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Abstract
The Canadian Arctic is experiencing enhanced climatic warming, impacting terrestrial ecosystems and
their resident communities. Moss diatoms provide a potential tool to monitor the impact of climate
change on terrestrial environments in this understudied region, yet, in contrast to their freshwater
relatives, they remain mostly underexplored. In this study, we provide a detailed floristic and
biogeographic study of two contrasting regions in the Eastern and Western Canadian Arctic Archipelago,
including regions in Cambridge Bay and Katannilik Territorial Park. Diatoms in 17 terrestrial moss
samples were analysed by light microscopy. We identified two remarkably distinct communities, with
those in the Western Canadian Arctic being exceptionally rich and diverse. Of all 178 taxa, 86% were
restricted to a single region. Similar to other organisms, our analysis indicates a west-to-east decline in
diversity, potentially resulting from differences in climate and/or glaciation history. Our results serve as a
benchmark for future research on terrestrial moss diatoms in the Canadian Arctic and their potential
application as bio-indicators for climate change in this region.

Introduction
The Arctic is among the most rapidly warming regions on Earth, with temperatures rising up to four
times faster compared to the global average (Rantanen et al. 2022). Given that the majority of this
warming is occurring close to the soil surface (Callaghan et al. 1999, Cohen et al. 2020), terrestrial
ecosystems in the highest northern latitudes, including those in the Canadian Arctic Archipelago, are
particularly impacted. The Canadian Arctic Archipelago (CAA) (1.4 million km2) forms the largest land
mass in the High Arctic and consists of more than 36,000 islands with numerous bays, straits, and
interconnected channels. Next to Antarctica and Greenland, the CAA contains the largest volume of
glacier ice on Earth and stores about 10% of the total sea ice in the Northern Hemisphere (Lenaerts et al.
2013). It also plays a key role in the freshwater outflow from the Arctic to the Atlantic Ocean (Zhang et al.
2016). Additionally, as its sea ice extent is related to the Arctic Oscillation and El Niño-Southern
Oscillation, and its freshwater influx impacts the Atlantic Meridional Overturning Circulation, the CAA
plays a key role in the global climate system (Liu et al. 2004, Jahn and Holland 2013). Nevertheless,
despite its characterization as a high-priority research area (Virkkala et al. 2019), studies on the CAA
remain extremely limited due to difficult access and harsh climatic conditions, and the lack of detailed
(historical) meteorological data further complicates long-term predictions on the impact of climate
change (Maxwell 1981, Mariani et al. 2022, Saarela et al. 2023).

Diatoms (siliceous microalgae, SAR group) are essential components of the terrestrial microbial
community and form close associations with soil, vascular plants, and moss. In Arctic tundra
ecosystems, where mosses often constitute the dominant vegetation, moss diatoms are remarkably
abundant (Beyens 1989, Van Kerckvoorde et al. 2000, Van de Vijver et al. 2003, Goeyers et al. 2024b,
2026). In addition, due to their finely tuned optima and tolerances for many environmental parameters,
including moisture level, temperature, pH, and conductivity, moss diatoms have an enormous potential to
serve as bio-indicators to assess the impact of climate change on sensitive terrestrial ecosystems,
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including those in the CAA. Nevertheless, past studies have almost exclusively focused on the aquatic
habitats of the Canadian Arctic Archipelago (e.g. Cleve 1896, Lowe 1923, Ross 1947, Wheldon 1947,
Sutherland 1952, Smol 1983, Douglas and Smol 1995, Wolfe 1996, Antoniades and Douglas 2002,,
Bouchard et al. 2004, Antoniades et al. 2005a, b, 2008, 2014, Stewart et al. 2005, Michelutti et al. 2006,
2007, 2013, Finkelstein and Gajewski 2008, Keatley et al. 2008, Hadley et al. 2013, Duda et al. 2019),
while work on Arctic moss diatoms is mostly concentrated on Greenland and the Atlantic region of the
Arctic (Beyens 1989, Van Kerckvoorde et al. 2000, Goeyers et al. 2024b, c, a), with only a limited number
of studies on the CAA (e.g. Douglas & Smol 1995, Van de Vijver et al. 2003, Goeyers et al. 2026).
Therefore, before their application as bio-monitor in the CAA can be validated, establishing a
comprehensive baseline of moss diatom biodiversity and distribution is necessary.

The objectives of this study are to provide (1) a detailed floristic analysis of CAA’s terrestrial moss
diatom flora; and (2) a biogeographical analysis of the diatom flora in the Eastern and Western Canadian
Arctic (ECA and WCA, respectively), with sampling locations in Katannilik (Baffin Island, Qikiqtaaluk
Region, Nunavut) and Cambridge Bay (Victoria Island, Nunavut), based on a dataset of 17 moss
samples. We hypothesize that (1) CAA moss diatom communities are characterized by a high diversity
and contain many undescribed taxa likely unique to the CAA; (2) communities in the ECA and WCA differ
significantly and show biogeographical patterns. This work will serve as a baseline for the future use of
moss diatoms as bio-monitors for climate change in Arctic terrestrial ecosystems.

Material & methods
We generated a dataset of mosses from the ECA and WCA (1992–2012), covering two opposite regions
in the CAA. Mosses from the WCA were already included in previous studies of Goeyers et al. (2026) and
Van de Vijver (2003) and were sampled in 1992 in Cambridge Bay, Victoria Island, whereas ECA mosses
have not yet been investigated and were sampled in 2010–2012 near Soper River in Katannilik (Inuit for
‘where there are waterfalls’) Territorial Park, southern Baffin Island. Both regions fall within subzone D of
the Circumpolar Arctic Vegetation Map (Walker et al. 2005), which indicates a 7–9°C mean July
temperature, 50–80% vascular plant cover, 5–10 cm thick moss layer, 10–40 cm herbaceous and dwarf
shrub layers, and 125–250 vascular plant species. Figure 1 provides an overview of the sampling
locations.

Slide preparation and counting
Diatoms were prepared for light microscopy (LM) by first digesting the moss material. Subsamples of
mosses were cleaned by adding ca. 50 ml of 30% H2O2 and ca. 50 ml of distilled H2O and heating to
200°C for one hour. The remaining liquid containing the diatom valves was centrifuged (2 x 10 minutes
at 5,100 rpm) at 21°C with a Sigma 6K15 bench centrifuge, with removal of supernatant and rising with
distilled H2O in between. After centrifugation, cleaned material was diluted with distilled H2O to avoid

excessive concentrations of diatom valves. Drops of vortexed liquid were pipetted onto glass cover slips
and dried, and cover slips were mounted on slides with Naphrax. LM analysis was conducted using an
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Olympus BX51 microscope equipped with Differential Interference Contrast (Nomarski) and a ToupTek-
camera connected to the ToupLite program. For each slide, 400 valves were identified and enumerated
on random transects at 1000× magnification (N.A. 1.30) using Zeiss Immersol oil (518N). Diatom
species identification was based on: (Foged 1953, 1955, 1964, 1974, 1977, Hein 1990, Crawford and
Likhoshway 1999, Lange-Bertalot 1999, Wolfe and Kling 2001, Houk and Klee 2004, Van de Vijver et al.
2004a, 2022b, a, Werum and Lange-Bertalot 2004, Antoniades et al. 2008, 2009, Kulikovskiy et al. 2010,
Zimmermann et al. 2010, Potapova 2014, Potapova et al. 2014, Lange-Bertalot et al. 2017, Pinseel et al.
2017, Furey et al. 2020, Heudre et al. 2021, Goeyers et al. 2024c, a). Taxa that could not be identified are
indicated by ‘sp’ and a numeric identifier (e.g., ‘sp1’). Distributions were assigned to: Arctic (present in
the Arctic Region), Northern Hemisphere (present in the Northern Hemisphere), cosmopolitan (present in
the Northern and Southern Hemisphere), and unknown.

Data analysis
Data analysis was conducted in R version 2022.7.1.554 (www.r-project.org), with key packages including
‘vegan’ ver. 2.6-4 (Oksanen et al. 2019), ‘BiodiversityR’ ver. 2.15-1 (Kindt and Coe 2005), ‘dendextend’
ver.1.17.1 (Galili 2015), and ‘ggOceanMaps’ ver. 1.3.4 (Vihtakari 2022). The basic diversity unit is any
subgeneric taxon (i.e., (sub)species or varieties), hereafter referred to as ‘taxon’. Relative abundances
were calculated by dividing the number of individuals of a taxon by the total number of taxa in a sample.
Taxon richness, Shannon–Wiener diversity, and Shannon’s equitability (evenness) were calculated using
‘vegan’. We discriminate between α-diversity (mean richness per sample within each (sub)region, i.e.
local diversity) and γ-diversity (total number of taxa across all samples in (sub)region, i.e. regional
diversity). Kruskal-Wallis test followed by Dunn’s Test (Holm-Bonferroni correction) were used to
compare richness, diversity, and evenness between the Eastern and Western Canadian Arctic samples.

To reveal patterns in community structure, ordination and SIMPROF were conducted, while PERMANOVA
was used to confirm differences between communities using ‘pairwise.adonis’ in the ‘pairwiseAdonis’
package (Martinez 2020). Detrended correspondence analysis (DCA) (Hill and Gauch 1980) was
conducted on species abundance data, while SIMPROF (Clarke et al. 2008) was used to group samples
into clusters based on Bray-Curtis dissimilarities with 999 iterations, Ward clustering, and alpha = 0.05.
Indicator species per region were derived by calculating indicator values (IndVal) (Roberts 2023), based
on the method of Dufrene and Legendre (Dufrene and Legendre 1997), with the ‘indval’ function in the
‘labdsv’ package.

Results
Biodiversity analysis

Our analysis of 17 moss samples revealed a total of 178 taxa belonging to 52 genera. γ-diversity was
highest in the WCA (124 taxa in 43 genera), and lowest in the ECA (79 taxa in 30 genera). On average, 31
taxa per sample were observed in the complete dataset (median = 28 taxa), with a mean of 42 taxa in
the WCA, and 18 taxa in the ECA. The maximum number of taxa was 55 per sample (WCA), while the
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minimum was 8 (ECA). Eunotia and Pinnularia were the most important genera in the complete dataset
with 22 and 14 taxa, respectively, although important differences were found between both
regions. Gomphonema (10 taxa), Eunotia (9 taxa), Encyonema (8 taxa), and Pinnularia (8 taxa)were the
most species-rich genera in the WCA, whereas in the ECA, Eunotia (19 taxa) was the most speciose,
followed by Navicula (6 taxa) and Pinnularia (6 taxa). Taxa with the highest relative abundancein the WCA
were Nitzschia fossilis (10% of the total relative abundance), Denticula kuetzingii (9%), Nitzschia
amphibia (8%), and Eunotia islandica (7%), while Tabellaria acidodelicata (20%), Eunotia
zackenbergensis (7%), and Pinnularia cf. borealis (6%) were dominant in the ECA. An overview of the
most abundant taxa can be found in Figure 2.

Both regions differed significantly in α-diversity and Shannon-Wiener diversity (see Figure 3a–c). The
moss diatom flora of the WCA samples was significantly richer (42) and more diverse (2.8) compared to
the ECA (18.4 and 1.95, respectively). However, no significant differences were found in evenness.

Ordination 

DCA axes 1 and 2 captured 17% of the total variation in the species data (Figure 3d). Samples from the
WCA were clearly separated from those obtained from the ECA. Almost all ECA samples were located on
the positive side of DCA1. Three samples were positioned on the positive side of DCA2, while 5 samples
were situated on the negative side of DCA2. WCA samples were all positioned on the negative side of
DCA1 and the positive side of DCA2. In addition, ECA samples were clearly more spread out across the
diagram compared to WCA samples.

SIMPROF (Figure 3e) separated all moss samples into clusters based on Bray–Curtis dissimilarities. The
two resulting clusters follow the biogeographical separation of the ECA and WCA almost perfectly,
except for sample NUNA92.M299. PERMANOVA also confirmed that communities from both regions
differed significantly (p<0.001). 

Indicator species analysis (Figure 4a) furthermore identified Tabellaria acidodelicata and Psammothidium
acidoclinatum as the only indicator species for the ECA samples, whereas 12 indicator species were
found for the WCA. Of these, Caloneis fusus, Denticula tenuis, and Nitzschia fossilis had the highest
indVals (1, 1, and 0.97, respectively).

Biogeography

Both the ECA and WCA shared 25 diatom taxa (14% of all taxa in the complete dataset), whereas 99 taxa
(56%) were unique to the WCA, and 54 taxa (30%) to the ECA. The genera Gomphonema (9 taxa),
Encyonema (8 taxa), and Pinnularia (8 taxa) had the highest unique species numbers in the WCA, and
Eunotia (13 taxa) in the ECA. Both regions also showed differences in their proportions of taxa with
Arctic, Northern Hemisphere, cosmopolitan, and unknown distributions (see Figure 4b). Most taxa had
cosmopolitan distribution types (43% of all taxa in the ECA versus 42% in the WCA). The proportion of
taxa with unknown distributions (which were mostly taxa we were unable to identify) was higher in the
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ECA (39%) compared to the WCA (30%). Northern Hemisphere and Arctic distributions were more
common in the WCA (23% and 5%, respectively) than in the ECA (13% and 3%, respectively). 

The unknown taxa fraction of the WCA was largely dominated by Gomphonema (5 taxa) and
Hantzschia (4 taxa), whereas Eunotia dominated both the unknown and Arctic fractions of the ECA with 6
and 2 taxa, respectively. Eunotia was also dominant in the cosmopolitan fraction of the ECA with 10 taxa,
while Eunotia and Nitzschia were the most speciose genera in the cosmopolitan fraction of the WCA,
both with 4 taxa. Of the Northern Hemisphere distribution type, especially Pinnularia was well-
represented with 5 taxa in the WCA (and none in the ECA). 

Discussion

Biodiversity patterns
This study provides a floristic and biogeographical analysis of the terrestrial moss diatom flora in the
CAA, advancing our knowledge on terrestrial diatoms in boreo-alpine regions. A highly diverse flora of
178 unique diatom taxa was found in our relatively small dataset of 17 samples, with particularly the
WCA being remarkably speciose. While the γ-diversity was ‘only’ 124 in the WCA, the mean number of
taxa per sample equaled 42, which is exceptionally high compared to the numbers reported globally by
other moss diatom studies (4–36) (Beyens 1989, Van de Vijver and Beyens 1999, Van Kerckvoorde et al.
2000, Nováková and Poulíčková 2004, Van de Vijver et al. 2004b, Buczkó 2006, Chen et al. 2012,
Kopalová et al. 2014, Das et al. 2020, Bishop et al. 2021, Chattová et al. 2021, 2022, Goeyers et al. 2022,
Radhakrishnan et al. 2022, Goeyers et al. 2024b, 2026). Moreover, it is possible that our study still
underestimates the true diversity, since many taxa in our analysis (e.g., Achnanthidium cf. minutissimum,
Hantzschia amphioxys, Pinnularia cf. borealis) belong to (semi)cryptic species complexes that can hardly
be distinguished by morphology alone.

Important differences were found with the Canadian Arctic’s freshwater flora. While Eunotia and
Pinnularia were generally dominant in our analysis, corresponding to moss studies conducted globally,
representatives of the genera Achnanthes, Cymbella, Fragilaria, Navicula, and Nitzschia are commonly
reported as dominant freshwater genera, together with small benthic taxa within the genera Staurosira,
Staurosirella, and Pseudostaurosira (Lim et al. 2001, Antoniades and Douglas 2002, Bouchard et al. 2004,
Antoniades et al. 2005a, 2008, Keatley et al. 2008, Duda et al. 2019, Armstrong et al. 2025). This
difference is not surprising, given that Pinnularia and Eunotia contain many taxa that are able to resist the
intermittently dry conditions in terrestrial moss habitats, including taxa in the species complex Pinnularia
cf. borealis (Souffreau et al. 2010, 2013). However, at the species-level, the WCA’s most prominent
species were also reported to have high abundances in freshwater habitats of other Canadian regions,
e.g., Denticula kuetzingii, D. tenuis, Hygropetra balfouriana, and Nitzschia amphibia (e.g., Antoniades et al.
2005b, 2008, 2014, Keatley et al. 2008, Sokal et al. 2008). Contrastingly, the ECA contained species also
found in high abundances in moss habitats of the wider Arctic region, e.g., Eunotia zackenbergensis,
Pinnularia cf. borealis, and Tabellaria acidodelicata (Goeyers et al. 2024b, 2026).
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Community composition
Our DCA ordination, SIMPROF, and PERMANOVA all indicated a clear differentiation between the moss
diatom communities of the ECA and WCA. This ECA–WCA distinction can be explained by two main
factors: (1) the environmental differences between the two regions, with the colder and drier WCA
experiencing a more continental climate similar to the nearby mainland, whereas a maritime climate
prevails in the overall warmer and wetter ECA (Brown 1972, Maxwell 1981). Additionally, the WCA is
mainly underlain by carbonate bedrock (alkaline waters), while the ECA is part of the Canadian Shield
and mostly contains silicates (predominantly acidic waters) (Alkire et al. 2017). While no environmental
data was included in our dataset, it is widely known that pH level, conductivity, moisture availability, and
temperature strongly influence diatom species richness and composition (DeNicola 2000, Poulícková et
al. 2004, Souffreau et al. 2010, 2013, Poulíčková et al. 2013, Das et al. 2020, Chattová et al. 2021,
Goeyers et al. 2022, 2026). The relevance of climate and the underlying bedrock and associated pH level
is substantiated by the dominance of alkaline (e.g., Nitzschia amphibia, N. fossilis) species in the WCA
versus the more circumneutral/acidic species indicating low pH habitats with abundant moisture and a
marine influence (e.g., Eunotia, Aulacoseira distans, Tabellaria acidodelicata, Cosmioneis pusilla) in the
ECA; (2) both regions are characterized by distinct (de)glaciation histories (Mooney and Billings 1961,
Funder 1979, Ritchie 1987, 1992, Steig et al. 1998, Tremblay and Schoen 1999, Dyke et al. 2002, Miller et
al. 2002, Weider and Hobæk 2003, Briner et al. 2009, Margreth et al. 2016) and their present-day
communities evolved from different glacial refugia. For example, in the WCA, post-glacial colonization
may have originated from Beringia, which has repeatedly been identified as a principal refugium for
Arctic biota (Abbott et al. 2000, Weider and Hobæk 2003), while the ECA may have been colonized from
the ice-free areas above the High Arctic Archipelago and/or the ice-free oceanic headlands and nunataks
in the eastern Arctic.

The ECA–WCA distinction we found in our study may be further enhanced by climate change, given the
impact of temperature and moisture on diatom communities. Particularly the ECA is presently
experiencing rapid climate warming, especially during the coldest seasons which are warming twice as
fast compared to the warmest months, leading to stark reductions in snow and ice cover (Brown et al.
2018). The melting of ice and snow lowers the albedo, leading to warmer and drier microclimatic
conditions near the soil, which directly impacts moss diatom communities (Goeyers et al. 2025).

Biogeography
In agreement with other studies on Arctic moss diatom assemblages, we were unable to identify
numerous diatom taxa in our dataset with the currently available taxonomic literature. It is very likely that
a large proportion of these is effectively new to science. While this may point to possible endemism, it is
important to note that the recolonization of the region since the last glaciation is only recent (< 8000
yBP), our dataset is still small, and the terrestrial habitats in the CAA and by extension the wider Arctic
Region remain poorly sampled, which may result in an underestimation of geographic ranges (Lee and
Patterson 2000, Finlay 2002). Nevertheless, many studies have already described new species from the
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Arctic (Lange-Bertalot and Genkal 1999, Van de Vijver et al. 2004a, 2022b, Antoniades et al. 2009,
Pinseel et al. 2014, Veselá and Potapova 2014, Furey et al. 2020, Goeyers et al. 2024c, a), indicating that
at least part of the undescribed taxa in our study might be unique to the region.

Surprisingly, 86% of all taxa in our dataset were unique to a single region, suggesting extremely restricted
distribution patterns. This agrees with studies on other organisms (e.g., Alnus, Cassiope, Daphnia,
Saxifraga) in this region revealing non-overlapping lineages that likely originated in spatially distinct
refugia (Abbott et al. 2000, Weider and Hobæk 2003, Napier et al. 2019, Elphinstone et al. 2024).
Distributions were especially restricted in the terrestrial genera Eunotia, Gomphonema and Pinnularia. As
Verleyen et al. (2021) already argued for the Antarctic region, it is possible that terrestrial representatives
within these genera survived in ice-free refugia during glacials due to their higher tolerance to
desiccation and freezing, and subsequently recolonized and radiated in the numerous terrestrial moss
habitats during post-glacial periods. Interestingly, the proportion of unique taxa was higher in the WCA.
This observation, together with the increased richness and diversity in the region, is consistent with
broader phylogeographic studies demonstrating a west-to-east decline in genetic diversity (Abbott et al.
2000, Weider and Hobæk 2003, Elphinstone et al. 2024), which likely results from the ECA being more
recently deglaciated than the WCA. Nonetheless, the Arctic terrestrial diatom flora is still incompletely
known, and more research, including molecular investigations, is needed to reveal whether the observed
ECA–WCA distinction partly reflects the combined effects of history, environmental filtering, and/or
incomplete taxonomic knowledge rather than glacial refugia alone.
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Figure 1

map of all sampling regions. Katannilik (Baffin Island) is located in the Eastern Canadian Arctic (ECA),
and Cambridge Bay (Victoria Island) in the Western Canadian Arctic (WCA)
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Figure 2

The top 14 dominant species in Canadian Arctic Archipelago mosses (based on IndVals). (a)
Cymbopleura angustata var. spitsbergensis; (b) Cymbella weslawskii; (c) Nitzschia amphibia; (d) Nitzschia
fossilis; (e) Encyonema elginense; (f) Encyonopsis sp1; (g) Caloneis fusus; (h) Caloneis cf. fasciata; (i)
Denticula tenuis; (j) Tabellaria acidodelicata; (k) Psammothidium acidoclinatum; (l) Nitzschia sinuata; (m)
Denticula kuetzingii (n) Cymbopleura anglica
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Figure 3

Boxplots of (a) α-diversity, (b) Shannon–Wiener diversity and (c) evenness (Shannon equitability index).
Kruskal–Wallis identified a significant difference in α-diversity and Shannon–Wiener diversity, which
were lower in the ECA than in the WCA; (d) DCA ordination separated ECA and WCA samples into two
separate groups; and (e) dendrogram with 2 clusters resulting from SIMPROF analysis
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Figure 4

(a) IndVal identified 2 indicator species for the ECA and 12 for the WCA; (b) proportion of distribution
types ‘Arctic’, ‘Northern Hemisphere’, ‘cosmopolitan’ and ‘unknown’ for the ECA versus WCA
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