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Abstract  The goals of this study were to (1) docu-
ment spatial and temporal variation in diatom species 
composition across a gradient of northern peatlands 
and (2) determine how underlying environmental 
conditions influence diatom species distribution. We 
sampled three peatlands (a rich, moderate, and poor 
fen) in interior Alaska during a growing season (May 
until August). A total of 100 species were observed 
across all fens, 17 of which were present at > 1% rela-
tive abundance, and 15 were selected as indicator 
species. Based on the differential response of Simp-
son vs. Shannon diversity metrics, we determined 
that fen type affected diatom assemblage composi-
tion and differences were driven by changes in the 
most common, but not in the least common species. 
Diatom species richness declined along a gradient 
of rich to poor fens. Conductivity, dissolved organic 
carbon concentration, water temperature, pH, and 
water depth explained 63% of the total variation in 
diatom assemblage structure among fens. We identi-
fied unique indicator species associated with each fen 
that either reinforced or expanded current understand-
ing of their environmental thresholds. These results 
indicate that variation in environmental conditions in 

boreal fens will be reflected in diatom assemblages, 
which may be used to monitor biological condition in 
these ecosystems.
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Introduction

Peatlands are unique wetland ecosystems that occur 
across the boreal region (Yu et  al., 2010; Xu et  al., 
2018). Peatlands form when plant productivity has 
been persistently greater than the rate of plant decay, 
resulting in the accumulation of peat, or partially 
decomposed organic material (Vitt, 2006). Peatlands 
are common in the boreal zone owing in part to con-
ditions that have facilitated the accumulation of peat 
over time, such as specially adapted plant species 
and cold, saturated soils that limit decomposition of 
plant litter (Vitt et al., 2000; Joosten & Clarke, 2002; 
Bradshaw & Warkentin, 2015). Collectively, north-
ern peatlands tend to operate as a global reservoir 
for atmospheric carbon (Hugelius et  al., 2020; Har-
ris et al., 2022) and they also serve a critical role as 
hotspots for biodiversity and as habitat for rare and 
specialized species (Minayeva et  al., 2008; Joosten, 
2015; Gallé et al., 2019). Many of these attributes are 
at risk as the boreal zone is experiencing rapid warm-
ing, resulting in increased thaw and nutrient release 
(Olefeldt & Roulet, 2012; Serikova et al., 2019; Qiu 
et al., 2020), erosion (Li et al., 2017), and changes in 
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plant communities (Loisel et  al., 2012; Lyons et  al., 
2020; McPartland et al., 2020). The rapidly changing 
climatic conditions in boreal peatlands have led to a 
demand for reports on these ecosystems for several 
groups of organisms that are indicators of biological 
integrity (UN Environment, 2019).

Using the sensitivity of organisms to environmen-
tal variation (i.e., bioindicators) is one of the more 
common methods for monitoring aquatic ecosystem 
health (Li et  al., 2010; Chen et  al., 2020). Regular 
assessments of freshwater habitats using standardized 
bioindication methods have been proven to be reli-
able and reproducible  (Kuefner et  al., 2020; Zubova 
et al., 2020; Pérez et al., 2021). Effective bioindicator 
species typically have a moderate tolerance to envi-
ronmental variability, as rare species with narrow 
tolerances are often too sensitive, or too infrequently 
encountered, to reflect the general biotic response to 
environmental variance (Holt & Miller, 2011). On the 
other hand, ubiquitous species with broad tolerances 
are less sensitive to environmental conditions that 
otherwise disturb the community as a whole (Holt & 
Miller, 2011). Owing to the dynamic environmental 
conditions of peatlands (i.e., frequent water level fluc-
tuation, deep freeze in the winter), it can be difficult 
or impossible to use bioindicators commonly used in 
other aquatic environments, such as fish or inverte-
brates (Kock et al., 2019). In these ecosystems, highly 
silicified organisms, such as diatoms, may be an alter-
native owing to their rapid turnover time, sensitivity 
to environmental conditions, preservation, and exten-
sive taxonomic literature for identification (Steven-
son et al., 1999; Battarbee et al., 2010; Küttim et al., 
2017).

In northern peatlands, diatoms exist within a bio-
film matrix, along with other algae, fungi, and bac-
teria, and are highly responsive to their environment 
(Gilbert & Mitchell, 2006; Rober et  al., 2014). Pre-
vious studies have shown that diatoms comprise 
between 3 and 36 percent of boreal fen algal commu-
nities (Rober et al., 2013, 2014, 2022; Ferguson et al., 
2021). Similar to that of lakes and rivers, diversity 
and richness of peatland diatom assemblages tend 
to vary according to geology and underlying envi-
ronmental conditions, as well as according to peat-
land development and succession (Brugam & Swain, 
2000; Fránková et al., 2009; Lento et al., 2022). Com-
pared to other regions, diatom diversity and richness 
have not been as extensively studied in undisturbed 

North American boreal peatlands (Gaiser & Rühland, 
2010; Hargan, 2014; Kahlert et al., 2022). Given that 
linkages between diatom assemblages and environ-
mental variables may differ across localities (Winter 
& Duthie, 2000), regional reports of diatom species 
abundance and distribution are crucial for the proper 
identification and monitoring of peatland ecosystems 
(Bottin et al., 2014; Oeding & Taffs, 2017).

The aim of this research was to use diatoms to 
evaluate environmental conditions in a range of undis-
turbed peatlands (rich, moderate, and poor fens) in 
interior Alaska where increases in algal biomass and 
changes in energy flow are predicted to occur with 
an upsurge in nutrient levels caused principally by 
changing climatic conditions (Flanagan et  al., 2003; 
Wyatt et  al., 2012, 2015, 2021; Rober et  al., 2014; 
Ferguson et al., 2021). Diatoms represent a significant 
proportion of the algal community in these sites and 
tend to be most abundant in the early growing season 
but decline over time, making way for cyanobacteria 
and filamentous green algae (Ferguson et  al., 2021). 
Despite our knowledge of the algal community as a 
whole, we know relatively little about diatom species 
diversity or the factors regulating diatom commu-
nity composition within the biofilm in peatlands. The 
objectives of this study were to (1) document spatial 
and temporal variation in diatom species composi-
tion across a gradient of northern peatlands and (2) 
determine how underlying environmental conditions 
influence diatom species distribution. We hypoth-
esized that diatom assemblage structure would be het-
erogeneous across peatland type and driven by under-
lying environmental conditions that occur in these 
ecosystems.

Methods

Study site

Samples were collected from three peatlands which 
represented the dominant peatland types across the 
boreal landscape (rich, moderate, and poor fens) and 
were located in a wetland complex located within 
the Tanana River floodplain just outside the Bonanza 
Creek Experimental Forest (35 km southeast of Fair-
banks) in interior Alaska. Fens are minerotrophic 
peatlands, receiving nutrients from both groundwater 
and surface water flow (Rydin & Jeglum, 2013). As 
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a result, fens are characterized by low pH conditions 
which influences nutrient availability (i.e., mineral 
ions become more readily available as pH increases) 
and thereby plant community composition. As such, 
rich fens are relatively rich in mineral ions and species 
diversity whereas poor fens are poor in both mineral 
ions and species diversity (Rydin & Jeglum, 2013). 
In this study, rich, moderate, and poor fens were clas-
sified prior to the study using water chemistry (e.g., 
pH) and natural transitions in vegetation community 
structure (Churchill et  al., 2015; McPartland et  al., 
2019). Fen physical and chemical characteristics have 
been described in detail elsewhere (Ferguson et  al., 
2021; Hamilton et al., 2023), but briefly, the rich fen 
had a water column pH ranging from 5.4 to 8.9 and 
was comprised of brown moss species (Amblystegi-
aceae and Brachytheciaceae) and emergent vascular 
plants (Carex atherodes Spreng., Equisetum fluviatile 
L., and Potentilla palustris (L.) Scop.). The moder-
ate fen pH ranged from 5.3 to 8.8 and the plant com-
munity was composed of both brown and Sphagnum 
mosses and vascular plants (C. atherodes, E. fluvia-
tile, and P. palustris). The poor fen pH ranged from 
4.8 to 7.5 and was primarily composed of Sphag-
num moss species with vascular plants E. fluviatile, 
P. palustris, and Eriophorum vaginatum L. All fens 
were located within ~ 1 km distance from one another 
and were surrounded by lowland boreal forest com-
posed of spruce and shrub cover. Fen sites remained 
saturated (≥ 15cm water depth) for the entire growing 
season.

Environmental variables

Physical and chemical characteristics were meas-
ured within each of four evenly spaced plots (1m2) in 
each peatland every 10–14 days (4 plots × 5 sampling 
dates = 20 samples per fen) beginning after snowmelt 
in May until August 2017. Water temperature (°C), 
pH, dissolved oxygen (DO; mg l−1), and conductivity 
(µScm) were measured with a Hach model 40d multi-
probe (Hach Company, Loveland, CO, USA). Water 
depth (cm) was measured with a meter stick. Photo-
synthetically active radiation (PAR; µmol m–2 s–1) 
was measured at the peat surface in each plot using a 
Li-Cor submersible quantum sensor and LI-250 light 
meter (Li-Cor, Lincoln, NE, USA) attached to a 1-m 
pole to prevent disturbance of macrophytes. Water 
samples for dissolved nutrient analysis and dissolved 

organic carbon (DOC) were collected from 10 cm 
below the surface and filtered through a 0.45 µm fil-
ter (Millipore Corporation, Bedford, MA, USA) into 
60 mL acid-washed polyethylene bottles and stored 
on ice in the field. These samples were kept frozen 
until analysis for DOC (mg l−1) using a Shimadzu 
TOC-V carbon analyzer (Shimadzu Scientific Instru-
ments, Columbia, MD, USA). A portion of each fil-
tered sample was analyzed using ion chromatogra-
phy (Dionex Corporation, Sunnyvale, CA, USA) for 
nitrate (µg NO3

− l−1) and phosphate (µg PO4
3− l−1).

Diatom sampling, preparation, and analysis

Attached biofilm was sampled from the same four 
1m2 plots as physical and chemical measurements 
within each fen on each sampling date. Loosely 
attached biofilm was collected from the peat surface 
using a syringe and from the submerged portions 
of four dead plant stems of the dominant emergent 
macrophyte using a toothbrush (Rober et  al., 2014). 
The composite sample was preserved in a 2% for-
malin solution for identification of diatom species 
composition.

In the laboratory, preserved samples were cleaned 
by boiling in hydrochloric acid and rinsing the result-
ing suspension by diluting, settling, and decanting 
repeatedly until the acid was neutralized (Charles 
et al., 2002). Rinsed diatom suspensions were placed 
on three 18 × 18 mm coverslips per sample and 
allowed to air dry. They were then scanned to eval-
uate density (15–30 visible valves per field of view 
at 400X magnification) before permanent mounting 
with Naphrax™ mounting medium (Brunel Micro-
scopes Ltd., Chippenham, UK) (Charles et al., 2002).

Diatoms were identified to species level using 
1000X oil immersion on a Leica DM750 light micro-
scope (Leica Microsystems, Wetzlar, Germany). 
Three hundred valves were enumerated for each sam-
ple, based on the quantitative method for determining 
a representative algal sample count (Pappas & Sto-
ermer, 1996). Taxonomic identifications were made 
using diatoms.org, relevant taxonomic literature, and 
a voucher flora compiled for Alaskan fens (Hamilton 
et al., 2023).
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Statistical analysis

We found a total of 100 species in 26 genera among 
all three fen types that were included in the analyses 
of species diversity (Shannon–Weiner diversity and 
Simpson’s index of diversity (1-λ)) and evenness 
(Pielou’s evenness) (Boggero et al., 2019; Han et al., 
2022). We used boxplots to identify outliers in the 
measures of richness and diversity and removed them 
from further analysis; the data points removed were 
richness values for the poor fen on May 29 and mod-
erate fen on July 19, and Shannon–Weiner diversity, 
Pielou’s evenness, and Simpson’s diversity values for 
the rich fen on May 29. We evaluated differences in 
measures of diversity and evenness within and among 
fens and sampling dates using a general linear model 
(GLM) with fen type and time as fixed factors. When 
GLM indicated significant differences, Tukey’s test 
for post hoc comparison of means tests was used to 
discriminate among different factors levels.

We evaluated differences in diatom species com-
position and environmental conditions within and 
among peatlands using multivariate GLMs with fen 
type and time as fixed factors. We included individ-
ual diatom species in analyses only when they were 
present at > 1% relative abundance to reduce the 
influence of rare species (Lavoie et  al., 2009). Dia-
tom relative abundance was square-root transformed 
prior to statistical analysis to correct for non-normal 
distribution and unequal variance. When GLM indi-
cated significant differences, Tukey’s test for post hoc 
comparison of means tests were used to discriminate 
among different factors levels. Multivariate GLMs 
were performed using SPSS 28 (SPSS Inc., Chicago, 
Illinois).

Diatom species present at > 1% relative abun-
dance were included in indicator species analysis 
(ISA). This analysis uses a species’ relative abun-
dance to estimate the strength of its associations 
with a defined group (i.e., fen type) and a rand-
omization test to evaluate the probability of asso-
ciation (Dufrêne & Legendre, 1997). An indicator 
species value (ISV) is then produced (values range 
from 0 to 1) and is the highest when all individu-
als of a species occur in a single group of sites 
(i.e., a rich, moderate, or poor fen) and occurs in 
all sites of that group (Dufrêne & Legendre, 1997; 
De Cáceres & Legendre, 2009). For this study, each 
plot was treated as an individual sample for a total 

20 samples (4 plots × 5 sampling dates) per peatland 
across the study period. Values of ISA were deter-
mined using the R package indicspecies v1.7.14 (De 
Cáceres et  al., 2023) in RStudio v2023.09.1.494 
(RStudio Team, 2023). We calculated weighted 
average estimates for optima and tolerances of the 
dominant diatoms following Potapova and Charles 
(2003) using the R package optimos.prime v0.1.2 
(Sathicq et al., 2020).

Redundancy analysis (RDA), an extension of mul-
tiple regression analysis that is used to model multi-
variate response data, was used to identify the envi-
ronmental variables that were significant predictors of 
diatom species composition (Legendre & Legendre, 
2012). Diatom species present at > 1% relative abun-
dance were included in RDA analysis. Environmen-
tal variables were standardized prior to performing 
RDA using the decostand() function to allow for com-
parison among variables measured in different units 
(Legendre & Legendre, 2012). To decide if forward 
selection of explanatory variables was appropriate, a 
global test of all variables was run to determine sig-
nificance (Borcard et al., 2011). To produce a model 
containing only necessary explanatory variables, 
the forward.sel() function was applied to the data to 
devise a parsimonious model with sufficient variables 
to obtain an R2

adj close to that of the global model 
(Borcard et  al., 2011). The forward.sel() function 
works by adding variables to the model one-by-one 
starting with the explanatory variable with the highest 
R2 and stops when the adjusted coefficient of multi-
ple determination R2

adj of the global model contain-
ing all the potential explanatory variables is reached. 
The selected explanatory variables were tested for 
significance using the function anova.cc(), similar to 
an Analysis of Variance (ANOVA) permutation test 
(Borcard et al., 2011). A parsimonious RDA contain-
ing the selected explanatory variables was run and 
the results were plotted to visualize relationships of 
diatom assemblages to explanatory variables. Pear-
son correlations among the first 2 canonical axes 
and environmental variables were used to interpret 
the meaning and significance of each axis. Com-
putation of RDA, standardizing and testing signifi-
cance of variables, and plotting were done in RStu-
dio v2023.09.1.494 (RStudio Team, 2023) using the 
vegan v2.6–4 package, and the adespatial v0.3–23 
package was used for the selection of variables 
(Oksanen et al., 2022; Dray, 2023).
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Results

Environmental variables

All environmental factors were affected by time 
(GLM, F36,160 = 8.89, P < 0.001), fen type (GLM, 
F18,76 = 123.51, P < 0.001), and the combination of 
fen type and time (GLM, F72,352 = 4.40, P < 0.001; 
Fig.  1a–i), except for PAR, which was not sig-
nificantly affected by fen type (GLM, F2,45 = 0.15, 
P = 0.86; Fig.  1f) and depth, which was not signifi-
cantly affected by the combined effect of fen type and 
time (GLM, F8,45 = 1.26, P = 0.29; Fig.  1e). Water 
temperature (17.25 ± 3.24  °C) increased over the 
sampling season in all fens, reaching its maximum 
in late July before declining into August and was 
on average lowest in the poor fen (15.22 ± 3.53  °C) 
compared to the rich (18.51 ± 2.29  °C) or moder-
ate fens (18.02 ± 2.88  °C; P < 0.001; Fig.  1a). pH 
ranged from 7.59 to 8.91 among fens at the start of 
the growing season and decreased over time but 
was consistently lower in the poor fen (5.77 ± 1.03) 
compared to the rich (6.46 ± 1.29) or moderate fens 
(6.42 ± 1.32; P < 0.001; Fig.  1b). Dissolved oxygen 
was most elevated at the beginning of the growing 
season in all fens and declined over time, but was 
the highest in the moderate (5.72 ± 1.49 mg l−1) fen 
compared to the rich (3.92 ± 1.95  mg l−1) and poor 
fens (3.81 ± 2.42  mg l−1; P < 0.001), except for in 
mid-June, when the poor fen was significantly higher 
(7.06 ± 1.30  mg l−1) than the rich or moderate fens 
(P < 0.001; Fig. 1c). Conductivity increased over time 
in both the rich and poor fens, ranging from 31.40 
to 48.13 µScm, but decreased over time from 28.48 
to 23.81 µScm in the moderate fen (Fig.  1d). Water 
depth was highest at the beginning of the season in 
all fens and decreased over time but was consist-
ently higher in the moderate fen (33.98 ± 11.40  cm) 
compared to the rich (27.51 ± 7.95  cm) or poor fen 
(26.63 ± 8.86  cm; Fig.  1e). Mean PAR was similar 
among fen types (254.23 ± 223.16  μmol cm2  s−1), 
peaking in mid-June prior to peak macrophyte pro-
duction and then decreased over the time across all 
fens (P < 0.001; Fig.  1f). Mean DOC was signifi-
cantly higher in the poor fen (62.38 ± 9.41  mg l−1) 
than in the rich (32.57 ± 4.32  mg l−1) or moder-
ate fens (29.71 ± 3.14  mg l−1; P < 0.001), which 
were also significantly different from each other 
(P < 0.001; Fig.  1g). Nitrate was the lowest in the 

rich fen (7.7 ± 2.1  µg NO3
− l−1) compared to the 

poor (15.77 ± 9.59  µg NO3
− l−1) or moderate fens 

(13.21 ± 7.39; P < 0.001), which were not signifi-
cantly different from each other (P = 0.10 Fig.  1h). 
Phosphate increased over time in the poor fen and 
was significantly higher (20.9 ± 6.21  µg PO4

3− l−1; 
P < 0.001) than in the rich (8.56 ± 3.40 µg PO4

3− l−1) 
or moderate (7.54 ± 2.95  µg PO4

3− l−1) fens where 
phosphate decreased over time (Fig. 1i).

Measures of diversity

Fen type had a significant effect on diatom species 
richness, Simpson’s diversity, and evenness (meas-
ured as Pielou’s evenness) (Table  1). Time alone 
had no effect on species richness, diversity, or even-
ness (Table  1). Therefore, diatom diversity metrics 
across time were combined to illustrate overall differ-
ences among fens (Fig. 2a–d). The interactive effect 
of fen type and time was significant only for rich-
ness (Table  1). A total of 67 species were observed 
in the rich fen, 66 species in the moderate fen, and 
37 species in the poor fen. Mean richness was signifi-
cantly higher in the moderate fen (17.8 ± 4.28) than 
in the rich (15.05 ± 3.76) or poor fens (14.60 ± 2.64; 
P ≤ 0.02; Fig.  2a). Simpson’s diversity was signifi-
cantly different among fens (P = 0.03), but Shan-
non–Weiner diversity was not different among fens 
(P = 0.2) indicating that there were significant dif-
ferences in the most common species, but not in the 
least common species among fens (Fig. 2b–c). Simp-
son’s diversity was significantly higher in the poor fen 
(0.76 ± 0.08) than in the moderate fen (0.65 ± 0.12; 
P = 0.020; Fig.  2c). Pielou’s evenness was signifi-
cantly lower in the moderate fen (0.59 ± 0.10) than in 
the poor (0.70 ± 0.09; P < 0.001; Fig. 2d) fen, but not 
significantly different from the rich fen (0.65 ± 0.11; 
P = 0.06; Fig. 2d).

Species composition trends across fen type and over 
time

We found 17 species were present at > 1% relative 
abundance and included in analyses of taxonomic 
composition (Fig. 3). Diatom species present at < 1% 
relative abundance were grouped as “other” and 
represented 6–12% of the total relative abundance 
across all peatland types (Fig. 3). Diatom assemblage 
composition was significantly affected by fen type 
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(GLM, F34,60 = 17.108, P < 0.001) and time (GLM, 
F68,128 = 2.179, P < 0.001), as well as the combined 
effect of fen type and time (GLM, F136,288 = 1.904, 
P < 0.001; Fig. 3a-c). Genera observed at the highest 

proportion across all fen types were Eunotia Ehren-
berg (59.2%), Tabellaria Ehrenberg ex Kützing 
(32.9%), and Gomphonema Ehrenb. (4.1%). The most 
specious genera across all fen types were Eunotia (34 

Fig. 1   Mean (± 1SD) water 
temperature (°C) (a), pH 
(b), dissolved oxygen (DO; 
mgL−1) (c), conductivity 
(µS) (d), water depth (cm) 
(e), photosynthetically 
active radiation (PAR; 
µmol m−2 s−1) (f), dissolved 
organic carbon (DOC; 
mgL−1) (g), nitrate (NO3

− 
l−1) (h), and phosphate (µg 
PO4

3− l−1) (i) in each peat-
land over a sampling season 
from May to August
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species), Pinnularia Ehrenb. (14 species), and Gom-
phonema (11 species); however, no Pinnularia spe-
cies nor most Gomphonema species (except G. bre-
bissonii and G. lagerheimii) were included in further 
analysis due to low relative abundance. In the rich 
fen, the species in highest proportion were T. floccu-
losa (44.0%), E. ambivalens (13.3%), and E. subcap-
itata (8.6%) (Fig.  3a). The taxa observed in highest 
relative abundance in the moderate fen were T. floc-
culosa (52.8%) and E. subcapitata (15.3%) (Fig. 3b). 
The diatom species in highest relative abundance 
in the poor fen were E. mucophila (39.2%), E. nae-
gelii (16.9%), and E. pseudogroenglandica (11.1%) 
(Fig. 3c).

Indicator species and relationship to environmental 
variables

Ordination analysis revealed clear separation in dia-
tom assemblage structure among fen types and the 
environmental variables that best explained spa-
tial and temporal variation in community structure 

(Fig. 4). Results of forward selection RDA produced 
a model containing 5 explanatory variables account-
ing for 63.1% of the total variation in diatom assem-
blages across all fens: conductivity, DOC, water 
temperature, depth, and pH (P ≤ 0.05; Fig. 4). Eigen-
values for the 1st and 2nd axes were 22.8 and 1.8, 
respectively. The first RDA axis explained 55.4% of 
variance and was positively correlated with DOC and 
conductivity and negatively correlated with tempera-
ture and pH (Table 2). The first axis differentiated the 
poor fen with higher DOC concentration and lower 
pH from the rich and moderate fens with lower con-
ductivity and DOC concentrations (Fig. 4). The sec-
ond RDA axis explained 4.4% of variance and was 
positively correlated with conductivity and negatively 
correlated with depth (Table 2). The second axis dif-
ferentiated the moderate fen with higher conductiv-
ity and shallower depth from the rich fen with higher 
temperature and lower conductivity (Fig. 4).

The results of ISA, together with results of RDA, 
reveal reliable bioindicators among the diatoms 
observed and the environmental variables to which 
they were most strongly correlated (Table 3; Fig. 4). 
The results of ISA show that 15 of the 17 species 
present at > 1% relative abundance were selected as 
indicator species (i.e., likely to be associated with a 
particular fen type; Table  3). These species formed 
distinct clusters within rich, moderate, and poor fen 
sites. Gomphonema lagerheimii, G. brebissonii, E. 
ambivalens, and E. cf. glacialispinosa had significant, 
high indicator species values (ISVs) for the rich fen 
and were most strongly influenced by temperature 
and conductivity (P < 0.001; Fig.  4; Table  3), mak-
ing these species good indicators for boreal rich fens 
with water temperature in the range of 15–21 °C and 
conductivity in the range of 31–45 µScm. Our RDA 
results indicate that variation in diatom species com-
position in the moderate fen was most strongly influ-
enced by changes in pH and depth (Fig. 4). Eunotia 
scandiorussica and E. panda had high, significant 
ISV for the moderate fen and would make good indi-
cators for inundated moderate boreal fens with pH in 
the range of 5.3–8.5 (p ≤ 0.002; Fig. 4; Table 3). Two 
species (T. flocculosa and E. subcapitata) were reli-
able indicators for both rich and moderate boreal fens 
with pH in the range of 5.3–8.9 (P < 0.0001; Fig. 4; 
Table  3). Eunotia mucophila, E. pseudogroeng-
landica, E. paludosa, E. cf. bertrandii, E. krammeri, 
E. naegelii, and E. flexuosa were most strongly driven 

Table 1   Independent and interactive effects of fen type and 
time on richness, Shannon–Weiner (S–W) diversity, Simpson’s 
diversity (1 − λ), and Pielou’s evenness

P-value for significant effects are indicated by bold font

Effect df SS F P

Richness
 Fen type 2 120.0 5.12 0.01
 Time 4 19.7 0.42 0.79
 Fen type × time 8 202.0 25.3 0.05
 Error 45 527.3

Shannon–Weiner diversity
 Fen type 2 0.40 1.7 0.19
 Time 4 0.28 0.59 0.68
 Fen type × time 8 1.51 1.59 0.16
 Error 45 5.34

Simpson’s diversity (1 − λ)
 Fen type 2 0.05 3.96 0.03
 Time 4 0.03 0.62 0.65
 Fen type × time 8 0.11 1.06 0.41
 Error 45 0.61

Pielou’s evenness
 Fen type 2 0.07 7.29  < 0.01
 Time 4 0.04 1.01 0.41
 Fen type × time 8 0.11 1.37 0.24
 Error 45 0.44
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by variation in DOC (Fig.  4) and had high ISV for 
the poor fen (P < 0.001; Table 3), making them good 
indicators for boreal poor fens with DOC in the range 
of 51–77 mg l−1.

Optima and tolerance values provide environmen-
tal preferences for the 17 dominant diatom species in 
our study sites (Table  4). Diatom species showed a 
wide range of optima for DOC concentration, ranging 
from 30.6 to 61.4  mg l−1. Eunotia paludosa and E. 
pseudogroenglandica, indicator species for the poor 
fen, exhibited tolerance to the highest levels of DOC 
(76.0 and 77.2  mg l−1, respectively). Conductivity 
optima ranged from 30.3 to 41.6 µScm among all dia-
tom species (Table 4). Eunotia flexuosa had the high-
est reported tolerance to conductivity (49.5 µScm) 
and E. scandiorussica had the lowest reported toler-
ance (23.0 µScm). Temperature optima among diatom 
species ranged from 14.8 to 18.8 °C (Table 4). Toler-
ance values for temperature were more specific than 
other environmental variables, with E. cf. glacial-
ispinosa exhibiting the narrowest tolerance to tem-
perature (17.6–20.2  °C) and the highest temperature 
optimum (18.8 °C). Optimal depth ranged from 22.9 
to 34.4 cm among all diatom species. Gomphonema 

brebissonii had the narrowest tolerance to depth 
(18.9–30.9 cm) and an optimum of 24.2 cm. Optimal 
pH ranged from 5.41 to 6.96 among all species. Gom-
phonema lagerheimii exhibited the broadest tolerance 
to pH levels (5.7–8.5) and had a pH optimum of 7.0.

Discussion

Diatom assemblages differed across fen type and 
were influenced by variation in environmental con-
ditions. A total of 100 species were observed across 
all fens, 17 of which were present at > 1% relative 
abundance, and 15 were selected as indicator spe-
cies. Based on the differential response of Simpson 
vs. Shannon diversity metrics, we determined that 
differences in assemblage composition among fens 
were driven by the most common, but not in the least 
common diatom species. Diatom assemblage com-
position was related to variation in five explanatory 
variables accounting for 63.1% of the total variation 
in diatom assemblages across all fens: conductivity, 
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Fig. 3   Relative abundance 
of diatom species present 
at > 1% relative abundance 
among the rich (a), moder-
ate (b), and poor (c) fens 
over a sampling season

Fig. 4   Redundancy Analy-
sis ordination plot of 17 
dominant diatom species 
with 5 significant environ-
mental predictor variables 
(conductivity (µScm), DOC 
(mg l−1), water temperature 
(°C), depth (cm), and pH). 
Length of arrows repre-
sents the strength of the 
effect of each variable on 
the variation in the diatom 
community matrix. Indica-
tor species clusters for rich, 
moderate, and poor fens are 
circled
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DOC, temperature, depth, and pH. These findings 
support our hypothesis that diatom community struc-
ture would be different across fen type and driven by 
underlying environmental conditions.

Diversity of diatom assemblages in rich/moderate/
poor fens

Diatom species richness was greater in the rich and 
moderate fens compared to the poor fen, which aligns 
with previous studies of peatland diatoms (Pien-
kowski & Wujek, 1988; Fránková et al., 2009; Hargan 
et al., 2015; Luna & Bahls, 2017). However, the poor 

fen had greater evenness and Simpson’s diversity val-
ues than the rich and moderate fens, indicating that 
while there were fewer species, they were distributed 
more evenly. This may be due to the restrictive envi-
ronmental conditions which are common to poor fens, 
such as low pH (Sjörs, 1950; Round, 2004). Environ-
mental conditions that were above or below species 
tolerance levels could have prevented any species 
from becoming too abundant in the poor fen, whereas 
species such as T. flocculosa were dominant in the 
rich and moderate fens. The evenness in the poor fen 
was driven by the distribution of species within the 
genus Eunotia, which aligns with previous observa-
tions made in poor fens in Bosnia (Kapetanović et al., 
2011) and the northern Greater Khingan Mountains 
(Han et al., 2022) and reinforces the idea that Euno-
tia species can better tolerate low pH that typically 
restricts other diatom taxa.

Tabellaria flocculosa was reported in the great-
est abundance among the rich and moderate fens and 
had the greatest ISV, distinguishing it as a reliable 
indicator in these fens and warranting a closer look 
at the environmental measurements that it may infer. 
Tabellaria flocculosa was negatively correlated with 
conductivity in our study, similar to reports from 

Table 2   Pearson correlations between significant environ-
mental variables and the canonical axes produced by RDA. 
*P < 0.05, **P < 0.01

Variable Axis 1 Axis 2

DOC 0.92** 0.11
Conductivity 0.45** 0.56**
Temp -0.41** 0.09
Depth -0.21 -0.41**
pH -0.3* -0.14

Table 3   Diatom species associations with fen type as determined by indicator species analysis (ISA)

Species are sorted from high to low indicator species value (ISV). The ISV ranges from 0 to 1 and high values indicate a stronger 
association of a species in a particular fen type than lower values

Species/author ISV P-value Fen type

Tabellaria flocculosa (Roth) Kützing 0.96  < 0.01 Rich/Moderate
Eunotia mucophila (Lange-Bert., Nörpel-Schempp and Alles) Lange-Bert 0.92  < 0.01 Poor
Eunotia pseudogroenlandica Lange-Bertalot & Tagliaventi 0.86  < 0.01 Poor
Gomphonema brebissonii Kützing 0.84  < 0.01 Rich
Eunotia ambivalens Lange-Bertalot & Tagliaventi 0.79  < 0.01 Rich
Eunotia paludosa Grunow 0.75  < 0.01 Poor
Eunotia cf. bertrandii Lange-Bert 0.71  < 0.01 Poor
Eunotia naegelii Migula 0.71  < 0.01 Poor
Eunotia krammeri Metzeltin & Lange-Bertalot 0.70  < 0.01 Poor
Eunotia subcapitata Kulikovskiy, Lange-Bertalot, Genkal & Witkowski 0.66  < 0.01 Rich/Moderate
Gomphonema lagerheimii A. Cleve 0.52  < 0.01 Rich
Eunotia flexuosa (Brébisson ex Kützing) Kützing 0.51  < 0.01 Poor
Eunotia cf. glacialispinosa Lange-Bertalot & Cantonati 0.48  < 0.01 Rich
Eunotia scandiorussica Kulikovskiy, Lange-Bertalot, Genkal & Witkowski 0.49  < 0.01 Moderate
Eunotia panda J. Veselá & J.R. Johansen 0.43  < 0.01 Moderate
Eunotia bilunaris (Ehrenberg) Schaarschmidt 0.21 0.23 Rich/Moderate
Eunotia julma Lange-Bertalot 0.12 0.65 Rich
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lakes with low conductivity across Russia (Maslen-
nikova, 2020) and north-eastern Siberia (Pestryakova 
et al., 2018). Previously reported pH tolerance for T. 
flocculosa ranged from 4.6 to 7.04 across studies of 
streams (Pan et  al., 1996; Dixit et  al., 2002; Kovács 
et al., 2006), lakes (Bigler & Hall, 2002; Cheng et al., 
2022; Duda et al., 2023), and bogs (Kim et al., 2007). 
pH tolerance values recorded for T. flocculosa in our 
study ranged from 5.2 to 7.7, suggesting that the tol-
erance for this species may be broader than initially 
thought. This finding indicates that levels of tolerance 
for diatom species may vary by habitat (Winter & 
Duthie, 2000), demonstrating that additional support 
is needed for updated regional reports of diatom taxa 
for accurate biomonitoring.

Indicator species related to environmental variables

Our observations of rich fen indicator species sug-
gest expanded tolerance limits and habitat preferences 
than have been previously reported. For example, 
water temperature, rather than pH, was the common 
regulatory factor among the rich fen indicator species 
in this study. For example, Gomphonema lagerheimii 
(often reported as G. hebridense) was previously 
shown to be an indicator species for coastal poor fens 
in the Hudson Plains in Canada and tends to be sen-
sitive to changes in pH (Hargan et  al., 2015). How-
ever, G. lagerheimii was identified as a rich fen indi-
cator in our study and was correlated with changes 
in water temperature rather than pH. These findings 
align more closely with observations made by Van 
Dam et al. (1994) and Wojtal (2003), suggesting that 
factors that affect abundance of this species may be 
unique to different habitats. Another rich fen indica-
tor in our study, Gomphonema brebissonii, was cor-
related with changes in both water temperature and 
conductivity. G. brebissonii was most abundant at the 
end of the sampling season when water temperature 
was 17.5 °C and conductivity was 41.8 μScm. These 
findings expand previous observations in which this 
species was found in cold waters (6.2–9.0  °C) of 
moderate conductivity (360–480 µScm; Wojtal 2003). 
Finally, we observed Eunotia ambivalens to be posi-
tively correlated with water temperatures in the range 
of 16.4–21.0 °C, which is consistent with the reports 
of temperature preferences for this species observed 
in Romanian peat bogs (10–21  °C; Szigyártó et  al., 
2017). Although previous research indicates that E. 

ambivalens is acidophilous (i.e., organisms that thrive 
in a relatively acidic environment), this species did 
not vary principally in relation to pH in our study. 
These findings suggest that pH may not be the pri-
mary factor regulating the growth and abundance of 
E. ambivalens in this rich fen as has been previously 
reported in bogs (Szigyártó et al., 2017).

We identified two moderate fen indicator species 
and the environmental variables to which they are 
correlated. Eunotia scandiorussica was identified 
as a moderate fen indicator and has previously been 
reported as an indicator species for streams and ponds 
of the high Arctic (Pla-Rabés et  al., 2016) and was 
observed in Sphagnum bogs of the Russian Arctic 
(Kulikovskiy et al., 2010) and in the buccal cavity of 
a Siberian mammoth (Genkal et al., 2020). Although 
these previous studies do not report tolerance values 
related to water chemistry, we can infer some infor-
mation, such as a preference for low pH and con-
ductivity which are common features of Sphagnum-
dominated bogs (Clymo, 1984; Bleuten et al., 2006). 
While our findings align with a preference for low 
conductivity, E. scandiorussica was positively cor-
related with pH, suggesting that pH was a stronger 
driving factor for E. scandiorussica in this moderate 
fen. Eunotia panda was the other moderate fen indi-
cator and was negatively correlated with conductiv-
ity and positively correlated with water depth. These 
findings align with observations of E. panda in acidic 
(4.5–6.0), low conductivity (9.0–73.5 µScm) peat 
bogs, streams, and ponds in Acadia National Park, 
Maine (Veselá & Johansen, 2014).

Owing to overlap in hydrological and chemical 
characteristics between the rich and moderate fen, 
some species were found to be indicators of both fen 
types. In addition to T. flocculosa, described above, 
we observed E. subcapitata as an indicator for both 
the rich and moderate fens. We found E. subcapi-
tata in highest relative abundance in the first half 
of the sampling season and it was positively corre-
lated with variation in pH (5.6–8.0) and water depth 
(25.5–46.2  cm). The environmental tolerance and 
optima of E. subcapitata are not well known as they 
have been rarely observed (Kulikovskiy et al., 2010). 
Therefore, the results of our study shed some light on 
the preference of this rare species.

We identified seven indicator species in the poor 
fen across a range of pH tolerance limits that rein-
force current understanding of acidophilous diatom 
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species. Eunotia mucophila was consistently the most 
abundant species found in the poor fen, represent-
ing 55–69% of the diatom community. Similar to our 
findings, E. mucophila was found to be negatively 
correlated with conductivity and positively correlated 
with DOC in shallow lakes of the Hudson Bay low-
lands (Jacques et  al., 2016) and associated with low 
pH (5–6) in peatlands in the northern Greater Khin-
gan mountains (Han et  al., 2022). Eunotia paludosa 
and E. flexuosa have been reported in bogs and acidic 
rich fens of the Hudson Bay lowlands (Hargan et al., 
2015) and acidic peatlands and bogs in the northern 
Greater Khingan Mountains (Liu et  al., 2011; Han 
et al., 2022), which corroborates our findings of these 
species being negatively correlated with pH. Another 
indicator species, E. krammeri, has been reported in 
Sphagnum samples from circumneutral rivers and 
lakes in Chukotka Peninsula, NE Siberia (Kulikovs-
kiy et al., 2010). We observed E. krammeri in greatest 
abundance at the lowest pH (4.8) and clustered with 
other poor fen indicator species, suggesting this is an 
acidophilous species. Similarly, we observed E. nae-
gelii to be negatively correlated with pH, which aligns 
with previous observations of this species in acidic 
mountain peatlands (pH 4.65–6.81; Kim et al., 2007), 
rivers (pH 4.3; Glushchenko & Kulikovskiy, 2017), 
and bogs (pH 4.5–6.5; Liu et  al., 2011). Although 
previously reported in neutral to slightly alkaline (pH 
6.07–8.0) lakes and ponds (Luo et  al., 2019; Canto-
nati et al., 2021), we found that E. pseudogroenland-
ica was negatively correlated with pH, which aligns 
with observations of this species in acidic ponds with 
pH in the range of 5.55–6.20 (Stanković et al., 2022).

Interestingly, water column DOC concentration was a 
predictor of poor fen diatom species composition. This 
finding was surprising given that DOC is rarely identi-
fied as an explanatory variable for diatom assemblage 
composition in previous studies where poor fen indica-
tor species were reported (Cheng et al., 2022; Stanković 
et  al., 2022). Boreal peatlands contain high concentra-
tions of terrestrially derived organic matter that can 
reduce light penetration and thereby algal photosynthesis 
(Ask et al., 2009; Rober et al., 2015; Gu & Wyatt, 2016). 
There has been much work investigating the role of DOC 
in general biofilm ecology in northern peatlands (Gu & 
Wyatt, 2016; Myers et al., 2021; Rober et al., 2023), but 
none of which has looked specifically at the effects of 
DOC on diatom species composition. We do know that 
DOC concentrations in the poor fen (51–77 mg l−1) were 

consistent with the levels previously shown to reduce 
light availability for algal production (Gu & Wyatt, 2016) 
and allow heterotrophic members of the biofilm to out-
compete autotrophs (Myers et al., 2021). This is an area 
where additional study is needed to better understand the 
association between DOC and diatom communities in 
northern peatlands, especially given that DOC levels are 
expected to increase in this region with processes associ-
ated with ongoing climate change (Freeman et al., 2001; 
Wyatt et al., 2012; Fenner et al., 2021).

Diatom heterogeneity within and among peatlands

The heterogeneity in diatom species composition 
among fens observed in this study was consistent with 
a voucher flora of diatoms in an Alaskan rich, mod-
erate, and poor fen (Hamilton et  al., 2023), across a 
gradient of rich and poor boreal spring fens of Europe 
(Fránková et  al., 2009), and with rich and poor fens 
of sub-boreal Canada (Hargan, 2014). Likewise, dia-
tom assemblages displaying heterogeneity across dif-
ferent peatland types (i.e., rich fens, moderate fens, 
poor fens, and bogs) have been reported in modern 
(Pienkowski & Wujek, 1988; Fránková et  al., 2009; 
Hargan et  al., 2015) and paleoecological (Rühland 
et al., 2018) studies of peatlands. Within fen type, we 
found similar dominance of Tabellaria and Eunotia 
as those that have been previously reported in rich 
and poor fens (Fukumoto et  al., 2014; Hargan et  al., 
2015; Rühland et al., 2018). These genera have been 
described as generalists in their preference to pH (Har-
gan et al., 2015), which aligns with our findings and 
may help explain their broad distribution. However, 
we observed lower species richness than previous 
studies and while patterns observed in this study were 
consistent with the literature at the genus level, our 
findings frequently differed at the species level (Fuku-
moto et al., 2014; Hargan et al., 2015; Rühland et al., 
2018). These differences may indicate that broad envi-
ronmental tolerances drive similarities at the genus 
level, but species may differ across regions owing to 
localized environmental conditions (Antoniades et al., 
2004; Rober et al., 2014; Soininen & Teittinen, 2019).

Conclusion

Overall, our data provide insight into patterns of 
natural variation in diatom species abundance and 
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composition across a gradient of northern peatland 
types and provide insight into the underlying envi-
ronmental conditions that influence diatom species 
distribution in our study area. Further, we identified 
several diatom species that may be useful as bioin-
dicators for these fens. Our findings expand current 
understanding of environmental tolerance for several 
diatom species of high indicator value. These data 
also help to explain previously observed successional 
trends in diatom relative abundance in these fens 
(Ferguson et al., 2021) and improve our ability to use 
environmental metrics (e.g., DOC, temperature) to 
predict shifts in the dominant algal functional groups 
that have consequences for ecosystem function (Wyatt 
et al., 2015; Rober et al., 2022). Taken together, these 
results contribute to a growing awareness of peat-
lands as hotspots for biodiversity and as habitat for 
rare and specialized species (Minayeva et al., 2008). 
Given that the ability to predict ecosystem resilience 
requires characterization of spatial and temporal vari-
ability in species abundance and composition, the 
results of this study may facilitate monitoring of dia-
tom communities in response to environmental varia-
tion in undisturbed northern fens.
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