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Abstract Experimental research examining how algal
communities respond to changes in pH is sparse in the
wetland literature. In this study, we used a mesocosm
experiment to examine the response of a periphytic algal
community to a wide range of pH levels, both decreased to
pH 5 (acid treatment) and increased to pH 9 (alkaline
treatment) from ambient conditions (pH 7) in an Alaskan
marsh. We examined algal communities growing on stems
of Equisetum fluviatile (L.) after 24 days of colonization at
experimental pH levels. Alkalinization resulted in a twofold increase in concentrations of inorganic nutrients
(dissolved inorganic N, soluble reactive P, SiO2) and a
significant increase in algal accrual relative to the control.
There were distinct shifts in euglenoid taxa in the alkaline
treatment, including a significant increase of Trachelomonas
and a significant decrease of Euglena relative to the
control. Acidification resulted in an increase of Mougeotia
(Chlorophyta, Zygnemataceae) and a decrease in overall
taxa richness, which coincided with a significant reduction
in concentrations of dissolved inorganic carbon. Trends
observed in our study indicate that alkalization may
significantly alter algal community structure and loosen
nutrient restraints on algal productivity, while acidification
may reduce algal diversity in boreal wetlands.
Keywords Benthic algae . Boreal . Dissolved inorganic
carbon . Marsh . Mougeotia . pH
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Introduction
Algae are an ecologically important component of many
wetland ecosystems (Goldsborough and Robinson 1996). In
shallow wetlands, periphytic algae, or those growing
attached to submerged substrata, can account for a
significant amount of total wetland primary productivity
(McCormick et al. 1998; Ewe et al. 2006), increase nutrient
cycling and retention (Wetzel 1996; Inglett et al. 2004), and
serve as an important base of the wetland food web
(Murkin 1989; Campeau et al. 1994). Algal communities
are sensitive to changes in water quality, and many
ecosystem services provided by algae in wetlands (i.e.,
nitrogen-fixation, soils formation) are related to taxonomic
composition (Goldsborough and Robinson 1996). Environmental stressors related to human disturbance can lead to
homogenization of wetland algal communities (Lougheed
et al. 2008), and thus alter their role in wetland ecosystem
function (Sklar et al. 2005). Despite extensive reviews
stating the importance of algae for wetland ecology
(Vymazal 1995; Robinson et al. 2000; Richardson 2009)
and known differences in algal functions related to
taxonomic composition (Graham et al. 2009), little information is available about the factors that regulate algal
communities in wetlands.
The concentration of hydrogen ions is among the most
important factors regulating the distribution and diversity of
algae in freshwater habitats (Planas 1996). Acidification of
freshwaters, generally associated with mineral acid inputs,
can occur either naturally (i.e., volcanic emissions, bog
water drainage inflow) or through human disturbance. Most
recent studies in freshwater systems have focused on
anthropogenic causes of acidification (i.e., acid mine
drainage, sulfur and nitrogen oxide emissions), with
extensive documentation of algal community changes
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following acid inputs into lakes (Turner et al. 1987, 1991)
and rivers (van Dam and Mertens 1995; Smucker and Vis
2009). In lakes, conditions associated with low pH often
reduce species richness (e.g., Müller 1980; Turner et al.
1991) and diverse communities are frequently replaced by
homogeneous assemblages dominated by filamentous green
algae, especially those in the family Zygnemataceae
(Müller 1980; Turner et al. 1995a, b).
At the opposite end of the pH range, the effects of
alkalization on algal communities have also been investigated,
generally as part of restoration measures to mitigate impacts of
anthropogenic acidification (Fairchild and Sherman 1990;
Hörnström 2002). In lakes, research has confirmed that many
of the changes observed following acidification are reversed
when acid waters are neutralized, generally by liming (see
review in Olem 1991). Several studies have found that
bloom-forming filamentous green algae, particularly
Mougeotia (Chlorophyta, Zygnemataceae) are considerably
reduced when pH is neutralized from about pH 5
(Hultberg and Andersson 1982; Jackson et al. 1990;
Fairchild and Sherman 1992). However, laboratory investigations have demonstrated that Mougeotia can survive in
extreme alkaline conditions (Graham et al. 1996;
Arancibia-Avila et al. 2000), suggesting that it may not
be particularly acidophilic, but rather can tolerate both
direct and indirect effects of reduced pH, including low
concentrations of dissolved inorganic carbon (DIC) (Jackson
et al. 1990; Turner et al. 1991; Graham et al. 1996). Such
discrepancies suggest that algal responses to pH may depend
strongly on environmental conditions and vary by habitat
type and geographic region of the water body.
Although pH is frequently observed as an important
factor regulating algal species composition in large surveys
of wetlands (Pan and Stevenson 1996; Stevenson et al.
1999; Negro et al. 2003), experimental research examining
how algal communities respond to changes in pH is sparse
in the wetland literature (but see van Dam et al. 1981;
Greenwood and Lowe 2006). This is particularly true for
boreal regions, where wetlands are abundant and processes
related to increasing human activity (i.e., Walker et al.
1987; Charman 2002; Chapin et al. 2006) will likely alter
the pH of aquatic ecosystems. In the interior region of
Alaska, indications of human disturbance are already
apparent, as sulfate and nitrate concentrations are enriched
in precipitation by six orders of magnitude relative to sea
water (Hinzman et al. 2006). These compounds, which are
typically derived from industrial sources, are precursors of
strong acids that have contributed to the acidification of
surface waters globally (Schindler 1988). The boreal region
is also experiencing rapid climate change (Hinzman et al.
2005), which has led to increased seasonal ice thaw and
permafrost collapse (Hinzman et al. 2006). The expansion
of open water areas due to permafrost thaw and increased
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surface water runoff from uplands (Osterkamp et al. 2000),
may increase chemical weathering and alkalinization of
surrounding wetlands, similar to those expected for lakes in
the region (Schindler 1997). A better understanding of the
effects of pH on algal communities will help to forecast and
monitor wetland ecosystem health in boreal regions (i.e.,
McCormick and Stevenson 1998; Stevenson et al. 1999),
especially in Alaska, where approximately 90% of the
wetland area is under public management (Hall et al. 1994).
In this study, we examined the response of a periphytic
algal community to a wide experimental pH range, both
decreased (pH 5) and increased (pH 9) from ambient levels
(pH 7) in an Alaskan marsh. Based on results from studies
cited above, we hypothesized that increasing acidity would
result in an overall decrease in taxa richness and result in a
wetland algal community with greater total biomass
comprised of acidophilic taxa, mainly those in the family
Zygnemataceae. In contrast, we expected that alkaline
condition would result in an algal community including
few acidophilic taxa. We also expected that some of the
changes in taxonomic structure that commonly occur in
acid conditions would be explained by the response of algae
(or lack thereof) to environmental conditions associated with
the alkaline treatment (i.e., Graham et al. 1996).

Methods
Study Location
We conducted this study in a freshwater marsh located
within an undeveloped area of the Tanana River floodplain
situated approximately 35 km southwest of Fairbanks,
Alaska, U.S.A. (latitude 64°42′ N, longitude 148°18′ W).
This region experiences a relatively short growing season
(135 days or less) with more than 21 hours of light per day
in June. The flood plain is located within an intermontane
plateau characterized by wide alluvium-covered lowlands
with poorly drained, shallow soils over discontinuous
permafrost (Begét et al. 2006). The region within interior
Alaska has not experienced glaciation, and consequently,
the area has a highly weathered geology (Hinzman et al.
2006). Oxbows and thaw ponds dominate the floodplain
landscape, and fluvial deposition and erosion are annual
disturbance events (Begét et al. 2006). The site is
characteristic of other marsh wetlands that occur along the
flood plain, which are shallow with dense stands of beaked
sedge (Carex utriculata Boott) and swamp horsetail
(Equisetum fluviatile L.) surrounding areas of open water
with sparse emergent vegetation. Other vascular plants are
also present at the site, including water parsnip (Sium suave
Walter), flat leaved bladderwort (Utricularia intermedia
Hayne), narrow leaved bur-reed (Sparganium angustifolium
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Michaux), broad leaved water plantain (Alisma plantagoaquatica L.) and common mare’s tail (Hippuris vulgaris
L.). We conducted research in an open water area of the
wetland (1494 m2) with approximately 10% vegetation
cover and a water depth of 44–49 cm.

Acid

We manipulated pH in situ using mesocosms modified from
the design described by Greenwood and Lowe (2006). A
raised boardwalk was built prior to beginning the study to
prevent the disturbance of wetland sediments during
experimental set-up and regular sampling. We constructed
mesocosm enclosures by rolling welded wire mesh into a
cylinder (40 cm in diameter), and enclosing each cylinder
with a layer of 0.1 mm thick clear window vinyl.
Enclosures were evenly spaced throughout an area of the
wetland with open canopy and pushed into the sediments so
that approximately 15 cm extended above the water surface.
This design allowed water inside enclosures to be in contact
with sediments and also kept natural vegetation intact to
simulate natural wetland conditions more effectively.
We established three treatments: acid (pH=5), alkaline
(pH=9) and the control (pH=7.2), with four replicates
each. For the acid treatment, an average of 6.25 ml of 2.5%
solution of H2SO4 was required to initially decrease the pH
to or below 5, and an average of 5 ml of 2.5% solution of
NaOH to initially raise the pH to or above 9 in the alkaline
treatment. We monitored pH inside each enclosure every
two days using a calibrated model 556 YSI meter (YSI
Incorporated, Yellow Springs, OH, U.S.A.) and adjusted as
needed with enough 2.5% H2SO4 or 2.5% NaOH to
maintain experimental pH levels. We added an average of
2.5 ml 2.5% H2SO4 every two days over the first 12 days to
maintain pH 5, and an average of 2 ml 2.5% NaOH every
two days for the first 10 days of enclosure deployment to
maintain pH 9. The acid treatment required approximately
1.5 ml 2.5% H2SO4 on days 6, 12, 16, 20, and 22 during
the algal colonization period to maintain pH 5 (Fig. 1). For
the alkaline treatment, approximately 0.5 ml of 2.5% NaOH
was added on days 2, 4, 12, and 18 to maintain pH 9.
After experimental pH levels within the enclosures
stabilized (day 12) (Fig. 1), we placed stems of Equisetum
fluviatile, cut from live plants, as a standard substratum for
sampling periphytic algae inside each enclosure. This native
plant dominated the submerged macrophyte community, and
we observed algae growing on submerged stalks of Equisetum
in the open water area of the wetland. We suspended eight
stems (10 cm-length segments) attached to paper clips that
could be repositioned to maintain a consistent depth of 5 cm
below the water surface inside each enclosure. We allowed
algae to colonize on stems inside enclosures with stabilized
experimental pH levels for 24 days (4–28 July 2007). Stems
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Fig. 1 Mean pH levels during the stabilization period before algal
substrata were deployed and during substrata deployment in the acid,
alkaline, and control treatment enclosures and in the surrounding
water (ambient). Days with two data points connected with a line in
acid and alkaline treatments indicate pH levels before and after acid
and base additions, respectively. Points are means of four replicates

remained sturdy during the colonization period without
noticeable differences in texture among stems removed from
different treatment enclosures.
We monitored changes in water depth inside each
enclosure with a meter stick, and measured temperature and
pH every four days using a calibrated model 556 YSI® MultiProbe. After 24 days, we measured light transparency as
photosynthetic active radiation (PAR) (μmol quanta m−2 s−1)
using a LI-COR quantum sensor (LI-COR, Lincoln, NE,
U.S.A). We filtered water directly from enclosures using a
0.45 μm syringe-driven filter unit and collected two
unfiltered water samples for nutrient analysis in 125-ml
acid-rinsed polyethylene bottles. To evaluate container
effects, we designated four sampling sites within the open
wetland (ambient) and measured physical and chemical
parameters following methods described for treatment
enclosures. Water samples were stored on ice until returning
to the lab, where a portion of each filtered sample was
analyzed for dissolved inorganic carbon (DIC) with a
Shimadzu TOC-V carbon analyzer (Shimadzu Scientific
Instruments, Columbia, MD, U.S.A.). The remaining nutrient
samples were frozen and stored until analysis. We analyzed
water samples for NO3 + NO2-N (NOx) following the
cadmium reduction method and for silica (SiO2) following
the molybdate method using a Skalar® auto-analyzer
(Skalar Analytical, Breda, Netherlands). Soluble reactive
phosphorus (SRP) was measured following the ascorbic acid
method using a Genesys™ 2 UV-Vis spectrophotometer
(Spectronic Analytical Instruments, Garforth, U.K.). Alkalinity
was measured following standard methods (APHA 1998). To
determine total P (TP) and total N (TN) concentrations,
particulate matter in water samples was oxidized with
persulfate; then SRP was analyzed following the ascorbic
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acid method and NOx was analyzed following the second
derivative UV spectroscopy method (APHA 1998).
Following 24 days of exposure to stabilized experimental
pH levels, we randomly selected four Equisetum stems from
each enclosure and pooled them to produce one replicate for
measurements of algal accumulation. Stems were carefully
removed from enclosures using forceps, brushed clean with a
toothbrush, and rinsed thoroughly with filtered water into a
120 ml sample bottle for subsequent analyses. We filtered a
known volume of each homogenate onto a glass fiber filter
(Whatman GF/F) and stored filters frozen in the dark for
chlorophyll a analysis. We later measured chlorophyll a
using a TD-700 fluorometer (Turner Designs, Sunnyvale,
CA, U.S.A.) after extraction with 90% ethanol and corrected
for phaeophytin (APHA 1998). We preserved a separate
aliquot with 2.5% formalin for algal compositional analysis
and ash-free dry mass (AFDM). We determined AFDM
following standard methods (APHA 1998). We dried samples
at 105°C for 48–72 h and then ashed them at 500°C for 1 h in
pre-weighed aluminum pans to measure dry mass and
ashed mass, respectively. We later identified and counted
between 300 and 500 algal cells or colonies per
preserved sample using a Palmer-Maloney nanoplankton
counter chamber at 400× magnification with taxonomy
following Prescott (1962) and Komárek and Anagnostidis
(1998, 2005). For diatom compositional analysis, we acidcleaned an aliquot of each sample and mounted cleaned
diatoms to a microslide using NAPHRAX® mounting
medium. We identified and enumerated diatom valves at
1000× magnification following Kramer and LangeBertalot (1986, 1988, 1991a, b). Cell volume (μm3 cm−2)
for each genus was determined by inserting average
dimensions into geometric formulae from Hillebrand et
al. (1999). We calculated the cell density (cells cm−2) for
each genus, and then calculated total biovolume by
multiplying cell density by estimated cell volume.
Data Analyses
All statistical analyses were done with SYSTAT (version
11.0; SYSTAT, Evanston, IL, U.S.A.). The distributions of
variables were log(x + 1), transformed if necessary to correct
for non-normal distribution and unequal variances among
treatments prior to analysis. We used one-way analysis of
variance (ANOVA) to evaluate differences in environmental
conditions (water depth, temperature, PAR, alkalinity,
nutrients) and algal parameters among treatment enclosures.
Our analyses of algal parameters included chlorophyll a,
AFDM, cell density, total cell biovolume, taxa richness, and
the proportion of the 11 most common genera to determine if
changed experimental conditions led to changes in algal
biomass and taxonomic structure. We used Bonferroni
corrections for multiple comparisons to preserve the
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experiment-wise Type I error rate of p=0.05. In instances
when ANOVA indicated significant differences among
treatments, we used a Tukey’s test to calculate which
treatments were significantly different.

Results
Water depth and temperature varied over time during each
experiment, but did not differ significantly among treatments (ANOVA, p>0.05). After exposure to 24 days of
experimental pH levels, alkalinity (ANOVA, F2,9 =4278.5,
p<0.0001) and DIC (F2,9 =8309.5, p<0.0001) were significantly lower in the acid treatment compared to the alkaline
and control treatments (Table 1). Photosynthetic active
radiation was approximately 10% greater in the acid
treatment and 23% less in the alkaline treatment compared
to the control, but differences were not statistically
significant (Table 1). Concentrations of DIN, TP, SRP,
and SiO2 were more than two-fold greater in the alkaline
treatment compared to the acid and control treatments
(Table 1), but differences were not statistically significant
(p>0.05). All physical and chemical variables were similar
between the control treatment and ambient conditions in the
wetland without treatment enclosures (p>0.05).
Mean chlorophyll a concentration (F2,9 =6.4, p=0.0185),
g AFDM (F2,9 =14.4, p=0.0016), and total biovolume
(F2,9 =5.5, p=0.0270) were significantly greater in the
alkaline treatment compared to the acid and control treatments (Fig. 2). Algal cell density was significantly greater
in the alkaline treatment compared to the control (F2,9 =4.5,
p=0.0441), but not significantly different compared to the
acid treatment (Fig. 2). All measures of algal accrual were
similar between the acid and control treatments (p>0.05).
Taxa richness was significantly lower in the acid treatment
(mean 16.00±1.08) compared to the alkaline (mean 21.00±
1.68) and control (mean 20.25±0.63) treatments (F2,9 =5.0,
p=0.0353; Fig. 3).
Cyanobacteria, green algae (Chlorophyta), and euglenoids (Euglenophyta) comprised approximately 32, 28, and
38%, respectively, of the total cell density in the control
treatment (Fig. 4). Cyanobacteria comprised approximately
68% and 63% of the total cell density in alkaline and acid
treatments, respectively, and euglenoids represented less
than 15% in each treatment (Fig. 4). Differences in the
proportion of algal groups were not statistically different
among treatments (ANOVA, Bonferroni adjusted: psignificant
<0.013), but there were significant shifts at the genus level
(Bonferroni adjusted: psignificant <0.005). The relative abundance of a diatom Achnanthidium (mainly A. minutissimum
(Kützing) Czarnecki) (F2,9 =9.4, p=0.0043) was significantly greater, and Anabaena (Cyanobacteria) (F2,9 =17.9,
p= 0.0007), Gloeocystis (Chlorophyta) (F2,9 = 10.1, p=
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Table 1 Mean values (±S.E.) of photosynthetic active radiation
(PAR), alkalinity, dissolved inorganic carbon (DIC), total nitrogen
(TN), dissolved inorganic nitrogen (DIN), total phosphorus (TP),

soluble reactive phosphorus (SRP), and dissolved silica (Si) in acid
(pH=5), alkaline (pH=9), and control (pH=7.2) treatments and
ambient conditions

Variable

Units

Acid

Photosynthetic active radiation (PAR)
Alkalinity
Dissolved inorganic carbon (DIC)
Total nitrogen (TN)
Dissolved inorganic nitrogen (DIN)
Total phosphorus (TP)
Soluble reactive phosphorus (SRP)
Dissolved silica (SiO2)

μmol m−2 s−1
mg L−1
mg L−1
mg L−1
μg L−1
μg L−1
μg L−1
mg L−1

200.6 (23.14)
0.50 (0.28)
2.25 (0.32)
1.13 (0.15)
5.38 (3.20)
22.03 (4.79)
3.60 (1.55)
5.21 (3.18)

a
a

Alkaline

Control

Ambient

143.29 (38.67)
202.0 (4.0) b
49.11 (0.27) b
1.57 (0.27)
9.93 (1.10)
47.82 (12.74)
7.03 (2.43)
10.56 (1.35)

185.12 (27.12)
197.5 (6.1) b
49.65 (0.22) b
1.61 (0.23)
1.93 (0.90)
27.19 (4.94)
2.13 (1.39)
4.52 (0.96)

177.12 (22.23)
194.3 (7.7) b
49.57 (0.19) b
1.11 (0.06)
3.57 (2.94)
26.16 (4.62)
3.31 (2.50)
11.81 (0.52)

n=4 for all values. Different letters indicate significant differences (ANOVA, p<0.05, Tukey’s test p<0.05) within each parameter among the
treatments and ambient conditions

0.0043) and Euglena (Euglenophyta) (F2,9 = 11.7, p =
0.0032) were significantly lower in the acid treatment
compared to the control treatment (Table 2). In the alkaline
treatment, the relative abundance of Nitzschia (mainly N.
linearis W. Smith) (F2,9 =16.0, p=0.0011) and Chroococcus
(Cyanobacteria) (F2,9 =10.0, p=0.0041) were significantly
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chlorophyll a concentration,
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and pH manipulated enclosures
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pH=9.0). Bars are means of four
replicates ±S.E. Bars with the
same letters are not significantly
different (ANOVA, p<0.05,
Tukey’s test p<0.05)

greater, and Limnothrix (Cyanobacteria) (F2,9 =10.8, p=
0.0046) and Euglena (F2,9 =10.2, p=0.0041) were significantly lower compared to the control treatment (Table 2).
Euglenoids represented the greatest percentage of total
biovolume among treatment enclosures, comprising approximately 63, 62, and 79% in alkaline, acid and control
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relative biovolume of Nitzschia (F2,9 =18.1, p=0.0007) and
Trachelomonas (Euglenophyta) (F2,9 =17.7, p=0.0014) were
significantly greater, and Euglena (F2,9 =14.8, p=0.0026) was
significantly lower in the alkaline treatment compared to the
control treatment (Table 2). In the acid treatment, the relative
biovolume of Mougeotia (Chlorophyta, Zygnemataceae) was
significantly greater (F2,9 =13.3, p=0.0021), and Anabaena
was significantly lower (F2,9 =17.8, p=0.0007) compared to
the control treatment (Table 2).
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Fig. 3 Mean taxa richness from substrata exposed for 24 days in pHmanipulated enclosures (Acid: pH=5.0; Control: pH=7.2; Alkaline:
pH=9.0). Bars are means of four replicates ±S.E. Bars with the same
letters are not significantly different (ANOVA, p<0.05, Tukey’s test
p<0.05)

treatments, respectively (Fig. 4). The proportion of algal
groups was similar among treatments (Bonferroni adjusted:
psignificant <0.013), but there were significant differences at the
genus level (Bonferroni adjusted: psignificant <0.005). The
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Fig. 4 The structure of main algal groups on substrata exposed for
24 days in the control treatment (pH=7.2) and pH-manipulated
enclosures (Acid: pH=5.0; Alkaline: pH=9.0)

As predicted from survey data of other wetlands (Pan and
Stevenson 1996; Stevenson et al. 1999; Negro et al. 2003)
and experimental evidence from lakes (Turner et al. 1987,
1991), changes in pH levels resulted in changes in the
taxonomic structure of periphytic algae in a northern boreal
wetland. Contrary to our expectations, algal biomass did
not increase following acidification, which commonly
occurs in lakes when pH levels are decreased from above
6 to less than 5 (Müller 1980). In addition to low DIC
levels in the acid treatment, concentrations of N and P were
extremely low and may have limited the growth of some
acidophilic algal species.
An increase in algal accrual in the alkaline treatment
may have been due, in part, to the increase in nutrient
concentrations that occurred at pH 9. In a concurrent study,
we documented a significant increase in overall algal
biomass following N and P additions to mesocosms during
the summer growing season (Wyatt et al. 2010). Similar
increases in nutrient levels, particularly P, have been related
to an increase in algal biomass following liming to
neutralize acidic lakes (Olem 1991). Phosphorus enrichment is often attributed to reduced P precipitation by
aluminum (Almer et al. 1978), increased phosphatase
activity (Olsson 1983), or an increase in sediment respiration, which can release organic substances to the overlying
water column (Wright 1985). This release may have led to
the reduction in light transparency that we observed in the
water column of the alkaline treatment (e.g., Hörnström
1999).
We anticipated a decrease in taxa richness in the acid
treatment, as similar reductions have been reported in lakes
influenced by acid precipitation or experimental acidification
(Schindler et al. 1985; Turner et al. 1991). In a similar
mesocosm study, Greenwood and Lowe (2006) reported a
significant decrease in taxa richness following experimental
acidification of a peatland in northern Michigan. Although
they did not directly measure physiological stressors associated
with low pH conditions, they hypothesized that factors such as
reduced bicarbonate availability may have been responsible for
the loss of algal taxa following acidification. The 20%
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Table 2 Percent of total
cell density and total biovolume
of genera with >5% relative
abundance in acid (pH=5),
alkaline (pH=9), and
control (pH=7.2) treatments.
Values in bold indicate statistical
significance compared to the
control (ANOVA, Bonferroni
adjusted: psignificant <0.005,
Tukey’s test, p<0.05)

1199
Taxon and taxonomic groups

Bacillariophyceae
Achnanthidium
Nitzschia
Cyanobacteria
Anabaena
Aphanocapsa
Cyanosarcina
Chroococcus
Limnothrix
Chlorophyta
Gloeocystis
Mougeotia
Euglenophyta
Euglena
Trachelomonas
Other

reduction in taxa richness that we observed in the acid
treatment, which coincided with lower DIC concentrations,
supports their hypothesis and suggests that acidification may
lead to a significant loss of algal taxa in boreal wetlands.
With respect to biovolume, euglenoids dominated algal
assemblages at both ends of the pH range. Although euglenoids
are often important members of the periphyton community in
shallow, isolated aquatic habitats (Rosowski 2003), their
occurrence or ecology in wetlands is not well understood.
The presence of euglenoids in both acid and alkaline
conditions in our study verifies reports in the literature that
the group has a wide pH tolerance (Olaveson and Nalewajko
2000). Although Euglena was reduced in the acid
treatment, it was not surprising that it existed in conditions
of pH 5, as some taxa are considered indicators of
acidification in regions receiving acid mine drainage
(Lackey 1968). From an autecological perspective, the
shift from Euglena to Trachelomonas in the alkaline
treatment is particularly interesting as it is among the first
reports of a preference for alkaline conditions for any of
the euglenoid taxa.
The increase in biovolume of Mougeotia in the acid
treatment was similar to those reported in lakes (Schindler
et al. 1985; Jackson et al. 1990) and wetlands (Greenwood
and Lowe 2006) following acid inputs. In addition to
having a low pH optimum (i.e., Müller 1980), an increase
of Mougeotia is often attributed to a competitive advantage
for the uptake of DIC (Jackson et al. 1990; Turner et al.
1991; Graham et al. 1996), which generally decreases along
with pH due to the transformation of bicarbonate to carbon
dioxide (Stumm and Morgan 1996). Although it is likely
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8.20
0.04

0.60
0.19
0.11
0.48
0.13

0.06
0.04
1.02
3.45
0.99

8.68
1.79

16.11
10.68

1.89
8.73

9.24
6.91

5.36
12.91

1.53
25.81

2.80
8.01
14.19

33.42
4.39
8.63

8.61
3.13
5.51

20.17
42.78
6.26

75.42
4.01
0.57

47.43
14.63
4.02

that a combination of environmental factors were responsible
for the increase of Mougeotia following acidification,
including low DIC (e.g., Klug and Fischer 2000), its
decrease in abundance at pH 9 highlights the importance of
pH independent of inorganic carbon concentration.
The diatoms are among the best documented algal
groups with regard to changes in pH. High relative
abundances of certain diatom species have been reported
at very low pH (van Dam and Mertens 1995), and acidtolerant taxa are widely used as indicators of acidification
in paleolimnological studies of lakes (Smol et al. 1986;
Fritz et al. 1990). The diatom response to pH in our study
was more muted than expected. As a group, the diatoms
maintained relatively low cell numbers in all treatments and
comprised a small component of total algal biomass. This
finding was surprising considering that SiO2 levels were an
order of magnitude greater than those known to be growth
limiting for diatoms in plankton studies of lakes (Hecky and
Kilham 1988). Achnanthidium (mainly A. minutissimum),
which increased in abundance in the acid treatment, has been
widely reported in other benthic habitats with low pH
(DeNicola 2000) and may be an important indicator of acid
conditions for wetlands in this region. In contrast, the increase
of Nitzschia (mainly N. linearis) in the alkaline treatment
may have been driven more by an increase in nutrient
concentration than an increase in pH, as it is commonly
reported in wetlands with high nutrient content (see review
in Browder et al. 1994) and it was a dominate taxon in a
concurrent nutrient enrichment study (Wyatt et al. 2010).
Cyanobacteria comprised a large portion of total cell
density in all treatments, but many of the taxa were small
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(<127 μm3), so they did not make up a significant
component of the total biomass in any treatment. Following
an extensive survey of lakes and rivers of different pH,
Brock (1973) reported a tolerance limit for cyanobacteria of
about pH 4.8. Their presence in the acid treatment appears
to challenge the hypothesis that acidification is detrimental
to cyanobacteria. Lazarek (1982) reported a similar finding
in lakes with a pH between 4.3 and 4.7, and Stevenson et
al. (1985) did not find a strong correlation between the
presence of Oscillatoriaceae and pH in their study of 20
lakes with a pH range between 4.5 and 7.3. We observed a
significant reduction of Anabaena in the acid treatment,
similar to those reported by Turner et al. (1987, 1991)
following lake acidification. Given the importance of
N-fixing cyanobacteria for N cycling in wetlands with low
N concentrations (Inglett et al. 2004), a reduction of
Anabaena following acid inputs in boreal wetlands could
have important implications for biogeochemical cycling in
this region.
Much of the wetland landscape the interior region of
Alaska serves as important freshwater habitat for endemic
flora and fauna, including summer nursery and stopover
habitat for migrating waterfowl (Sedinger 1997). Although
the quantitative significance of algae as a food source has
not been established for northern boreal wetlands, its
potential importance is evident from the analysis of gut
contents of common invertebrates from other wetland
ecosystems (Browder et al. 1994). From a management
standpoint, alteration of the proportions and biomass of
algal assemblages with changes in pH levels may have
important implications for the wetland food web because
algal taxa differ in their relative utilization by consumers
(Lamberti and Moore 1984). Shifts in the composition of
algal communities to include more filamentous green algae
following acidification may impact secondary production,
as they are considered inedible for many grazers (Robinson
et al. 2000). Further studies that clarify major pathways of
energy flow and grazing rates and preferences of aquatic
herbivores are needed to determine the significance of
taxonomic shifts in the algal assemblage to trophic
dynamics in boreal wetlands.
This study of an Alaskan marsh adds to a growing pool of
literature showing the effects of pH disturbance on aquatic
ecosystems globally (Sullivan 2000), and contributes to a
small number of empirical studies of pH effects on algal
community ecology in wetlands (e.g., van Dam et al. 1981;
Greenwood and Lowe 2006). While wetland algal communities are generally highly diverse and heterogeneous under
pristine conditions (Goldsborough and Robinson 1996),
trends observed in our study indicate that changes associated
with acidification may reduce algal diversity in boreal
wetlands. On the other hand, alkalization may significantly
alter algal community structure and loosen nutrient restraints
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on wetland algal productivity. Together, these findings
suggest that changes at either end of the pH spectrum could
have significant effects on algal dynamics in boreal wetland
ecosystems, which will likely affect carbon cycling in
interior Alaska as well. Relatively small changes in the
functioning of these boreal wetlands could have large scale
effects on ecosystem processes in Alaska, owing to the
extensive coverage of wetland ecosystems in this region.
While we did find significant experimental effects with our
short-term mesocosm experiment, a larger scale study with a
longer colonization period would better predict the effects of
pH on algal communities in boreal wetlands. We suggest that
future research focusing on how both acidification and
alkalization affects algal community structure and productivity in a variety of boreal wetland types is necessary to
understand consequences of altered pH for the functioning of
these aquatic systems.
Acknowledgments We thank Allison Rober for help in the field and
Merritt Turetsky for logistical support while working in Alaska. This
research was supported by a Grants-in-Aid of Research in Phycology
fellowship from the Phycological Society of America awarded to K.H.
Wyatt and a Center for Water Sciences Venture grant at Michigan
State University awarded to R.J. Stevenson. This research was also
supported by the Bonanza Creek Long-Term Ecological Research
program (United States Forest Service grant number PNW01JV11261952-231 and National Science Foundation grant number
DEB-0080609). We thank three anonymous reviewers for their helpful
comments on earlier versions of this manuscript.

References
Almer B, Dickson W, Ekström C, Hörnström E (1978) Sulfur
pollution and the aquatic ecosystem. In: Nriagu JO (ed) Sulfur
in the environment Part 2. Ecological impacts. Wiley, New York,
pp 271–311
American Public Health Association (APHA) (1998) Standard
methods for the examination of water and wastewater, 20th
edn. American Public Health Association, Washington, DC
Arancibia-Avila P, Coleman JR, Russin WA, Wilcox LW, Graham JM,
Graham LE (2000) Effects of pH on cell morphology and carbonic
anhydrase activity and localization in bloom-forming Mougeotia
(Chlorophyta, Charophyceae). Can J Bot 78:1206–1214
Begét JE, Stone D, Verbyla DL (2006) Regional overview of interior
Alaska. In: Chapin FS III, Oswood MW, Van Cleve K, Viereck
LA, Verbyla DL (eds) Alaska’s changing boreal forest. Oxford
University Press, New York, pp 12–20
Brock TD (1973) Lower pH limit for the existence of blue-green algae:
evolutionary and ecological implication. Science 179:480–483
Browder JA, Gleason PJ, Swift DR (1994) Periphyton in the
Everglades: spatial variation, environmental correlates, and
ecological implications. In: Davis SM, Ogden JC (eds) Everglades: the ecosystem and its restoration. St. Lucie Press, Delray
Beach, pp 379–418
Campeau S, Murkin HR, Titman RD (1994) Relative importance of
algae and emergent plant litter to freshwater marsh invertebrates.
Can J Fish Aquat Sci 51:681–692
Chapin FS III, Oswood MW, Van Cleve K, Viereck LA, Verbyla DL (2006)
Alaska’s changing boreal forest. Oxford University Press, New York

Wetlands (2010) 30:1193–1202
Charman D (2002) Peatlands and environmental change. Wiley, New
York
DeNicola DM (2000) A review of diatoms found in highly acidic
environments. Hydrobiologia 433:111–122
Ewe SML, Gaiser EF, Childers DL, Rivera-Monroy VH, Iwaniec D,
Fourquerean J, Twilley RR (2006) Spatial and temporal patterns of
aboveground net primary productivity (ANPP) in the Florida Coastal
Everglades LTER (2001–2004). Hydrobiologia 569:459–474
Fairchild GW, Sherman JW (1990) Effects of liming on nutrient
limitation of epilithic algae in an acid lake. Water Air Soil Pollut
52:133–147
Fairchild GW, Sherman JW (1992) Linkage between epilithic algal
growth and water column nutrients in softwater lakes. Can J Fish
Aquat Sci 49:1641–1649
Fritz SC, Kreiser AM, Appleby PG, Battarbee RW (1990) Recent
acidification of upland lakes in North Wales: Paleolimnological
evidence. In: Edwards KW, Gee AS, Stoner JH (eds) Acid water
in Wales. Kluwer Academic Publishers, Dordrecht, Netherlands,
pp 27–37
Goldsborough LG, Robinson GGC (1996) Patterns in wetlands. In:
Stevenson RJ, Bothwell ML, Lowe RL (eds) Algal ecology:
freshwater benthic ecosystems. Academic, New York, pp 77–117
Graham JM, Arancibia-Avila P, Graham LE (1996) Effects of pH and
selected metals on growth of the filamentous green alga
Mougeotia under acidic conditions. Limnol Oceanogr 41:263–
270
Graham LE, Graham JM, Wilcox LW (2009) Algae, 2nd edn.
Benjamin Cummings, San Francisco
Greenwood JL, Lowe RL (2006) The effects of pH on a periphyton
community in an acidic wetland, USA. Hydrobiologia 561:71–82
Hall JV, Frayer WE, Wilen BO (1994) Status of Alaskan wetlands. U.
S. Fish and Wildlife Service, Alaska Region, Anchorage, AK
Hecky RE, Kilham P (1988) Nutrient limitation of phytoplankton in
freshwater and marine environments: a review of recent evidence
of the effects of enrichment. Limnol Oceanogr 33:796–822
Hillebrand H, Dürselen CD, Kirschtel DB, Pollingher U, Zohary T
(1999) Biovolume calculation for pelagic and benthic microalgae. J Phycol 35:403–424
Hinzman LD, Bettez ND, Bolton WR, Chapin FS III, Dyurgerov MB,
Fastie CL, Griffith B, Hollister RD, Hope A, Huntington HP,
Jensen AM, Jia GJ, Genson TJ, Kane DL, Klein DR, Kofinas G,
Lynch AH, Lloyd AH, McGuire AD, Nelson FE, Oechel WC,
Osterkamp TE, Racine CH, Romanovsky VE, Stone RS, Stow
DA, Sturm M, Tweedie CE, Vourlitis GL, Walker M, Walker DA,
Webber PJ, Welker JM, Winker KS, Yoshikawa K (2005)
Evidence and implications of recent climate change in northern
Alaska and other arctic regions. Clim Change 72:251–298
Hinzman LD, Viereck LA, Adams PC, Romanovsky VE, Yoshikawa
K (2006) Climate and permafrost dynamics of the Alaskan boreal
forest. In: Chapin FS III, Oswood MW, Van Cleve K, Viereck
LA, Verbyla DL (eds) Alaska’s changing Boreal forest. Oxford
University Press, New York, pp 39–61
Hörnström E (1999) Long-term phytoplankton changes in acid and
limed lakes in SW Sweden. Hydrobiologia 394:93–102
Hörnström E (2002) Phytoplankton in 63 limed lakes in comparison
with the distribution in 500 untreated lakes with varying pH.
Hydrobiologia 470:115–126
Hultberg H, Andersson IB (1982) Liming of acidified lakes: induced
long-term changes. Water Air Soil Pollut 18:311–331
Inglett PW, Reddy KR, McCormick PV (2004) Periphyton chemistry
and nitrogenase activity in a northern Everglades ecosystem.
Biogeochemistry 67:213–233
Jackson MB, Vandermeer EM, Lester N, Booth JA, Molot L, Gray IM
(1990) Effects of neutralization and early reacidification on
filamentous algae and macrophytes in Bowland Lake. Can J Fish
Aquat Sci 47:432–439

1201
Klug JK, Fischer JM (2000) Factors influencing the growth of
Mougeotia in experimentally acidified mesocosms. Can J Fish
Aquat Sci 57:538–547
Komárek J, Anagnostidis K (1998) Cyanoprokaryota 1. Teil:
Chroococcales, Süsswasserflora von Mitteleuropa 19/1. Fischer
Verlag, Stuttart, Germany
Komárek J, Anagnostidis K (2005) Cyanoprokaryota 2. Teil:
Oscillatoriales, Spektrum Akademischer Verlag 19/2. Elsevier
GmbH, München
Krammer K, Lange-Bertalot H (1986) Bacillariophyceae, teil 1.
Naviculaceae, Spektrum Akademischer Verlag, Heidelberg, Germany
Krammer K, Lange-Bertalot H (1988) Bacillariophyceae, teil 2.
Epithemiaceae, Bacillariophyceae, Surirellaceae. Spektrum
Akademischer Verlag, Heidelberg, Germany
Krammer K, Lange-Bertalot H (1991a) Bacillariophyceae, teil 3.
Centrales, Fragilariaceae, Eunotiaceae, Achnanthaceae. Spektrum
Akademischer Verlag, Heidelberg, Germany
Krammer K, Lange-Bertalot H (1991b) Bacillariophyceae, teil 4.
Achnanthaceae, kritische erganzungen zu Navicula (lineolate)
und Gomphonema. Spektrum Akademischer Verlag, Heidelberg,
Germany
Lackey JB (1968) Ecology of Euglena. In: Buetow DE (ed) The
biology of Euglena, vol 1. Academic, New York, pp 27–44
Lamberti GA, Moore JW (1984) Aquatic insects as primary consumers.
In: Resh VH, Rosenberg DM (eds) The ecology of aquatic insects.
Praeger Publishers, New York, pp 164–195
Lazarek S (1982) Structure and function of a cyanophyton mat
community in an acidified lake. Can J Bot 60:2235–2240
Lougheed VL, McIntosh MD, Parker CA, Stevenson RJ (2008)
Wetland degradation leads to homogenization of the biota at local
and landscape scales. Freshw Biol 53:2402–2413
McCormick PV, Stevenson RJ (1998) Periphyton as a tool for ecological
assessment and management in the Florida Everglades. J Phycol
34:726–733
McCormick PV, Shuford RBE, Backus JG, Kennedy WC (1998) Spatial
and seasonal patterns of periphyton biomass and productivity in the
northern Everglades, Florida, U.S.A. Hydrobiologia 362:185–208
Müller P (1980) Effects of artifical acidification on the growth of
periphyton. Can J Fish Aquat Sci 37:355–363
Murkin HR (1989) The basis for food chains in prairie wetlands. In:
van der Valk AG (ed) Northern Prairie Wetlands. Iowa State
University Press, Ames, pp 316–338
Negro AI, DeHoyos C, Aldasoro JJ (2003) Diatom and desmid
relationships with the environment in mountain lakes and mires
of NW Spain. Hydrobiologia 505:1–13
Olaveson MM, Nalewajko C (2000) Effects of acidity on the growth
of two Euglena species. Hydrobiologia 433:39–56
Olem H (1991) Liming acidic surface waters. Lewis Publishers,
Chelsea
Olsson H (1983) Origin and production of phosphatases in the acid
Lake Gårdsjön. Hydrobiologia 101:49–58
Osterkamp TE, Viereck L, Shur Y, Jorgenson MT, Racine C, Doyle A,
Boone RD (2000) Observations of thermokarst and its impact on
boreal forests in Alaska, USA. Arct Alpine Res 32:303–315
Pan YD, Stevenson RJ (1996) Gradient analysis of diatom assemblages in western Kentucky wetlands. J Phycol 32:222–232
Planas D (1996) Acidification effects. In: Stevenson RJ, Bothwell
ML, Lowe RL (eds) Algal ecology: freshwater benthic ecosystems. Academic, New York, pp 497–530
Prescott GW (1962) The algae of the Western great lakes area. With
an Illustrated Key to the Genera of Desmids and Freshwater
Diatoms. Wm. C, Brown Company, Dubuque
Richardson CJ (2009) The Everglades: North America’s subtropical
wetland. Wetlands Ecol Manage. doi:10.1007/s11273-009-9156-4
Robinson GGC, Gurney SE, Goldsborough LG (2000) Algae in
prairie wetlands. In: Murkin HR, van der Valk AG, Clark WR

1202
(eds) Prairie Wetland Ecology: the contribution of the marsh
ecology research program. Iowa State University Press, Ames, pp
163–198
Rosowski JR (2003) Photosynthetic englenoids. In: Wehr JD, Sheath
RG (eds) Freshwater Algae of North America: ecology and
classification. Academic, New York, pp 383–416
Schindler DW (1988) Effects of acid rain on aquatic ecosystems.
Science 239:149–157
Schindler DW (1997) Widespread effects of climate warming on
freshwater ecosystems of North America. Hydrol Process
11:1043–1067
Schindler DW, Mills KH, Malley DF, Findlay DL, Shearer JA, Davies
IJ, Turner MA, Linsey GA, Cruikshank DR (1985) Long-term
ecosystem stress: the effects of years of experimental acidification on a small lake. Science 228:1395–1401
Sedinger JS (1997) Waterfowl and wetland ecology in Alaska. In:
Milner MA, Oswood MW (eds) Freshwaters of Alaskaecological synthesis, vol 119. Ecological Studies. SpringerVerlag, New York, pp 155–178
Sklar FH, Chimney MJ, Newman S, McCormick PV, Gawlik D, Miao S,
McVoy C, Said W, Newman J, Coronado C, Crozier G, Korvela M,
Rutchey K (2005) The ecological-societal underpinnings of
Everglades restoration. Front Ecol Environ 3:161–169
Smol JP, Battarbee RW, Davis RB, Meriläinen J (1986) Diatoms and
lake acidity. Junk Publishers, Dordrecht, Netherlands
Smucker NJ, Vis ML (2009) Use of diatoms to assess agricultural and
coal mining impacts on streams and a multiassemblage case
study. J North Am Benthol Soc 28:659–675
Stevenson RJ, Singer R, Roberts DA, Boylen CW (1985) Patterns of
epipelic algal abundance with depth, trophic status, and acidity of
poorly buffered New Hampshire lakes. Can J Fish Aquat Sci
42:1501–1512
Stevenson RJ, Sweets PR, Pan Y, Schultz RE (1999) Algal community
patterns in wetlands and their use as indicators of ecological
conditions. In: McComb AJ, Davis JA (eds) Proceedings of
INTECOL’s 5th International Wetland Conference. Gleneagles
Press, Adelaide, Australia, pp 517–527
Stumm W, Morgan JJ (1996) Aquatic chemistry, 3rd edn. Wiley, New York

Wetlands (2010) 30:1193–1202
Sullivan TJ (2000) Aquatic effects of acidic deposition. Lewis
Publishers, Boca Raton
Turner MA, Jackson MB, Findlay DL, Graham RW, DeBruyn ER,
Vandermeer EM (1987) Early responses of periphyton to
experimental lake acidification. Can J Fish Aquat Sci 44:135–
149
Turner MA, Howell ET, Summerby M, Hesslein RH, Findlay DL,
Jackson MB (1991) Changes in epilithon and epiphyton
associated with experimental acidification of a lake to pH 5.
Limnol Oceanogr 36:1390–1405
Turner MA, Robinson GGC, Townsend BE, Hann BJ, Amaral JA
(1995a) Ecological effects of blooms of filamentous green algae
in the littoral zone of an acid lake. Can J Fish Aquat Sci
52:2264–2275
Turner MA, Schindler DW, Findlay DL, Jackson MB, Robinson GGC
(1995b) Disruption of littoral algal associations by experimental
lake acidification. Can J Fish Aquat Sci 52:2238–2250
van Dam H, Mertens A (1995) Long-term changes of diatoms and
chemistry in headwater streams polluted by atmospheric deposition
of sulphur and nitrogen compounds. Freshw Biol 34:579–600
van Dam H, Suurmond G, ter Braak CJF (1981) Impact of
acidification on diatoms and chemistry of Dutch moorland pools.
Hydrobiologia 83:425–459
Vymazal J (1995) Algae and element cycling in wetlands. Lewis
Publishers, Ann Arbor
Walker DA, Webber PJ, Binnian EF, Everett KR, Lederer ND,
Nordstrand EA, Walker MD (1987) Cumulative impacts of oil
fields on northern Alaskan landscapes. Science 238:757–761
Wetzel RG (1996) Benthic algae and nutrient cycling in lentic
freshwater ecosystems. In: Stevenson RJ, Bothwell ML, Lowe
RL (eds) Algal ecology: freshwater benthic ecosystems.
Academic, New York, pp 641–667
Wright RF (1985) Chemistry of Lake Hovvatn, Norway, following
liming and reacidification. Can J Fish Aquat Sci 42:1103–1113
Wyatt KH, Stevenson RJ, Turetsky MR (2010) The importance of
nutrient co-limitation in regulating algal community composition,
productivity, and algal-derived DOC in an oligotrophic marsh in
interior Alaska. Freshw Biol 55:1845–1860

