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Watershed land use decreases
the nitrogen limitation of benthic
algal growth in coastal wetlands
of a large oligotrophic lake

Matthew J. Cooper1,2* and Michele C. Wheeler3

1Department of Biology, Grand Valley State University, Allendale, MI, United States, 2Mary Griggs Burke

Center for Freshwater Innovation, Northland College, Ashland, WI, United States, 3Wisconsin

Department of Natural Resources, Madison, WI, United States

Introduction: Identifying patterns in the primary limiting nutrients of basal

trophic levels such as benthic algae can inform the prediction of potential

ecological responses to anthropogenic nutrient loading. In coastal wetlands of

the Laurentian Great Lakes, reduced concentrations of reactive nitrogen species

such as ammonium and nitrate may limit algal growth, especially when nutrient

loading is minimal. However, the response of benthic algae to macronutrient

inputs remains understudied, especially in Lake Superior coastal wetlands.

Methods: We conducted nutrient amendment assays using nutrient di�using

substrate devices in 25 coastal wetlands along the southwestern shore of Lake

Superior in the spring, summer, and fall. These assays allowed us to investigate

seasonal and regional variation in nutrient limitation status and the relationship

between nutrient limitation, in situ water quality (dissolved and total nitrogen

and phosphorus, water temperature, dissolved oxygen, specific conductivity, and

total suspended solids), and watershed land use.

Results: We found that nitrogen limitation was common, particularly during

summer, with 60% of wetlands exhibiting this condition, while phosphorus

limitation was not observed in any wetland during any season. The strongest N

limitation was found in wetlands of the Apostle Islands National Lakeshore where

watershed land cover was almost entirely natural. Wetlandswithmore developed

watersheds, including those of the St. Louis River Estuary, had a lower degree of

N limitation (p= 0.003). Nitrogen limitation was observed in spring, summer, and

fall, but was most pronounced in the summer.

Discussion: These findings suggest that N limitation predominates in these Lake

Superior coastal wetlands, contrasting with the well-documented phosphorus

limitation of the lake’s pelagic zone. Our study also highlights the potential for

anthropogenic N loading to stimulate excessive benthic algal growth in Lake

Superior coastal wetlands, particularly inmore developed regions. These findings

are consistent with those for coastal wetlands in other regions of the Great Lakes

and support the need for continued monitoring and targeted mitigation of both

nitrogen and phosphorus loading to shoreline habitats of large lakes.
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Introduction

The response of primary producers to nutrient availability is a fundamental aspect
of aquatic ecosystem function. The rate at which organic matter is produced is
often regulated by the availability of a particular macronutrient such as nitrogen (N),
phosphorus (P), or some other critical component of growth such as light or space
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(Vadeboncoeur et al., 2008; Harpole et al., 2011). Identifying key
limiting resources for specific functions such as primary production
can, therefore, enhance our understanding of ecological responses
to nutrient loading from surrounding watersheds. Anthropogenic
nutrient loading that results from altered watershed land use
or point sources of pollution has become the primary cause of
eutrophication and ecosystem degradation in coastal marine and
freshwater ecosystems globally (Paerl et al., 2014; Le Moal et al.,
2019; Malone and Newton, 2020). Like other freshwater and
marine systems, wetlands are also subject to deleterious effects of
anthropogenic nutrient loading, which can include loss of habitat
area (Deegan et al., 2012), altered floral and faunal communities
(Martínez-Megías and Rico, 2022), and altered biogeochemical
cycling (Chen et al., 2020).

Phosphorus commonly limits phytoplankton growth in
freshwater ecosystems (Schindler, 1977; Guildford and Hecky,
2000) and in the Laurentian Great Lakes, primary productivity in
the pelagic zone is most often limited by P availability (Lin and
Schelske, 1981). The pelagic zone of Lake Superior is particularly
P-limited (Sterner et al., 2004). Accordingly, a steadily increasing
concentration of nitrate in the water column of Lake Superior since
the early 20th Century suggests that excess reactive N remains
unused in the system due to P limitation of phytoplankton growth
(Sterner, 2011; Dove and Chapra, 2015). In contrast, growth of
shallow nearshore primary producers, especially benthic algae, has
been shown to be limited by N availability in Lake Michigan, Lake
Huron (Cooper et al., 2016), and other coastal wetlands throughout
the Great Lakes (Hill et al., 2006; Eberhard et al., 2023). Thus, the
different habitat types within these large lakes appear to respond in
markedly different ways to nutrient inputs.

Coastal wetlands throughout the Great Lakes provide critical
habitat for numerous plant and animal species (Sierszen et al.,
2012) and play a vital role in nearshore nutrient cycling (Bellinger
et al., 2014; Eberhard et al., 2023). These wetlands are often the
first habitats to receive nutrient-laden runoff from the surrounding
landscape and nutrient loading can reduce coastal wetland capacity
to provide these beneficial functions (Sierszen et al., 2006; Schock
et al., 2014). Nearly half of the coastal wetland area in the Great
Lakes has been converted to other uses and many of the remaining
wetlands have been altered (Sierszen et al., 2012). Since 2011,
a basin-wide monitoring effort has been underway to quantify
the overall ecological status of coastal wetlands in the Laurentian
Great Lakes using standardized, quantitative methods (Uzarski
et al., 2017). This program has shown that coastal wetlands in
Lake Superior are among the highest quality in the Great Lakes,
particularly in terms of water quality (Harrison et al., 2020), fish
communities (Sierszen et al., 2012), and vegetation (Dybiec et al.,
2020).

The relatively high ecological integrity of Lake Superior coastal
wetlands compared to other regions in the basin is not surprising
given the less altered watershed land use and cover of Lake Superior
wetlands (Harrison et al., 2020). Others have reported lower
watershed nutrient loading to Lake Superior compared to the other
Laurentian Great Lakes (Dove and Chapra, 2015). We expect that
nutrient loading is especially low for wetlands occurring on islands
in Lake Superior, especially those protected from development such
as the Apostle Islands in the southwest of the lake, which are

part of the Apostle Islands National Lakeshore (hereafter, AINL).
Understanding the response of benthic algae to nutrient loading
in coastal wetlands of Lake Superior, including those occurring on
remote islands as well as those associated with more manipulated
watersheds, could provide valuable insights on potential impacts of
anthropogenic nutrient loading to freshwater coastal wetlands.

To elucidate patterns in nutrient limitation in coastal wetlands
of southwestern Lake Superior, we conducted nutrient amendment
experiments using nutrient diffusing substrate (NDS) devices in
the spring, summer, and fall of 2016 and the summer of 2017.
Our primary hypothesis was that N limitation would be more
common than P limitation given prior work on Lakes Michigan
and Huron, which showed N limitation was greatest in coastal
wetlands occurring in areas with more forested land cover and
lower nutrient loads (Cooper et al., 2016). We also predicted that
N limitation would be greater in summer than spring or fall due
to greater nutrient uptake by primary producers and higher rates
of denitrification in summer (Bellinger et al., 2014). Lastly, we
predicted that N limitation would be greatest in coastal wetlands of
AINL due to the natural land cover and presumably low watershed
nutrient loading in these systems while limitation would be lowest
in the wetlands of the St. Louis River Estuary (SLRE) due to the
greater proportion of developed and agricultural land cover in
that region.

Methods

We assessed nutrient limitation by measuring chlorophyll a
accrual on NDS devices at 25 coastal wetlands of southwest Lake
Superior (Figure 1). The NDS devices allowed us to experimentally
manipulate the N and P available to biofilms growing on the
artificial substrates (Tank and Dodds, 2003). The 25 sites included
most of the major coastal wetlands located along the Wisconsin
shoreline, including those located on islands within AINL. In 2016
we focused on seasonal sampling (spring, summer, and fall) at eight
wetlands on the Bayfield Peninsula (BP) and in 2017 we focused on
the summer season only and included all 25 wetlands (Figure 1).

Nutrient diffusing substrate devices were constructed using
60-mL plastic cups filled with a 2% agar solution, amended with
either 0.5M NaNO3 (N treatment), 0.1M KH2PO4 (P treatment),
both (N+P treatment), or no amendment (control) as described
by Tank et al. (2017) and Cooper et al. (2016). Each NDS cup
was topped with a 2.2 cm diameter permeable glass disk (Leco
Corporation, St. Joseph, Michigan). The permeable glass disks
provided a substrate for algal biofilm growth that allowed dissolved
nutrients to permeate from the agar (Tank et al., 2017). We
deployed five replicates of each treatment for each assay at every
wetland (20 NDS cups per assay at each wetland). The NDS cups
were attached to steel L-bars and staked to the sediment surface
in each wetland at a location with representative vegetation and
approximately 30 cm of water depth. Each NDS assay lasted 28
days. Upon retrieval, glass disks were separated from the agar,
individually wrapped in aluminum foil, transported on ice to the
laboratory, and frozen until analysis. Chlorophyll a accumulation
was used as the metric for biomass accrual (Tank and Dodds, 2003;
Johnson et al., 2009; Cooper et al., 2016).
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FIGURE 1

Coastal wetland study locations in southwestern Lake Superior. Eight wetlands on the Bayfield Peninsula were sampled in the spring, summer, and

fall of 2016. These eight wetlands along with two additional Bayfield Peninsula wetlands, eight St. Louis River Estuary, and seven Apostle Islands

wetlands were sampled during the summer of 2017.

To extract chlorophyll a, we placed each disk in 20mL of 95%
ethanol for 24 h at room temperature in the dark. We measured
extracted chlorophyll a with a non-acidification method using a
fluorometer (Turner Designs model 700, Sunnyvale, California)
set to avoid interference from phaeophytin (Welschmeyer, 1994).
This nutrient-amendment technique integrated conditions over the
28-day deployment, so it is robust to short-term fluctuations in
ambient concentrations.

We measured water-column nutrients and other abiotic
variables at each wetland prior to NDS deployment and again
upon retrieval in the immediate vicinity of where NDS arrays
were set. Water temperature, dissolved oxygen (DO), pH, and
specific conductance (SpC) were measured at mid-water column
depth using a Yellow Springs Instrument Professional Plus
multiparameter sonde (YSI Environmental, Yellow Springs, Ohio).
Water samples were collected at approximately mid-water column
depth near the NDS arrays. We immediately filtered samples
(100mL) through 0.45-µmmembrane filters for measuring soluble
reactive P (SRP) and NO3-N. These samples were frozen prior
to analysis. Samples for NH4-N were acidified with hydrochloric
acid and stored at 4◦C. Samples for total N (TN) and total
P (TP) analysis were not filtered but were frozen. Soluble
reactive phosphorus was measured using the molybdate-blue
method (APHA, 2005), while TP was measured as SRP after
persulfate digestion (USGS, 2003). NO3-N was analyzed by ion
chromatography (APHA, 2005) and NH4-N by the phenol–
hypochlorite method (Solórzano, 1969; APHA, 2005). All nutrient
analyses were conducted by the Wisconsin State Lab of Hygiene
at the University of Wisconsin (Madison, Wisconsin). Dissolved
inorganic nitrogen (DIN) was approximated as the sum of
NO3-N and NH4-N. Total nitrogen was measured as NO3-N
after persulfate digestion (USGS, 2003). We averaged the water
quality data from NDS deployment and retrieval to represent

conditions over the deployment period. Nutrient concentrations
below analytical detection limits (DLs) were assigned a value of
one-half DL for statistical analyses. Detection limits were based on
APHA (2005) methods and were consistent with those found in the
literature (2 µg/L for SRP, 5 µg/L for NH4-N, and 10 µg/L for TP,
NO3-N, and TN).

Contributing watersheds for each of the 25 sampling locations
were delineated using the PRESTO tool (Diebel et al., 2013).
To characterize land cover within each contributing watershed,
we utilized Wiscland 2 data (Wisconsin Department of Natural
Resources, 2016). Wiscland 2 is a 30-meter resolution raster
dataset representing land cover acrossWisconsin, derived primarily
from remote sensing imagery captured by Landsat 5, 7, and 8
satellites between 2010 and 2014. The overall accuracy of the
Wiscland classification is estimated at 93% across all classes. In
our analysis, we focused on the Level 1 classes “urban/developed”
and “agriculture” to estimate anthropogenic land use within
each watershed.

Calculations and analyses

We determined nutrient limitation status (i.e., N, P, N+P
co-limitation, or no limitation) with 2-way factorial analyses of
variance (ANOVAs) for each NDS assay. For ANOVAs, N and P
amendment were main factors, and significant interaction terms
indicated possible co-limitation (Tank and Dodds, 2003; Cooper
et al., 2016). When a significant main effect or interaction was
found, the response of chlorophyll a to the nutrient treatment(s)
was analyzed graphically (Figure 2) and post hoc Tukey tests
were conducted to confirm the response. Shapiro–Wilks tests for
normality were conducted with each ANOVA and chlorophyll
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FIGURE 2

Representative chlorophyll a responses to nutrient treatments. (A)

(Michigan Island, summer 2016) shows a strong response to

nitrogen amendment (Nitrogen Response Ratio: 0.475). (B) (Onion

River, spring 2016) shows no response to nutrient amendments

(Nitrogen Response Ratio: 0.051).

a data were log(x)-transformed for ∼25% of nutrient-limitation
ANOVAs based on significant (p< 0.05) Shapiro-Wilks tests. TheN
Response Ratio (NRR) was used as ameasure of themagnitude of N
limitation and was calculated for each assay as the log of the ratio of
mean chlorophyll a on N-amended substrates to mean chlorophyll
a on control substrates (Tank and Dodds, 2003; Tank et al., 2017).
Thus, a NRR greater than zero indicated a positive response of algal
chlorophyll a to nitrogen amendment.

Using both nutrient limitation status and NRR allowed us to
compare nutrient limitation across seasons and regions and to
relate benthic chlorophyll a response to nutrient amendments to
predictor variables such as water-column nutrient concentrations
and watershed land cover. We compared NRR among seasons
in 2016 using a general linear model for repeated measures with
Type III sum of squares and post-hoc Tukey tests. We compared
NRR among regions (AINL, BP, and SLRE) in 2017 using 1-
way ANOVA with post-hoc Tukey tests. We calculated Pearson
correlation coefficients between NRR, water-column nutrients, and
land cover variables for the 25 wetlands sampled in the summer
of 2017. We also combined the full suite of 11 water quality and
land cover variables in a principal components analysis (PCA) and

interpreted the first 2 principal components (PCs) by identifying
variables that loaded most heavily on each PC. We compared
NRR to PC scores using Pearson correlations to identify potential
relationships between nutrient limitation and overall wetland
condition as represented by the PCs. We calculated molar ratios of
DIN to TP as another proxy for potential nutrient limitation. This
ratio has been found to be a reliable indicator of nutrient limitation
in lakes (Bergström, 2010; Ptacnik et al., 2010). We used R (version
4.3; R Project for Statistical Computing, Vienna, Austria) for all
statistical analyses.

Results

Of all nutrients, nitrogen limitation was most commonly
observed, especially during the summer. During the summer of
2016, six of the eight BP wetlands were found to be N-limited
(Figure 3). During the summer of 2017, 15 of the 25 wetlands
sampled across all three regions were found to be N limited
(Figure 4). Phosphorus limitation was not observed at any of the
wetlands in any season.

Nitrogen limitation was observed at four of the eight BP
wetlands during the spring of 2016 and three of the eight wetlands
during the fall (Figure 3). The Bark Bay wetland was the only
location where N limitation occurred in all three seasons in 2016
and again during the summer of 2017. The Sioux River wetland
was the only location where N limitation did not occur in any
of the three seasons in 2016; N limitation did occur in the Sioux
River wetland during summer 2017. Nitrogen response ratio varied
seasonally (F: 6.02, DF: 14, p = 0.013) with Fall NRR being
significantly lower than summer NRR (p= 0.034).

Nitrogen limitation varied among the three regions in 2017 and
was most common in the AINL wetlands where all seven wetlands
were N limited (Figure 4). Six of the 10 BP wetlands were N limited
in 2017 while only two of the eight SLRE sites were N limited.
Nitrogen response ratios were found to differ among the regions (p
< 0.001) as well with NRR significantly greater in AINL than SLRE
wetlands (p= 0.003, Figure 5).

Apostle Islands wetlands had much smaller contributing
watersheds than BP wetlands or those of the SLRE (Table 1).
Wetlands in all three regions had very little agriculture or developed
lands within their contributing watersheds. The watersheds of
AINL wetlands contained 100% natural land cover with no
agriculture or developed land detected.

In 2016, at the BP sites, TSS and TP tended to be higher
in the spring than the other seasons (Table 2). Except for water
temperature, other abiotic variables did not differ markedly among
seasons (Table 2). In the summer of 2017, the SLRE wetlands
tended to be warmer and have higher SpC, NH4-N, TP, TSS, and
TN than wetlands in the other regions (Table 3). Consequently,
the first principal component for the PCA combining chemical,
physical, and land cover variables revealed a gradient in conditions
from AINL and BP wetlands (low PC1 scores) to the SLRE
wetlands (higher PC1 scores; Figure 6). The SLRE wetlands were
also associated with higher watershed development and agriculture
(Figure 6). The second principal component largely represented
a gradient of temperature and natural land cover (low PC 2
scores) to nitrate and watershed agriculture (high PC 2 scores).
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FIGURE 3

Nitrogen Response Ratio (NRR) across seasons in 2016 for Bayfield Peninsula wetlands. Stars indicate statistically significant N limitation (i.e.,

chlorophyll a accumulation on N-amended substrates was greater than control substrates, p < 0.05).

FIGURE 4

Significant N limitation (filled symbols) and Nitrogen Response Ratio (size of filled symbol) for 25 Lake Superior coastal wetlands sampled during the

summer of 2017.

For the 25 wetlands sampled in 2017, NRR was negatively
correlated with SpC (R=−0.449, p= 0.025), watershed developed
lands (R = −0.443, p = 0.027), and PC 1 (R = −0.406,
p= 0.044).

Average DIN:TP molar ratios tended to be quite low and well
below the Redfield ratio of 16:1 in all seasons in 2016 and all
regions in the summer of 2017 (Tables 2, 3). Exceptions included
a relatively high DIN:TP ratio of 9.19 in the Bark Bay wetland
(BP) in the summer of 2016, which was driven by an NH4-N

concentration of 0.11 mg/L. This wetland also had a relatively
high NH4-N concentration of 0.07 mg/L in the fall of 2016, which
contributed to a high DIN:TP ratio of 12.47 in the fall. Elevated
DIN:TP ratios also occurred during the summer of 2017 at two
wetland sites on Outer Island (AINL) where we observed NO3-N
concentrations of 0.09 and 0.19 mg/L and at the Sand River wetland
(BP) where we measured a NO3-N concentration of 0.22 mg/L.
DIN concentrations and DIN:TP ratios were low (≤0.07 mg/L and
<2.2, respectively) in the SLRE wetlands.
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FIGURE 5

Regional di�erences in nitrogen response ratio of benthic algae in

coastal wetlands of the Apostle Islands (AINL), Bayfield Peninsula

(BP), and St. Louis River Estuary (SLRE) assessed during the summer

of 2017.

TABLE 1 Contributing watershed area and land cover for coastal wetlands

on the Bayfield Peninsula, Apostle Islands, and St. Louis River Estuary.

Watershed
area (ha.)

Agricultural
land (%)

Developed
land (%)

Bayfield
Peninsula

2016
(n= 8)

9,895± 4,194
(400–34,729)

5.8± 2.4
(1.4–21.9)

0.8± 0.1
(0.3–1.5)

2017
(n= 10)

8,970± 3,437
(400–34,729)

5.0± 2.0
(0.1–21.9)

0.9± 0.1
(0.3–1.6)

Apostle Islands
(n= 7)

342± 129
(9.5–775)

0 0

St. Louis River
Estuary (n= 8)

5,943± 1,538
(691–9,182)

5.3± 1.7
(0.3–12.1)

2.66± 0.42
(1.34–4.09)

Discussion

The common N limitation of benthic algal growth that we
observed in coastal wetlands of Lake Superior differs from the
strong P limitation reported for algal production in Lake Superior
pelagic habitats (Sterner et al., 2004; Sterner, 2011; Guildford
et al., 2000). This was further supported by the relatively low
DIN concentrations that we measured in a majority of the 25
wetlands. Lake Superior open water nitrate concentration averages
approximately 0.3 mg/L in the western portion of the lake (Sterner,
2021; Dove and Chapra, 2015), and is similar in shallow non-
wetland coastal habitats of Lake Superior (Ozersky and Camilleri,
2021). This is 10-fold higher than the average wetland nitrate
concentration we observed in Lake Superior coastal wetlands.
Consistent with our nutrient assay results, DIN:TP ratios were
generally much lower than Redfield ratio and many coastal
wetlands had DIN:TP ratios below 2:1; the ratio that others
have reported for N-limited conditions in lakes (Bergström, 2010;
Ptacnik et al., 2010). The markedly higher DIN:TP ratios that
we observed at the Sand River and Outer Island wetlands were
most likely the result of high-NO3 Lake Superior nearshore water
being driven into the wetlands by seiche activity at the time of

our sampling. Such lake-wetland mixing, including flow reversals
at the wetland mouth, are frequently observed in Lake Superior
lagoonal wetlands that have a surface water connection to Lake
Superior (Trebitz et al., 2002). Interestingly, the high DIN:TP ratio
at the Outer Island and Sand River wetlands and the high DIN:TP
ratio at the Bark Bay wetland, which was driven by elevated NH4-
N concentration did not appear to alleviate the N limitation at
these wetlands. This suggests that even episodic pulses of reactive
N can be drawn down rapidly so that N limitation of benthic
algae persists.

While our use of nutrient amendment assays allowed for direct
measurement of nutrient limitation, other studies have reported
potential N limitation of algal productivity in Lake Superior coastal
wetlands using other techniques. In the Lost Creek wetland, one of
our BP sites, Morrice et al. (2004) found N:P ratios to be relatively
low, especially during the summer and fall, which suggests the
potential for N limitation. Similarly, Hill et al. (2006) used both
N:P ratios and extracellular enzyme activity and found amajority of
the Lake Superior coastal wetlands surveyed were likely N-limited.
Additionally, Eberhard et al. (2023) used NDS arrays similar to ours
at the Sioux River wetland and a coastal wetland on the Keweenaw
Peninsula (approximately 150 km east of our AINL sites) and
found N limitation of benthic algae to predominate. These previous
studies, combined with our direct nutrient assay approach support
the hypothesis that Lake Superior coastal wetland benthic algal
productivity is most often N limited.

Our hypothesis that N limitation would be greater in summer
than spring or fall was only partially supported. Uptake of nutrients
by macrophytes in the early to middle growing season likely
contributes to the drawdown of reactive N and resulting N
limitation. However, N limitation also occurred at over half of
the wetlands in the fall of 2016 suggesting that a combination
of N uptake by primary producers and microbial denitrification
(Eberhard et al., 2023) may be keeping reactive N availability
low throughout the fall. Notably, our fall NO3-N concentrations
remained at or near the detection limit of 0.01 mg/L at six of
the eight wetlands sampled in the fall and NH4-N concentrations
were similar among seasons. While our fall NDS assays occurred
after the typical growing season, it is possible that nutrient
availability and nutrient limitation would have differed later in
the fall after more of the year’s vegetative biomass had senesced.
Thus, the principal mechanisms leading to N drawdown remains
unclear and both the high uptake rates by macrophytes and algae
and microbial denitrification are likely important (Cooper et al.,
2016; Nikolakopoulou et al., 2020; Ozersky and Camilleri, 2021).
Eberhard et al. (2023) found that denitrification rates tended to
exceed N2 fixation rates in Great Lakes coastal wetlands suggesting
denitrification as a net sink of reactive N. These authors also
found no significant relationship between denitrification rates and
biofilm nutrient limitation suggesting that other mechanisms of N
removal may outweigh denitrification. We also acknowledge that
our study did not account for within-wetland variability in nutrient
limitation. For example, in a eutrophic lake connected to Lake
Michigan, benthic algae were found to be co-limited by N and P,
while phytoplankton were found to be P-limited (Steinman et al.,
2016), suggesting that nutrient drawdown leading to limitation can
be spatially complex. We recommend future studies work to clarify
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TABLE 2 Mean ± SE (range) of seasonal water quality variables for eight coastal wetlands sampled on the Bayfield Peninsula in 2016.

Spring Summer Fall

Water temp. (◦C) 14.2± 0.8 (11.4–17.0) 19.8± 0.6 (16.7–22.3) 8.9± 0.2 (8.0–9.7)

Dissolved oxygen (mg/L) 8.3± 0.7 (6.4–12.4) 5.9± 0.7 (2.6–8.8) 10.5± 1.5 (5.2–17.0)

Dissolved oxygen (%) 82.0± 6.3 (64.0–118.7) 64.2± 7.3 (28.4–93.0) 89.6± 13.7 (44.2–152.3)

Specific Conductance (µS/cm) 132.5± 10.9 (77.0–178.3) 150.4± 9.0 (108.3–191.2) 163.2± 14.4 (105.0–236.7)

pH 7.3± 0.08 (7.0–7.6) 6.9± 0.1 (6.5–7.5) 7.3± 0.1 (6.9–7.8)

Total suspended solids (mg/L) 20.8± 5.9 (0.5–41.5) 3.3± 0.6 (2.0–6.4) 5.2± 1.0 (0.5–9.8)

Chlorophyll a (ug/L) 1.2± 0.3 (0.3–2.7) 1.7± 0.8 (0.3–5.7) 1.2± 0.8 (0.3–7.2)

Soluble Reactive P (µg/L; 1.7) 10.8± 2.4 (2.1–22.2) 9.8± 2.1 (3.8–20.6) 13.5± 3.7 (5.3–37.2)

Total P (µg/L; 5) 84± 13 (22–138) 44± 6 (27–78) 41± 7 (19–83)

NH4-N (mg/L; 0.003) 0.013± 0.002 (0.002–0.028) 0.021± 0.012 (<0.003–0.105) 0.026± 0.008 (0.006–0.076)

NO3-N (mg/L; 0.01) 0.03± 0.02 (0.01–0.15) 0.03± 0.01 (0.01–0.07) 0.01± 0.003 (0.01–0.03)

Total N (mg/L; 0.03) 0.58± 0.07 (0.37–0.89) 0.29± 0.09 (0.08–0.86) 0.26± 0.06 (0.09–0.60)

DIN:TP 1.35± 0.48 (0.38–3.63) 2.99± 1.14 (0.50–9.19) 3.11± 1.37 (0.91–12.47)

Analytical detection limits are reported in parentheses for nutrients. DIN:TP is the ratio of dissolved inorganic nitrogen (nitrate-N+ ammonium-N) to total phosphorus (TP).

TABLE 3 Mean ± SE (range) of water quality variables for coastal wetlands sampled in three regions during the summer of 2017.

Bayfield Peninsula (n = 10) Apostle Islands (n = 7) St. Louis River Estuary (n = 8)

Water temp. (◦C) 17.4± 0.7 (13.3–20.7) 21.5± 0.7 (19.0–24) 23.9± 0.34 (22.8–25.7)

Dissolved oxygen (mg/L) 6.7± 1.2 (2.7–13.4) 5.5± 1.2 (1.0–9.0) NA

Dissolved oxygen (%) 69.4± 11.6 (28.3–126.0) 62.5± 12.8 (11.6–98.5) NA

Specific Conductance (µS/cm) 144.3± 14.3 (74.5–205.0) 76.6± 13.9 (30.9–108.1) 217.4± 19.2 (175.0–283.0)

pH 7.3± 0.1 (6.9–7.9) 7.0± 0.2 (6.5–8.2) NA

Total suspended solids (mg/L) 5.5± 0.7 (2.6–10.4) 3.9± 1.2 (1.2–10.3) 16.6± 4.0 (8.1–37.0)

Chlorophyll a (ug/L) 2.6± 0.8 (0.6–8.3) 1.4± 0.3 (0.9–2.6) 55.2± 33.4 (10.4–287.8)

Sol. React. P (µg/L; 1.7) 13.9± 3.2 (3.0–31.8) 3.1± 1.0(<1.7–5.0) 13.8± 1.1 (7.3–16.8)

Total P (µg/L; 5) 60± 9 (19–95) 25± 9 (6–75) 117± 31 (56–322)

NH4-N (mg/L; 0.003) 0.013± 0.002 (<0.003–0.021) 0.003± 0.001 (<0.003–0.011) 0.026± 0.005 (0.015–0.061)

NO3-N (mg/L; 0.01) 0.05± 0.03 (<0.01–0.22) 0.05± 0.03 (<0.01–0.19) 0.01± 0.004 (0.01–0.05)

Total N (mg/L; 0.03) 0.49± 0.051 (0.23–0.75) 0.57± 0.10 (0.2–0.7) 1.2± 0.2 (0.7–2.5)

DIN:TP 4.12± 2.42 (0.36–25.40) 14.70± 9.62 (0.20–66.21) 0.96± 0.19 (0.22–2.14)

Analytical detection limits are reported in parentheses for nutrients. DIN:TP is the ratio of dissolved inorganic nitrogen (nitrate-N+ ammonium-N) to total phosphorus (TP).

the mechanisms responsible for N limitation and its spatial and
temporal dynamics in Great Lakes coastal ecosystems.

Our results and others (Morrice et al., 2004; Hill et al., 2006;
Cooper et al., 2016) suggest that anthropogenic N loading has
the potential to counteract the natural N limitation that occurs
in Great Lakes coastal wetlands. We observed the strongest N
limitation in AINL wetlands where little to no human land
uses or other potential anthropogenic N sources occur and a
significantly lower magnitude of N limitation in wetlands of the
more developed SLRE. While other factors such as differences
in wetland hydrogeomorphology between the regions may have
influenced N limitation, it is likely that anthropogenic N loading
to the SLRE was an important factor. Thus, N loading via
tributary streams draining agricultural lands or delivery of other

anthropogenically derivedN (lawn fertilizers, wastewater treatment
plant effluent, etc.) may cause impacts in Great Lakes coastal
wetlands. While such impacts associated with overabundance of
primary production are difficult to discern in naturally eutrophic
ecosystems like wetlands, there is ample evidence that watershed
land use and elevated in situ nutrient concentrations elicit biotic
responses in Great Lakes coastal wetlands. For example, algal
chlorophyll a has been related to watershed agriculture and nutrient
inputs (Gentine et al., 2022) and macroinvertebrate and fish
community structure has been shown to shift as a result of poor
water quality and surrounding agricultural land use (Uzarski et al.,
2005; Trebitz et al., 2009; Cooper et al., 2014; Kovalenko et al.,
2014). The influence of anthropogenic N loading on basal trophic
levels is likely to play an important role in these relationships.
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FIGURE 6

Principal components analysis of chemical, physical, and watershed

land cover variables for 25 coastal wetlands of Lake Superior

sampled during the summer of 2017. Symbol shape denotes region.

Variables included watershed percent agriculture (%Ag), developed

land (%Dev), and natural land cover (%Nat) and water temperature

(Temp), specific conductivity (SpC), total suspended solids (TSS),

soluble reactive P (SRP), ammonium-N (NH4), nitrate-N (NO3), and

total N (TN).

Management practices aimed at improving ecological conditions in
both freshwater and marine wetlands should focus on strategies to
limit N inputs.

To date, N inputs to the Great Lakes have been only moderately
regulated. The Great Lakes Water Quality Agreement, for example,
provides a binational framework for nutrient management and
establishes P loading targets for each of the Great Lakes but
does not directly address N inputs. Future management strategies
should consider a dual nutrient approach, particularly in light
of climate change, which is likely to cause increased nutrient
loading to coastal ecosystems via more frequent, intense, and
altered seasonal patterns of precipitation (Zhang et al., 2020).
Such an approach is especially important for coastal wetlands
given that these habitats appear vulnerable to nutrient loading
in ways that other habitats in the Laurentian Great Lakes
are not.
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