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Abstract. Wetlands in farmland are at risk of contamination by fertilizers and pesticides. One recommendation for reducing wetland contamination is to maintain a buffer of contiguous uncropped land around the
wetland (a wetland buffer). Many agricultural water protection policies around the world recommend 5 to
50-m wide uncropped buffers around water bodies, but it is unclear how large wetland buffers must be to
effectively protect against these chemicals. In addition, it is unclear whether wetland buffers have similar—or
stronger—effects on fertilizer and pesticide contamination than reducing the amount of cropped land within
the larger landscape context around wetlands. Our study, conducted across 37 wetlands in eastern Ontario,
Canada, addressed the following questions: (1) Does increasing buffer width, or increasing the amount of
contiguous uncropped land within recommended buffer width guidelines, reduce nutrient and pesticide
levels in agricultural wetlands? (2) Does increasing uncropped land cover in the broader landscape reduce
nutrient and pesticide levels in agricultural wetlands? and (3) What is the relative importance of buffer size
and landscape-scale uncropped cover for reducing nutrient and pesticide levels in agricultural wetlands? A
rigorous site selection process was employed to minimize the correlation between buffer size and landscapescale uncropped cover, minimize spatial gradients in these predictor variables, and minimize variation in
potentially confounding variables. We obtained nutrient and pesticide data by collecting water samples from
each wetland under similar weather conditions in June–July 2015. Nitrate concentrations were measured
using ion chromatography, and atrazine and neonicotinoid (pesticide) concentrations using a combination of
high-performance liquid chromatography and mass spectrometry. We found that nitrate, atrazine, and neonicotinoid concentrations in study wetlands were unaffected by wetland buffer size. However, concentrations
of each chemical decreased with uncropped land cover in the surrounding 150 to 300-m radius landscapes.
To effectively protect water in agricultural wetlands from contamination by nitrate-based fertilizers and atrazine or neonicotinoid pesticides, we recommend either increasing the policy-recommended width of wetland
buffers to at least 150 m, or abandoning the buffer paradigm in favor of landscape-scale conservation.
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INTRODUCTION

pesticide contamination in nearby water bodies,
with negative consequences for ecosystem health
(Carpenter et al. 1998, EC-WSTD 2011, Sch€afer
et al. 2011). Nutrients such as nitrogen and

Increasing agricultural land use and farming
intensity can increase nutrient loads and
❖ www.esajournals.org

1

April 2019

❖ Volume 10(4) ❖ Article e02661

SAWATZKY AND FAHRIG

Niagara Planning and Development Services
Department 2014); in the USA, buffer width recommendations range from 4.6 to 106.7 m (McElﬁsh et al. 2008). Similar guidelines exist in other
parts of the world, such as Europe, South America, and Australia (State of Western Australia
2005, European Court of Auditors 2014,
Machado and Anderson 2016). Buffers along rivers and streams have been shown to intercept
runoff, reduce nutrient loads, and reduce pesticide contamination (Castelle et al. 1994, Vought
et al. 1995, Wenger 1999).
However, it is unclear what size of buffer
would effectively protect water quality in lentic
agricultural wetlands. This is partly because
most ﬁeld studies of buffer effectiveness have
focused on riparian buffers along streams and
rivers rather than on buffers around lentic wetlands in regions with ﬂat topography, as in many
agricultural regions. Furthermore, studies focusing on riparian buffers along streams and rivers
have come to widely different conclusions, with
different studies recommending buffer widths
anywhere between 5 and 90 m (Castelle et al.
1994, Vought et al. 1995, Wenger 1999, Rasmussen et al. 2011). In addition, buffer size is difﬁcult to measure. Ofﬁcial buffer guidelines
usually focus on buffer width, measured in an
agricultural context as the minimum distance
from a water body to cropped land (OFEC et al.
2004, McElﬁsh et al. 2008, European Court of
Auditors 2014), but real buffers vary in width.
The most ecologically relevant way to measure
buffer size has not been empirically determined
and is rarely discussed in buffer guideline
documents.
The effectiveness of wetland buffers relative to
landscape-scale conservation of uncropped land
around wetlands is also unclear. Most multi-scale
studies of land use effects on water quality focus
exclusively on spatial scales larger than recommended wetland buffer widths, partly because
the resolution of available land cover maps is
often too low to examine scales smaller than
100 m (Knutson et al. 1999, Sliva and Williams
2001). However, given data of sufﬁcient resolution, it should be possible to address the
importance of wetland buffers relative to landscape-scale uncropped land around wetlands.
We examined the question of whether the use
of wetland buffers as deﬁned in existing

phosphorus occur naturally in aquatic systems,
but artiﬁcially high amounts can alter community composition via eutrophication (Carpenter
et al. 1998) and can have direct lethal or sublethal effects on aquatic species (Hecnar 1995,
Camargo et al. 2005). Agricultural pesticides
such as atrazine and neonicotinoids can also kill
or harm aquatic organisms, and reduce biodiversity (Graymore et al. 2001, EC-WSTD 2011,
Sch€
afer et al. 2011, Beketov et al. 2013, Morrissey
et al. 2015).
The most direct solution is to limit the spread
and intensiﬁcation of agriculture, and conserve
uncropped land in landscapes surrounding water
bodies of interest, such as wetlands. Crosbie and
Chow-Fraser (1999) found that nutrient levels in
marshes increased with the percentage of farmland in the watershed and decreased with the
amount of woodland in the watershed. Similarly,
Houlahan and Findlay (2004) showed that nitrogen and phosphorus concentrations in wetlands
declined as woodland cover in the surrounding
landscape increased. Smaller-scale studies suggest
that pesticide levels in water bodies also increase
with the amount of nearby agriculture (Rasmussen et al. 2011, McMurry et al. 2016).
However, conserving uncropped land at a
landscape scale around wetlands in agricultural
regions can be challenging. For instance, the
appropriate landscape scale is unclear: Different
studies have found surrounding land use from a
100-m radius up to the entire watershed to significantly affect water quality in lentic wetlands
(Crosbie and Chow-Fraser 1999, Houlahan and
Findlay 2004, Declerck et al. 2006). Furthermore,
if the appropriate landscape scale exceeds the
size of one person’s property, landscape-scale
conservation would require coordinating the
efforts of multiple landowners.
Another way to reduce agricultural wetland
contamination is to implement buffers, that is,
strips of uncropped land adjacent to wetlands
(Muscutt et al. 1993, Castelle et al. 1994, Coukell
et al. 2004). Buffers have been recommended
around water bodies by local, regional, and
national governments in many parts of the
world. In Canada, buffers 5–120 m wide are frequently recommended for aquatic habitat protection, with most recommendations falling
between 5 and 50 m (Huel 2000, Coukell et al.
2004, PEI Legislative Counsel Ofﬁce 2012,
❖ www.esajournals.org
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guidelines, or landscape-scale conservation of
uncropped land is a more effective tool for protecting lentic agricultural wetlands from contamination by fertilizers and pesticides. With the
help of high-resolution land cover maps, we used
a focal patch study design to examine the effects
of buffer size and landscape-scale uncropped
cover on nitrate, atrazine, and neonicotinoid
levels in wetlands. Speciﬁcally, we addressed
three questions:

this in several steps. First, we used existing
shapeﬁles and aerial photographs in ArcGIS
(ESRI 2015) to locate wetlands in our study
region. We then minimized variation in potentially confounding variables by limiting wetlands
considered to those with clearly deﬁned edges
(that is, ponds) of similar sizes (<0.5 ha), that
were at least 150 m from major watercourses and
at least 40 m from roads, and that occurred in
landscapes with low amounts of developed land
and pasture (<10% cover of each) and low road
density (<2.5 km road/km2, with all roads ≤2
lanes wide). This step resulted in ~300 potential
study wetlands. Next, we estimated predictor
variable values for each of these wetlands by
measuring landscape-scale woodland around
each wetland (our best measure of uncropped
land during site selection) using existing shapeﬁles in ArcGIS, and measuring wooded buffer
size (our best measure of uncropped buffers during site selection) from aerial photographs in
ArcGIS. Note that buffers in our study region frequently varied in width around the wetland
perimeter, likely because they existed for historical reasons rather than representing a conscious
decision by landowners to implement buffers
based on ofﬁcial guidelines. Once we had predictor variable estimates, we identiﬁed wetlands
with the two rare predictor variable combinations, (1) small buffers and high landscape-scale
uncropped cover and (2) large buffers and low
landscape-scale uncropped cover, and that were
at least 2 km apart, to avoid spatial autocorrelation as much as possible while providing adequate sample size. We contacted landowners
who had wetlands in these categories on their
properties, and received permission to study 9–
10 wetlands for each of the rare predictor variable combinations. We then approached other
landowners to acquire similar numbers of study
wetlands—also at least 2 km apart—with the
two more common predictor variable combinations, (3) small buffers and low landscape-scale
uncropped cover, and (4) large buffers and high
landscape-scale uncropped cover. To avoid spatial gradients in predictor variables, we selected
these wetlands such that they were interspersed
among the type (1) and (2) wetlands already
selected (Fig. 1). We note that when we re-calculated buffer sizes later in this work (see
Uncropped land, buffer size, and landscape scale),

1. Does increasing buffer width, or increasing
the amount of contiguous uncropped land
within recommended buffer width guidelines, reduce nitrate and pesticide levels in
agricultural wetlands? If so, how large
should wetland buffers be?
2. Does increasing uncropped land cover in
the broader landscape reduce nitrate and
pesticide levels in agricultural wetlands?
3. What is the relative importance of buffer
size and landscape-scale uncropped cover
for reducing nitrate and pesticide levels in
agricultural wetlands?

METHODS
Study region
All research was conducted in the agriculturedominated region of eastern Ontario, Canada, in
the Mixedwood Plains ecozone (Fig. 1). Topography of this region is very ﬂat, and soils are primarily brunisols and gleysols on a base of
sedimentary rock. Approximately 50% of this
region is farmed, 20% is woodland, 10% is wetland, 10% is a combination of woodland and
wetland, and 4% is developed; the remainder
consists of a variety of land uses such as quarries
and abandoned farmland. Most woodland in this
region is unmanaged. Nitrogen is applied to crop
ﬁelds at rates of ~15–314 kg/ha, and total pesticides are applied at rates of ~1 kg/ha (Huffman
et al. 2008, McGee et al. 2010).

Site selection
Overall, our goals in wetland selection were to
minimize the correlation between the two predictor variables (landscape-scale uncropped cover
and buffer size), avoid spatial gradients in predictor variable values, and minimize variation in
potentially confounding variables. We achieved
❖ www.esajournals.org
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Fig. 1. Locations of the 37 study wetlands in agricultural landscapes in the Mixedwood Plains ecozone of eastern Ontario, Canada. The dashed line shows the boundary between the Mixedwood Plains ecozone (south and
east) and the Boreal Shield (northwest). Wetlands were selected to minimize correlations between our two predictor variables—buffer size and landscape-scale uncropped cover—and to minimize spatial gradients in these variables by interspersing sites with dissimilar predictor variable values. Although buffer size and landscape-scale
uncropped cover were continuous variables in analyses, for the purposes of this map, buffer widths are large if
larger than the median buffer width (8 m) and small otherwise, and percent uncropped land cover is high if
higher than the median percentage of land within 200 m of the wetland that was uncropped (44%), and low
otherwise.

respectively. None of the study wetlands was
adjacent to pasture.
Data sources and software.—Most of the wetland,
landscape, and buffer information used during
site selection was collected from government
maps and aerial photographs. Potential study
wetlands were located using the Wetland Unit
dataset (OMNR 2011), the Ontario Hydro Network Waterbody dataset (OMNR 2010), aerial
photographs from the Digital Raster Acquisition
Project Eastern Ontario (OMNR 2009), and satellite imagery from Google Maps (Google 2015). Buffer size was estimated from the above-mentioned

our distribution of study sites across predictor
variable combinations (1–4) became less uniform,
but a minimum of ﬁve study wetlands still fell
into each of the four categories (Fig. 1).
Through this process, we ultimately selected
37 ponds for study (Fig. 1). All studied ponds ﬁt
the ecological deﬁnition of wetlands: Areas covered with water and characterized by vegetation
adapted to water-saturated soils. Three of these
study wetlands were natural; the remainder were
originally dug or blasted but had not been used
for agriculture (e.g., for irrigation or watering
livestock) or quarrying for at least 5 or 20 yr,
❖ www.esajournals.org
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minimum of 36 h after rain events of more than
2 mm, to avoid potentially confounding effects
of major rains. On each sampling occasion, we
collected the water sample(s) from one location
in the wetland, away from dense vegetation or
algae and ~2 m from shore, by wafting sampling
bottles gently up and down through the middle
80% of the water column. Water samples to be
analyzed for nitrate were collected in polyethylene terephthalate bottles, and those to be analyzed for pesticides in amber glass bottles. All
water samples were refrigerated at 4–5°C until
analysis and were analyzed by laboratories
accredited by the Canadian Association for Laboratory Accreditation (Ottawa, Ontario, Canada).
One June water sample and the July water
sample from each wetland were analyzed for
nitrate within 5 d of sampling using ion chromatography with chemical suppression of eluent
conductivity. This work was conducted by Laboratory Services at the City of Ottawa using an ion
chromatograph (ICS-1000; Dionex, Sunnydale,
California, USA) interfaced with Chromeleon
analytical software (version 6.8; Dionex 2006;
details in Haas et al. 2015, Sawatzky 2016). The
lower detection limit for nitrate was 0.04 mg/L,
which is <1% of the minimum concentration at
which nitrate is thought to be detrimental to the
long-term health of freshwater organisms
(CCME 2014).
The second June water sample from each wetland was analyzed for atrazine and neonicotinoids (acetamiprid, clothianidin, imidacloprid,
and thiomethoxam) in September–October 2015
using solid phase extraction followed by highperformance liquid chromatography-mass spectrometry (HPLC-MS; details in Prosser et al.
2016, Sawatzky 2016, Robinson et al. 2017). This
work was conducted by Laboratory Services at
Environment Canada’s National Wildlife Research
Centre. An Oasis HLB cartridge (225 mg, 60-lg
particle size, Waters, Massachusetts, USA) was
used for solid phase extraction, and a high-performance liquid chromatograph (1200 Series; Agilent Technologies, Santa Clara, California, USA)
coupled with a mass spectrometer (API 5000
Triple Quadropole Mass Spectrometer and Turbo
V; SCIEX, Framingham, Massachusetts, USA)
and Analyst software (version 1.5; SCIEX 2010)
for HPLC-MS. The lower detection limits were
0.00040 lg/L (atrazine), 0.00010 lg/L (acetamiprid),

aerial photographs and satellite imagery. Woodland cover within a 1-km radius of potential
study wetlands (our estimate of uncropped land
cover during site selection) was based on the
Agricultural Resource Inventory (OMAFRA
2010) and the Southern Ontario Land Resource
Information System (OMNR 2002). Other information about surrounding landscapes was gathered from these sources, as well as from the
Ontario Hydro Network Small Scale Watercourse
dataset (OMNR 2012) and the National Road
Network Ontario dataset (OMNR 2014). Information about wetland history and current usage
was gathered by speaking with landowners and
through ﬁeld observations. All calculations of
wetland size, landscape-scale variables, and buffer size were conducted in ArcMap 10.3.1 (ESRI
2015).

Nutrient and pesticide levels
We measured concentrations of nitrate, the herbicide atrazine, and four neonitcotinoid insecticides (acetamiprid, clothianidin, imidacloprid, and
thiomethoxam) in all study wetlands during the
2015 growing season. Nitrate is one of the most
common contaminants from agricultural fertilizers
(Ongley 1996), and atrazine and neonicotinoids
are common agricultural pesticides of concern
(Graymore et al. 2001, Main et al. 2014, Schaafsma
et al. 2015). In sufﬁcient concentrations, all of these
chemicals can be detrimental to aquatic organism
health or survival, and can change community
composition (Carpenter et al. 1998, Beketov et al.
2013, CCME 2014, Morrissey et al. 2015).
We collected two water samples from each
wetland in June 2015—one to be assessed for
nitrate and the other to be assessed for atrazine
and neonicotinoids—as well as one sample in
July 2015 to be assessed for nitrate. We expected
agricultural chemical contamination to be greatest in June (Lapp et al. 1998, Byer et al. 2011,
Main et al. 2014) and therefore had initially
planned to sample water in June only. However,
we took an additional water sample to test for
nitrate in July because we had detected nitrate in
very few wetlands in June and we wanted to be
sure that we were not missing critical information. In each sampling period, we sampled southerly sites ﬁrst, because we expected that
fertilizers and pesticides would be applied earlier
at lower latitudes. We took all water samples a
❖ www.esajournals.org
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0.00025 lg/L (clothianidin), 0.00025 lg/L (imidacloprid), and 0.00020 lg/L (thiamethoxam). These
detection limits represent concentrations <1% of
minimum concentrations thought to be detrimental to freshwater organisms in the long term
(CCME 2014).
Nitrate concentrations were converted to binary values (0 if never detected or 1 if detected)
due to low detection rates (see Results). Atrazine
concentrations were used without modiﬁcation.
We summed acetamiprid, clothianidin, imidacloprid, and thiamethoxam concentrations to create
a single variable, neonicotinoid concentration,
because detection rates for several individual
neonicotinoids were low (see Results), and
because all four neonicotinoid insecticides are
believed to have similar toxicity to aquatic organisms (Morrissey et al. 2015). If a pesticide was
not detected in a wetland, its concentration was
recorded as 0 lg/L.

digitized the resulting maps in ArcGIS to gain
accurate estimates of land cover amounts around
each wetland, and then estimated percent cover
of uncropped land, buffer size, and landscape
scale as follows.
Uncropped land.—We deﬁned uncropped land
in the same way both in wetland buffers and at
the landscape scale. We focused on uncropped
land because buffer guidelines in agricultural
areas usually focus on the proximity of crops to
water bodies (C. Flemming, personal communication), and as such, they effectively consider all
uncropped land to be equivalent. We considered
that hay and row crops are frequently rotated in
our study region between and even within years,
so we deﬁned uncropped land as land used
neither for row crops nor for hay during the
study period. Most uncropped land was woodland, scrub, or meadow, with small amounts of
residential land, pasture, orchards, roads, or
quarries.
Buffer size.—We measured buffer size in three
ways: wetland buffer width, area-based correspondence with buffer guidelines, and perimeter-based correspondence with buffer guidelines
(Fig. 2). Buffer width was measured as the minimum width of adjacent uncropped land, in
meters, as per Ontario guidelines (C. Flemming,
personal communication). Area-based correspondence with buffer guidelines was measured as
the percentage of the area circumscribed by a recommended buffer width that contained uncropped
land contiguous with the wetland edge. Perimeter-based correspondence with buffer guidelines
was measured as the percentage of a wetland’s
perimeter that was contiguous with uncropped
land at least as wide as a recommended buffer
width. For the area-based and perimeter-based
measurements of correspondence with buffer
guidelines, we examined seven buffer widths
recommended in Ontario: 5, 9, 13, 16, 30, 50, and
120 m (Coukell et al. 2004, OFEC et al. 2004,
Niagara Planning and Development Services
Department 2014). Although we focused on
Ontario guidelines here, our ﬁndings are relevant
to other regions because most buffer policies
around the world have minimum width recommendations of 5–50 m, with occasional recommendations of ~100 m (State of Western
Australia 2005, McElﬁsh et al. 2008, European
Court of Auditors 2014, Macfarlane et al. 2014).

Uncropped land, buffer size, and landscape scale
The two main predictor variables were (1) buffer size (Questions 1 and 3) and (2) uncropped
cover in the landscape within an appropriate distance of each wetland (Questions 2 and 3). During site selection, we used woodland to estimate
buffer size and uncropped land cover within
1 km of wetlands, because information about
woodland was readily available and relatively
precise, and woodland and agricultural cover are
strongly negatively correlated in our study
region (r  0.8). Although this approximation
was necessary during site selection, we manually
obtained more detailed, up-to-date measures of
predictor variables immediately after our water
sampling period, in August 2015.
To update our predictor variable estimates, we
took copies of the aerial photographs used during site selection to the ﬁeld, and manually
examined the area within 700 m of study wetlands, the maximum practical scale for this onthe-ground mapping. Due to the very ﬂat topography of the study region, mapping cover types
at a watershed scale was neither feasible nor
likely to be a critical component in explaining
wetland water quality. We identiﬁed land cover
as row crop (e.g., corn or soybean), hay, pasture,
orchard/vineyard, woodland, scrub, meadow,
residential, road, or quarry, and recorded these
cover types on the aerial photographs. We
❖ www.esajournals.org
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Fig. 2. The three ways that buffer size was measured. (A) Buffer width was measured as the minimum distance from the wetland edge to crop ﬁelds. (B) Area-based correspondence with buffer guidelines was measured
as the percentage of the area within a recommended buffer width that contained uncropped land contiguous
with the wetland edge. (C) Perimeter-based correspondence was measured as the percentage of the wetland
perimeter that had a buffer at least as wide as a recommended buffer width.

Landscape scale.—We measured percent uncropped land cover within 50, 100, 150, 200, 250, 300,
400, 500, 600, and 700-m radii around wetlands,
and determined the most appropriate landscape
scale using multi-scale analyses (see Analyses).
We used 50 m as the smallest radius to ensure
that our landscapes were larger than most
recommended buffer widths for aquatic habitat
protection (typically ≤50 m, although they can
reach >100 m), and 700 m as the largest due to
logistical constraints. We examined radii in increments of 50 or 100 m so that we would have
high precision when ﬁnding the appropriate
landscape scale, while also examining landscape

We note that by measuring buffer sizes in the
ﬁeld in August, we obtained a generous, rather
than conservative, estimate of buffer size. Wetlands in our area are largest in spring after snowmelt, and subsequently shrink. Thus, if a farmer
planted crops to the edge of a wetland (zero buffer) in spring, by August, when we measured
buffer size, the wetland would have appeared to
have a buffer several meters in width. Buffer
guidelines are unclear about the time of year at
which buffers should be measured, but we estimate that our measured buffers of 2 m or less in
August represent ponds that earlier in the year
would have had zero buffer.
❖ www.esajournals.org
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scales with different enough uncropped cover
values that differences in models run at various
landscape scales (see Analyses) would be
meaningful.

quality variable was indicated by the analysis
producing the highest pseudo-R2 or R2 value
for the relationship between that variable and
uncropped land cover. Based on these analyses,
in addressing our main objectives we identiﬁed
150 m as the landscape radius for nitrate, 300 m
as the landscape radius for atrazine, and 200 m
as the landscape radius for neonicotinoids (see
Results).
Evaluation of study questions.—We evaluated
and compared the effects of buffer size and landscape-scale uncropped cover on nitrate detection
and atrazine and neonicotinoid concentrations
using multiple regression. The full models for
each water quality variable were structured
as follows: Water quality variable = b0 + b1 9
(buffer size) + b2 9 (uncropped cover in landscape at its appropriate scale). We measured buffer size in 15 ways: buffer width, area-based
correspondence with seven different buffer
guidelines, and perimeter-based correspondence
with seven different buffer guidelines. Therefore,
for each of the three water quality response variables we examined 15 full models, each with one
of the 15 buffer variables and uncropped cover in
the landscape (at its appropriate scale). For each
of the three water quality response variables, we
also evaluated all 16 of the sub-models containing only one predictor each, that is, one of the 15
ways of measuring buffer size or the landscape
predictor variable (uncropped cover at its appropriate scale), and evaluated the intercept-only
null model. The landscape variable was always
percent uncropped cover within the area from
the edge of the wetland to the appropriate landscape scale of 150, 300, or 200 m, for nitrate, atrazine, and neonicotinoids, respectively. We used
logistic regression models for nitrate (0 = not
detected, 1 = detected), and log-linear regression
models for atrazine and neonicotinoid concentrations. We standardized all predictor variables to
a mean of 0 and standard deviation of 1 for these
analyses. For each water quality variable, we
evaluated buffer size effects (Question 1) by looking at the 15 sub-models with only a buffer size
predictor variable—that is, water quality variable = b0 + b1 9 (buffer size)—and we evaluated
landscape-scale uncropped cover effects (Question 2) by looking at the one sub-model with
only uncropped cover in the landscape at its
appropriate spatial extent—that is, water quality

Analyses
Our main study questions dealt with the
effects of buffer size and landscape-scale
uncropped cover on wetland nutrient and pesticide levels. Before we could address these questions, we conducted a preliminary analysis to
ﬁnd the appropriate landscape scale(s), that is,
the scale(s) at which uncropped cover most
strongly affected our water quality variables. We
then evaluated our main study questions by
examining the relationships between nitrate/atrazine/neonicotinoid concentrations and (1) buffer
size (Questions 1 and 3) and (2) landscape-scale
uncropped cover (Questions 2 and 3). Post hoc,
we checked for effects of geographical location
by comparing response variable values found in
the southwestern vs. northeastern portions of
our study area (Fig. 1) and checking residuals of
all models for spatial autocorrelation. All statistical tests were performed in R (version 3.4.3; R
Core Team 2017). R2 values, regression coefﬁcients, and P values were calculated using base R
packages. Pseudo-R2 values were calculated
using the package, pscl (Jackman 2017). Moran’s
I spatial autocorrelation tests were performed
using the package, ape (Paradis and Schliep
2018). We omitted one of the 37 study wetlands
from analyses of nitrate because we were only
able to visit it once, rather than twice. Data used
in these analyses are available through Mendeley
Data (Sawatzky and Fahrig 2019).
Landscape scale.—We found the most appropriate landscape scale for each water quality variable by examining the relationships between the
water quality variables and percent cover of
uncropped land within 50, 100, 150, 200, 250,
300, 400, 500, 600, or 700 m from the wetland
edge. For nitrate, we conducted a logistic regression of nitrate detection (0 = not detected,
1 = detected) on percent uncropped land cover,
and calculated Nagelkerke’s pseudo-R2, at each
spatial scale. For atrazine and neonicotinoids, we
conducted log-linear regressions of pesticide concentrations on percent uncropped land cover,
and calculated R2, at each spatial scale. The
appropriate landscape scale for each water
❖ www.esajournals.org

8

April 2019

❖ Volume 10(4) ❖ Article e02661

SAWATZKY AND FAHRIG

variable = b0 + b2 9 (uncropped cover in landscape at its appropriate scale). To evaluate significance, we used a = 0.05. We evaluated relative
effects of buffer size and uncropped cover in the
landscape (Question 3) by examining the 15 full
models that contained both a buffer size variable
and uncropped cover in the landscape—that is,
water quality variable = b0 + b1 9 (buffer size) +
b2 9 (uncropped cover in landscape at its appropriate scale). Here we examined not only which
predictor variables had signiﬁcant effects, but
also the relative effect sizes (partial standardized
regression coefﬁcients) of the predictor variables.
Effects of geographical location.—After addressing the main study questions, we conducted further tests to conﬁrm that geographical position
did not unduly inﬂuence our results. First, we
used Moran’s I tests to check for spatial autocorrelation of model residuals. In addition, because
our study sites occurred in two distinct parts of
the Mixedwood Plains ecozone (northeast and
southwest, henceforth sub-regions; Fig. 1), and
nitrate detection rates differed between these two
sub-regions (Appendix S1: Fig. S1), we re-ran all
models used to evaluate study questions (Evaluation of study questions), with study sub-region
incorporated as an additional predictor variable,
to see if the previously observed effects of predictor variables would still be present after accounting for sub-region.

neonicotinoid concentration (Fig. 3). Uncropped
land cover at these spatial scales around study
wetlands ranged from 11% to 99% (mean = 49%).
Measured buffer widths were 0.85–135 m
(mean = 23 m). Five wetlands had buffers <2 m
wide. As we measured buffer width in August
after the summer dry-down, these wetlands
likely had zero buffer in spring when the crops
were planted.
Area and perimeter-based buffer sizes within a
given width guideline were highly correlated
with each other (Spearman’s q = 0.901–0.984,
depending on the width guideline) and ranged
from 30% to 100% for 5-m guidelines, and 0% to
100% for 120-m guidelines. As expected (see Site
selection), correlations between buffer size and
landscape-scale uncropped cover were relatively
low, with most Spearman’s q < 0.6, although
these correlations did increase in strength when
buffer size was measured within larger width
guidelines (Table 1). Neither buffer size nor landscape-scale uncropped cover was correlated
strongly with latitude, longitude, wetland area,
broader-scale water cover, road density, or developed land cover (Table 2).

Evaluation of study questions
Buffer effects on water quality (Question 1).—
There was little evidence for an effect of buffer
size on nitrate detection, atrazine concentration,
or neonicotinoid concentration, regardless of
whether buffer size was measured as minimum
buffer width or as correspondence with buffer
guidelines. Exceptions occurred only when 120m buffer guidelines were considered: In relation
to this width guideline, the likelihood of nitrate
detection decreased with area-based buffer size
(P = 0.043), and neonicotinoid concentration signiﬁcantly decreased with both area-based and
perimeter-based buffer size (P = 0.007 and
P = 0.002, respectively).
Landscape effects on water quality (Question 2).—
Nitrate detection probabilities, atrazine concentrations, and neonicotinoid concentrations in
wetlands decreased signiﬁcantly with the proportion of uncropped land cover within the
surrounding
landscape
(nitrate—landscape
radius = 150 m, P = 0.019; atrazine—landscape
radius = 300 m, P = 0.023; neonicotinoids—landscape radius = 200 m, P = 0.001; Fig. 4).

RESULTS
Nutrient and pesticide levels
Nitrate was detected in 16 of 36 wetlands,
with a maximum concentration of 14.28 mg/L.
Atrazine was detected in all 37 wetlands, with
concentrations of 0.0051–1.6 lg/L. Acetamiprid,
clothianidin, imidacloprid, and thiomethoxam
were detected in 2, 25, 10, and 18 wetlands,
respectively; at least one of these neonicotinoids
was detected in 28 of 37 wetlands. The maximum individual neonicotinoid concentration
was 1.3 lg/L (thiamethoxam), and the maximum total neonicotinoid concentration was
1.3231 lg/L.

Landscape scale and predictor variables
Landscape scales for the effect of uncropped
cover were 150 m for nitrate detection, 300 m
for atrazine concentration, and 200 m for
❖ www.esajournals.org
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Fig. 3. (A) Pseudo-R2 values for logistic regressions of nitrate detection in 36 wetlands, and R2 values for loglinear regressions of neonicotinoid and atrazine concentrations in 37 wetlands (36 of which were the same wetlands as for nitrate detection), on percent cover of uncropped land in the surrounding landscape. Uncropped
land cover was measured between the wetland edge and spatial extents of 50–700 m. Pseudo-R2 values were calculated using the Nagelkerke method. Spatial extents with the strongest relationship (largest pseudo-R2 or largest R2) between water quality variables and uncropped land cover were 150 m for nitrate detection, 200 m for
neonicotinoid concentration, and 300 m for atrazine concentration. These spatial extents were used as the landscape scales in subsequent analyses. (B) Distribution of percent cover of uncropped land at spatial extents of 50–
700 m around 37 wetlands—the independent variable in (A).

size on nutrient and pesticide levels in study wetlands. In additive models containing both landscape-scale uncropped cover and a buffer size
predictor variable, landscape-scale uncropped

Relative effects of landscape-scale uncropped land
and wetland buffer size on water quality (Question
3).—Landscape-scale uncropped cover had more
consistent and stronger effects than did buffer
❖ www.esajournals.org
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Table 1. Spearman’s rank correlation coefﬁcients between buffer size predictor variables and landscape-scale
uncropped cover predictor variables for 37 study wetlands.

Variable

Uncropped
land cover
within 150 m

Uncropped land
cover within 200 m

Uncropped land
cover within 300 m

Buffer width
Area-based correspondence with 5-m guideline
Perimeter-based correspondence with 5-m guideline
Area-based correspondence with 120-m guideline
Perimeter-based correspondence with 120-m guideline

0.67
0.50
0.50
0.96
0.93

0.50
0.38
0.38
0.83
0.87

0.21
0.12
0.13
0.56
0.66

Notes: Buffers were considered to include uncropped land contiguous with wetlands. Buffer size was measured either as
minimum buffer width or as the percent correspondence between the actual buffer and recommended buffer size guidelines,
ranging from 5 to 120 m. For brevity, only correlations for buffer width and 5 and 120 m guidelines are presented here. Landscape-scale uncropped land was the percentage of land within a given distance from the wetland edge that was uncropped.
Only 150, 200, and 300-m landscape scales are included here as these were the radii with the strongest effects on nitrate, neonicotinoid, and atrazine concentrations, respectively.

cover nearly always had a signiﬁcant effect on
nutrient and pesticide concentrations (13/15
models for nitrate detection, 11/15 models for
atrazine concentrations, and 13/15 models for
neonicotinoid concentrations; Appendix S2:
Tables S1–S3). Exceptions occurred when buffer
size was measured at larger spatial extents, that
is, ≥50 m, and was thus more correlated with the
landscape-scale measure of uncropped land
(Appendix S2: Tables S1–S3). In contrast, buffer
size never had a signiﬁcant effect on nutrient or
pesticide concentrations in any of the additive
models. In addition, landscape-scale uncropped
cover always had a larger standardized partial
regression coefﬁcient in additive models than
did buffer size (Fig. 5).

differed signiﬁcantly between study sub-regions
(Appendix S1: Fig. S1). When sub-region was
added to atrazine and neonicotinoid concentration models, all previously observed signiﬁcant
effects remained signiﬁcant (Appendix S2: Tables S2
and S3). Interestingly, even after accounting for
sub-region, landscape-scale uncropped cover
always had a larger standardized partial regression coefﬁcient in additive models than did
buffer size, regardless of the water quality
response variable.

DISCUSSION
Nitrate and pesticide levels in study wetlands
ranged from undetectable to harmful. Canadian
Environmental Quality Guidelines recommend
that for long-term protection of freshwater
organisms, nitrate concentrations should be
<13 mg/L, atrazine concentrations <1.8 lg/L,
and imidacloprid (neonicotinoid) concentrations
<0.23 lg/L (CCME 2014). These limits were
exceeded in four of our 37 study wetlands—we
observed one nitrate concentration of 14.28 mg/
L, and neonicotinoid concentrations of 0.29, 0.40,
and 1.32 lg/L. We also detected 12.4 mg/L
nitrate and 1.6 lg/L atrazine in two wetlands,
which approach the harmful thresholds.
Our results indicate that landscape-scale
uncropped cover at relatively small spatial
extents (150–300 m landscape radius) can reduce
nutrient and pesticide levels in wetlands more
effectively than compliance with buffer guidelines as they are currently written. This result is

Effects of geographical location
Evidence for effects of geographical location
on nitrate, atrazine, and neonicotinoids differed
depending on the water quality variable. Residuals for ~10% of nitrate detection models were signiﬁcantly spatially autocorrelated (Appendix S1:
Table S1), and nitrate was detected more often in
southwestern study sites than in northeastern
ones (Appendix S1: Fig. S1). When sub-region
was added to nitrate detection models, approximately half of the previously observed signiﬁcant effects retained their statistical signiﬁcance
(Appendix S2: Table S1). In contrast, we did not
observe any spatial autocorrelation of model
residuals for atrazine or neonicotinoid concentrations (Appendix S1: Tables S2 and S3), and neither atrazine nor neonicotinoid concentration
❖ www.esajournals.org
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Table 2. Spearman’s rank correlation coefﬁcients between predictor variables and potentially confounding
variables for 37 study wetlands.
Wetland
area

Water cover
within 1 km

Road
density
within 1 km

Developed land
cover within 1 km

Variable

Latitude

Longitude

Buffer width
Area-based correspondence
with 5-m guideline
Perimeter-based correspondence
with 5-m guideline
Area-based correspondence
with 120-m guideline
Perimeter-based correspondence
with 120-m guideline
Uncropped land cover within 150 m
Uncropped land cover within 200 m
Uncropped land cover within 300 m

0.15
0.01

0.28
0.18

0.21
0.16

0.17
0.04

0.16
0.09

0.04
0.03

<0.005

0.19

0.15

0.02

0.12

0.05

0.21

0.34

0.24

0.29

0.07

0.05

0.15

0.33

0.15

0.37

0.06

0.07

0.14
0.15
0.15

0.28
0.25
0.17

0.17
0.06
0.05

0.34
0.42
0.53

0.11
0.20
0.26

0.04
0.06
0.03

Notes: Predictor variables included buffer size and landscape-scale uncropped cover. Buffers were considered to include
uncropped land contiguous with wetlands. Buffer size was measured either as minimum buffer width or as the percent correspondence between the actual buffer and recommended buffer size guidelines ranging from 5 to 120 m. For brevity, only correlations for buffer width and 5 and 120-m guidelines are presented here. Landscape-scale uncropped land was the percentage of
land within a given distance from the wetland edge that was uncropped. Only 150, 200, and 300-m landscape scales are
included here as these were the radii with the strongest effects on nitrate, neonicotinoid, and atrazine concentrations,
respectively.

and atrazine and neonicotinoid concentrations.
Uncropped land cover at a landscape scale
always signiﬁcantly affected nitrate or pesticide
concentrations in univariate models. The effect of
uncropped land on atrazine and neonicotinoid
concentrations remained statistically signiﬁcant
after accounting for sub-region (Appendix S2:
Tables S2 and S3), although its effect was less signiﬁcant on nitrate after accounting for sub-region
(P = 0.065; Appendix S2: Table S1), likely because
nitrate detection was somewhat spatially autocorrelated (Appendix S1: Table S1) and because
models for nitrate detection had a simpliﬁed
response variable (nitrate concentration converted to nitrate detection, with 0 = not detected
and 1 = detected) and were thus less likely to
produce signiﬁcant results in the ﬁrst place than
models with continuous response variables. In
additive regression models, landscape-scale predictor variables always explained more variation
in nitrate and pesticide levels than did buffer size
(Fig. 5). This was true even in the few (8/45)
models where the landscape-scale variable did
not have a statistically signiﬁcant effect; the lack
of effect in these cases was probably because buffer size was measured within guidelines beginning to approach the landscape extent such that
the two predictor variables were correlated. This

highly robust. Although we examined models
using 15 different buffer size measurements for
each wetland, which should have increased the
probability of ﬁnding spuriously signiﬁcant
results, we found few signiﬁcant effects of buffer
size. The only exceptions were when buffer size
was measured in relation to a 120-m buffer
guideline—that is, as the percent cover of contiguous uncropped land within 120 m of the wetland or as the proportion of the wetland
perimeter with contiguous uncropped land at
least 120 m wide—and no landscape-scale variable was included in the model. However, the
120-m buffer guideline is very close to the empirically determined landscape scales of 150–300 m,
and buffer sizes measured within the 120-m buffer guideline were correlated with landscapescale uncropped cover (Table 1), suggesting that
the apparent effects of buffer size within the 120m buffer guideline could be due to landscapescale uncropped land. In further support of this
inference, buffer size never had a signiﬁcant
effect on nitrate detection or pesticide concentrations when landscape-scale uncropped cover was
also included as a predictor variable in the
model. In contrast to the lack of buffer effects, we
found consistently strong effects of uncropped
land cover in the landscape on nitrate detection
❖ www.esajournals.org
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Fig. 4. The effect of uncropped land cover on (A) nitrate detection, (B) atrazine concentration, and (C) neonicotinoid concentration in wetlands (n = 36 for nitrate detection; n = 37 for atrazine and neonicotinoid concentrations). All relationships were statistically signiﬁcant (P < 0.05).

wetland edge (Fig. 4), respectively. We acknowledge that the data support the choice of landscape spatial scale more clearly for nitrate
detection and neonicotinoid concentration than
for atrazine concentration (Fig. 3), but overall our
data indicate scales of effect of 150–300 m. These
empirically determined landscape scales are
smaller than those reported for rivers and
streams, which often respond to landscape composition at the scale of a catchment or watershed
(Sliva and Williams 2001, King et al. 2005). They

was also true after accounting for study subregion. In other words, uncropped land does not
need to be contiguous with wetlands to reduce
contamination by nitrate, atrazine, or neonicotinoids, and landscape-scale uncropped cover
affects levels of these chemicals more strongly
than does buffer size.
Nitrate detection rates, atrazine concentrations,
and neonicotinoid concentrations were signiﬁcantly lower in wetlands that had more
uncropped land within 150, 300, or 200 m of the
❖ www.esajournals.org
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Fig. 5. Absolute values of the ratios between partial standardized regression coefﬁcients for landscape-scale
uncropped cover and buffer size, when water quality response variables in wetlands were regressed on both predictor variables in additive models. A |ratio| > 1 (above dashed line in ﬁgure) indicates an additive model where
landscape-scale uncropped cover had a larger standardized partial regression coefﬁcient than did buffer size.
Landscape-scale uncropped cover was measured as percent cover within 150, 300, and 200 m for nitrate, atrazine, and neonicotinoid response variables, respectively. Buffer size was measured as buffer width or as areabased buffer size using one of seven buffer width guidelines (see Fig. 2); partial regression coefﬁcients for
perimeter-based buffer size (not shown) were very similar to values for area-based buffer size.

are also smaller than those reported for large wetlands: For example, Houlahan and Findlay (2004)
empirically determined that woodland cover
within 2000–2500 m of focal wetlands most
strongly explained variation in water quality.
However, Declerck et al. (2006), examining water
quality in small farmland ponds, found
❖ www.esajournals.org
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measured different water quality variables, we
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possible reason for our small landscape scales is

14

April 2019

❖ Volume 10(4) ❖ Article e02661

SAWATZKY AND FAHRIG

are more effective at intercepting particulate or
sediment-bound pollutants than those in solution
(Schmitt et al. 1999, Helmers et al. 2008).
Based on these arguments, we speculate that
our observed lack of buffer effect may apply to
many other agricultural systems. Many agricultural regions are ﬂat (e.g., North America’s
Prairie Pothole Region, England’s Fens, and China’s Huang-Huai-Hai Plain), and several components of fertilizers and pesticides are highly
soluble. If buffers are generally ineffective in this
combination of conditions, then conservation
planners in many agricultural regions should
change their focus from implementing buffers
around wetlands to limiting agricultural expansion and/or limiting the use of fertilizers and pesticides on agricultural lands.
On the other hand, it could be argued that the
lack of buffer effect we observed was because
even the smallest buffers reduced contaminants
in our wetlands. In other words, what matters
for contaminant interception is the presence of a
buffer, not the size of the buffer. Although ﬁve of
our wetlands had essentially zero buffer in the
early spring, with crops planted very close to the
edge of the wetland, these buffers became wider
throughout the summer as wetlands dried down.
Thus, all wetlands may have been buffered from
contaminants to some extent. However, if these
small buffers had been highly effective in reducing contaminants, we should not have observed
the strong effects of uncropped cover in the landscape that we did observe. Therefore, we infer
that the effectiveness of small buffers is very limited, and that the lack of buffer effect that we
observed is real.
In short, our results indicate that wetland buffers as currently deﬁned in agricultural guidelines do not effectively reduce overall nitrate and
pesticide levels in small water bodies in ﬂat agricultural areas during the growing season. Buffers
may still help to reduce acute contaminant pulses
associated with major rain events, or protect
against contaminants other than those we measured, but we cannot draw such conclusions
from our study.
It is important to note that our study was limited to the role of uncropped land—whether in
buffers or at a landscape scale—in reducing
nitrate and pesticide levels in wetlands. Thus,
evaluating the role of speciﬁc vegetation types

that the scale of effect of the uncropped land in
the landscape on nitrate and pesticide levels is
larger than the maximum scale we studied, that
is, 700 m. However, this is unlikely because the
effects of uncropped land cover on nitrate detection and pesticide concentrations leveled off or
weakened beyond 150–300 m (Fig. 3).
Due to the high correlation between uncropped
land and natural land (mainly woodland) in
our study region, we cannot say whether the
observed effects of uncropped land at a landscape scale on nitrate and pesticide levels are
caused by reduced cropland leading to decreased
chemical application, or by increased permanent
vegetation leading to increased interception of
contaminants. Previous studies have found some
evidence for both reduced agriculture and
increased forest cover reducing water contamination (Crosbie and Chow-Fraser 1999, Declerck
et al. 2006, Lee et al. 2009); however, the relative
importance of the two variables is unclear in the
literature. Disentangling the effects of woodland
and cropland on wetland contaminant concentrations would require an additional study in
which study landscapes are selected to minimize
their correlation. However, whatever the underlying mechanism, our results suggest that reducing cropped land cover in favor of uncropped
land can reduce nitrate and pesticide levels in
agricultural wetlands.
There are two main, non-exclusive potential
explanations for why we did not observe wetland
buffer effects on nitrate, atrazine, or neonicotinoids. First, wetland buffers may not be effective
against these contaminants in regions with ﬂat
topography. Our study sites were all in relatively
ﬂat areas and may have been fed less by surface
runoff than by groundwater or subsurface runoff.
A meta-analysis of nitrogen removal in buffer
zones found that buffer size had no effect on
nitrogen transport by subsurface runoff (Mayer
et al. 2007). Presumably buffers would have even
less of an effect on contaminant transport in
groundwater. Second, wetland buffers may intercept highly soluble compounds less effectively
than sediment-bound compounds. The focal
compounds in our study—nitrate, atrazine, and
neonicotinoids—are all highly soluble. Although
several studies have shown buffers to successfully intercept soluble compounds such as
nitrate, it is generally acknowledged that buffers
❖ www.esajournals.org
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outside the scope of our study. During our rigorous site selection process, we aimed to minimize
the variation of potentially confounding variables.
Some of these variables, especially roads and
urban development, may themselves affect the
water quality of wetlands. Different kinds of noncrop vegetation may also have different effects on
nitrate and pesticide concentrations in wetlands.
Further study will be necessary to determine how
contaminants from other land uses can be best
prevented from entering wetlands, and whether
the beneﬁts of uncropped land can be enhanced
by using certain vegetation types.
With these caveats in mind, we recommend
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topography. Uncropped land should be maintained within a 150 to 300-m radius of focal wetlands. This could be done through mandating
150 to 300-m wide wetland buffers such that
100% of the land within that radius would be
conserved, or by instituting landscape-scale protection measures that require landowners to conserve a certain proportion of uncropped land
within 150–300 m of wetlands on their properties. For example, our results suggest that about
40% of the landscape in uncropped land would
be sufﬁcient to reduce nitrate and pesticide concentrations in wetlands (Fig. 4).

€fer, and M.
Beketov, M. A., B. J. Kefford, R. B. Scha
Liess. 2013. Pesticides reduce regional biodiversity
of stream invertebrates. Proceedings of the
National Academy of Sciences of the United States
of America 110:11039–11043.
Byer, J. D., J. Struger, E. Sverko, P. Klawunn, and A.
Todd. 2011. Spatial and seasonal variations in atrazine and metolachlor surface water concentrations
in Ontario (Canada) using ELISA. Chemosphere
82:1155–60.
Camargo, J. A., A. Alonso, and A. Salamanca. 2005.
Nitrate toxicity to aquatic animals: a review with
new data for freshwater invertebrates. Chemosphere 58:1255–67.
Carpenter, S. R., N. F. Caraco, D. L. Correll, R. W.
Howarth, A. N. Sharpley, and V. H. Smith. 1998. Nonpoint pollution of surface waters with phosphorus
and nitrogen. Ecological Applications 8:559–568.
Castelle, A. J., A. Johnson, and C. Conolly. 1994. Wetland and stream buffer size requirements—a
review. Journal of Environmental Quality 23:878–
882.
CCME [Canadian Council of Ministers of the Environment]. 2014. Canadian water quality guidelines for
the protection of aquatic life. http://st-ts.ccme.ca/
en/index.html
Coukell, G., et al. 2004. Best management practices:
buffer strips. Ontario Federation of Agriculture,
Toronto, Ontario, Canada.
Crosbie, B., and P. Chow-Fraser. 1999. Percentage land
use in the watershed determines the water and sediment quality of 22 marshes in the Great Lakes
basin. Canadian Journal of Fisheries and Aquatic
Sciences 56:1781–1791.
Declerck, S., et al. 2006. Ecological characteristics of
small farmland ponds: associations with land use
practices at multiple spatial scales. Biological Conservation 131:523–532.
DionexTM. 2006. Chromeleon chromatography management system. Dionex, Sunnydale, California, USA.
EC-WSTD [Environment Canada, Water Science and
Technology Directorate]. 2011. Presence and levels
of priority pesticides in selected Canadian aquatic
ecosystems. En14-40/2011E-PDF. Publishing and
Depository Services Directorate, Ottawa, Ontario,
Canada.
ESRI [Environmental Systems Research Institute].
2015. ArcMap 10.3.1. Redlands, California, USA.
European Court of Auditors. 2014. Integration of EU
water policy objectives with the CAP: a partial success. Special report No 04/2014. Publications Ofﬁce
of the European Union, Luxembourg City, Luxembourg.

ACKNOWLEDGMENTS
This work was supported by a Natural Sciences and
Engineering Research Council of Canada (NSERC)
grant to Lenore Fahrig, and an Ontario Graduate
Scholarship awarded to Margaret E. Sawatzky. We
thank Cecily Flemming of the Ontario Ministry of the
Environment and Climate Change for assistance in
locating and interpreting buffer guidelines. Pesticide
analyses were designed and coordinated by Stacey A.
Robinson and Rebecca L. Dalton of Environment and
Climate Change Canada. We thank our ﬁeld assistants,
especially Christopher Love, Erik Pervin, and Katherine Petrie. We thank Scott Cooke, C. Scott Findlay,
Charles Francis, and two anonymous reviewers for
comments that improved this paper.

❖ www.esajournals.org

16

April 2019

❖ Volume 10(4) ❖ Article e02661

SAWATZKY AND FAHRIG
watersheds to water quality characteristics. Landscape and Urban Planning 92:80–89.
Macfarlane, D.M., I. P. Bredin, J. B. Adams, M. M.
Zungu, G. C. Bate and C. W. S. Dickens. 2014.
Preliminary guideline for the determination of buffer zones for rivers, wetlands, and estuaries: ﬁnal
consolidated report. WRC Report No TT 610/14.
Water Research Commission, Pretoria, South
Africa.
Machado, F., and K. Anderson. 2016. Brazil’s new Forest Code: a guide for decision-makers in supply
chains and governments. World Wildlife Fund Brazil, Brasılia, Brazil.
Main, A. R., J. V. Headley, K. M. Peru, N. L. Michel, A.
J. Cessna, and C. A. Morrissey. 2014. Widespread
use and frequent detection of neonicotinoid insecticides in wetlands of Canada’s Prairie Pothole
Region. PLoS ONE 9:e92821.
Mayer, P. M., S. K. Reynolds, M. D. McCutchen, and T.
J. Canﬁeld. 2007. Meta-analysis of nitrogen
removal in riparian buffers. Journal of Environmental Quality 36:1172–1180.
McElﬁsh Jr., J. M., R. L. Kihslinger, and S. S. Nichols.
2008. Planner’s guide to wetland buffers for local
governments. Environmental Law Institute, Washington, D.C., USA.
McGee, B., H. Berges, and D. Beaton. 2010. Survey of
pesticide use in Ontario, 2008: estimates of pesticides used on ﬁeld crops, fruit and vegetable crops,
and other agricultural crops. Ontario Ministry of
Agriculture, Food and Rural Affairs, Toronto,
Ontario, Canada.
McMurry, S. T., J. B. Belden, L. M. Smith, S. A. Morrison, D. W. Daniel, B. R. Euliss, N. H. Euliss Jr, B.
J. Kensinger, and B. A. Tangen. 2016. Land use
effects on pesticides in sediments of prairie pothole
wetlands in North and South Dakota. Science of
the Total Environment 565:682–689.
Morrissey, C. A., P. Mineau, J. H. Devries, F. SanchezBayo, M. Liess, M. C. Cavallaro, and K. Liber. 2015.
Neonicotinoid contamination of global surface
waters and associated risk to aquatic invertebrates:
a review. Environment International 74:291–303.
Muscutt, A., G. Harris, S. Bailey, and D. Davies. 1993.
Buffer zones to improve water quality: a review of
their potential use in UK agriculture. Agriculture,
Ecosystems & Environment 45:59–77.
Niagara Planning and Development Services Department. 2014. Natural environment. Section 7 in Consolidated regional ofﬁcial plan. Niagara Planning
and Development Services Department, Niagara
Region, Thorold, Canada.
OFEC, AAfc, and OMAF [Ontario Farm Environmental Coalition, Agriculture and Agri-Food Canada,
and Ontario Ministry of Agriculture and Food].

Google. 2015. Google Maps. https://www.google.ca/
maps
Graymore, M., F. Stagnitti, and G. Allinson. 2001.
Impacts of atrazine in aquatic ecosystems. Environment International 26:483–495.
Haas, A., M. Ziebell, and C. Saby. 2015. LSU the determination of ions (F, Cl, NO2, NO3, and SO4) in
water by ion chromatography. Protocol LSUW000148, version 1.0. City of Ottawa Environmental Services Department, Ottawa, Ontario, Canada.
Hecnar, S. J. 1995. Acute and chronic toxicity of ammonium nitrate fertilizer to amphibians from southern
Ontario. Environmental Toxicology and Chemistry
14:2131–2137.
Helmers, M. J., T. M. Isenhart, M. G. Dosskey, S. M.
Dabney, and J. S. Strock. 2008. Buffers and vegetative ﬁlter strips. Pages 43–58 in G. Laing, editor.
Final report: Gulf hypoxia and local water quality
concerns workshop. American Society of Agricultural and Biological Engineers, St. Joseph, Michigan, USA.
Houlahan, J. E., and C. S. Findlay. 2004. Estimating the
“critical” distance at which adjacent land-use
degrades wetland water and sediment quality.
Landscape Ecology 19:677–690.
Huel, D. 2000. Managing Saskatchewan wetlands: a
landowner’s guide. Saskatchewan Wetland Conservation Corporation, Regina, Saskatchewan, Canada.
Huffman, T., J. Y. Yang, C. F. Drury, R. De Jong, X. M.
Yang, and Y. C. Lieu. 2008. Estimation of Canadian
manure and fertilizer nitrogen application rates at
the crop and soil-landscape polygon level. Canadian Journal of Soil Science 88:619–627.
Jackman, S. 2017. pscl: Classes and methods for R
developed in the Political Science Computational
Laboratory. https://github.com/atahk/pscl
King, R. S., M. E. Baker, D. F. Whigham, D. E. Weller,
T. E. Jordan, P. F. Kazyak, and M. K. Hurd. 2005.
Spatial considerations for linking watershed land
cover to ecological indicators in streams. Ecological
Applications 15:137–153.
Knutson, M. G., J. R. Sauer, D. A. Olsen, M. J. Mossman, L. M. Hemesath, and M. J. Lannoo. 1999.
Effects of landscape composition and wetland fragmentation on frog and toad abundance and species
richness in Iowa and Wisconsin, USA. Conservation Biology 13:1437–1446.
Lapp, P., C. A. Madramootoo, P. Enright, F. Papineau, and J. Perrone. 1998. Water quality of an
intensive agricultural watershed in Quebec. Journal
of the American Water Resources Association
34:427–437.
Lee, S.-W., S.-J. Hwang, S.-B. Lee, H.-S. Hwang, and
H.-C. Sung. 2009. Landscape ecological approach
to the relationships of land use patterns in

❖ www.esajournals.org

17

April 2019

❖ Volume 10(4) ❖ Article e02661

SAWATZKY AND FAHRIG
Robinson, S. A., S. D. Richardson, R. L. Dalton, F.
Maisonneuve, V. L. Trudeau, B. D. Pauli, and S. S.
Y. Lee-Jenkins. 2017. Sublethal effects on wood
frogs chronically exposed to environmentally relevant concentrations of two neonicotinoid insecticides. Environmental Toxicology and Chemistry
36:1101–1109.
Sawatzky, M. E. 2016. Relative effects of wetland buffers and landscape composition on water quality
and anuran diversity in agricultural wetlands. Carleton University, Ottawa, Ontario, Canada.
Sawatzky, M. E., and L. Fahrig. 2019. Data from: Wetland buffers are no substitute for landscape-scale
conservation. Mendeley Data, v1. https://doi.org/
10.17632/pn9xdpvdvj.1
Schaafsma, A., V. Limay-Rios, T. Baute, J. Smith, and Y.
Xue. 2015. Neonicotinoid insecticide residues in
surface water and soil associated with commercial
maize (corn) ﬁelds in southwestern Ontario. PLoS
ONE 10:e0118139.
Sch€
afer, R. B., van den Brink P. J. and M. Liess. 2011.
Impacts of pesticides on freshwater ecosystems.
Pages 111–137 in F. S
anchez-Bayo, van den Brink P.
J., and R. M. Mann, editors. Ecological impacts of
toxic chemicals. Bentham Science Publishers, Bussum, The Netherlands
Schmitt, T., M. Dosskey, and K. Hoagland. 1999. Filter
strip performance and processes for different vegetation, widths, and contaminants. Journal of Environmental Quality 28:1479–1489.
SCIEX [Scientiﬁc Export]. 2010. Analystâ. AB Sciex
LLC, Framingham, Massachusetts, USA.
Sliva, L., and D. D. Williams. 2001. Buffer zone versus
whole catchment approaches to studying land use
impact on river water quality. Water Research
35:3462–3472.
State of Western Australia. 2005. Draft guideline for
the determination of wetland buffer requirements.
Western Australian Planning Commission, Perth,
Australia.
Vought, L. B.-M., G. Pinay, A. Fuglsang, and C. Rufﬁnoni. 1995. Structure and function of buffer strips
from a water quality perspective in agricultural
landscapes. Landscape and Urban Planning
31:323–331.
Wenger, S. 1999. A review of the scientiﬁc literature on
riparian buffer width, extent and vegetation. Ofﬁce
of Public Service and Outreach, Institute of Ecology, University of Georgia, Athens, Georgia, USA.

2004. Canada-Ontario environmental farm plan
workbook, Third edition. David Berman Communications, Ottawa, Ontario, Canada.
OMAFRA [Ontario Ministry of Agriculture, Food, and
Rural Affairs]. 2010. Agricultural resource inventory (ARI). http://geo1.scholarsportal.info
OMNR [Ontario Ministry of Natural Resources]. 2002.
Southern Ontario land resource information system (SOLRIS). http://geo1.scholarsportal.info
OMNR [Ontario Ministry of Natural Resources]. 2009.
Digital raster acquisition project for eastern
Ontario (DRAPE). http://geo1.scholarsportal.info
OMNR [Ontario Ministry of Natural Resources]. 2010.
Ontario hydro network (OHN) – waterbody.
http://geo1.scholarsportal.info
OMNR [Ontario Ministry of Natural Resources]. 2011.
Wetland unit. http://geo1.scholarsportal.info
OMNR [Ontario Ministry of Natural Resources]. 2012.
Ontario hydro network (OHN) - small scale watercourse. http://geo1.scholarsportal.info
OMNR [Ontario Ministry of Natural Resources]. 2014.
National road network Ontario (ON). www.geoba
se.ca
Ongley, E. D. 1996. Control of water pollution from
agriculture. FAO irrigation and drainage paper 55.
Food and Agriculture Organization of the United
Nations, Rome, Italy.
Paradis, E., and K. Schliep. 2018. ape 5.0: an environment for modern phylogenetics and evolutionary
analyses in R. Bioinformatics 35:526–528.
PEI Legislative Counsel Ofﬁce. 2012. Environmental
Protection Act watercourse and wetland protection
regulations. Government of Prince Edward Island,
Charlottetown, Prince Edward Island, Canada.
Prosser, R. S., S. R. De Solla, E. A. M. Holman, R.
Osborne, S. A. Robinson, A. J. Bartlett, F. J. Maisonneuve, and P. L. Gillis. 2016. Sensitivity of the
early-life stages of freshwater mollusks to neonicotinoid and butanolide insecticides. Environmental Pollution 218:428–435.
R Core Team. 2017. R: a language and environment for
statistical computing. R Foundation for Computing, Vienna, Austria.
Rasmussen, J. J., A. Baattrup-Pedersen, P. Wiberg-Larsen, U. S. McKnight, and B. Kronvang. 2011. Buffer
strip width and agricultural pesticide contamination in Danish lowland streams: implications for
stream and riparian management. Ecological Engineering 37:1990–1997.

SUPPORTING INFORMATION
Additional Supporting Information may be found online at: http://onlinelibrary.wiley.com/doi/10.1002/ecs2.
2661/full

❖ www.esajournals.org

18

April 2019

❖ Volume 10(4) ❖ Article e02661

