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Growing populations and agricultural intensification have led to raised riverine
nitrogen (N) loads, widespread oxygen depletion in coastal zones (coastal hypoxia)1
and increases in the incidence of algal blooms.Although recent work has suggested
that individual wetlands have the potential to improve water quality2–9, little is known
about the current magnitude of wetland N removal at the landscape scale. Here we use
National Wetland Inventory data and 5-kilometre grid-scale estimates of N inputs and
outputs to demonstrate that current N removal by US wetlands (about 860 ± 160
kilotonnes of nitrogen per year) is limited by a spatial disconnect between highdensity wetland areas and N hotspots. Our model simulations suggest that a spatially
targeted increase in US wetland area by 10 per cent (5.1 million hectares) would double
wetland N removal. This increase would provide an estimated 54 per cent decrease in
N loading in nitrate-affected watersheds such as the Mississippi River Basin. The costs
of this increase in area would be approximately 3.3 billion US dollars annually across
the USA—nearly twice the cost of wetland restoration on non-agricultural,
undeveloped land—but would provide approximately 40 times more N removal.
These results suggest that water quality improvements, as well as other types of
ecosystem services such as flood control and fish and wildlife habitat, should be
considered when creating policy regarding wetland restoration and protection.

Increased nutrient loads have led to an increasing incidence of harmful
algal blooms and coastal hypoxia, from the Chesapeake Bay and Gulf
of Mexico in North America to the Baltic Sea in Europe and the South
China Sea in Asia1. Low oxygen levels in these hypoxic zones limit biodiversity, degrade ecosystem function and negatively impact coastal
economies10. In a warming climate, it is expected that hypoxic zones
will grow larger and persist for longer periods, making it of even greater
importance to decrease export of excess nutrients from intensively
managed landscapes to coastal waters11.

Wetlands as a policy response
In the United States, the policy response to problems of coastal hypoxia
as well as groundwater nitrate contamination has focused on a range
of interventions to reduce nitrogen loads, from wastewater treatment
plant upgrades to on-farm reductions in fertilizer application, construction of riparian buffers and use of cover crops2. Interest has also
grown in the use of wetlands to improve water quality and, in particular, to reduce N loading to downstream waters3–8,12–14. Since 1989, the
United States Department of Agriculture (USDA) alone has spent more
than US$4.2 billion on wetland restoration and protection, especially
through the Conservation Reserve Program and Wetland Reserve Program15,16.
Wetland restoration efforts, however, are often carried out in an ad
hoc manner, focusing on simply maximizing restored wetland area, or

achieving ‘no net loss’ of wetland area—a US policy objective initially
established in 198912,17,18. In addition, because wetlands provide a host of
ecosystem services, from flood prevention and carbon sequestration to
provision of critical habitats, restoration projects may focus on a more
general reestablishment of ecosystem structure and function, rather
than on targeted interventions to improve water quality19.
Although most studies of wetland N removal have focused on the
individual wetland scale, there have increasingly been attempts to estimate more landscape-scale effects3,20. Jordan et al.21 estimated that US
wetlands currently remove approximately 5,800 kilotonnes of nitrogen
per year (kt N yr−1). Mitsch et al. estimated that restoring 2.2 × 106 ha of
wetlands in the Mississippi River Basin would reduce nitrate loading
to the Gulf of Mexico by 40%4–6, whereas Fennessy and Craft9 suggest
that 1.3 × 106 ha would be sufficient to achieve this goal. While providing important foundational estimates of the importance of wetlands
to surface-water quality, these studies have been limited by a lack of
spatially explicit N input data. Instead, they have assumed mean N
loading rates across large watersheds to quantify N retention, with no
explicit consideration of spatial variability in N loading across heterogeneous landscapes9,21. Given that N removal by wetlands is known to be a
strong function of N loading3,4,21, this omission leads to a gap in current
understanding of the contribution of wetlands to water quality across
diverse land use and management. Other important recent work has
attempted, at smaller watershed scales, to estimate wetland N removal
through a direct consideration of the spatial positioning of individual

Department of Civil and Environmental Engineering, University of Waterloo, Waterloo, Ontario, Canada. 2Department of Earth and Environmental Sciences, University of Illinois at Chicago,
Chicago, IL, USA. 3Department of Earth and Environmental Sciences, University of Waterloo, Waterloo, Ontario, Canada. 4Water Institute, University of Waterloo, Waterloo, Ontario, Canada.
5
These authors contributed equally: F. Y. Cheng, K. J. Van Meter. ✉e-mail: nandita.basu@uwaterloo.ca
1

Nature | www.nature.com | 1

Article
Nitrogen removal – individual wetlands

a

National Wetlands Inventory

c

Nitrogen surplus dataset (Nsurp)

Wetland N input (Min)
Min = f(Nsurp)

b Size-dependent removal rates
N removal-rate
constant, k (d–1)

d N removal at wetland scale (Rwet)

Water residence
time, W (d)

Water residence time, W (d)

Surface area, SA (m2)

Wetland N removal Rwet = Min(1 – e–kW)

Nitrogen removal – watershed scale

e

N removal at
watershed scale
= ∑Rwet/Awshd

Mass removal
Low

High

Fig. 1 | Our approach to estimating wetland N removal across the USA.
a, The NWI is used to identify the locations and sizes of individual wetlands.
b, Size-dependent removal rates and residence times are estimated for each
wetland as a function of surface area. Such estimates are based on a previous
study demonstrating that, despite the complexity and heterogeneity of
wetland N removal processes across diverse landscapes, there exists a
remarkably consistent, inverse relationship between the N removal-rate

constant and the wetland surface area (see Methods). c, Grid-scale N surplus
values are used to estimate N mass inputs to individual wetlands as a function
of surplus N, catchment area and fraction of N surplus that enters the wetland.
d, Wetland N removal is estimated as the product of the incoming N load
and the per cent removal. e, Watershed-scale N removal is estimated as a
summation of N removal from individual wetlands within the watershed.
Awshd, total watershed area.

wetlands along the river network and the hierarchical network effects
of nested wetland catchments22,23. This approach, however, is limited by
a need for extensive water quality sampling, as well as an explicit mapping of wetland connectivity to the river network that does not easily
allow consideration of upland, geographically isolated wetlands20,22,24.

We next use a modelling approach to simulate spatially explicit scenarios of wetland restoration and to estimate the potential for enhanced
wetland N removal across the USA. In our analysis, we ask the following
questions: (i) what is the magnitude of N being removed by current
wetlands; (ii) how would a loss of these wetlands impact water quality;
(iii) how can we spatially target wetland restoration efforts to maximize
N removal and meet goals for water quality; and (iv) what would be the
costs associated with such restoration?
In Fig. 2a, we show wetland densities across the contiguous US based
on aggregation of NWI wetland areas to the HUC-8 watershed scale. The
highest wetland densities in the USA are currently found along the Gulf
of Mexico (from the Texas playas to Florida’s cypress swamps), in the
Prairie Pothole Region of Minnesota and North Dakota, and along the
eastern seaboard (including the Delmarva and Carolina Bays).
Areas with high wetland densities theoretically have the potential
for high rates of N removal, as wetland soils are rich in organic carbon and are frequently anoxic, making them hotspots for denitrification25. Our calculations, which take into account relationships between
wetland surface area, water residence times and denitrification rate

Nitrate removal by current wetlands
In this study, we use a recently developed dataset of landscape N surplus
values, calculated at a 5-km grid scale for the contiguous US, to estimate spatially varying N inputs to the more than 30 million individual
wetlands included in the US National Wetlands Inventory (NWI) (Fig. 1).
The N inputs to individual wetlands are then used to estimate N removal
as a function of wetland size, thus providing spatially varying, continental US-scale estimates of N removal from current wetlands. Here,
wetland N removal is defined as the difference between N inputs and N
outputs across a wetland and includes both temporary (for example,
plant uptake) and permanent (for example, denitrification) removal
processes.
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Fig. 2 | Wetland densities, N surplus magnitudes and wetland N removal
across the contiguous US. a, Wetland density. b, Fractional wetland N
removal. c, N surplus magnitude. d, Estimated N mass removal by wetlands. All
results are aggregated to the HUC-8 scale. The data in c and d are normalized by

watershed area. b and d show median values from Monte Carlo simulations.
Histograms above the colour bars represent the distribution of HUC-8
watersheds across the range of values. ‘Count’ refers to the number of
watersheds.

constants, demonstrate that per cent N removal varies widely across
HUC-8 watersheds, from minimum values of <5% across large areas of
the arid western US to as high as 52% in areas of Florida and Minnesota,
where wetland densities are high (Fig. 2b).
The per cent N removal, however, tells only part of the story. The
magnitude of N that is actually removed is inherently dependent on the
amount of surplus N present within wetland catchment areas. In this
study, the N removal magnitudes of existing wetlands were estimated
as the product of the per cent removal for individual wetlands and the
incoming N load from its upstream catchment area. N surplus magnitudes, which were calculated as the difference between anthropogenic
N inputs (N fertilizer, atmospheric N deposition, manure N, biological
N fixation of leguminous crops) and non-hydrologic N outputs (crop N
production) (Fig. 2c), vary across regions, with the highest magnitudes
being seen in the Upper Mississippi River Basin (Extended Data Fig. 1).
Our results suggest that wetlands across the USA are currently removing anthropogenic N at a rate of approximately 860 ± 160 kt N yr−1, a
total that represents approximately 8% of the current landscape N
surplus for the contiguous US (see Methods section ‘Parameter ranges
and uncertainty analysis’ for uncertainties). Areas with the highest
removal rates occur in areas where relatively high wetland densities
intersect with high-N surplus areas, primarily in HUC-8 watersheds
bordering the Mississippi River in Missouri, Arkansas and Kentucky
(Fig. 2d, Extended Data Fig. 2). Notably, our results suggest that US-scale
wetland N removal masses are an order of magnitude lower than the

previously estimated 5,800 kt yr−1 removal21, thus demonstrating the
importance of spatially explicit N surplus values in making these estimates.
The maps of current N surplus magnitudes (Fig. 2b) and wetland
densities (Fig. 2a) suggest that areas with the highest levels of excess N
generally have relatively low wetland densities. Indeed, classification of
US watersheds based on wetland densities and N surplus magnitudes
demonstrates a clear disconnect between nutrient source zones and
potential N removal sites (Fig. 3a). The majority of US HUC-8 watersheds
(41%) can be considered ‘low-input’ systems, with both a low N surplus
(<8 kg ha−1 yr−1) and low wetland densities (<10% wetland area). Another
8% of watersheds are also low-input, but they have more wetlands (>10%
wetland area), meaning that the wetland N removal potential in these
systems is high in relation to surplus N. Importantly, however, we find
that 38% of watersheds with N surplus magnitudes in the upper quartile
(>8 kg ha−1 yr−1) actually fall in the lowest quartile for wetland density
(<10% wetland area). These ‘wetland-limited’ watersheds cover an
area of approximately 861,000 km2, nearly 40% of the contiguous US
(Fig. 3b), and the N surplus from this area constitutes approximately
70% of the contiguous US landscape N surplus.

Targeted wetland restoration
This large wetland-limited area of the USA suggests that wetland restoration in high-N surplus areas has a strong potential to maximize water
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Fig. 3 | Spatial relationships between N source areas and existing wetlands.
The figure demonstrates a lack of wetlands in areas that could benefit most
from enhanced N removal. a, Each point represents an HUC-8 watershed
classified according to relative magnitudes of N surplus and wetland density

quality benefits. To test this hypothesis, we carried out simulations for
three wetland restoration scenarios (Fig. 4). Under the first scenario
(‘Random placement’, SC1), wetlands are placed randomly across the
landscape. Under the second scenario (‘No agricultural land loss’, SC2)
wetlands are placed only on non-agricultural lands to minimize loss of
productive cropland, and under the third scenario (‘Targeted restoration’, SC3), wetlands are preferentially placed in areas with the highest
N surplus so as to maximize wetland N removal. Under all scenarios,
wetland restoration is capped within each grid cell, so that the sum
of all wetland areas and wetland-contributing areas does not exceed
the total area of the cell. As such, no nesting of wetland catchments
is assumed. For each scenario, simulations are run across a range of
increases in wetland area to estimate resulting increases in wetland N
removal and also associated costs.
Our results indicate that for all three scenarios, N removal increases
linearly up to an approximately 15% increase in wetland area (Fig. 4a),
with the highest removal levels being seen for the SC3 scenario. At
above a 15% increase in wetland area, rates of increase in N removal
for the SC3 scenario begin to flatten as restoration efforts move outside areas with the highest N surplus magnitudes. Costs for the three
restoration scenarios also increase in a near-linear fashion (Fig. 4b),
with the higher costs of targeted restoration being driven by higher
land-rental costs for prime agricultural land. However, although the
costs for targeted restoration are nearly double those required for
restoration on non-agricultural land, the targeted approach provides
approximately 40 times more wetland N removal (Fig. 4b).
In Fig. 5, we show more detailed results for the simulations providing a 10% increase in wetland area. The 10% increase was chosen to
explore a restoration agenda that is ambitious—approximately five
times more restored wetland area than that supported in the USDA Wetland Reserve Program—but for which associated costs are not outside
the bounds currently allotted to water quality improvements26,27. The
three modelled scenarios result not only in different N removal magnitudes, but also in very different spatial distributions for the restored
wetlands (Fig. 5). Under the random placement scenario, we see an
almost uniform distribution of new wetlands across the contiguous
US. By contrast, with targeted restoration, we see higher densities of
restored wetlands in areas with the highest levels of agricultural production, and N removal is also concentrated in these high-input areas.
4 | Nature | www.nature.com

Low-input, low-wetland

Low-input, wetland-abundant

(see key). The horizontal dashed line corresponds to the mean watershed N
surplus magnitude (8 kg ha−1 yr−1) and the vertical dashed line to a watershed
wetland density of 10%. b, Spatial distribution of the four watershed types.
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wetland area, the targeted restoration scenario (SC3) maximizes wetland N
removal, thus providing the greatest water quality benefit.

With this 10% increase in wetland area, targeted restoration results in a
more than 90% increase in N removal above current levels, constituting an additional 809 ± 395 kt N removal across the contiguous US.
This removal is approximately 4.3 times greater than that achieved
with random placement, and 40 times greater than that with no loss
of agricultural land, thus quantitatively demonstrating the value of
the targeted approach.
With a wetland restoration landscape optimized for N removal, we
find that great strides can be taken towards achieving policy goals
for water quality in N-affected watersheds (Extended Data Table 1).
In the Mississippi River Basin, for example, our results show that current wetlands remove approximately 439 kt N yr−1. In comparison,
approximately 868 k N yr−1 are delivered to the catchment outlet at
the St Francisville station, which means that without current wetlands,
Mississippi River N loads could be 51% higher than they are at present
(about 1,300 kt N yr−1). Under our targeted restoration scenario, a 10%
increase in wetland area for the USA results in a 22% increase in wetland
area for the Mississippi River Basin, because wetlands are preferentially

placed in areas with high N surplus values. These restored wetlands
would contribute to an additional 467 kt yr−1 of N removal, providing
an approximately 54% decrease in N loading to the Gulf of Mexico and
taking us more than half way towards the current policy goal of a 60%
reduction in riverine N loads28. Although recent work has suggested
that it could take around 30 years to achieve the desired reductions
in N loading owing to the presence of legacy N in soil and groundwater28,29, wetland restoration in many ways presents a fast-track solution,
enabling the capture and removal of both current-year and legacy N
before it reaches downstream waters.
As noted above, such gains have an associated cost. Our analysis
suggests that a targeted, 10% increase in US wetland area would cost
of the order of US$3.3 billion—nearly twice the cost of wetland restoration on non-agricultural land—and would require removing 3.9 × 106 ha
of cropland (2% of total cropland area) from agricultural production.
Although these costs are substantial, they are in line with current expenditures to achieve water quality goals18. For example, in Iowa, a corn
belt state estimated to contribute 11–52% of the total N load to the Gulf
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of Mexico, annual costs for conservation measures to improve water
quality—including reductions in fertilizer use, planting of cover crops
and construction of bioreactors, as well as wetland restoration—are
already estimated to be as high as US$1.4 billion30,31.
Our refined estimates of wetland N removal first indicate that current
wetlands remove 860 ± 160 kt N yr−1, which is an order of magnitude
less than previous estimates. This lower estimate arises owing to our
spatially explicit consideration of the preferential loss of wetlands in
areas of intensive agricultural production, where fertilizer application
and livestock production lead to N runoff and high stream N concentrations32. Our simulations, which are based on a recently developed
high-resolution N surplus dataset, suggest that targeted restoration
efforts could provide outsized reductions in N loads; in the Mississippi River Basin alone, a 22% increase in wetland area could decrease N
delivery to the coast by more than 40%. Importantly, these results not
only corroborate earlier work by Mitsch et al.4, who predicted similar
possible N removal magnitudes, but also move beyond previous finding
by providing a spatially explicit ‘blueprint’ for targeted restoration, suggesting priority areas for wetland restoration at a 5-km grid scale. These
results provide critical context to discussions of wetland restoration
and water quality that are especially important today, when a new Clean
Water Act rule is reducing protections offered to existing wetlands33.
Of course, every watershed is different, and there are countless practical and policy-related challenges to carrying out targeted restoration.
There is a strong need for watershed-scale solutions that consider and
balance potential water quality benefits along with farmer attitudes
and the need for agricultural production. These watershed solutions
are not ‘one size fits all’, as they require a detailed knowledge of past,
current and future land use and N loading, along with an active dialogue
between water authorities and land owners. However, watershed planners today have more access than ever to high-resolution data that can
expedite the creation of watershed-specific solutions through interactions with local stakeholders34. The current results, which provide
spatially varying estimates of potential water quality benefits from
wetland restoration, create an important context for such dialogues and
represent a fundamental step towards a more nuanced, landscape-scale
understanding of the current and potential role of wetlands in improving water quality and reducing coastal eutrophication.
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Methods
In the following, we provide details regarding our underlying datasets,
analytical methods and modelling approach to provide estimates of
current wetland N removal, simulations of potential N removal under
the developed scenarios, and associated cost estimates.

N surplus calculations and data sources
The 2017 landscape N surplus was calculated using a soil surface N
balance approach, which is typically used to assess the impacts of agriculture—and agricultural policy—on the environment35,36. With the
soil surface approach, all relevant N input, output and loss terms are
explicitly taken into account for a given land area at the soil surface36:
NS = DEP + FERT + BNF + MAN − CROP

(1)

where NS is the N surplus, DEP is atmospheric N deposition, FERT is
fertilizer N application, BNF is biological N fixation, MAN is livestock
N excretion (urine and manure) and CROP includes both crop N uptake
and consumption of pasture N by foraging livestock.
All N mass balance data were obtained from the TREND-nitrogen
dataset37,38. N inputs (DEP, FERT, BNF, MAN) and outputs (CROP, PAST)
were estimated at a US county scale using crop and livestock data from
the USDA Census of Agriculture39, atmospheric deposition data from
the National Atmospheric Deposition Program40 and fertilizer data
from the US Geological Survey (USGS) and USDA41,42. For additional
details, see Byrnes et al.38.
County-scale N surplus values were downscaled to the 5-km grid
scale using the National Land Cover Database (NLCD) 2016 Land Cover
raster. NLCD land cover was aggregated from 30-m to 5-km grid cells
on the basis of the dominant land cover designation for each 5-km grid
cell. County-scale agricultural N inputs and outputs (fertilizer, crop
biological fixation, manure production and crop production) were
then allocated equally to the agricultural grid cells within the county
boundaries. Land use for areas labelled as pasture/hay or cultivated
crops was considered to be agricultural. Atmospheric N deposition
was considered to be distributed evenly across all grid cells within a
county. The grid-scale landscape N surplus was calculated by adding
N inputs and outputs for each 5-km grid cell.

N removal for individual wetlands
Nitrogen removal by wetlands across the USA was estimated as a function of N removal rates and estimated N surplus magnitudes, which
determine the maximum mass of N potentially available to the wetlands
for removal. Removal rates were estimated as a function of the wetland
size, based on a meta-analysis of 178 wetlands across the world. Spatial
data for individual wetlands was obtained from the NWI, which comprises data for approximately 30 million upland and riparian wetlands
across the contiguous US43. Although it is well documented that the
NWI underestimates the presence of small wetlands, it remains the
most comprehensive, seamless and consistent national-scale database7.
The upscaling methodology developed in this study is based on
a previous empirical analysis of relationships between wetland N
removal, wetland size and water residence times that included a global
meta-analysis of measured nitrogen removal data from 178 wetlands3.
The study found that N removal rates in individual wetlands vary across
a wide range, from 0.01 to 7,200 g m−2 yr−1, with a median removal rate of
110 g m−2 yr−1 and a median removal efficiency of 48%. These estimates
of N removal are similar to those reported in other meta-analyses found
in the literature21,44.
The wide range of estimates for N removal arises from the complexities of N removal processes in wetlands and creates challenges for
upscaling individual wetland data to regional and continental scales.
Wetland N removal can occur via temporary (for example, plant
uptake, burial) and permanent (for example, denitrification) removal

processes, and these processes depend on a variety of factors, including
nutrient loading, wetland area, residence time, wetland types, plant
biomass, substrate availability and constraints on microbial metabolism21,45. Despite such complexity and the heterogeneity of processes
across the hundreds of wetlands studied, the meta-analysis showed a
remarkably consistent and significant inverse relationship (P < 0.001)
between the first-order N removal-rate constant in individual wetlands,
k (in yr−1), the wetland residence time τ (in years) and the surface area,
SA (in square metres) (Extended Data Fig. 3)3. The authors hypothesized that the consistency of the relationship arises owing to strong
hydrologic controls on biogeochemical processing, and validated their
hypothesis using a sediment–water model that links major nutrient
removal processes with wetland size3. Specifically, they showed that
the inverse relationship can be attributed to the lower ratio of reactive
sediment area to water volume for larger wetlands, which reduces the
opportunity for nitrate in the water column to come into contact with
denitrifying bacteria in the sediment3.
The relationships between k and τ, and between τ and SA, developed
by Cheng & Basu3 are used in our study to estimate wetland N removal
rates as a function of wetland size and nutrient loading. The relationships were developed for both total N and nitrate-N, and they were very
similar, possibly because nitrate dominates the total N in most affected
systems. Owing to a lack of ability to capture N speciation at this scale,
we have used the estimates for total N in our analysis.
Following this approach, the per cent wetland N removal, ρwet,i (in %),
of each of the 30 million upland and riparian wetlands, i, in the NWI
(Fig. 2) was estimated as a function of the removal-rate constant ki
(in d−1) and water residence times τi; (in days) for that wetland, using
first-order removal rate kinetics3,46:

ρwet, i = (1 − e−kiτi ) × 100.

(2)

The removal-rate constants, ki, and residence times, τi, for the NWI
wetlands were estimated using the empirical relationships developed
by Cheng & Basu3 between these variables and the wetland surface area,
SAi, obtained from the NWI database.

τi = a(SAi)b ,

(3)

ki = cτid ,

(4)

where a, b, c and d are the coefficients and exponents of the empirically
derived relationship.
The N removal by the individual wetlands, Rwet,i (in kg yr−1), was
then estimated as the product of the N input to these wetlands, Min,i,
(in kg yr−1) and the per cent wetland N removal ρwet,i:

Rwet, i = Min, i

ρwet, i
100

.

(5)

Spatially varying N inputs to the wetlands were estimated based on the
area-normalized N surplus of the corresponding Hydrologic Unit Code
(HUC), Nsurp,i (in kg N ha−1 yr−1), the contributing area of each wetland,
CAi (in hectares), and a reduction factor, γ, that quantifies the fraction
of the N surplus that enters each wetland via flow through surface or
subsurface pathways2,47.

Min, i = γNsurp, i CAi

(6)

The reduction factor γ represents the fraction of the N surplus in
the wetland’s catchment area that can potentially enter the wetland,
assuming that the rest is either retained in soils and groundwater,
or denitrified in upstream soils, ditches and wetlands. The range
of values employed for γ (0.3–0.5) is based on both monitoringand modelling-based literature estimates of soil and watershed
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denitrification rates. The catchment area of each wetland was estimated
by assuming a catchment-area-to-wetland-area ratio of α, with values
of α based on empirically determined relationships between wetland
catchment area and wetland surface area48. The empirical distribution
of α is based on catchment delineation for more than 30,000 wetlands
using high-resolution lidar data in the North American Prairie Pothole
Region48. We used the geometric mean and standard deviation of the
data to bound α in our Monte Carlo analysis. Future refinements of this
methodology would involve delineating the watersheds of all current
US wetlands, which will become possible in the future as high-resolution
data becomes available for other regions.
In wetland-dense areas, wetland catchment areas are nested,
and the sum of wetland catchment areas can sometimes be greater
than the total watershed area Awshd (Σ(CAi) > Awshd). In these cases,
wetland-contributing areas were rescaled by multiplying individual wetland areas by a correction factor (Awshd/Σ(CAi)) such that Σ(CAi) = Awshd.
This rescaling was done to ensure that mass is conserved in the model
calculations; in other words, we ensure that the mass of N entering the
wetlands is not greater than the mass of N available within the watershed
for removal. Following this approach, as the per cent area intercepted
by wetlands in a watershed would increase, the N removal by wetlands
in the watershed would also increase23. One limitation of this approach
to wetland-rich areas is that upgradient wetlands reduce nitrate, and
thus the Min value to a downstream wetland should be ideally reduced
owing to the presence of a wetland in its contributing watershed22.
Our model takes this into account implicitly, rather than explicitly,
through the reduction factor γ. Advancement of this methodology
would involve a network-scale assessment of the role of upstream wetlands in mass delivery to downstream wetlands that relies on detailed
information of the network structure of the 30 million wetlands at the
continental US scale.

where n is the number of wetlands in the watershed.

Simulations of wetland restoration
Three wetland restoration scenarios were simulated. The three scenarios had the following stipulations: random placement (SC1); no
loss of agricultural land (SC2); and targeted restoration in areas with
the highest N surplus values (SC3). Simulations for each scenario were
carried out for a range of increases in wetland area, up to an increase
of 40%. Simulations were carried out at a 5-km grid scale. Land cover
at this scale was obtained from the NLCD 2016 land cover raster, with
data being upscaled from a 30-m to a 5-km grid scale on the basis of
the modal land cover designation for each cell. No placement of new/
restored wetlands was allowed in any of the simulations in areas with
the following land cover designations: (1) open water; (2) developed
land (open space, low intensity, medium intensity, high intensity); (3)
barren land; (4) shrubland; and (5) wetland.
In the simulations, wetlands of varying size were selected randomly
for placement from an empirically derived power-law distribution of
wetland size, with a maximum size of 10 ha (refs. 3,51). Random placement was allowed in any grid cell with qualifying land cover, until the
sum of all catchment areas and wetland areas reached a maximum
of 25 km2, the total area of the cell. Random placement of restored
wetlands stopped when the total restored area across the contiguous
US reached 5.1 × 106 ha.
The simulated N removal, Rwet,i, for each wetland was calculated using
equation (5), with N surplus values at the 5-km grid scale. The k and τ
values were calculated as shown in equations (2) and (3), using mean
coefficient and exponent values (Extended Data Table 2). The ratio of
catchment area, CAi, to wetland area for each restored wetland was
assumed to be 8.4 (range 3–20) according to the geometric mean of
empirically determined relationships between wetland catchment
area and wetland surface area48. Simulated N removal was summed to
the 5-km grid scale for presentation in Fig. 5.
The LHS stratified sampling technique was used to estimate the
uncertainty for the three simulation scenarios. The ranges for all parameters were the same as those used in the Monte Carlo simulations for
current wetland removal and are given in Extended Data Table 2. We
conducted 50 Monte Carlo simulations to obtain mean and standard
deviation values for N removal magnitudes for all three scenarios to
obtain uncertainty values associated with a 10% increase in wetland
area.
Although it is known that recently restored wetlands may not provide the same levels of denitrification as undisturbed wetlands, often
because of low availability of organic carbon52, the meta-analysis used
for the calculation of denitrification-rate constants included a large
proportion of restored and constructed wetlands. Accordingly, the
range of N removal predicted through the Monte Carlo simulations
should take into account an appropriate range of potential removal
magnitudes. There may, however, be time lags associated with achieving the predicted removal rates.

Parameter ranges and uncertainty analysis
Monte Carlo simulations were used to characterize the uncertainty
associated with estimates of N removal as a function of the uncertainties associated with k, τ, the wetland-contributing area and the fraction
of N surplus that is intercepted by the wetland49. The ranges of values
used for each parameter are provided in Extended Data Table 2. The
Latin hypercube sampling (LHS) technique, a form of stratified Monte
Carlo sampling, was used to generate 500 parameter sets from these
ranges, assuming a uniform distribution across each range50. LHS
enables strategic and efficient sampling of the parameter space, thus
allowing relatively fewer simulations to be run while still effectively
assessing uncertainty across parameter ranges50. We conducted 500
Monte Carlo simulations; estimates of median N removal are provided
in the main text along with 95th confidence interval bounds from the
Monte Carlo simulations.

Wetland restoration cost calculations
The costs for construction of new or restored wetlands were calculated
using a cost-based decision support framework for wetland restoration18,53. This framework includes area-dependent costs associated
with design, construction and maintenance, annualized over a 50-year
management horizon at a real discount rate of 4%. It also includes land
rental costs, which vary by state and have been established to cover
the opportunity costs for land removed from agricultural production53. Land rental costs for cropland and pastureland were obtained
at a state level from the Quick Stats 2.0 database (http://quickstats.
nass.usda.gov).
The costs of restoring 1 ha of wetland on cropland and pastureland for
each of the 48 states in the contiguous US are shown in Extended Data
Fig. 4. Land rental costs for cropland are, in the mean, more than five
times greater than those for pastureland (cropland, US$274 ± 156 ha−1);

N removal at watershed scale
The N removal by wetlands at the HUC-8 watershed scale (Fig. 2d) was
estimated by aggregating the N removal of all wetlands within the
watershed, and then normalizing by the watershed area:
Rwet, i = γNsurpCAi

ρwet, i
100

.

(7)

The per cent wetland N removed in each HUC-8 watershed, ρwshd,
(Fig. 2b) was estimated as the sum of the per cent wetland N removal
for all wetlands in that watershed, weighted by their respective contributing areas:
n

ρwshd =

∑i ρwet, i CAi
Awshd

,

(8)

pastureland, US$51 ± 156 ha−1), owing to the greater loss of agricultural
productivity when converting cropland. Accordingly, the rental costs
for cropland account for a greater proportion of the total annualized
costs (cropland, 47 ± 13%; pastureland, 16 ± 7%) associated with wetland
construction and maintenance, depending upon land rental costs in
individual states.
For the SC1 (random placement) and SC3 (targeted restoration) scenarios, state-specific land rental costs for cropland and pastureland
were used. For the SC2 simulation (no loss of agricultural area), land
rental costs were assumed to be zero, to provide the most conservative
estimates of cost differences between the SC2 and SC3 scenarios. Estimated costs shown in Fig. 4 and in Extended Data Fig. 4 are given in 2017
US dollars. We note that the costs estimated herein are for constructed
nutrient retention wetlands, as exemplified by the USDA CREP wetland
programme. In our analysis, we do not distinguish between costs for
construction of a new wetland and those for restoration of a drained
wetland. As costs for constructed wetlands in some regions could be
greater than those for wetland restoration, the costs presented herein
can be considered an upper bound on possible costs.

Watershed N loads and wetland N removal
Nitrogen loading at the catchment outlet for a selection of major US
nitrate-affected rivers was calculated using USGS water quality data
compiled by Oelsner et al.54. Annual loads were calculated using flow
and modelled daily concentrations. The reported loads in Extended
Data Table 1 are average annual loads for the period 2002 to 2012. Wetland N removal for both existing and simulated wetlands was calculated
by summing N removal magnitudes for individual wetlands and aggregating to the boundaries of the selected watersheds.

Data availability
Nitrogen mass balance data were obtained from the TREND-nitrogen
dataset, available through the PANGAEA Data Publisher (https://doi.
org/10.1594/PANGAEA.917583). The National Wetlands Inventory dataset was retrieved from US-FWS (https://www.fws.gov/wetlands). The
Watershed Boundary Data set used for HUC-8 boundaries was retrieved
from the USGS website https://www.usgs.gov/core-science-systems/
ngp/ngtoc/watershed-boundary-dataset. USGS water quality data were
retrieved from Oelsner et al.54. Source data are provided with this paper.
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Extended Data Fig. 1 | Nitrogen surplus distributions across US hydrologic
regions. a, Histograms of N surplus by hydrologic region. The counts in the
histograms refer to individual HUC-8 watersheds within the hydrologic

regions. b, Map of hydrologic regions defined by the USGS. Boundaries of the
Mississippi River Basin are drawn in yellow.

Extended Data Fig. 2 | Modelled N removal by hydrologic region. The counts in the histograms refer to individual HUC-8 watersheds within the corresponding
hydrologic regions. See Extended Data Fig. 1b for region locations.
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Extended Data Fig. 3 | Analysis of empirical data used by Cheng &Basu3 to
develop the k–τ relationship used in our study. a, N removed at the individual
wetland scale. Data were obtained from a global meta-analysis of 178 wetlands.
b, N removal efficiency, ρ, calculated as the ratio between N removal and N
inputs to the wetland. c, N removal-rate constant, k, estimated as a function of ρ
and empirically based estimates of wetland residence times, τ, assuming that N

removal within the wetland follows first-order kinetics. d, A strong inverse
relationship was found between k and wetland residence time τ. This
relationship between size and N removal-rate constants allows us, in this work,
to more accurately upscale to the continental US scale than has previously been
achieved.

Extended Data Fig. 4 | Costs of wetland restoration. a, b, Estimated costs for
restoration of a 1-ha wetland in 48 states across the contiguous US on cropland
(a) and pastureland (b). Whereas construction and maintenance costs are

considered to be constant across states, land rental costs vary by state and by
land use. Costs are annualized over a 50-year management horizon.
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Extended Data Table 1 | N surplus and wetland N removal magnitudes for a subset of nitrate-affected watersheds

Note that the estimated wetland N removal rates, normalized by wetland area (kg ha−1 yr−1), that are reported here are approximately an order of magnitude lower than the measured wetland
N removal rates from empirical meta-analyses (Extended Data Fig. 3). This difference arises because the studied wetlands have higher N inputs than those typical of many wetlands across the
country owing to the spatial disconnect between N source areas and wetland-dense regions (Fig. 3). The targeted restoration scenarios presented are for a 10% increase in wetland area across
the US. Uncertainty bounds for additional wetland N removal from the targeted restoration scenario are based on a 95% confidence interval from Monte Carlo analysis.

Extended Data Table 2 | Ranges of parameters used in the Monte Carlo simulations of wetland N removal

Ranges for parameters in equations (3) and 4 are based on 95% confidence intervals around fitted parameters3. The range for wetland catchment ratios is obtained from the geometric standard
deviation around a geometric mean based on calculated ratios from more than 30,000 wetlands48. The range for the proportion of N surplus reaching wetlands is based on literature values2,47.

