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Regulation of algal structure and function by nutrients and grazing
in a boreal wetland

Allison R. Rober1, Kevin H. Wyatt2, AND R. Jan Stevenson3

Department of Zoology, Michigan State University, East Lansing, Michigan 48824 USA

Abstract. We evaluated the potential for grazers to regulate benthic algal biomass and taxonomic
composition in an Alaskan marsh after enrichment with nutrients that are expected to increase in the
region with ongoing climate change. We nested caged and uncaged substrates together inside mesocosm
enclosures with natural abundances of snails or no snails and with or without nutrient enrichment (NO3 +
PO4 + Si). Algal biomass was greater in all nutrient-enriched enclosures than in controls. Algal biomass
was greater in enclosures where grazers were present but excluded by a cage than in enclosures where
grazers were allowed to graze or where grazers were absent. In the presence of nutrients, grazed
communities were dominated by small coccoid green algae and cyanobacteria, which were overgrown by
filamentous green algae when grazers were excluded. In the absence of nutrients, grazers had little effect
on algal biomass or taxonomic composition. However, grazers recycled a small but potentially important
amount of nutrients in their waste, suggesting that consumer-driven nutrient recycling may have played a
role in maintaining algal biomass when grazers were present. Our data show that grazers regulate algal
responses to nutrients by suppressing algal accumulation but increasing productivity through nutrient
recycling in a northern boreal wetland.

Key words: algae, wetland, grazer, nutrient, Alaska, climate change, nutrient recycling.

Algae can be abundant in wetlands and are
significant contributors to many of the physical,
chemical, and biological processes that characterize
wetland ecosystems (Goldsborough and Robinson
1996, Wetzel 2006). In shallow wetlands where
sufficient light reaches the bottom, benthic algae can
exert considerable control over dissolved O2 concen-
trations (Browder et al. 1994, Richardson 2008),
sediment formation (Gleason and Spackman 1974,
McCormick et al. 1998), and nutrient uptake and
retention (Wetzel 1996, Gaiser et al. 2004), and can
account for a significant fraction of total primary
production (Robinson et al. 2000, Richardson 2010,
Wyatt et al. 2010). Nevertheless, relatively little is
known about the factors that regulate algal commu-
nities in wetlands, particularly in boreal regions,
where wetlands are abundant and processes related
to ongoing climate change are expected to have
widespread effects on aquatic ecosystems (Rouse
et al. 1997, Schindler 1998).

Benthic algae are sensitive to changes in water
quality, and nutrients are among the most important
factors regulating algal assemblages in aquatic eco-
systems (Borchardt 1996). Addition of nutrients can
result in significant increases in biomass (Francoeur
2001) and shifts in species composition (Fairchild et al.
1985, Gaiser et al. 2006), both of which can alter
important ecosystem processes related to energy flow
and nutrient cycling in aquatic ecosystems. Research
examining the effects of nutrient enrichment on
wetland ecosystems has stemmed largely from stud-
ies conducted in subtropical (McCormick and O’Dell
1996, McCormick et al. 2001, Gaiser et al. 2005) and
temperate regions (Gabor et al. 1994, Murkin et al.
1994, McDougal et al. 1997), which are subject to
nutrient contamination from increasing urban and
agricultural land use (i.e., Sklar et al. 2005). The effects
of nutrient enrichment on wetland algal communities
at northern latitudes have been less studied, perhaps
because these latitudes have been less directly
affected by human development. However, boreal
regions are undergoing rapid climate changes, which
have led to longer growing seasons with higher
temperatures (Chapin et al. 2006). Changes in thermal
regime are expected to increase the extent of seasonal

1 E-mail addresses: roberall@msu.edu
2 wyattkev@msu.edu
3 rjstev@msu.edu

J. N. Am. Benthol. Soc., 2011, 30(3):787–796
’ 2011 by The North American Benthological Society
DOI: 10.1899/10-166.1
Published online: 28 June 2011

787



ice thaw and could promote N and P mineralization
in the expanded active soil layer (Bridgham et al.
1995). Regional variability in nutrient inputs may be
significant, but these changes are expected to have
widespread effects on nutrient concentrations in
aquatic systems throughout the boreal forest (Rouse
et al. 1997).

Nutrient enrichment is expected to increase algal
productivity (Rouse et al. 1997), but some evidence
indicates that northern aquatic ecosystems may not
show the same positive relationship between increas-
ing nutrient concentrations and algal biomass as those
occurring at lower latitudes (Flanagan et al. 2003).
In a meta-analysis of lakes across a wide latitudinal
gradient, Flanagan et al. (2003) found that above 60uN,
algal biomass decreases with increasing latitude
independently of nutrient concentration. This trend
indicates strong environmental controls on the algal
response to nutrients at high latitudes. This control
could occur via physiological constraints associated
with extremes in temperature and day length or via
top-down regulation of algal primary production, in
which grazers are free to consume any increase in
algal biomass that may be stimulated by nutrient
enrichment (Hansson 1992).

In the absence of nutrient limitation, grazing
strongly influences the quantity and quality of algal
biomass as well as the taxonomic composition and
growth form of the algal assemblage (McCormick and
Stevenson 1991, Feminella and Hawkins 1995, Steinman
1996). Grazing generally causes a reduction in algal
biomass and can maintain low biomass accumula-
tion even in conditions of increased resource availabi-
lity (e.g., nutrients and light) (Feminella and Hawkins
1995, Hill et al. 1995, Rosemond et al. 2000). Despite
reductions in biomass, grazing also can lead to
increased productivity of the algal assemblage through
the use of excreted nutrients (McCormick and Stevenson
1991, Hillebrand 2002). The extent to which these
regulatory processes operate in wetlands is largely
unknown because evidence of grazing in wetland
ecosystems has been largely circumstantial (Robinson
et al. 2000).

We investigated the independent and interactive
effects of grazing by the snail Lymnaea and nutrient
enrichment on a benthic algal community in an
Alaskan marsh to evaluate the potential for grazers
to regulate benthic algal biomass and community
composition given projected future increases in
nutrient concentrations. Wyatt et al. (2010) reported
the effects of nutrient enrichment alone in a concur-
rent study. We report the effect of grazers on algal
community structure and biomass following enrich-
ment with limiting nutrients. We also examined the

role of grazers in wetland biogeochemical cycling by
evaluating the potential of consumer-driven nutrient
recycling to influence algal accumulation. We tested
the hypotheses that nutrient enrichment stimulates
algal accumulation and grazers regulate algal re-
sponses to nutrients by suppressing algal accumula-
tion but increasing productivity via nutrient recycling.

Methods

Study site

We conducted this study in a freshwater marsh in
the floodplain of the Tanana River near the Bonanza
Creek Experimental Forest, ,35 km southwest of
Fairbanks, Alaska, USA (lat 64u42’N, long 148u18’W).
This region has a relatively short growing season
(ƒ135 d) with .21 h of light/d in June. The
floodplain lies within an intermontane plateau char-
acterized by wide alluvium-covered lowlands with
poorly drained, shallow soils over discontinuous
permafrost (Begét et al. 2006). Oxbows and thaw
ponds dominate the floodplain landscape, and fluvial
deposition and erosion are annual disturbances (Begét
et al. 2006). The study site is characteristic of other
marsh habitats that occur in the floodplain and has
dense stands of beaked sedge (Carex utriculata) and
swamp horsetail (Equisetum fluviatile) surrounding
open-water pools with sparse emergent vegetation.
The wetland supports grazer fauna including wood
frog tadpoles (Rana sylvatica) in early spring and the
common pond snail Lymnaea spp., which is the most
abundant grazer in the marsh (,30/m2) throughout
the summer growing season. Background concentra-
tions of inorganic nutrients were generally low during
the study and were within the range of other wetlands
and lakes in the region (reviewed in Wyatt et al. 2010).
A detailed description of background physical and
chemical conditions for our study site was given by
Wyatt and Stevenson (2010).

Experimental design

We manipulated nutrient supply and grazers in situ
from 29 June to 22 July 2007 in mesocosms modified
from the design described by Greenwood and Lowe
(2006). We constructed a raised boardwalk prior to the
beginning of the study to prevent the disturbance of
wetland sediments during experimental set-up and
regular sampling. We constructed 16 mesocosm enclo-
sures by rolling welded wire mesh into a cylinder
(40 cm in diameter) and wrapping each cylinder with a
layer of 0.1-mm-thick clear window vinyl. Enclosures
were evenly spaced throughout an open-water area of
the wetland with ,10% vegetation cover and a water
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depth of 44–49 cm. Enclosures were pushed into the
sediments so that ,15 cm extended above the water
surface, which allowed water inside enclosures to be in
contact with sediments and kept vegetation intact to
simulate natural wetland conditions. We placed 4
ceramic tiles (25 cm2) into each enclosure as artificial
substrates for algal colonization. We suspended all
substrates horizontally by attaching them to a wire
frame that could be repositioned to maintain a
consistent depth of 5 cm below the water surface.

We used a factorial combination of nutrient
enrichment (enriched or control) and grazing (grazed,
grazer exclusion, or grazer absent) with 4 replicates of
each treatment combination (Fig. 1). We added
nutrients from a stock solution every 4 d to achieve
water-level concentrations for N = 1000 mg/L NaNO3,
P = 100 mg/L NaPO4, and Si = 10 mg/L Na2O3Si after
each addition. We assumed these nutrient levels
would saturate algal growth rates because they
exceeded concentrations reported to be limiting for
benthic algae in studies reviewed by Borchardt (1996).
We began enrichment after the late-spring thaw to
simulate nutrient inputs from groundwater or surface-
water runoff (McDougal et al. 1997). We manipulated
grazer access inside nutrient enriched and control
enclosures by removing grazers completely (grazer
absent treatment) or by nesting caged (grazer-exclu-
sion treatment) and uncaged (grazed treatment)
substrates together inside enclosures with natural
abundances of the snail Lymnaea (Fig. 1). Cages around
substrata within mesocosm enclosures prohibited

grazing but allowed exchange of water between the
grazed and grazer-exclusion treatments to give algae
access to nutrients excreted by grazers. Algae in grazer-
absent treatments received nutrients only from amend-
ments. Cages were made of 1-mm clear polyethylene
Nitex screen (Dynamic Aqua-Supply Ltd., Surrey,
British Columbia). We evaluated mesocosm enclosure
effects by monitoring conditions at 4 designated sites
within the wetland using caged and uncaged sub-
strates without enclosures or nutrient manipulation
(open wetland treatment).

Sampling methods

We collected and filtered water for dissolved
nutrient analysis immediately after each nutrient
addition (every 4 d) using a 0.45-mm MillexH-HA
syringe-driven filter unit (Millipore Corporation,
Bedford, Massachusetts). We determined concentra-
tions of dissolved inorganic N (DIN) as NO3 + NO2-N
(Cd reduction method; APHA 1998) and of silicate
(SiO2) (molybdate method; APHA 1998) with a
SkalarH auto-analyzer (Skalar Analytical, Breda, The
Netherlands), and of soluble reactive P (SRP) (ascor-
bic acid method; APHA 1998) with a GenesysTM 2
UV-Vis spectrophotometer (Spectronic Analytical
Instruments, Garforth, UK). We measured water
depth, temperature, pH, and conductivity inside and
outside each enclosure every 4 d with a meter stick
and a calibrated model 556 YSIH Multi-Probe (Yellow
Springs Instruments, Yellow Springs, Ohio).

FIG. 1. Schematic diagram of enclosure design. Enclosures were constructed of welded wire mesh (40 cm in diameter 3 85 cm
tall) and held ,60 L of water. The top 75 cm of each cylinder was wrapped with 0.1-mm clear window vinyl and embedded 10 cm
into sediments with an open top extending 15 cm above the water column. We suspended all substrates attached to frames to
maintain a consistent depth of 5 cm below the water surface. We nested caged and uncaged substrates together inside enclosures
(grazer-exclusion and grazed treatments) and added natural abundances of snails. All snails were removed from grazer-absent
treatment enclosures.
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In each enclosure, we removed algae from tiles with
a toothbrush after 24 d and split the resulting
homogenous algal slurry volumetrically for analysis
of ash-free dry mass (AFDM) and benthic algal
abundance. We were unable to measure chlorophyll
a because we could not preserve samples in this
remote field location. Thus, algal biomass was
measured as AFDM, cell density, and total biovol-
ume. We determined AFDM (mg/cm2) by drying
samples for 24 h at 105uC and combusting them for 1 h
at 500uC in preweighed aluminum pans to determine
the difference between dry mass and ashed mass,
respectively (APHA 1998). We preserved a whole
water sample in a 2% formalin solution for algal
community analysis. We used standard protocols to
characterize algal biomass and dominant taxonomic
composition. We counted §300 algal cells or colo-
nies/sample in a Palmer–Maloney nanoplankton
counting chamber and identified the algae to genus
at 4003 magnification (Charles et al. 2002). We
quantified benthic algal abundance (cells/cm2 of
substrate) with the formula provided by Lowe and
Laliberte (2006). We calculated biovolume (mm3/cm2

of substrate) by multiplying algal cell density by the
estimated cell volume using geometric formulae from
Hillebrand et al. (1999).

We evaluated the potential for grazers to recycle N
and P by estimating the daily rate of nutrient
excretion by the snails. We collected 24 snails from
the open wetland and placed each snail in a
centrifuge tube filled with 40 mL of filtered water.
After a 24 h incubation period, we measured DIN
and SRP concentrations with the methods described
previously.

Statistical analyses

We log(x + 1)-transformed all data for statistical
analyses if necessary to correct for nonnormal
distribution and unequal variances among treatments
prior to analysis. We used an unbalanced partly
nested analysis of variance (ANOVA) (Quinn and
Keough 2002) to determine the effects of nutrient
enrichment and grazers on benthic algal biomass as
AFDM, cell density, and total biovolume. We exam-
ined differences in biovolume of common genera
(occurring at §5% relative abundance) among treat-
ments with 1-way ANOVA. We used Bonferroni
corrections for the algal assemblage analyses to
preserve the experiment-wise Type I error rate of
a = 0.05. We used repeated-measures ANOVAs to
determine effects of treatments on dissolved nutri-
ents, water depth, water temperature, pH, and
conductivity measured throughout the experiment.

In instances when ANOVA indicated significant
differences among treatments, we used Tukey post
hoc comparison of means tests to discriminate
between different factor levels. We performed all
statistical analyses with SYSTAT (version 11; SYSTAT
Software Inc., Point Richmond, California).

Results

Water chemistry

Background levels of inorganic nutrients were low
(mean 6 SE: DIN = 8.02 6 1.28 mg/L, SRP = 8.69 6

1.28 mg/L, SiO2 = 12.09 6 0.49 mg/L) and remained
nearly constant over the 24-d experiment (Fig. 2A–C).
Nutrient levels in the open wetland and control
enclosures with and without snails did not differ
significantly from each other (p . 0.05). Nutrient
enrichment increased water-column concentrations of
DIN (1124.3 6 705.6 mg/L), SRP (49.6 6 47.6 mg/L),
and Si (35.7 6 14.2 mg/L) to levels significantly
greater than in the open wetland and control
enclosures (p , 0.05; Fig. 2A–C). Water-column
dissolved nutrient concentrations inside nutrient-
enriched enclosures did not differ between treatments
with or without snails (p . 0.05). Water depth (45.1 6

0.5 cm), temperature (16 6 0.05uC), pH (7.5 6 0.3), and
conductivity (0.37 6 0.006 mS/cm) varied during the
experiment but did not differ significantly among
treatments (p . 0.05; data not shown).

Algal biomass

Significant effects of grazing were observed only
after enrichment. Benthic algal biomass was similar
between the open wetland and control enclosures
across all grazing treatments (p . 0.05; Figs 3A, B,
4A, B). AFDM (F2,13 = 81.91, p , 0.0001; Fig. 3A), cell
density (F2,13 = 122.6, p , 0.0001; Fig. 3B), and total
biovolume (F2,13 = 14.86, p = 0.004; Fig. 4C) were
significantly greater in nutrient-enriched than in
control enclosures. In nutrient-enriched enclosures,
AFDM (F2,11 = 7.88, p = 0.01; Fig. 3A), cell density
(F2,11 = 7.26, p = 0.01; Fig. 3B), and total biovolume
(F2,11 = 7.92, p = 0.01; Fig. 4C) were significantly
lower in grazed than in grazer-exclusion treatments.
In nutrient-enriched enclosures, algal AFDM, cell
density, and total biovolume was significantly
greater in the grazer-exclusion treatment than in
grazed and grazer-absent treatments (p , 0.05) but
did not differ significantly between the grazed and
grazer-absent treatments (p . 0.05). The nutrient 3

grazer interaction term was significant for AFDM
(F3,11 = 5.37, p = 0.02) and total biovolume (F3,11 =

4.64, p = 0.02).
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Taxonomic composition

The algal community in the open wetland consisted
of primarily Mougeotia and Gloeocystis (Chlorophyta),
Trachelomonas and Euglena (Euglenophyta), and Chroo-
coccus (Cyanobacteria), which made up ,90% of the
total biovolume (Fig. 4A). All taxa represented a
similar proportion of total biovolume in the control
treatment compared to in the open wetland except
the proportion of Euglena (F7,29 = 17.2, p , 0.001)
was significantly greater in the control treatment than
the open wetland (Fig. 4B). Nutrient enrichment

FIG. 2. Dissolved nutrient concentrations of NO3 (A),
PO4 (B), and Si (C) in nutrient enriched, control, and open
wetland enclosures with (+) and without (–) grazers.

FIG. 3. Mean (61 SE; n = 4) ash-free dry mass (AFDM)
(A) and cell density (B) in the open wetland, control, and
nutrient-enriched enclosures with and without grazers. Bars
with the same letter are not significantly different among
treatments.
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increased the proportion of Mougeotia, Gloeocystis (F7,29

= 14.8, p , 0.001), and Chroococcus (F7, 29 = 44.7, p ,

0.001) compared to the control (Fig. 4C). Grazing had
little effect on the algal community under low-nutrient
conditions. However, in nutrient-enriched enclosures,
the proportion of Mougeotia was significantly lower
(F7,24 = 2.5, p = 0.04; Fig. 4C) and the proportions of
Chroococcus (F7,24 = 29.6, p , 0.001) and Gloeocystis
(F7,24 = 12.3, p , 0.001) were significantly higher in
grazed than in grazer-exclusion treatments. Grazer-
absent treatments in nutrient-enriched enclosures were
dominated by Gloeocystis and Chroococcus and lacked
Mougeotia. A combination of Limnothrix, Aphanocapsa,
Ophiocytium, Ulothrix, and Nitzschia made up ,10% of
the total biovolume in any 1 treatment.

Nutrient recycling by grazers

Excretion rates of DIN and SRP were 0.0004 mg
snail21 d21 and 0.045 mg snail21 d21, respectively.
We multiplied the excretion rates of DIN and SRP by
the estimated number of snails in the wetland (30
snails/m2), and calculated that snails could regener-
ate N at a rate of 7.5 mg/d and P at 844.8 mg/d. When
we estimated concentration changes by accounting
for the approximate volume of water in the wetland,
we calculated that snails could regenerate N at a rate
of 0.0002 mg L21 d21 and P at 0.019 mg L21 d21.

Discussion

As predicted, addition of nutrients resulted in a
significant increase in benthic algal biomass and a
shift in taxonomic composition in this northern boreal
wetland. An increase in N and P availability with
increased soil weathering and organic matter miner-
alization is expected for the region because of climate-
change processes (Bridgham et al. 1995, Rouse et al.
1997). Our results suggest that this increase probably
will increase benthic algal biomass in northern boreal
wetlands. The increase in algal biomass in response to
a combination of N and P in our study was similar to
increases reported in other wetland studies conducted
within the Tanana River Floodplain (Wyatt et al. 2010)
and to those in temperate regions (Wu and Mitsch
1998, Robinson et al. 2000, Scott et al. 2005). Our
findings differ from results from the subtropical
Everglades where nutrient enrichment, especially P,
causes an overall decrease in algal biomass because of
the loss of the native cyanobacterial mat (reviewed by
McCormick and Stevenson 1998, Gaiser et al. 2006,
Richardson 2010).

The shift in algal taxonomic composition from a
diverse assemblage in ambient conditions to one
dominated by green algae and cyanobacteria after
nutrient enrichment also has been documented in
temperate and subtropical wetlands receiving nutri-
ent enrichment from urban or agricultural runoff
(Murkin et al. 1991, McCormick et al. 2001). The
ability of some filamentous green algae to exploit high
nutrient concentrations and to outcompete other taxa
for light and space (i.e., Graham et al. 1996) may
explain the increase in Mougeotia following nutrient
enrichment in this shallow boreal wetland. Our
findings are consistent with those reported from the
Florida Everglades (McCormick and O’Dell 1996) and
Delta Marsh, Manitoba (Robinson et al. 1997), where
direct nutrient amendments and nutrient-release from
reflooded sediments, respectively, resulted in an
overall increase in taxa from the family Zygnemata-
ceae (Mougeotia, Spirogyra, Zygnema).

FIG. 4. Taxonomic composition and total biovolume of
algae with .5% relative abundance in the open wetland (A),
control (B), and nutrient-enriched (C) enclosures with and
without grazers.
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Grazing decreased algal biomass with and without
nutrient enrichment, but results varied in magnitude
between treatments. In the absence of nutrient
limitation, grazing strongly influenced the quantity
of algal biomass as well as the taxonomic composition
and growth form of the algal assemblage. This effect is
consistent with trophic theory (Hairston et al. 1960,
Persson et al. 1988) where, in the absence of a higher
predator, grazers are free to consume any increase in
algal biomass that may be stimulated by nutrient
enrichment. This finding indicates that, much like in
lake and stream ecosystems (Hansson 1992, Feminella
and Hawkins 1995, Steinman 1996, Hillebrand 2002),
benthic grazers can maintain low algal biomass
accumulation in northern boreal wetlands even in
conditions of increased resource availability.

The decrease in Mougeotia on grazed substrates is
consistent with results of other studies, in which taxa
that extended above the substratum were removed at
a higher rate than those with a more-prostrate or low-
profile growth form (Cuker 1983, Steinman 1996,
Hillebrand et al. 2002). The lower abundance of
Mougeotia in the grazer-absent treatment may have
been the result of different proportions of nutrients
made available by snails within the periphyton matrix
(see discussion below). The removal of a large
overstory species like Mougeotia promotes the growth
of smaller, faster-growing understory species and
leads to an increase in overall algal productivity
because of increased resource availability (McCor-
mick and Stevenson 1991). This process may explain
the increased proportion of Chroococcus and Gloeocys-
tis in grazed and grazer-absent treatments and
suggests that these taxa were able to take advantage
of nutrient inputs but were unable to compete for
other resources, such as light, in treatments where
filamentous taxa dominated the algal community.

The significant interaction between nutrients and
grazers suggests that the algal community is under
dual control from the bottom-up (nutrient limitation)
and from the top-down (consumption by herbivores).
These interacting and opposing influences of nutrients
and grazing are consistent with results reported in the
literature from lakes and streams (Rosemond et al.
1993, Hillebrand 2002), reflecting a similar importance
of their regulatory effects on benthic algal biomass and
taxonomic composition in boreal wetlands. However,
our results suggest that the relative strengths of top-
down vs bottom-up control were not equivalent. Our
experimental design allowed us to examine both
independent and interactive effects of nutrients and
grazing, so we were able to see that nutrients had
a consistently greater effect on algal biomass and
taxonomic composition than did grazing, a result

indicating that nutrient limitation was the stronger
regulatory factor at our study site. This finding differs
from results reported by Hillebrand (2002), who
determined through meta-analysis that grazers are
the stronger regulatory factor influencing algal assem-
blages more often than nutrients in lakes, streams, and
coastal environments.

Despite the small direct effects of grazers under
low-nutrient conditions, our results suggest that they
may influence algal biomass indirectly by recycling
the low concentrations of nutrients that are present.
We expected that algal biomass would be similar
between the grazer-exclusion and grazer-absent
treatments because neither treatment was grazed
and that algal biomass in both would be greater than
in grazed treatments. Instead, algal biomass was
similar in grazer-absent and grazed treatments.
Moreover, algal biomass increased 23 in grazer-
exclusion treatments. Snails are large and highly
mobile consumers that are capable of recycling
nutrients at large spatial scales, which facilitates the
resuspension and movement of nutrients for algal
uptake and use (Frost et al. 2002, Vanni 2002, Abbott
and Bergey 2007). Snails in our study site excreted a
small but potentially important amount of nutrients,
especially P, in their waste. Algae in the grazed
treatment may have been able to use recycled
nutrients to regenerate biomass after consumptive
losses. The absence of consumer-driven nutrient
recycling in grazer-absent enclosures may have
limited biomass accumulation to the point that it
was more similar to biomass in the grazed treatment
than in the grazer-exclusion treatment. Algal biomass
excluded with a cage was inaccessible to grazers and
exposed to excreted nutrients, which may explain the
greater biomass in grazer-exclusion than in grazed
and grazer-absent treatments in enriched enclosures.

Evidence exists for the positive effects of consumer-
driven nutrient recycling on algal growth rates in
lakes (Elser et al. 2000, Vanni et al. 2002, Liess and
Haglund 2007) and streams (McCormick and Steven-
son 1991, Evans-White and Lamberti 2006), but our
results suggest that consumer-driven nutrient recy-
cling may strongly affect algal growth in shallow
boreal wetlands. In many wetland habitats, primary
production depends on the rate of nutrient mineral-
ization. Therefore, the slower nutrients are released
by decomposition, the less available nutrients are to
the ecosystem (de Mazancourt et al. 1998). Consumer-
driven nutrient recycling may be an important source
of N and P to autotrophs in the water column and
benthos in boreal wetlands, where large quantities of
nutrients are locked away in permanently frozen soils
(Carpenter et al. 1992, Duff et al. 1999, Hinzman et al.
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2005), than in regions with faster rates of nutrient
remineralization (Frost et al. 2002).

The available literature on benthic algal assemblag-
es and the factors that regulate their structure and
function is much less for freshwater wetlands than for
lakes and streams (Robinson et al. 2000). This lack of
information is particularly acute for northern boreal
regions where wetlands are abundant and extremely
vulnerable to disturbances associated with climate
change. Our data provide evidence that nutrients and
grazing are important factors regulating benthic algal
biomass and community composition in a northern
boreal wetland. They suggest that nutrients were the
stronger regulatory factor, but grazing quickly be-
came important after nutrient addition. Therefore,
grazing may play an increasingly important role in
the future if nutrient inputs increase as expected with
climate change (i.e., increased permafrost collapse
and soil weathering). Our results support our hy-
pothesis that nutrient enrichment stimulates algal
accumulation and demonstrate that the strong posi-
tive relationship observed between nutrient addition
and algal biomass at lower latitudes persists in high-
latitude aquatic ecosystems. The ability of grazers to
suppress algal accumulation following enrichment
supports our hypothesis and may provide insight to
the dampened response of algae to nutrients previ-
ously observed in high-latitude regions (i.e., Flanagan
et al. 2003). Furthermore, our results suggest the
potential importance of consumer-driven nutrient
recycling to algal productivity and wetland biogeo-
chemistry, which may be particularly significant for
northern boreal regions where large quantities of
nutrients are rendered inaccessible by the slowly
decomposing organic matter.
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