forest cover in all wetland sites. Nonetheless, our 
analyses make clear the vast amount of restoration needed to offset only 
one year of carbon emissions, especially when restoring to indigenous 
forest. Carbon credit plantings in Aotearoa New Zealand, which do not 
credit biodiversity, currently incentivise planting exotic pine and 
eucalypt species, which would achieve higher carbon credits than 
indigenous forest. The benefit of our method for mapping carbon storage 
is that it aligns with how emission-trading schemes credit land cover 
changes for carbon. However, we know carbon storage is considerably 
more variable than shown by Tier 2 approaches. One limitation with 
Tier 2 carbon storage methods is the lack of heterogeneity in reported 
carbon storage, which remains constant across land cover types (Buen-
dia et al., 2019; Smith et al., 2012). 

Losses in agricultural production were incremental across the basin- 
scale scenario and showed no clear pattern at the subcatchment scale. 
However, we note that some historical wetlands are classified as 
moderately or marginally productive currently. Landowners may be 
more willing to restore wetlands on marginally productive land, and 
thus, locating these parcels is key for expanding the spatial extent of 
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Fig. 5. Changes in ecosystem services 
(Nitrogen retention, Phosphorus reten-
tion, Carbon storage, and Agricultural 
productivity) following restoration of 
different percentages of historical wet-
lands comprising different percentages 
of the entire Ruamahanga Basin (x 
axis). Dotted line shows how much 
needs to be restored to offset the 
emissions for population of the Wair-
arapa for one year. Just over 12% of 
the basin (45% of the historical 
wetland extent) needs to be restored to 
account for the population’s emissions 
for one year. For agricultural produc-
tivity changes from Marginal to Negli-
gible, Marginal to Moderate, and Very 
marginal to Negligible productivity are 
not shown because they comprise 
<0.005 km2.   
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restoration. Nonetheless, acceptable reductions in agricultural produc-
tion are rarely explicit in conversations about trade-offs between agri-
cultural production and other ecosystem services, in part, because 
productivity matters at the farm/individual-scale and reflects manage-
ment and profitability decisions of farmers. Tolerable reduction in 
profits or production may vary with the size and type of farm and may be 
best incentivized via agri-environmental schemes (Jellinek et al., 2013). 

A global increase in the human population means that more food 

production may be needed for future generations. While total calories 
currently produced are sufficient to meet global needs, nearly 800 
million and 2 billion people suffer from under-nourishment or micro-
nutrient deficiencies, respectively (Ramankutty et al., 2018; Theodore, 
2010). Despite being challenging, managing trade-offs between agri-
cultural production and other ecosystem services is necessary to reduce 
carbon emissions and in-stream pollution caused by agriculture. 
Importantly, reducing carbon emissions also matters for sustained food 

Fig. 6. N and P levels for unrestored (unfilled 
dots) and restored (filled dots) subcatchment 
areas. Each subcatchment has two data points in 
each graph, one unfilled dot showing nutrient 
concentration at the outlet of the subcatchment 
with its wetland unrestored, and one filled dot 
showing the nutrient concentration at the outlet 
of the subcatchment following wetland restora-
tion. These two points are adjoined by a line that 
shows the magnitude of difference following 
restoration. The x axis shows the level of resto-
ration for each subcatchment which ranges from 
0 to 100%. The dashed line indicates the target 
level for these nutrients. (A) After subcatchments 
restored to ~60% wetland, only one catchment 
exceeded the N compliance threshold of 0.87 
mg/L. (B) Restoration was effective at reducing P 
across all percentages of restoration.   
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Fig. 7. Change in nitrogen, phosphorus, carbon storage and agricultural productivity as a function of percent of catchment restored as wetland. Horizontal red lines 
indicate 0 on the y axis. 
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production because such emissions feedback and reduce the produc-
tivity of future agriculture, having already reduced production since the 
1980’s (Lobell et al., 2011). Finally, wetlands support fisheries through 
providing fish nursery habitat and by improving water quality (Diaz and 
Rosenberg, 2008), and as such, the loss of productive land should be 
balanced against increased production in fisheries. 

4.1. Uncertainty and thresholds in target setting 

Understanding whether social-ecological change is incremental or 
non-linear is an important area of research in the Anthropocene, espe-
cially as it relates to human wellbeing and the delivery of ecosystem 
services. One widely accepted conceptual model of is that ecosystems 
can exhibit multiple stable states, and changes between these states can 
be driven by external pressures. Thresholds determine when ecosystems 
will switch states. Thresholds are appealing to policy makers, because if 
a threshold exists, then clear targets can be set to ensure a safe operating 
space for ecosystem services. However, there isn’t always evidence that 
threshold models are appropriate (Hillebrand et al., 2020; Qian and 
Cuffney, 2012). Furthermore, there is even less evidence that these 
thresholds hold at multiple spatial scales for ecosystem services (Spake 
et al., 2022). In some cases, a continuous change model is more appli-
cable (Banks-Leite et al., 2021). Here we show that at the basin scale, a 
continuous change model applied to N and P retention, while at the 
subcatchment scale, threshold dynamics were more likely at play. We 
also found a great deal of variability in results. For example, some of our 
subcatchments achieved large gains towards our water quality targets, 
despite low percentages of restoration. As such, applying a consistent 
percentage restored target may be overly costly in these cases. Under-
standing why these responses vary would be key to creating more tar-
geted policies. 

One important point to note is that the amount of restoration needed 
will vary greatly depending on ecosystem service targets set by policy 
makers. Setting targets for each ecosystem service involves exploring the 
trade-offs, as well as the risks, of setting targets either too low or too 
high. For example, setting N limits too high may mean a stream is at 
increased risk of switching to a eutrophic state (Snelder et al., 2019). 
Here, we show the percent restoration needed to reach several relevant 
targets for water quality and carbon, but these ecosystem service targets 
remain debated in policy realms. For example, the World Health Orga-
nization suggests nitrate levels be below 11.3 mg/L for drinking water, 
but there is evidence that incidence of colorectal cancers increase above 
0.87 mg/L (Richards et al., 2021). These targets also differ if the un-
derlying goal is based on ecosystem state rather than human health. The 
N targets set in this paper are conservative relative to targets set to limit 
periphyton growth, which are the primary targets underpinning many of 
Aotearoa New Zealand’s policies for freshwater (Snelder et al., 2019). 
These periphyton thresholds vary based on characteristics of individual 
rivers, as well as the substrate type of the river. A deeper exploration of 
the consequences of different threshold targets is warranted, and the 
consequences of exceeding a range of thresholds in different locations 
would provide better context for these results. 

Another challenge to setting targets is that production and delivery 
of ecosystem services may occur at different scales. For example, climate 
regulation is a global scale ecosystem service, while water quality ben-
efits are delivered locally, but based on upstream spatial dependencies 
(Costanza, 2008). These differences in scale create boundary issues 
when determining whether a particular target for restoration has been 
reached. For example, do the people living within a particular 
geographical area need to offset their carbon emissions locally, or can 
carbon storage be better achieved elsewhere? How can we distribute 
responsibility for upstream polluters for downstream water quality? 
These questions and challenges necessitate robust networks for cross- 
scale communication. 

4.2. Cross-scale knowledge gaps 

Ecosystem service assessments are commonly conducted across large 
regions or basins (Dang et al., 2021). However, we show here that much 
of the variation in outcomes of ecosystem services happens at scales 
below the basin scale. This variation results in localized ecosystem 
service effects and shows that there are benefits in considering the 
perspectives of community groups or individual land holders, as well as 
across multiple scales, when exploring ecosystem service outcomes 
(Scholes et al., 2013). Furthermore, at the local scale, i.e., from the 
perspective of individuals, knowledge gaps in ecosystem services are 
common. These information gaps impede restoration practitioners and 
regional managers from making decisions that are effective across 
scales. For example, at the local subcatchment scale for wetlands, most 
individuals would not have information on the boundaries of their 
wetland’s contributing area, which means information on the relative 
percent of subcatchment restored would not be known. Nor do farmers 
usually know the portion of in-stream nutrients that can be attributed to 
their farm. Likewise, when looking across the catchment, managers may 
have poor knowledge of the management of local fields or paddocks. For 
example, tile drains may not be adequately documented and thus the 
land may be more productive than our modelling suggests. Maps, such as 
those produced in these analyses, help to fill these knowledge gaps. 

Simple targets for protection, such as 30% by 2030 for enhancing 
biodiversity, may be appealing. However, from an ecosystem service 
perspective, apart from N and P retention at the local scale, we show no 
evidence there is a point at which gains in ecosystem services taper off 
with an increasing percentage of land restored. Furthermore, variable 
outcomes shown in subcatchment wetland restoration demonstrate the 
results of simple percent-area targets may be heterogenous across 
decision-making scales. A highly targeted and optimised restoration of 
10% of a basin may have greater benefits than random or opportunistic 
restoration of 30% of the land. Clarification about how targets of can be 
achieved for different ecosystem services may facilitate better imple-
mentation at local and catchment scales. For some ecosystem services, 
restoration of more than 30% of land area may be required. Nonetheless, 
percent-area targets retain some value. Perhaps one of the greatest 
strengths of percentage-area restoration targets is that they communi-
cate ambition and commitment to a goal. Ambitious targets are needed 
to improve biodiversity (Díaz et al., 2020). Aotearoa New Zealand has 
success in protecting more than 30 percent of its land area, and yet still 
faces threats to species conservation and water quality declines. 

5. Conclusion 

We explored how restoring an increasing percentage of a catchment 
at two scales may help achieve targets for water quality and carbon 
storage. We found that at the basin scale, gains in water quality and 
carbon storage were incremental and more-or-less linearly related to the 
percentage of area restored. There was no point at which gains in N and 
P attenuated until the historical wetland extent was fully restored. 
However, results at the subcatchment scale were highly variable, 
showing a non-linear relationship with increasing percentages of 
restoration. Proportionate gains in N and P occurred most rapidly be-
tween zero and 30% restoration and again above 60% restoration. These 
differences in outcomes at different scales reflect the importance of 
identifying the appropriate scale for ecosystem service assessments and 
management interventions. The importance of conducting smaller scale 
assessments to understand ecosystem service variability and outcomes 
for specific locations, has likely been underappreciated in the past. 
While Aotearoa New Zealand has already reached the UN’s proposed 
target of 30% by 2030 by protecting large areas of mountainous terrain, 
losses in species, lowland habitat types and declines in ecosystem ser-
vices remain a concern. Restoring wetlands, a highly underrepresented 
ecosystem in Aotearoa New Zealand, holds promise for improving 
multiple ecosystem services. 
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Wairarapa. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ecoser.2023.101527. 

References 

Arroyo-Rodríguez, V., Fahrig, L., Tabarelli, M., Watling, J.I., Tischendorf, L., 
Benchimol, M., Cazetta, E., Faria, D., Leal, I.R., Melo, F.P.L., Morante-Filho, J.C., 
Santos, B.A., Arasa-Gisbert, R., Arce-Peña, N., Cervantes-López, M.J., Cudney- 
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2016. Sparing land for biodiversity at multiple spatial scales. Front. Ecol. Evol. 3, 
1–11. https://doi.org/10.3389/fevo.2015.00145. 

Forestry, O. of the M. of, 2018. The One Billion Tree Program- Actions and Decisions for 
Implementation. 

Garibaldi, L.A., Oddi, F.J., Miguez, F.E., Bartomeus, I., Orr, M.C., Jobbágy, E.G., 
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