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Abstract: Communities across the globe are experiencing degraded water quality as well as inland
flooding, and these problems are anticipated to worsen with climate change. We review the evidence
that implementing natural infrastructure in upstream agricultural landscapes could improve water
quality and reduce flood risk for downstream communities. Based on our analysis, we identify a suite
of natural infrastructure measures that provide the greatest benefits, and which could be prioritized
for investment by downstream communities and regional leadership, with an emphasis on systems
that minimize loss of productive agricultural land. Our results suggest that the restoration of wetlands
and floodplains are likely to provide the greatest benefits for both water quality improvement and
flood risk reduction.
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1. Introduction
Water quality impairment and inland flooding are multi-billion-dollar problems that
are expected to worsen in response to climate change. The World Resources Institute
estimated that the number of people worldwide impacted per year by riverine flooding
events will more than double from 2010 (65 million) to 2030 (132 million [1]). Likewise,
the annual costs of flooding in riverine urban areas are expected to more than triple, from
USD 157 billion in 2020 to USD 535 billion by 2050 [1]. A separate study estimated that
using natural infrastructure to protect against climate change threats, such as flooding,
could save USD 248 billion at a cost of only half that of equivalent grey infrastructure [2].
Meanwhile, agriculture globally is the largest contributor to water pollution, causing
damage to ecosystems and human health and costing billions of dollars annually [3]. In
the U.S.A. alone, nitrogen losses from agriculture to surface and groundwater are in excess
of USD 150 billion per year [4].
In this paper, we review the opportunity for the use of natural infrastructure in
rural landscapes to provide water quality and flood mitigation benefits for downstream
communities. We define “natural infrastructure” as:
Durable structural and/or native perennial vegetative measures embedded in a
landscape or riverscape that are inspired and supported by nature, restore ecological
processes, and deliver multiple environmental benefits to downstream communities.
We use the term “natural infrastructure” rather than “nature-based solutions” or
“natural flood management” because our primary focus is on ecosystem services—water
quality and flow regulation—that have traditionally been delivered through heavily engineered “grey infrastructure,” which attempts to control, rather than work with nature.
We expand the definition of natural infrastructure beyond structural measures in order to
capture the multiple environmental benefits to downstream communities of converting
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annual cropland to native perennial vegetation. Our emphasis on perennial vegetation,
with its implications of longevity, excludes annual measures such as cover crops that are
part of a farmer’s crop rotation.
While some of the natural infrastructure measures that we describe share similarities
in terms of ecological processes with plot- and local-scale “green infrastructure” measures
used in urban landscapes [5], our context—the rural landscape and the ditches, streams
and rivers that flow through it—is quite different. In addition, where much urban “green
infrastructure” has necessarily been developed at the site scale in response to parcel-byparcel urban development, we emphasize using natural infrastructure as part of a strategic
and systemic approach to planning at the watershed scale. Watershed-scale design is critical
to respond to the interests of multiple stakeholders and to account for both synergies and
trade-offs across multiple ecosystem services [6]. Likewise, while there is a growing body
of literature describing the potential role of natural infrastructure in mitigating storm surge
and sea level rise in coastal areas (e.g., [7,8]), there has been much less discussion of its role
in mitigating pluvial and overbank flooding in inland areas, which is our focus.
Our emphasis is on natural infrastructure (NI) measures within rural landscapes
that promote both the storage and slow release of water and the physical, chemical and
biological processes that remove or transform waterborne pollutants. From a flood mitigation perspective, NI includes a range of interventions that: (i) reduce runoff generation,
(ii) increase water storage, and/or (iii) attenuate flow from hillslopes to small streams
and within the larger hydrologic network (e.g., by disconnecting runoff channels or by
increasing channel roughness). These same physical modifications to hydrologic flows are
likely to be effective in mitigating particulate pollutants such as phosphorus and sediment
which largely follow surface flow paths. For removing dissolved pollutants such as nitrate,
however, additional biochemical processes such as denitrification are required. Where
dissolved pollutants are challenging, NI measures may only be effective for water quality
improvement if they create the appropriate biogeochemical environment—for nitrate, this
typically means multi-day residence times under reducing conditions in the presence of
a carbon-rich substrate. Thus, NI measures suitable for flood mitigation may or may not
provide water quality benefits. Likewise, NI measures that create an appropriate biogeochemical environment for pollution treatment may or may not provide flood mitigation
benefit, depending on whether they also store water and delay its release downstream.
For our review of water quality impacts, we chose to focus on nitrogen because of its
impacts on both ecosystem and human health, for example, the degradation of drinking
water. Furthermore, N is more important for ocean estuary degradation, while P is more
important for freshwater body degradation [9].
While some types of NI, such as wetlands, have been identified as potential solutions to
water quality problems in agricultural landscapes (e.g., [10]), there has been less discussion
of the potential role of such measures in flood mitigation. While there has been growing
interest in “natural flood management” in the U.K. and Europe, little of this work has
addressed the associated water quality benefits (see [11,12] for examples wherein both
concerns are addressed). As a result, downstream communities—which often experience
both water quality and flooding problems—lack information on how NI can be used to
address both issues. Our paper is intended to help fill this information gap.
Our review was guided by our experience in the Mississippi River Basin (MRB) of
the central U.S.A., where downstream communities are impacted by both water quality
degradation and more frequent and severe flooding. Agricultural intensification (including changes in land use, artificial drainage and nutrient additions) as well as climate
change [13–15] have contributed to increased flooding [16] and increased harmful algal
blooms [17]. Agriculture is extremely important in the MRB, with over two thirds of the
region’s land identified as farmland [18], and the region’s economy contributes to 18% of
the U.S. gross domestic product [16]. While these water quality and flooding problems
are not unique to the MRB, the region’s role as a major global exporter of corn, soybeans
and wheat creates the potential for tension over land use, with agricultural producers
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concerned about any loss of productive cropland. An as-yet unanswered question is how
much cropland would need to be converted to natural infrastructure to achieve regional
goals related to water quality improvement and flood risk reduction. With this in mind,
our review places particular emphasis on identifying those NI measures that could deliver
the greatest environmental benefit with little or no cropland conversion.
We reviewed scientific literature describing the use of NI in agricultural landscapes
in North America, Europe and the U.K., compiling data on (i) the effectiveness of these
measures in improving water quality and/or mitigating floods and (ii) the strength of the
evidence for such benefits. Based on our review, we identify a suite of NI measures that,
if implemented in a strategic and systemic approach, can deliver both water quality and
flood mitigation benefits while minimizing the loss of productive agricultural land.
2. Materials and Methods
We conducted a search of peer-reviewed papers in Google Scholar dating from 2000
to 2020 using the following search terms, individually and in combination: [agricultural
land use conversion, agricultural landscapes, alluvial forest restoration, backwater reconnection, bottomland hardwoods, constructed wetlands, depressional wetlands, detention
ponds, engineered wetlands, farm ponds, flood attenuation, flood mitigation, floodplain,
floodplain forest restoration, floodplain restoration, flood risk reduction, flooding, leaky
barriers, levee removal, levee setback, natural flood management, natural flood management measures, natural infrastructure, nitrogen removal, nutrient retention, offline ponds,
overland flow interception, oxbow reconnection/restoration, perennial vegetation, prairie
pot-hole wetlands, re-meandering the river, retention ponds, riparian buffers, riparian wetlands, riparian forested wetlands, river restoration, runoff attenuation features, saturated
buffers, two-stage ditches/channels, vegetated ditches, water quality, wetland restoration].
Occasionally, we found fewer than 2 papers for a specific NI measure in the specified time
frame. In those cases (riparian forest buffers and farm ponds), we expanded the search to
include any time period. In addition, we used a snowball technique of manually tracing
references and citations from recent papers. Our search retrieved a total of 145 papers for
further review.
Subsequently, we screened these papers to identify those reporting on NI measures
in temperate climates (North America, Europe and the U.K.), as this is where most of
the work on NI measures has been carried out, and to ensure that results could be more
easily compared across studies. For some NI measures, there is little-to-no research in
North America, and the European/U.K. literature was more robust, or vice versa. For
water quality, we selected only those studies reporting actual field measurements, and
further narrowed our selection to those papers reporting results on nitrogen (N) because N
impacts downstream communities in a variety of ways (e.g., contaminated drinking water
and toxic algal blooms). In contrast, since the flood mitigation literature is dominated by
studies reporting model simulations, we included model-based studies as well as those
reporting results.
Scientists have used a wide variety of metrics to report the benefits of NI measures
(see Table 1). Given our interest in minimizing the area footprint of new NI, we looked for
studies reporting NI performance using area-based units. For water quality, we therefore
selected studies reporting the reduction of nitrogen load per area (kg N ha−1 ) for a given
time period. This metric was used in 38 studies covering 15 different NI measures. Unfortunately, there is no comparable area-based metric that is commonly used to report on
flood risk reduction. We chose the percentage reduction in flood peak because it appeared
to be the most commonly used metric in the literature and would therefore enable us to
compare a wide variety of NI measures. Recognizing that flood mitigation performance
data were drawn from studies covering a wide range of storm and watershed sizes, both of
which might be expected to influence performance, we also compiled data on these factors
where available.
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Table 1. Metrics used for natural infrastructure measures in the reviewed literature.
Metric (Units)

Number of Studies Using Metric

Number of NI Measures for
Which Metric Is Used

Peak flow reduction (%)

30

10

Flow velocity (m s−1 )

6

6

Nitrogen Mitigation

s−1 )

6

4

Flood depth/flood height (m)

4

2

Flood area (m2 )

2

2

Surface runoff (mm

Flood Mitigation

h−1

or l

Flood duration (h)

2

2

Storage capacity (m3 )

4

3

Time to peak (h)

3

3

Changes in baseflow (%)

1

1

Number of flood events

1

1

Time to base flow (h)

1

1

Nitrogen removal rate in
kg ha−1 yr−1

38

15

Nitrogen removal rate,
variable metrics *

11

6

Concentration reduction (%)

9

6

Denitrification potential
(ug N g−1 h−1 )

2

4

Denitrification enzyme activity
(ng g−1 h−1 )

1

1

N mineralization rate
(µmol N m−2 d−1 )

1

1

Note(s): * 11 studies use some combination of load, area, time, but not all together; a subset (6) of these studies (regarding three NI
measures) uses a volume or length for the denominator instead of area (saturated buffers, vegetated ditches, and two-stage ditches).

The selection process resulted in a total of 46 papers suitable for in-depth review
and data extraction. To compare the performance of various NI measures, we developed a scoring rubric as follows (see also Table 2 and Figure 1): We characterized the
strength of the evidence for water quality improvement or flood risk reduction based on
the number of peer-reviewed articles we could find where a given NI measure showed
positive impacts: One, Few, or Many. “Few” was defined as two articles and “Many”
was defined as three or more. To account for the effectiveness of a given NI measure in
improving water quality or reducing flood risk, we categorized impacts as Low, Medium
and High. For water quality, we characterized those NI measures that delivered nitrogen
reductions of less than 500 kg N ha−1 yr−1 as “Low” impact, while measures delivering 500–1000 kg N ha−1 yr−1 were designated as “Medium” impact, and measures that
delivered greater than 1000 kg N ha−1 yr−1 were characterized as “High” impact. For
flood reductions, impacts were scored as “Low” for peak flow reductions less than 15%,
“Medium” for reductions of 15–25%, and “High” for reductions above 25%. As we are
not aware of any absolute levels of flood mitigation or nitrogen reduction that would be
considered “good” or “beneficial,” we chose to compare the measures relative to each other
rather than an external standard. We chose these thresholds based on the range of values in
the data for a roughly even distribution of measures in each category. Figure 1 shows that
we considered NI measures categorized as “Many” for evidence and “High” for impact
as “High” priorities for implementation, whereas we would consider those categorized as
“Few; High” and “Many; Medium” as “Medium” priorities for implementation.
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Table 2. Scoring rubric.

Strength of Evidence
(# of Publications)
Strength of Evidence (# of Publications)

None
One

reduction in nitrogen load

Few (2)Few (2)
Many (3 or more)

Many (3 or more)

Unknown
Unknown
Low = less
than 500 kg N ha−1 yr−1
−1 yr−1
Low
= less than
500 kg N ha
Medium
= 500–1000
kg−N
ha−1 yr−1
Medium = 500–1000 kg N ha 1 yr−1 −1 −1
High = greater than 1000 kg N ha yr
High = greater than 1000 kg N ha−1 yr−1
Unknown
Unknown
Low
= less
thanthan
15% 15%
Low
= less
Medium
=
15–25%
Medium = 15%–25%
High = greater than 25%
High = greater than 25%

Measure Effectiveness

Water quality, reported as kg N ha−1 yr−1
Water reduction
quality, reported
as kg Nload
ha−1 yr−1
in nitrogen

None
One

Table 2. Scoring rubric.Measure Effectiveness

Floodrisk
riskreduction,
reduction, reported
%%
Flood
reportedasas
reduction
in
peak
flow
reduction in peak flow

Figure 1. Matrix used to rank measures by impact and evidence. Measures for which many publicaHigh
impact by
were
considered
“High” priorities
implementation,
whereas measures
Figure 1. Matrixtions
usedreport
to rank
measures
impact
and evidence.
Measuresforfor
which many publications
report High
for
which
a
few
studies
reported
High
impact,
or
many
studies
reported
Medium
impact
were High
impact were considered “High” priorities for implementation, whereas measures for which a few studies
reported
“Medium”
priority
forwere
implementation.
impact, or many considered
studies reported
Medium
impact
considered “Medium” priority for implementation.

3. Results3. Results
3.1. Types of NI Measures in Agricultural Landscapes
3.1. Types of NI Measures in Agricultural Landscapes
Categorization of NI by Landscape Position
Categorization of NI by Landscape Position
We categorized NI measures according to their position on a landscape continuum
We categorized
NI to
measures
according
their positionsmall
on a (~10,000
landscape
continuum
from the topographically
highest
the lowest
point into
a hypothetical
ha)
from
topographically
highest
to the lowest
point inan
a hypothetical
small (~10,000 ha
watershed.
We the
chose
this scale because
it allowed
us to consider
array of NI measures
We chose
thiszeroscaleand
because
it allowed
us to consider
an array
of NI measure
from thosewatershed.
topographically
above
first-order
drainageways
to those
associated
from
those
topographically
above
zeroand
first-order
drainageways
to
those
with medium and large rivers. We categorized NI measures by their landscape positionsassociate
as follows:with medium and large rivers. We categorized NI measures by their landscape position
as follows:
•
Associated
with the upland (topographically above a zero- or first-order stream, not

Associated
withor
thedrainage
upland ditch)
(topographically above a zero- or first-order stream, no
in the• vicinity
of a stream
the artificial
vicinity drainage
of a stream
or drainage
ditch)
Associatedinwith
structures
(topographically
above a zero- or first-order
• hydrologically
Associated with
artificial
drainage
structures
(topographically
above a zero- or firs
stream,
connected
to such
a stream
by artificial
drainage structures)
hydrologically
to such
stream by
artificial
drainage stru
•
Associatedorder
with stream,
small (first—third
order)connected
streams, also
withadrainage
ditches
resulting
tures) of such streams
from modification
•
Associated
with medium
large
(fourth—seventh
order) rivers
•
Associated
withand
small
(first—third
order) streams,
also with drainage ditches resul
ing that
fromartificial
modification
of such
streams(e.g., tile drains in agricultural landRecognizing
drainage
structures
• inAssociated
with
mediuminand
largehave
(fourth—seventh
order) to
rivers
scapes, grips
high-altitude
peatlands
the UK)
modified hydrology
a significant

•

extent in many rural landscapes, we thought it was useful to include a specific category for
NI measures that are used to treat such drainage structures.
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We identified 11 distinct categories of NI measures (Table 3) based on their landscape
position and design features. Examples of each category are shown in Figure 2.
Table 3. Overview of NI measures in agricultural landscapes.
Landscape Position

Wetlands—Depressional

Sometimes described as “isolated” wetlands.
Most are shallow with depths <1 m and a
median size of 0.16 ha, but they can be as
large as several hundred hectares. See
Figure 2A.

Conversion of cropland to native
vegetation—forest or grasses

Land use change that converts cropland to
forest vegetation or to grass vegetation
(including prairie, perennial crops and
pasture). See Figure 2B,C.

Runoff attenuation features (RAF)

Used primarily in the U.K. and Europe, RAFs
intercept overland flow and temporarily
store water behind small “leaky “dams over a
period of 4–24 h. See Figure 2D.

Farm ponds

Impoundments that are intended for long
term storage of water for livestock and/or
fishing. They can be constructed with an
embankment/berm or dugout out of the
earth to fill with water. See Figure 2E.

Wetlands—engineered

Wetlands constructed where wetlands did
not exist before, typically by creating an
embankment to intercept the flow from the
outlets of artificial drainage structures such
as tile drains. They are usually much larger
than depressional wetlands and intercept a
much larger drainage area. See Figure 2F.

Saturated buffers

Used in the U.S.A. where tile drains bypass
riparian buffers. They are constructed with a
perforated distribution pipe to spread
drainage water laterally across the buffer
subsurface to promote denitrification.
See Figure 2G.

Vegetated ditches

Drainage ditches are planted with grasses or
other vegetation to reduce sediment and
nutrient pollution. See Figure 2H.

Stream restoration

Restoring the geomorphic structure of the
stream by raising the stream bed, installing
meanders to a channelized stream,
re-grading the stream channel, reconnecting
oxbows, etc. See Figure 2I.

Two-stage ditches

Modified drainage ditches that have two
“benches” on either side of the channel that
function as floodplains. Pipes or tile drains
empty onto the constructed floodplain rather
than directly into the ditch. See Figure 2J.

Riparian forest buffers

Forested areas (natural or re-established)
separating streams or rivers from adjacent
agricultural land. See Figure 2K.

Floodplain restoration

Reconnecting the main channel with the
floodplain to allow for periodic inundation. It
may occur as part of modifications to levees
(levee removal, breaching or setback) or in
areas without levees. Floodplain restoration
is often associated with reconnection of river
flows to previously disconnected wetlands
(oxbow restoration) and/or planting of
native vegetation (e.g., forested floodplain
restoration). See Figure 2L.

Associated with the upland

Associated with artificial drainage structures

Associated with small streams and
drainage ditches

Associated with larger streams and rivers
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Associated with the upland

A

B

C

E

D

Associated with artificial drainage features

G

F

Associated with small streams and drainage ditches

H

I

Figure 2. Cont.
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J

K

Associated with medium to large rivers

L

Figure 2. Examples of natural infrastructure in agricultural landscapes. (A) Wetlands—depressional (photo credit: USGS,
David Mushet), (B) Conversion of crop land to native vegetation—forest (photo credit: USFS), (C) Conversion of crop land
Figurevegetation—grasses
2. Examples of natural
infrastructure
in agricultural
Wetlands—depressional
(photo credit:
to native
(photo
credit: USDOE,
(D) Runofflandscapes.
attenuation (A)
features
(photo credit: Nick Barbers,
Newcastle
USGS, David
Mushet),
(B)
Conversion
crop land to (F)
native
vegetation—forest (photo
credit: Matthew
USFS), (C)Helmers,
Conversion
University),
(E) Farm
ponds
(photo
credit: of
USDA-NRCS),
Wetlands—engineered
(photo credit:
Iowaof
crop
land to native
(photo credit:on
USDOE,
(D)
Runoff attenuation
features
(photo
credit:
Nick BarState
University),
(G) vegetation—grasses
Saturated buffers – conventional
left and
saturated
buffer on right
(photo
credit:
USDA),
(H)
bers,
Newcastle
University),
(E)
Farm
ponds
(photo
credit:
USDA-NRCS),
(F)
Wetlands—engineered
(photo
credit:
MatVegetated ditches (photo credit: USDA-ARS), (I). Stream restoration before and after (photo credit: EPA), (J) Two-stage
thew Helmers, Iowa State University), (G) Saturated buffers – conventional on left and saturated buffer on right (photo
ditches (photo credit: USDA-NRCS), (K) Riparian forest buffer (photo credit: USFS), (L) Floodplain restoration (photo
credit: USDA), (H) Vegetated ditches (photo credit: USDA-ARS), (I). Stream restoration before and after (photo credit:
credit: USGS).
EPA), (J) Two-stage ditches (photo credit: USDA-NRCS), (K) Riparian forest buffer (photo credit: USFS), (L) Floodplain
restoration (photo credit: USGS).

3.2. Water Quality Benefits of NI Measures
3.2.For
Water
of NI Measures
eachQuality
type ofBenefits
NI measure,
we categorized the water quality benefit (reported as
areal uptake
of nitrogen
and the strength
of the evidence
forquality
that benefit
as (reported
described as
For each
type of load)
NI measure,
we categorized
the water
benefit
in the
Materials
and
Methods
section.
Table
4 shows
of water
quality
areal
uptake of
nitrogen
load)
and the
strength
of the
the average
evidenceand
for range
that benefit
as described
improvement
results.
The
average
of
all
reported
results
was
used
to
rank
all
measures
in the Materials and Methods section. Table 4 shows the average and range of water qualfority
water
quality effectiveness
foroffarm
ponds. The
range
farmall
ponds
is
improvement
results. Theexcept
average
all reported
results
wasnoted
used for
to rank
measures
extremely
variable
and
there
were
not
any
other
published
articles
for
comparison,
so
we
for water quality effectiveness except for farm ponds. The range noted for farm ponds is
chose
not to use
the average
andwere
ranked
as “Medium.”
extremely
variable
and there
notitany
other published articles for comparison, so we

chose not to use the average and ranked it as “Medium.”
There has been extensive research into the role of NI in improving water quality, so
most of the NI measures scored highly for strength of evidence. In terms of effectiveness
(nitrogen removal), measures associated with restoring the hydrologic and biogeochemical functioning of ditches (two-stage ditches, vegetated ditches), wetlands (depressional
and engineered), riparian areas (saturated buffers) and streams or rivers (stream restoration, floodplain restoration) scored Medium or High. Somewhat surprisingly, riparian forest buffers and conversion of cropland to native vegetation (forest or grasses) received
only Low scores for measure effectiveness.
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Table 4. Natural infrastructure measures: Evidence for and impact assessment of nutrient loss reduction (water quality) and
flood mitigation from specific studies, noted by the references in square brackets. Evidence is characterized as None, One,
Few (2), or Many (3 or more) peer-reviewed publications. Impact is characterized as Unknown, Low, Medium, or High.
The values for nitrogen reduction are set at Low for <500 kg ha−1 yr−1 , Medium for 500–1000 kg ha−1 yr−1 , and High for
more than 1000 kg ha−1 yr−1 . We categorized peak flow reductions as Low for <15%, Medium for 15%–25%, and High for
values over 25%. Measures that we would consider to be “High” priorities for implementation (as shown in Figure 1), with
Many publications reporting High impacts, are shown in bold (Many; High); measures that we consider to be “Medium”
priorities for implementation (as shown in Figure 1) are shown in italics (Many; Medium or Few; High). More detailed tables
for water quality and flood mitigation natural infrastructure measures are included in the Supplementary Materials.
Water Quality

NI Measure Name

Evidence; Impact

Flood Mitigation

Nitrogen loss
reduction,
average; range
(kg ha−1 yr−1 )

Evidence; Impact

Peak flow reduction,
average; range (%)

Watershed size
(km2 )

Storm size (AEP)

Upland natural infrastructure
Wetland—
depressional

Many; High

1113; 37–1810 kg
ha−1 yr−1 [19–21]

Many; High

26; 14%–41%
[22–24]

23–886 km2 [22–24]

1, 10, 39% AEP
[22,23]

Conversion of
cropland to native
vegetation—forest

One; Low

56; 51–61
kg ha−1 yr−1 [25]

Many; High

27; 19%–34%
[26–29]

25–954 km2 [26–29]

1, 5, 10% AEP
[28,29]

Conversion of
cropland to native
vegetation—grasses

Many; Low

55; 29–120
kg ha−1 yr−1
[25,30,31]

Few; Low

10; 5–14% [29,32]

943–2089 km2
[29,32]

1, 5, 10% AEP [29]

Runoff attenuation
features

None; Unknown

Typical designs do
not attenuate
nutrients [11]

Many; Low

9; 3–30% [27,33,34]

6–954 km2 [27,33,34]

39% AEP [33]

Farm ponds

One; Medium

N/A; 73–7000
kg ha−1 yr−1 [35]

Few; High

38; 13–55% [36,37]

0.231–1050 km2
[36,37]

10, 39% AEP [36]

Wetlands—
engineered

Many; Medium

646; 97–1810
kg ha−1 yr−1
[19,38,39]

One; Medium

17; 15–20% [40]

420 km2 [40]

Unknown

Saturated buffers

Many; Medium

706; 60–2190
kg ha−1 yr−1 [41–43]

None; Unknown

No peer reviewed
studies.

-

-

Vegetated ditches

Many; High

1189; 150–2263
kg ha−1 yr−1
[44–47]

None; Unknown

No peer reviewed
studies.

-

-

Stream Restoration

Many; High

2818; 47–10183
kg ha−1 yr− 1
[48–50]

Few; Medium

17; 13–25% [51,52]

480 km2 [51]

20–39% AEP [52]

Two-stage ditches

Many; Medium

661; 62–1664
kg ha−1 yr−1 [53–55]

None; Unknown

No peer reviewed
studies.

-

-

Riparian forest
buffers

Many; Low

89; 11–285
kg ha−1 yr−1
[56–59]

One; Medium

20% [60]

Unknown

1, 39% AEP [60]

Many; Medium

596; 20–1226
kg ha−1 yr−1
[38,50,61]

115–901 km2 [62–64]

1, 2, 4, 7, 10, 20, 39%
AEP [62,63]

Associated with artificial drainage structures

Associated with small streams and drainage ditches

Associated with larger streams and rivers
Floodplain restoration

Many; Medium

17; 10–24% [62–64]

Note(s): AEP: Annual Exceedance Probability.

There has been extensive research into the role of NI in improving water quality, so
most of the NI measures scored highly for strength of evidence. In terms of effectiveness
(nitrogen removal), measures associated with restoring the hydrologic and biogeochemical
functioning of ditches (two-stage ditches, vegetated ditches), wetlands (depressional and
engineered), riparian areas (saturated buffers) and streams or rivers (stream restoration,
floodplain restoration) scored Medium or High. Somewhat surprisingly, riparian forest
buffers and conversion of cropland to native vegetation (forest or grasses) received only
Low scores for measure effectiveness.
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3.3. Flood Mitigation Benefits of Natural Infrastructure Measures
For each NI measure, we categorized the flood reduction benefit and the strength of
the evidence for that benefit as described in Materials and Methods. Table 4 shows for each
measure the average and range of flood mitigation improvement. The average reported
here for runoff attenuation features may appear artificially low because one study only
reported maximum and median peak flow reduction values and did not report minimum
values. We only included the median values in our average for runoff attenuation features,
while for other measures, we were able to include both minimum and maximum reported
values in the averages.
Table 4 also includes data on the associated watershed sizes and storm sizes if either
were reported. Many studies use average recurrence intervals (e.g., 100-year storm) for
storm size, but we converted everything to annual exceedance probability (AEP), which
is the probability that peak flow will be exceeded in one year. The 10-year and 5-year
storm were approximated to 10% AEP and 20% AEP, respectively, and 1% and 2% AEP are
equivalent to the 100-year and 50-year storm, respectively. We prefer to use AEP because
average recurrence intervals are confusing to non-hydrologists. Recurrence intervals are
often misinterpreted to mean that the size of storm indicated can only happen once in that
time interval (e.g., once every 100 years). Instead, using an AEP makes it clear that the
storm size is reported as an annual probability.
Only four NI measures have both a strong evidence base and deliver Medium-to-High
impacts for flood mitigation: depressional wetland restoration, conversion of cropland to
native vegetation—forest, farm ponds, and floodplain restoration. Some NI measures such
as two-stage ditches have design features that potentially provide water storage and flow
attenuation yet did not score highly in our review. In the case of two-stage ditches, research
has focused on their water quality benefits rather than their flood mitigation potential.
Just as with water quality, we were interested in understanding the areal extent of
NI measures needed to achieve flood mitigation benefits. To assess this, and lacking an
area-based performance metric, we used an alternative approach: scaling the reported
effectiveness of the measure to the areal extent of the measure in the watershed. For those
studies (18 out of 32; all modeled) that reported both the areal extent of the measure and
the area of the watershed, we calculated the percentage of the watershed area used for
measure implementation and plotted it against the percentage reduction in peak flows
(Figure 3). From this limited dataset, we can see that conversion of cropland to native
vegetation (either grasses or forests) falls below the 1:1 line (shown by a dashed black line).
In contrast, floodplain restoration, wetlands, farm ponds, and runoff attenuation features
all plot above the 1:1 line in Figure 3, suggesting that they provide flood risk reduction
benefits that are disproportionately larger than their areal extent. These measures appear
to be capable of reducing peak flows by 10–40% while requiring the conversion of limited
amounts of agricultural land (i.e., 4% or less of agricultural land in a watershed).
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common practice to report the water quality performance of NI measures in terms of
percentage reductions in concentrations or loads [69], such metrics may be less useful to
policymakers who are usually concerned with absolute (rather than relative) improvement
in water quality, and need to consider broader aspects of NI implementation, such as
implications for land use.
Flood reduction benefits are reported with a wide variety of metrics, which makes
it difficult to compare performance across measures. In part, the variety of metrics may
reflect the reliance on model simulation, rather than field data collection, to evaluate the
impacts of NI on flooding. Measures such as wetlands and riparian buffers are most
commonly represented within watershed (hydrologic) models, whereas measures such as
ditches and floodplains are more commonly simulated in hydraulic models, both of which
report flood-relevant outcomes in very different ways (e.g., percent reduction in peak flows
for hydrologic models vs. reduction in flood depth at a particular location for hydraulic
models). In addition, as shown in Table 4, flood mitigation performance is reported across
a wide range of storm sizes, further complicating attempts at comparison across measures
and studies.
Table 4 suggests that two NI measures—depressional wetlands and cropland conversion to native forest—are likely to be very beneficial for flood risk reduction, as gauged by
percentage reduction in peak flow. Farm ponds and floodplain restoration also perform
well, ranking as “Medium” (“Few; High” and “Many; Medium”) on Figure 1. Other studies (e.g., [70–72]) have likewise identified these measures as having flood risk reduction
benefits. Table 4 highlights the paucity of studies on NI measures such as two-stage ditches,
which provide water storage and so could be anticipated to provide flood reduction benefits.
We call for research into the potential flood mitigation benefits of these practices.
We used the data in Table 4 to identify those NI measures for which there is good
evidence of Medium or High impacts on water quality and/or flooding, where “Medium”
and “High” correspond to N removal rates in excess of 500 kg N ha−1 yr−1 and to peak
flow reductions in excess of 15%. Depressional wetlands, floodplain restoration, conversion
of cropland to native vegetation–forest, and farm ponds are all likely to have Medium to
High impact on flood risk, as gauged by percentage reduction in peak flows. Depressional
wetlands and floodplain restoration are also likely to have Medium to High impacts on
water quality improvement, as are stream restoration, vegetated ditches, two-stage ditches,
engineered wetlands and saturated buffers. The evidence available does point to two
measures that appear promising for both improving water quality and reducing flood risk—
restoration of depressional wetlands and of floodplains. These results are summarized in
Figure 4 and suggest that downstream communities seeking to address both flooding and
water quality concerns may wish to consider prioritizing these measures.
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Figure 4. NI measures most promising for both flood mitigation and water quality improvement are shown in the middle.
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4.2. Variability in NI Performance
Although our focus has so far been on the average performance of various NI measures,
what is equally compelling in Table 4 is the high variability in reported performance for
individual measures within and across studies. This can be most easily understood for
flood risk mitigation, where data are reported from watersheds of different sizes, for storms
with different AEPs, and for varying levels of measure implementation. However, it is
also clear that the water quality improvement performance of specific practices varies
widely, with the most extreme example being that of stream restoration, where annual
nitrogen removal rates vary by several orders of magnitude. To some extent, this may be an
artifact of our “lumping” of discrete measures into the general categories shown in Table 3
and Figure 2. For example, our category of floodplain restoration includes such diverse
measures as reconfiguration of stream channels, reconnection of abandoned oxbows, levee
setback and reforestation of reconnected floodplain. Clearly, the specifics of how a given NI
measure is designed and implemented can make a considerable difference to performance.
At the same time, it is important to realize that the performance of any given NI
measure may vary across geography and time. For example, the performance of wetlands
constructed for water quality improvement can vary considerably depending on a number
of factors. While the placement of the wetland in the landscape (and the resulting flows
and nutrient loads it is able to intercept [73]) is perhaps most important, design features
such as the addition of sediment traps (to reduce wetland filling) and islands (to create
longer flow paths and hence greater hydraulic retention time) can also make a considerable
difference to performance. Likewise, the ability of a given NI measure to store floodwater
can vary considerably depending on antecedent weather conditions, which might fill the
available storage capacity [74].
For these and other reasons, we discourage decision-makers from seeking a single
“silver bullet” NI measure for large-scale implementation in the belief that it alone will
suffice to address water quality and/or flooding problems. Success would be more likely
with a system of NI measures, each targeted to particular landscape locations where they
will provide the greatest benefit [75] and arranged in series along hydrologic flow paths to
form “treatment trains” [76,77]. Recognizing that climate change is anticipated to increase
the severity of storms and that high-flow conditions potentially reduce the treatment
effectiveness of wetlands and other NI measures [78], we encourage watershed planners
to include high levels of upland water storage, even in systems designed solely for water
quality improvement, to ensure that the NI measures further downstream are able to
perform as intended.
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4.3. Land Use and NI
From the perspective of land managers charged with optimizing ecosystem service
provision in agricultural landscapes, it is vital to consider potential tradeoffs in land use
between agricultural production and the provision of clean water and flood mitigation.
To facilitate such analysis, it will be important that managers understand the area of NI
needed to achieve water quality and flood mitigation goals. Consequently, we call for a
new emphasis on reporting NI performance using area-based metrics.
For water quality, we were able to use the metric of kg N removed ha−1 yr−1 to
compare the performance of various NI measures. As shown in Table 4, when this metric is
used, the conversion of cropland to native vegetation performs far less well than structural
measures such as wetlands and stream restoration in terms of impact. We suggest that one
reason for the higher performance of structural NI measures is that they are typically sited
strategically in the landscape to intercept and treat nutrient-rich flows [73]. In contrast, the
choice of locations for cropland conversion is often driven more by interest in reducing
erosion and/or providing wildlife habitat, with little or no consideration given to the
potential for flow interception. A second difference between structural and vegetative NI
measures is that the former provides some level of water storage; given the importance
of hydrologic retention time for nitrogen processing [73], it may be that the provision of
water storage increases water quality performance.
Turning to flood mitigation, Figure 3 is an attempt to analyze the land use implications of various NI measures in the absence of area-based performance metrics. In
Figure 3, it clear that those NI measures which increase available storage for water in the
landscape—such as farm ponds, floodplain restoration, runoff attenuation features and
wetlands—provide disproportionately greater flood reduction benefits than does conversion of cropland to native vegetation. Peak flow reductions in excess of 10% can be achieved
using 10% or less of watershed area for structural NI measures but achieving the same peak
flow reduction requires conversion of 30% or more of cropland in the watershed to native
vegetation. Iacob et al. [28] likewise noted that achieving a large reduction in peak flows
required a large expansion of forested land in an agricultural watershed. While cropland
conversion can impact flood flows via increased infiltration and roughness, it does not
create additional storage volume, and this may account for its reduced performance. We
suggest, therefore, that in situations where it is desirable to minimize cropland conversion,
managers interested in the use of NI for flood risk reduction consider prioritizing those
(structural) NI measures that create additional storage capacity.
4.4. NI Measures in the Watershed Context
Our review has shown that a variety of NI measures, occupying different landscape
positions from uplands to floodplains on large rivers, can provide water quality improvement and flood mitigation benefits. This is important because it provides flexibility to
accommodate the differing needs and desires of various stakeholders in different locations
in the watershed. If landowners in the more upland portion of a watershed are unwilling
to implement NI, downstream communities can still pursue opportunities for floodplain
restoration on higher-order streams and rivers. Conversely, if existing built infrastructure
makes floodplain restoration prohibitively expensive, communities can invest in more
distributed NI measures further upstream.
Our analysis is based on reported NI performance of individual NI measures at relatively small scales, from individual monitoring sites to small (less than 3500 ha) watersheds.
We urge caution in extrapolating the data shown in Table 4 to larger scales. For flood
mitigation in particular, the benefits of NI will decrease with downstream distance from the
site of intervention. An additional complication for flooding is the potential for interactive
effects between NI measures on different tributaries, which can be beneficial or detrimental
(depending on whether flood peaks are synchronized or desynchronized) depending on
channel and watershed configurations [26,71,79].
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Finally, we return to the idea introduced above that NI is likely to be most effective
when implemented as a system of different NI measures in different landscape positions
within a watershed. Figure 5 shows what this could look like, incorporating a variety of NI
measures that are rated “Medium” or “High” for water quality or flood mitigation benefits.
In designing such systems of NI measures, there is a clear need to better understand how
multiple NI measures interact with one another and at scale. Given the challenges of
monitoring, and the importance of being able to simulate the impacts of different NI implementation scenarios, this will require sophisticated modeling that can simulate changes
in rainfall–runoff relationships, flow routing, channel morphology and biogeochemical
processing. Such modeling is likely to be data-intensive, time-consuming, and, therefore,
expensive. Our analysis suggests that there may be value in a simplistic approach, as
follows. For both water quality improvement and flood risk reduction, it appears that
there may be a relationship between water storage and NI performance. If this is correct,
then communities could evaluate different NI implementation scenarios by comparing
16 ofthe
20
aggregated volume of new storage provided by NI measures across the watershed.

Figure 5. Example of different NI measures in different landscape positions throughout a watershed.
Figure 5. Example of different NI measures in different landscape positions throughout a watershed.
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Our analysis also highlights the difficulty of comparing the performance of multiple
types of NI given the wide variety of metrics used for reporting improvements in water
quality and flood risk reduction. In part, this reflects the variety of approaches (direct
monitoring, hydrologic modeling and hydraulic modeling) used to assess performance,
as well as the location and scale at which performance is assessed. In order to facilitate
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Our analysis also highlights the difficulty of comparing the performance of multiple
types of NI given the wide variety of metrics used for reporting improvements in water
quality and flood risk reduction. In part, this reflects the variety of approaches (direct
monitoring, hydrologic modeling and hydraulic modeling) used to assess performance,
as well as the location and scale at which performance is assessed. In order to facilitate
comparison between measures, and to assist decision-makers who often need to understand
the absolute (rather than relative) value of various NI measures in attaining regional water
quality or flood reduction goals, we encourage researchers to report the results of their work
in absolute (e.g., N removal per unit area of measure) rather than relative (e.g., percentage
reduction of flow or contaminant) metrics.
Recognizing that in agricultural landscapes the implementation of NI will require
modest conversion out of cropland (though this may be only temporary in some cases,
such as runoff attenuation features), we sought to determine which NI measures could be
integrated into the landscape with minimal cropland conversion. Again, the limited use of
area-based metrics in reporting NI performance made this challenging. Our preliminary
assessment suggests that structural measures that provide new water storage capacity,
such as created and restored wetlands and restored floodplains, may be more effective
than vegetative measures (cropland conversion). This may reflect a combination of factors:
the importance of water storage in flow modification, the increase in hydraulic retention
time (and increased biogeochemical processing capacity) associated with increased water
storage, and the (usually) strategic placement of structural measures to intercept important
flow paths.
In summary, we recommend that communities experiencing water quality and flooding problems consider the role that NI measures in upstream agricultural watersheds could
play in addressing these problems. Our analysis suggests that there is the potential for
NI measures implemented across the landscape from farmers’ fields to river floodplains
to provide Medium to High benefits to water quality and flood risk reduction. While
additional work is needed to assess the benefits of more recent and innovative measures
such as runoff attenuation features and two-stage ditches, there is sufficient evidence on
more established measures such as restoration of floodplains and depressional wetlands to
support their inclusion in local government watershed management plans.
Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/w13243579/s1, Table S1: Expanded results from Table 4 for water quality improvement natural
infrastructure measures, and Table S2: Expanded results from Table 4 for flood mitigation natural
infrastructure measures.
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