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Abstract: Continental Antarctica is a polar desert containing sparse pockets of vegetation within 33 

ice-free areas. Despite the recognized association between lichens, mosses, and epiphytic diatoms, 34 

environmental factors controlling diatom community structure are poorly understood. We 35 

investigated the association between diatom communities and host vegetation characteristics by 36 

experimentally adding nutrients and/or water to two bryophyte (healthy and moribund) and two 37 

lichen (crustose and Usnea) vegetation types in the Windmill Islands. Diatom communities were 38 

morphologically characterized, diversity indices calculated, and differences between treatments, 39 

vegetation type, and vegetation characteristics tested. We identified 49 diatom taxa, 8 of which 40 

occurred >1% relative abundance. Bryophyte and lichen vegetation harbored significantly 41 

different diatom communities, both in composition and diversity indices. Specifically, Luticola 42 

muticopsis was more prevalent in moribund bryophytes and crustose lichens, and Usnea lichens 43 

showed lower species richness than other types. While nutrient and water additions did not 44 

significantly alter diatom communities, diversity indices and some species showed relationships 45 

with vegetation physiological characteristics, notably %N and δ13C, suggesting the importance of 46 

ambient gradients in water and nutrient availability. Collectively, this work suggests that future 47 

conditions favoring the dominance of a particular vegetation type may have a homogenizing effect 48 

on the terrestrial diatom communities of East Antarctica.  49 

 50 

Key words: Bryophyte, climate change, Bacillariophyceae, algae, Antarctic Region, East 51 

Antarctica 52 

 53 

  54 
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Introduction 55 

Despite Antarctica’s vast area, less than 1% of the continent is ice-free (Convey and Peck 2019).  56 

While these ice-free ‘oases’ are largely free of vascular plants, mosses and lichens are common 57 

(Convey et al. 2014), as well as an increasingly studied “microflora” of protists, bacteria, and fungi 58 

(Zhang et al. 2019). Antarctic bryophytes (including mosses and liverworts) and lichens are limited 59 

in growth and distribution by extremes in wind, temperature, and photoperiod (Wasley et al. 2006a, 60 

b, Clarke et al. 2012, Robinson et al., 2018), as well as bioavailable (liquid) water and nutrients 61 

(Convey et al. 2014). Nonetheless, Antarctica features about 100 bryophyte and 200 lichen species 62 

(Chown et al. 2015), which have been extensively studied throughout East Antarctica (Schroeter 63 

et al. 2011, Ball and Virginia 2014). Additionally, terrestrial Antarctic mosses in particular have 64 

long been understood to provide suitable microclimates that harbor a diverse community, including 65 

arthropods (Nielsen and King 2015), green algae, cyanobacteria, and diatoms (Ohtani 1986).  66 

 Diatoms are ubiquitous across Antarctica, present within both the marine environment, as 67 

well as terrestrial and benthic freshwater habitats (Kellogg and Kellogg 2002). The non-marine 68 

Antarctic diatom flora is composed of a high number of endemic taxa specific to particular 69 

bioregions, reflecting both sensitivity to physiochemical parameters and their geographic isolation 70 

(Sakaeva et al. 2016, Zidarova et al. 2016). Because of the species-specific responses of diatoms 71 

to their environment, diatoms have been used to assess the ecological status of Antarctic lakes 72 

(Spaulding et al. 2010) and streams (Stanish et al. 2011). Moss-associated diatoms have been well-73 

characterized on the Sub-Antarctic islands, such as the Prince Edward Islands (Van de Vijver et 74 

al. 2008) and Ile de la Possession (Crozet Archipelago, Van de Vijver et al. 002). Further work has 75 

focused on the Maritime Antarctic Region, such as Livingston Island and James Ross Island 76 

(Kopalová et al. 2014). However, despite the wealth of historical sources, biogeographical and 77 
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ecological studies on the Antarctic Continent have generally examined diatoms and mosses 78 

separately (Opalinski 1972), without investigating potential relationships between mosses and 79 

their associated diatom communities. Even less is known about diatoms inhabiting lichens, which 80 

have been largely unexplored save for the recent work of Chattová (2018) on James Ross Island 81 

in the Antarctic Peninsula.  82 

The formation of ‘microclimates’ within the vegetation matrix may be a major factor 83 

supporting diatom inhabitation of mosses and lichens by providing sufficient water availability 84 

and shelter from the external environment (Beyer et al. 2000 and references therein). Previous 85 

work has found moisture content to be an influential variable for epiphytic diatom communities 86 

within the Maritime Antarctic (Kopalová et al. 2014) and the Sub-Antarctic islands (Van de Vijver 87 

et al. 2002, 2008). Increased water availability and associated habitat connectivity is anticipated 88 

for Antarctica in the future through a reduction of ice and permafrost cover within coastal areas 89 

(Lee et al., 2017), which is likely to also coincide with increased nutrient liberation (Convey & 90 

Peck 2019). A warmer, wetter climate in the Windmill Islands, East Antarctica may furthermore 91 

result in the regeneration and expansion of moss beds based on species-specific differences and 92 

indirect effects of climate change (Wasley et al. 2012, Robinson et al. 2018). 93 

Within close proximity to Casey Station, Wasley et al. (2006a) tested for bryophyte and 94 

lichen community responses to in situ water and nutrient additions based upon projected changes 95 

in these resources due to climate change. The test area originated at the edge of a meltwater lake, 96 

spanning from bryophyte-dominated to lichen-encrusted moss communities up a hill, and included 97 

four vegetation types: 1) healthy bryophytes, 2) moribund bryophytes, 3) crustose lichens, and 4) 98 

lichens belonging to the genus Usnea Dillenius ex Adanson. Vegetation responses were examined 99 

by measuring chlorophyll a, total water content, carbon (C), nitrogen (N) and phosphorus (P) 100 
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content, and δ13C and δ15N stable isotope ratios, among other variables (Wasley et al. 2006a). 101 

Increased productivity was observed for healthy bryophyte and Usnea lichen vegetation with the 102 

combined addition of water and nutrients, and nutrient additions appeared to illicit a stronger 103 

response than water (Wasley et al. 2006a). This suggests that Antarctic bryophyte communities 104 

will respond to anticipated changes to their environment, and may in turn create carry-over effects 105 

to their associated epiphytes (Robinson et al. 2018) such as diatoms, though these impacts have 106 

not been investigated.  107 

In the current study, we characterize diatom communities inhabiting the bryophyte and 108 

lichen samples from the experiment conducted by Wasley et al. (2006a) to gain further insights 109 

into the potential impacts of increases in water and nutrient availability in East Antarctica. Our 110 

objectives were threefold: First, do diatom communities differ among different bryophyte and 111 

lichen vegetation types; secondly, do nutrient and water additions impact diatom communities; 112 

and third, do diatom communities correspond to differences in bryophyte and lichen physiological 113 

characteristics? Given the results of Wasley et al. (2006a), as well as past studies linking epiphytic 114 

diatoms community structure to the characteristics of their environment (Kopalová et al. 2014), 115 

we expected that water and nutrient additions should have a strong structuring effect on epiphytic 116 

diatoms growing on mosses and lichens in this experiment.  117 

 118 

Methods 119 

Study area and sampling 120 

The study site was located within Antarctic Specially Protected Area (ASPA) 135, about 1 km 121 

away from Casey Station on Bailey Peninsula, Windmill Islands (Wilkes Land), East Antarctica. 122 

The Windmill Islands are collectively one of the most extensively studied areas on the continent 123 
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and are known for their well-developed lichen and bryophyte vegetation (Robinson et al. 2018). 124 

This vegetation is due to a long history of nutrient and salinity inputs by numerous penguin 125 

colonies, creating strong gradients of both water and nutrient availability (Melick et al. 1994). At 126 

present, there are a number of penguin breeding sites in the area which strongly impact the 127 

surrounding flora due to increased nutrient inputs (Melick et al. 1994, Beyer et al. 2000).  128 

The experimental site was located nearby an abandoned penguin rookery on the western 129 

edge of a meltwater lake originating from a snow slope, of northeasterly aspect, above Thala 130 

Valley (66°116.03’S, 110°132.53’E) located at the northern boundary of ASPA 135. This site 131 

featured a vegetation gradient starting at the edge of a meltwater lake and continuing up a ridge, 132 

with an eastern aspect, away from the lake. Vegetation was categorized based on the percent 133 

coverage of four major types: healthy bryophytes, moribund bryophytes, crustose lichens, and 134 

lichens of the genus Usnea (Table I). The order of these four vegetation types reflects their 135 

proximity to the meltwater lake, respectively, with healthy bryophytes more common at the edge 136 

of the lake, whereas the Usnea community was located closer to the ridge, farthest from the lake. 137 

The dominant bryophyte across the site was the Antarctic endemic Schistidium antarctici Card. 138 

(Wasley et al. 2006a), previously identified as Grimmia antarctici (Cardot) L.I. Savicz & 139 

Smirnova (Robinson et al. 2018).  140 

Our samples originated from a field manipulation experiment (supplemented nutrient and 141 

water regimes along the transect) performed by Wasley et al. (2006a) to simulate predicted water 142 

and nutrient increases due to climate change, and examine the physiological responses generated 143 

within each bryophyte and lichen community across treatments. In the present study, we retain the 144 

overall experimental design, and the sample coding scheme indicated in parentheses originates 145 

from Wasley et al. (2006a) (Fig. 1). 146 
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Table I. Characteristics of the bryophyte and lichen vegetation types within the experimental site, 147 

including “color coding” and descriptions of individual attributes. 148 
Community 

Type 
Description 

Bryophyte Healthy, "Green" brophytes are dominant at >90% cover 

Moribund Mixed Community. Approximately 50% cover of moribund bryophytes, 

occuring predominantly within upon ridges and 50% cover of healthy 

bryophytes, occuring predominantly in valleys 

Crustose Mixed Community. Dominance of Moribund bryophytes with 50% 

cover encrusted with both yellow and white lichens 

Usnea Mixed Community. Thin moribund bryophyte crust with dominant 

cover  (>50%) of macrolichen Usnea 

 149 

Fig. 1. Experimental design displaying the four vegetation types (healthy bryophyte, moribund 150 

bryophyte, crustose lichen, and Usnea lichen) alongside randomly assigned treatments (Control, 151 

Water, Nutrients, and Water + Nutrients). 152 



8 

 

Briefly, thirty-two quadrats (25 x 25 cm) within each community were randomly assigned 153 

one of the following four treatments: (1) Control (no treatment, C), (2) Water only (W), (3) 154 

Nutrient only (N), or (4) Water + Nutrient (WN). From December to February over two 155 

consecutive summer seasons (1998-1999 and 1999-2000), the two water addition treatments (W 156 

and WN) received applications of 500 mL of lake water approximately every two days. At the start 157 

of the treatment period (15 December 1999), 10 g of slow release fertilizer beads (Osmocote, 158 

Scotts Australia Pty. Ltd., Castle Hill, NSW, Australia) was applied to quadrats marked to receive 159 

nutrient additions. A low phosphorous Osmocote variety was chosen, which was composed of 160 

18% nitrogen, 4.8% phosphorous and 9.1% potassium.  161 

Representative community samples were collected at the end of the treatment period (3-8 162 

March 2000). A sample from each of the 16 treatment and community groups was collected, one 163 

sample from each replicate from each community and treatment type. Samples of approximately 164 

4 cm2 were collected from the center of each quadrat. To quantify the physiological responses of 165 

the vegetation within the transect, total water content (TWC), chlorophyll a concentration, nutrient 166 

content (%N, %C, and %P), and stable isotopes (𝛿13C and 𝛿15N) were measured. For a more 167 

detailed description of experimental and analytical methods, see Wasley et al. (2006a). An aliquot 168 

for diatom community characterization was also taken, dried, and archived until analysis. Thus, 169 

for our diatom study, one sample is equal to one quadrat.  170 

 171 

Sample preparation and analyses  172 

A total of 128 samples were originally collected (Table S1), but only 99 of these were successfully 173 

analyzed due to limited amounts of material and processing failures for several samples. Samples 174 

were prepared for light microscopy (LM) observation following the method described in van der 175 
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Werff (1955). Subsamples of dried bryophytes or lichens were transferred into 50 mL beakers and 176 

soaked for 10 – 14 days in 37% (v/v) H2O2. Once organic matter was oxidized, the sample was 177 

boiled for about 1 h, or until total volume was reduced to <10 mL. The liquid was left to cool for 178 

1 h before the addition of KMnO4 to remove undigested moss material. This resultant liquid was 179 

then “cleaned” with approximately 2-5 mL of 10% (v/v) HCl to complete the reaction. Following 180 

digestion and centrifugation (three times for 10 minutes at 3,500 g), cleaned diatom valves were 181 

mounted on glass microscope slides using Naphrax for further LM observation.  182 

Light Microscopy was performed on an Olympus BX43 equipped with a Differential 183 

Interference Contrast (Nomarski) optic at 1000x magnification with oil immersion. Images were 184 

taken using an Olympus PD27 Color camera with CellSens Entry 1.15 software. Diatom valves 185 

were counted in full fields of view along random transects, with at least 400 valves counted per 186 

sample (Table S2). Only in two samples was it not possible to reach 400 valves: Sample 84 (63 187 

valves) and Sample 9 (36 valves). Due to the low overall diversity observed in the samples, these 188 

were nonetheless included in the analyses.  189 

Taxonomic affiliations and biogeographic data were compiled based primarily on Sabbe et 190 

al. (2003), Van de Vijver et al. (2002, 2012), Kohler et al. (2015) and Zidarova et al. (2016). In 191 

the event of ambiguous or uncertain taxa, images were taken and corresponding measurements of 192 

valve length, valve width at mid-valve, and stria density per 10 m.  When the identity of a taxon 193 

could not be confirmed based on the existing literature, the designations “cf.” or “sp.” were 194 

indicated alongside a proposed generic and/or species affiliation. In the study, a large number of 195 

Luticola D.G.Mann specimens were encountered as complete valves within girdle view, making 196 

them impossible to definitively attribute to a particular known taxon. During data collection, these 197 

specimens were thus only identified to the genus level. During data analysis, these unidentified 198 
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Luticola were assigned to species (if possible) by multiplying them by the proportion of positively 199 

identified co-occurring Luticola taxa in the sample. In samples where unidentified Luticola did not 200 

co-occur alongside other Luticola taxa, they remain identified only to the genus level (<1% of 201 

counts).   202 

 203 

Statistical analyses  204 

Count data were first transformed to relative abundances by dividing individual counts by the total 205 

number of valves counted for the corresponding sample. From these, diversity indices including 206 

genera and species richness, Evenness, and Shannon’s diversity (log10 – based) were calculated as 207 

described previously (Sakaeva et al. 2016). A series of two-factor analysis of variance (ANOVA) 208 

tests were performed to examine if the treatments (C, W, N, and WN), vegetation type (healthy 209 

bryophytes, moribund bryophytes, crustose lichens, and lichens of the genus Usnea), or their 210 

interactions significantly influenced diversity metrics. Significant results were followed by 211 

applying Tukey’s Honest Significant Differences (HSD) to directly compare the means between 212 

categories. Statistical significance was designated at α = 0.05 and p values are reported.  213 

Four genera dominated the dataset, and accounted for a large majority of the total valves 214 

counted. As such, the relative abundances of these four genera were extracted for each sample to 215 

test their response to the different treatments and vegetation types using ANOVA and Tukey’s 216 

HSD as described above. The dataset is comprised of Luticola D.G.Mann (12 taxa), Humidophila 217 

Lowe, Kociolek, Johansen, Van de Vijver, Lange-Bertalot & Kopalová (5 taxa), Psammothidium 218 

Buhtkiyarova & Round (3 taxa), and Pinnularia Ehrenberg (1 taxon). 219 

Initial exploration of community data began with the creation of dot plot diagrams and 220 

continued with the creation of ordinations. Rare taxa were filtered from the dataset, excluding taxa 221 
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occurring at < 1% relative abundance.  Diatom relative abundance data were Hellinger transformed 222 

(Legendre and Gallagher 2001), and redundancy analyses (RDA) constrained the dataset 223 

separately by treatment and for each individual vegetation type to quantify their role in explaining 224 

community structure using the vegan package, version 2.5-6 (Oksanen et al. 2019) in R. To test 225 

whether diatom community structure differed significantly between vegetation types and 226 

treatments, permutational analysis of variance (PERMANOVA, Anderson 2001) was performed, 227 

with significance designated at α = 0.05.  228 

 In order to determine if physiological characteristics of bryophyte and lichen vegetation 229 

would influence diatom communities, 76 samples of the total 99 included in this study, which 230 

contained the full suite of variables examined by Wasley et al. (2006a), were analyzed further. 231 

These raw data (Table S3) were examined and, if needed, transformed in order to induce a normal 232 

distribution. TWC and 𝛿15N underwent a logarithmic transformation (log10 – based) whereas %N, 233 

%P, and chlorophyll a concentration were transformed using the natural logarithm (loge – based). 234 

Lastly, 𝛿13C data were transformed by taking the absolute value of the term, applying log10 – 235 

transformation, and multiplying values by negative one (-1) in order to maintain the sign and 236 

directionality from the original data. Only one variable, %C was left untransformed.  237 

A principal components analysis (PCA) was performed to investigate large scale 238 

relationships among the variables with the calculated diversity indices. To investigate individual 239 

relationships of measured vegetation characteristics with diatom communities, a distance-based 240 

redundancy analysis (db-RDA) using Hellinger transformed relative abundance data was 241 

performed using vegan. An analysis of variance (ANOVA) test was performed on the individual 242 

terms of the db-RDA using 999 permutations to test statistical significance of the individual terms 243 
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within the model. All visualizations and statistical analyses were performed using the R console, 244 

version 3.5.0 (R Core Team 2018). 245 

 246 

Results 247 

Diatom flora  248 

Overall, 49 taxa belonging to 20 genera were observed. Table II presents all diatom taxa, as 249 

species, forms, and varieties encountered within the study. The genera Luticola (12 taxa) and  250 

Humidophila (five taxa) were the most diverse, and together with Pinnularia and Psammothidium 251 

constituted the four most abundant genera. The five most abundant taxa, representing 252 

approximately 92% of all valves counted within the analysis, are: Humidophila gallica (W.Smith) 253 

Lowe, Kociolek, Q.You, Q.Wang & Stepanek (59%), Humidophila australis (Van de Vijver & 254 

Sabbe) R.L.Lowe, Kociolek, J.R.Johansen, Van de Vijver, Lange-Bertalot & Kopalová (~11%), 255 

Pinnularia borealis Ehrenberg (~11%), Luticola muticopsis (Van Heurck) D.G.Mann (8%), and 256 

Luticola austroatlantica Van de Vijver, Kopalová, Spaulding & Esposito (4%). At least one of 257 

these five most abundant taxa occurred in each sample (Fig. 2), and only eight taxa occurred with 258 

a relative abundance >1% in the study as a whole (Fig. 3).  259 

 260 

Diversity metrics 261 

Boxplots displaying species richness, Shannon’s diversity, and Evenness, grouped by vegetation 262 

type and separated by treatment (Fig. 4), show species richness ranged between 4 – 12 taxa per 263 

sample. An average of seven taxa (median = 7) was observed across the samples. Shannon’s 264 

diversity ranged between 0.4 to 1.8 for all samples, and the majority possessed a value of 265 

approximately 1. Evenness scores for the majority of samples were between approximately 0.2 to 266 

0.8, with the upper extreme value of 0.8 observed only once.  267 
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Table II. Diatom species, authorities and geographic distribution for taxa observed within the 268 

study. Distribution data codes are as follows: Continental Antarctica (CA), Maritime Antarctica 269 

(MA), Sub-Antarctica (SA) Globally distributed (Cosmopolitan), Southern Hemisphere (SH), and 270 

marine species (Marine). 271 

Species & Authority 
Species 

Code 
Distribution 

Relative 

Abundance 

(%) 

Achnanthes Bory sp. 1 Acn_Sp1 — 0.233 

Achnanthes taylorensis D.E.Kellogg, Stuiver, T.B.Kellogg & G.H.Denton Ach_Tay CA 0.018 

Centric unidentified  Cnt_Xxx — 0.043 

Chamaepinnularia cymatopleura (West & G.S.West) Cavacini  Cha_Cym CA 0.005 

Cocconeis cf. fasciolata (Ehrenberg) N.E.Brown Ccf_Fas — 0.089 

Cocconeis Ehrenberg Coc_Sp1 — 0.010 

Fragilaria Lyngbye Fra_Xxx — 0.003 

Fragilariopsis Hustedt sp. 1 Fop_Sp1 — 0.010 

Fragilariopsis Hustedt sp. 2 Fop_Sp2 — 0.015 

Fragilariopsis Hustedt sp. 3 Fop_Xxx — 0.003 

Genus uncertain 1 Gen_Xx — 0.476 

Genus uncertain 2 Smt_Xxx — 0.003 

Gomphonema Ehrenberg Gom_Sp1 — 0.005 

Humidophila australis (Van de Vijver & Sabbe) R.L.Lowe, Kociolek, J.R.Johansen, Van 

de Vijver, Lange-Bertalot & Kopalová   

Hum_Aus MA/CA 10.562 

Humidophila cf. gallica (W.Smith) Lowe, Kociolek, Q.You, Q.Wang & Stepanek  Dcf_Gal — 0.757 

Humidophila cf. inconspicua (Kopalová & Van de Vijver) R.L. Lowe, Kociolek, 

J.R.Johansen, Van de Vijver, Lange-Bertalot & Kopalová 

Hcf_Inc — 0.122 

Humidophila gallica (W.Smith) Lowe, Kociolek, Q.You, Q.Wang & Stepanek  Hum_Gal Cosmopolitan 59.129 

Humidophila inconspicua (Kopalová & Van de Vijver) R.L.Lowe, Kociolek, 

J.R.Johansen, Van de Vijver, Lange-Bertalot & Kopalová 

Hum_Inc MA 0.053 

Luticola austroatlantica Van de Vijver, Kopalová, Spaulding & Esposito Lut_Aus MA/CA 4.323 

Luticola cf. katkae Van de Vijver & Zidarova Lcf_Kat — 0.028 

Luticola D.G. Mann Lut_Xxx — 0.114 

Luticola D.G. Mann sp. 2 Lut_Sp2 — 0.020 

Luticola D.G. Mann sp. 3 Lut_Sp3 — 0.117 

Luticola D.G. Mann sp. 4 Lut_Sp4 — 0.327 

Luticola D.G. Mann sp. 5 Lut_Sp5 — 0.063 

Luticola dolia Spaulding & Esposito  Lut_Dol CA 0.038 

Luticola elegans (West & West) Kohler &  Kopalová Lut_Ele CA 1.003 

Luticola muticopsis (Van Heurck) D.G. Mann Lut_Mut SH 7.659 

Luticola permuticopsis Kopalová & Van de Vijver Lut_Per MA/CA 0.154 

Luticola pseudomurrayi Van de Vijver & Tavernier Lut_Psu CA 0.018 

Nanofrustulum shiloi (Lee, Reimer & McEnery) Round, Hallsteinsen & Paache  Nan_Shi Marine 0.020 

Navicula Bory sp. 1 Nav_Sp1 — 0.005 

Navicula cf. cremeri Van de Vijver & Zidarova Ncf_Cre — 0.003 

Nitzschia Hassall sp. 1 Nit_Sp1 — 0.005 

Nitzschia Hassall sp. 2 Nit_Sp2 — 0.005 

Nitzschia Hassall sp. 3 Nit_Sp3 — 0.005 

Pinnularia borealis Ehrenberg  Pin_Bor Cosmopolitan 10.597 

Planothidium Round & L.Bukhtiyarova sp. 1 Pla_Sp1 — 0.005 

Planothidium Round & L.Bukhtiyarova sp. 2 Pla_Sp2 — 0.010 

Planothidium Round & L.Bukhtiyarova sp. 3 Pla_Sp3 — 0.003 

Planothidium Round & L.Bukhtiyarova sp. 4 Pla_Sp4 — 0.005 
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Species & Authority 
Species 

Code 
Distribution 

Relative 

Abundance 

(%) 

Planothidum renei (Lange-Bertalot & Schmidt) Van de Vijver Pla_Ren Southern 

Hemisphere 
0.020 

Psammothidium papilio (D.E. Kellogg, M. Stuiver, T.B. Kellogg & G.H. Denton) 

Kopalová & Van de Vijver  

Psa_Pap MA/CA 3.472 

Psammothidium rostrogermainii Vam de Vijver, Kopalová & Zidarova Psa_Ros MA/CA 0.023 

Psammothidium stauroneioides (Manguin) Buhktiyarova Psa_Sta SA/CA 0.291 

Pseudostaurosira D.M.Williams & Round sp. 1 Pse_Sp1 — 0.003 

Stauroforma inermis Flower, Jones & Round Sta_Ine MA/CA 0.122 

Stauroneis Ehrenberg Sta_Sp1 — 0.005 

Staurosirella D.M.Wiliams & Round sp. 1 Str_Sp1 — 0.003 

    

 272 

 273 

 274 

Fig. 2. Dot plot diagram of all diatom taxa across all samples within the study. Diatom species 275 

codes shown on the y-axis are defined in Table II. Treatments are color coded within the plot, 276 

Control (Red), Water (Yellow), Nutrients (Blue) and Water + Nutrients (Green). Vegetation type 277 

is coded by shape: “Circle” (healthy bryophyte), “Square” (moribund bryophyte), “Diamond” 278 

(crustose lichen), and “Triangle” (Usnea lichen).  279 
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 280 

Fig. 3. Common diatom species associated with bryophyte and lichen vegetation types. All taxa 281 

shown occurred at greater than or equal to 1% relative abundance across samples. a, b.       282 

Pinnularia borealis. c, d. Luticola austroatlantica. e. Luticola in girdle view. f, g. Luticola. 283 

muticopsis. h. Humidophila cf. gallica. i, j Psammothidium papilio. l, m.  Humidophila gallica. k, 284 

n. Humidophila. australis. Central 10 µm scale bar applies to all images. 285 

 286 
Fig. 4. Box plots of species richness, Shannon’s diversity index and Evenness arranged by 287 

vegetation type and treatment. Treatments are color coded, with abbreviations, within the plot, 288 

Control (Red)-“C”, Water (Yellow)-“W”, Nutrients (Blue)-“N”, and Water + Nutrients (Green)-289 

“WN”. Vegetation types follow the designation: “Healthy” (healthy bryophyte), “Moribund” 290 

(moribund bryophyte), “Usnea” (Usnea lichen), and “Crustose” (crustose lichen). 291 
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Across all three diversity metrics, neither treatment nor the interaction between treatment 292 

and vegetation type were significant (Table III). While vegetation type also did not have a 293 

significant effect on species richness, it did have a significant effect on Shannon’s diversity 294 

(p<<0.01), and Evenness (p<<0.01). Specifically, Usnea vegetation had lower Shannon diversity 295 

than healthy (p=0.003) and moribund (p<<0.01) bryophytes, and crustose lichens had significantly 296 

greater Shannon’s diversity than Usnea (p<<0.01). Post hoc analysis of Evenness between 297 

vegetation types showed that both moribund bryophytes (p=0.007) and crustose lichens (p=0.004) 298 

had significantly greater values than healthy bryophytes. Crustose lichen diatom community 299 

Evenness was also greater than in Usnea (p<<0.001), and Usnea Evenness values were lower than 300 

in healthy bryophytes (p=0.007).  301 

 302 

Patterns between the four most abundant genera  303 

Relative abundances of the genera Luticola, Pinnularia, and Humidophila were significantly 304 

different between vegetation types, though there were no significant differences among treatments 305 

when examined with two-way ANOVA (Table III). Only the genus Psammothidium showed 306 

significantly different relative abundances between vegetation types and among treatments. 307 

Specifically, healthy bryophytes contained more Psammothidium taxa than did moribund 308 

(p<<0.01), Usnea (p<<0.01), and crustose (p<<0.01) vegetation types. Post hoc analysis of 309 

treatment categories showed that the Water + Nutrient treatment had lower relative abundances of 310 

Psammothidium than the Water-only treatment (p<<0.01).  311 
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Table III. The results of the analysis of variance (ANOVA), permutational analysis of variance (PERMANOVA) and redundancy 312 

analysis (RDA) models. Significant results are in bold.  313 

Statistical Test Variable Transformation Test 

DF 

(model, error) F Ratio P Value 

 Post Hoc 

Comparison diff P Value 

ANOVA Species Richness log 10 Whole Model 15, 83 9.40E-01 5.30E-01    

   Treatment 3 8.00E-02 9.70E-01    

   Community 3 2.24E+00 9.00E-02    

   Treatment x Community 9 7.90E-01 6.30E-01    

          

ANOVA Shannon Diversity none Whole Model 15, 83 3.23E+00 3.00E-04 Crustone - Usnea 4.90E-01 5.00E-07 

   Treatment 3 5.60E-01 6.40E-01 Usnea - Healthy -2.60E-01 3.00E-03 

   Community 3 1.39E+01 1.91E-07 Usnea - Moribund -4.10E-01 3.20E-06 

   Treatment x Community 9 5.60E-01 8.30E-01 Crustose - Healthy 2.43E-01 2.00E-02 

          

ANOVA Evenness none Whole Model 15, 83 4.09E+00 1.50E-05 Moribund - Healthy 1.06E-01 7.00E-03 

   Treatment 3 4.20E-01 7.30E-01 Crustose - Healthy 1.30E-01 4.00E-03 

   Community 3 1.81E+01 4.10E-09 Crustone - Usnea 2.20E-02 1.00E-08 

   Treatment x Community 9 6.60E-01 7.40E-01 Usnea - Healthy -1.04E-01 7.00E-03 

              Usnea - Moribund -0.212 1E-08 

ANOVA Luticola square root Whole Model 15, 83 5.77E+00 6.11E-08 Moribund - Healthy 3.02E-01 3.00E-07 

   Treatment 3 9.51E-01 4.20E-01 Crustose - Healthy 2.41E-01 4.77E-04 

   Community 3 2.64E+01 4.30E-12 Crustone - Usnea 2.46E-01 4.89E-04 

   Treatment x Community 9 5.39E-01 8.42E-01 Usnea - Moribund -3.08E-01 4.00E-07 

          

ANOVA Pinnularia square root Whole Model 15, 83 2.72E+00 1.96E-03 Crustose - Healthy 8.34E-02 4.08E-02 

   Treatment 3 1.86E+00 1.42E-01 Crustone - Usnea 1.49E-01 5.00E-05 

   Community 3 9.15E+00 2.68E-05 Usnea - Moribund -8.30E-02 1.92E-02 

   Treatment x Community 9 1.05E+00 4.06E-01    

          

ANOVA Psammothidium square root Whole Model 15, 83 4.80E+00 1.41E-06 Moribund - Healthy -3.71E-02 1.00E-05 

   Treatment 3 6.02E+00 9.17E-04 Crustose - Healthy -4.19E-02 1.31E-05 

   Community 3 1.47E+01 9.53E-08 Usnea - Healthy -3.23E-02 6.92E-05 

   Treatment x Community 9 9.07E-01 5.23E-01 

(Water+Nutrient) - 

Water -3.42E-02 1.55E-03 
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Statistical Test Variable Transformation Test 

DF 

(model, error) F Ratio P Value 

 Post Hoc 

Comparison diff P Value 

          

ANOVA Humidophila square root Whole Model 15, 83 4.27E+00 8.44E-06 Moribund - Healthy -2.78E-01 6.70E-06 

   Treatment 3 5.65E-01 6.40E-01 Crustose - Healthy -2.72E-01 1.42E-04 

   Community 3 1.86E+01 2.53E-09 Crustone - Usnea -3.84E-01 1.00E-07 

   Treatment x Community 9 8.24E-01 5.96E-01    

          

Statistical Test Variable Comparisons Test 

DF (model, 

error) F Model P Value R2   

PERMANOVA Full Diatom Dataset 

Treatment*Com

munity Treatment 3 8.76E-01 5.00E-01    

   Community 3 1.29E+01 1.00E-04 0.29   

   Treatment*Community 9 1.01E+00 4.30E-01    

          

PERMANOVA Full Diatom Dataset Water*Nutrient Water 1 5.34E-01 6.30E-01    

   Nutrient 1 5.68E-01 6.08E-01    

   Water*Nutrient 1 8.10E-01 4.45E-01    

314 
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Moribund (Tukey's HSD, p<<0.01) and crustose (p<<0.01) vegetation types had greater 315 

relative abundances of Luticola than healthy bryophytes. Relative abundances of Luticola were 316 

also greater in crustose lichens than in Usnea (p<<0.01), but lower in Usnea than in moribund 317 

bryophytes (p<<0.01). Larger relative abundances of Pinnularia were observed upon crustose 318 

lichens than in both healthy bryophyte (p=0.04) and Usnea (p<<0.01) vegetation. Pinnularia 319 

relative abundances were lower on Usnea than moribund bryophyte vegetation (p=0.02). Lastly, 320 

Humidophila showed lower relative abundances on moribund bryophytes than for healthy 321 

bryophytes (p<<0.01) and Usnea (p<<0.01) vegetation, while relative abundances on moribund 322 

bryophytes were lower than healthy bryophytes (p<<0.01).  323 

 324 

Community analyses 325 

Overall, the most conspicuous differences in diatom species between vegetation types were for 326 

two species of Luticola. Specifically, both Luticola muticopsis and L. austroatlantica were 327 

primarily associated with moribund bryophytes and crustose lichens (Fig. 2). Permutational 328 

analysis of variance (PERMANOVA) showed that diatom communities were significantly 329 

different among the different vegetation types (p<<0.01, R2=0.29, Table III). To investigate 330 

differences between these vegetation types as a function of nutrient/water treatment, separate 331 

redundancy analyses (RDA) were performed for each vegetation type, where diatom relative 332 

abundance data were constrained against treatments (Fig. 5). However, no apparent “groupings” 333 

of samples or species by treatment were present, and the total variance explained for each RDA 334 

was between 3% for Usnea and 23% for moribund vegetation types. Furthermore, when tested 335 

with PERMANOVA, diatom communities were not statistically different between treatments or 336 

when explained with the combined effect of treatment and vegetation type (Table III).  337 
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338 
Fig. 5. Results of RDA grouped by vegetation type, displaying diatom taxa (codes defined in Table 339 

II) aligned against treatment. Individual vegetation types are labeled within the corner of each 340 

RDA. Vegetation type is coded by shape: “Circle” (healthy bryophyte), “Square” (moribund 341 

bryophyte), “Diamond” (crustose lichen), and “Triangle” (Usnea lichen). Treatments are color 342 

coded within each plot, Control (Red), Water (Yellow), Nutrients (Blue), and Water + Nutrients 343 

(Green). 344 

 345 

The results of the PCA (Fig. 6) comparing vegetation physiological characteristics and 346 

diatom diversity variables showed a number of important relationships, and the primary and 347 

secondary axes accounted for 24 % and 20% of the total variation explained, respectively. In 348 

general, bryophyte communities (square and circle shapes) were arranged more towards the 349 

bottom-left of the figure, while lichens (triangles and diamonds) appeared more toward the top-350 

right. Thus, %P was positively associated with lichen communities, with Usnea in particular, while 351 

𝛿13C was positively related to healthy bryophytes. Furthermore, moribund bryophytes and crustose 352 
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lichens showed positive associations with %N, while healthy bryophytes were negatively 353 

associated. Diversity indices were overall inversely correlated with the nutrient content of the host 354 

vegetation, with Shannon’s diversity and Evenness were both negatively correlated to %P (and 355 

thus positively related to 𝛿13C and bryophyte vegetations), and both species and genera richness 356 

were negatively correlated with %N. Overall, chlorophyll a and total water content explained very 357 

little of the overall variability. 358 

 359 
Fig. 6. The results of a PCA comparing bryophyte and lichen physiological variables ( %P [P], 360 

%,N [N], %C [C], Chlorophyll a content [ChlA], Total Water Content [TWC], and stable 361 

𝛿13C[13C] and 𝛿15N[15N]), and  diatom diversity data (Shannon’s Diversity [ShanDiv], 362 

Evenness[Even], Species Richness [SppRich] and Genera Richness [GenRich]). Vegetation type 363 

is coded by shape: “Circle” (healthy bryophyte), “Square” (moribund bryophyte), “Diamond” 364 

(crustose lichen), and “Triangle” (Usnea lichen). Treatments are color coded within the plot: 365 

Control (Red), Water (Yellow), Nutrients (Blue), and Water + Nutrients (Green). 366 

 367 
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Diatom species relative abundance data were also compared with vegetation characteristics 368 

using a db-RDA, which explained a total of 53% of the variability in the dataset (Fig. 7). Overall, 369 

the primary and secondary axes explained 41% and 12% of the variation, respectively. ANOVA 370 

revealed that only two terms, %N (p=0.003) and %P (p=0.024), were individually significant 371 

within the model. The most prominent relationship was between the %N content of vegetation and 372 

L. muticopsis (Lut_mut) on the primary axis of the ordination (Fig. 7), and perhaps to a lesser 373 

extent L. austroatlantica. Other diatom species, such as H. australis and Psammothidium species, 374 

such as Ps. stauroneioides (Psa_sta) and Ps. papilio (Psa_pap), were negatively correlated with 375 

%N, and H. cf. gallica (Dcf_gal) was positively associated with vegetation %P. Lastly, Ps. 376 

stauroneioides and Ps. papilio were both positively associated with δ13C and δ15N.  377 

 378 
Fig. 7. The results of a db-RDA using Hellinger-transformed relative abundances constrained 379 

against moss physiological variables (%P [P], %N [N], %C [C], Chlorophyll a content [ChlA], 380 

Total Water Content [TWC], and stable isotopes 𝛿13C[13C] and 𝛿15N[15N]). Vegetation type is 381 

coded by shape: “Circle” (healthy bryophyte), “Square” (moribund bryophyte), “Diamond” 382 

(crustose lichen), and “Triangle” (Usnea lichen). Treatments are color coded within the plot: 383 

Control (Red), Water (Yellow), Nutrients (Blue), and Water + Nutrients (Green). Diatom species 384 

codes are defined in Table II.  385 
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Discussion 386 

In this study, we examined the epiphytic diatom communities of four terrestrial vegetation types 387 

(healthy and moribund bryophytes as well as crustose and Usnea lichens) that received four 388 

different treatments (Control, Water, Nutrients, and Water + Nutrients). We found vegetation type 389 

to be a highly influential factor for both diatom diversity metrics and community structure, but did 390 

not observe a significant effect from the different treatments. However, relationships between 391 

diatom community structure and vegetation physiological characteristics suggest that the long-392 

term availability of water and nutrients is still important, if only indirectly by favoring different 393 

vegetation types. These results suggest that conditions favoring diatom habitat loss, or gain, via 394 

bryophyte and lichen vegetation contraction/expansion may have widespread implications for 395 

terrestrial diatom diversity and distributions in Antarctica. 396 

 397 

Terrestrial diatom communities within the Antarctic realm 398 

The current study provides some of the first observations of diatoms associated with bryophyte 399 

and lichen vegetations from the Windmill Islands of East Antarctica. Previous studies throughout 400 

the Windmill Islands have examined benthic diatoms within marine bays (Cunningham & McMinn 401 

2004) and lake and pond sediments (Roberts et al. 2001), though the current study differs from 402 

these in both its ecological setting and the observed flora. In the present work, the predominant 403 

taxa belong to the genera Luticola, Psammothidium, Pinnularia, and Humidophila, and the flora 404 

is markedly different than that reported from moss diatom communities from both the Maritime 405 

and Sub-Antarctic biogeographical regions, as well as other East Antarctic localities. 406 

For example, the McMurdo Dry Valleys Long Term Ecological Research (LTER) Project 407 

has maintained a database of diatom counts from throughout the McMurdo Dry Valleys (MDV) 408 
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spanning several decades (http://mcm.lternet.edu/). Here, the predominant moss-inhabiting genera 409 

include Hantzschia Grunow and Nitzschia Hassall, and common species include Hantzschia 410 

amphioxys (Ehrenberg) Grunow, known to be a species complex (Souffreau et al. 2013), and 411 

Nitzschia australocommutata Hamsher, Kopalová, Kociolek, Zidarova & Van de Vijver. These 412 

taxa are often present at ~30% and 40% relative abundance, respectively (Spaulding et al. 2020), 413 

though they were effectively absent from our study, highlighting major biogeographical 414 

differences between Continental Antarctic localities. However, similar to the present study, sites 415 

within the MDV still contain overall species richness values of 10 – 20 species per site.  416 

Observed species richness is much greater from the Maritime Antarctic Region, including 417 

Livingston and James Ross islands, observed species richness was much greater, with 123 and 57 418 

moss diatom species reported, respectively (Kopalová et al. 2014). Although the Maritime and 419 

Continental Antarctic Regions share common genera, they are far more speciose in the former. On 420 

Livingston Island, Humidophila (reported as Diadesmis Kützing), Muelleria (Frenguelli) 421 

Frenguelli, Navicula Bory, and Nitzschia all contained 7 species each, whereas the dominant 422 

genera Pinnularia, Luticola and Psammothidium contained 16, 13, and 9 species, respectively. 423 

Upon James Ross Island, Luticola, Diadesmis and Pinnularia featured 11, 6, and 5 species 424 

respectively, with the species complex Pinnularia borealis (Pinseel et al. 2019), Hantzschia 425 

amphioxys and Nitzschia perminuta Grunow appearing at 24.6%, 10.7% and 8.9% relative 426 

abundance across sites (Kopalová et al. 2014). In contrast to the mosses, Chattová (2018) reported 427 

56 diatom species from lichens on James Ross Island, with Luticola, Hantzschia, and Pinnularia 428 

being the most common genera, and richness ranging from 7 to 23 species per sample. 429 

 430 

  431 
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Diatom vegetation type preferences 432 

Our findings that diatom community composition is largely determined by the underlying 433 

vegetation type is informative and has implications for potential habitat loss (or gain) as different 434 

moss and lichen species may shift in their abundance due to ongoing climate change. For example, 435 

the response of three bryophyte species (Schistidium antarctici, Ceratodon purpureus (Hedwig) 436 

Bridel and Bryum pseudotriquetrum (Hedwig) P.G.Gäertner, B.Meyer & Scherbius) to desiccation 437 

and submergence was examined in Wasley et al. (2006b), and of these, the endemic S. antarctici, 438 

was shown to be less tolerant to desiccation while being highly tolerant of submergence (Wasley 439 

et al. 2006b). Within the current study, S. antarctici is the major component of the healthy 440 

bryophyte vegetation type, and the dominant bryophyte across the remainder of the experimental 441 

gradient. Within close proximity to the current study site, the dominant bryophyte S. antarctici 442 

occurred at over 90% relative abundance within the bryophyte communities and was present within 443 

the “transitional” (equivalent to the moribund community) and crustose lichen communities at 444 

approximately 40% and 20% relative abundance, respectively (Wasley et al. 2012).  445 

Robinson et al. (2018) detailed a drying trend within recent years in the Windmill Islands 446 

and a concomitant reduction in the abundance of S. antarctici, whereas the abundance of the more 447 

desiccation tolerant (and submergence intolerant) cosmopolitan moss species C. purpureus and B. 448 

pseudotriquetrum increased. Within this adjacent study site, (ASPA 135 melt puddle) the 449 

proportion of moribund moss also increased. Given the observed differences in relative 450 

abundances of the four diatom genera among different vegetation types, an increase in moribund 451 

vegetation may preferentially favor Luticola, whereas healthy bryophyte vegetation (stands 452 

comprised predominantly of S. antarctici) may demonstrate higher abundances of Humidophila 453 

and Psammothidium. Given that the samples analyzed here date from nearly two decades ago, it is 454 
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not unreasonable to suggest that the diatom communities have already undergone change since 455 

this field experiment took place.  456 

The “turf morphology”, or the degree of complexity and folding within vegetation, of S. 457 

antarctici, C. purpureus and B. pseudotriquetrum has been previously suggested to be an avenue 458 

of water retention, and thereby preventing vegetation desiccation (Wasley et al. 2006b). As both 459 

temperature and water levels have been shown to vary within the fine scale microclimate of mixed 460 

bryophyte vegetation types of Ceratodon Brisson and Bryum Hedwig (Lewis Smith 1999), the 461 

accessibility of this turf morphology may serve as a selective pressure acting upon diatoms, 462 

potentially influencing dispersion/colonization between patches, especially if S. antarctici is in 463 

decline. Our results suggest that P. borealis and Humidophila species (such as H. gallica and H. 464 

australis) may be particularly suited to inhabit a broad range of conditions (or be better competitors 465 

therein), including variable nutrient availability, site topology and bryophyte and lichen vegetation 466 

types, as these widely distributed taxa demonstrate a large range of environmental preferences and 467 

were ubiquitous in our counts.  468 

 469 

Effects of water and nutrient availability 470 

In this study, we analyzed diatoms from samples collected from an experiment examining the 471 

physiological responses of bryophyte and lichen communities to water and nutrient additions 472 

(Wasley et al. 2006a). Although these treatments were not targeted at diatoms directly, it is 473 

reasonable to assume that any experimental additions affecting the physiological characteristics of 474 

the host vegetation, and by extension its microclimate, will also bear influence on its resident 475 

epiphytes. Furthermore, given the previously reported importance of moisture in structuring moss 476 

diatom communities within the Maritime Antarctic (Kopalová et al. 2014) and the Sub-Antarctic 477 
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(Van de Vijver et al. 2002, 2008), we expected that the water additions alone should have produced 478 

noticeable effects. Yet, it is interesting to note in our analysis, water additions did not appear to 479 

influence diatom community structure. While we know that water is critical for diatoms, as well 480 

as for the maintenance of lichen and bryophyte vegetations and their capacity to form robust 481 

microclimates, it may be that after a certain threshold is met, water quantity provides only limited 482 

selection pressure for the aerophilic taxa observed here.  483 

However, another possibility is that the ambient gradient in water availability, with or 484 

without our water additions, has already fundamentally structured these diatom communities, 485 

although perhaps in a more indirect way. As explained in Wasley et al. (2006a), the healthy 486 

bryophytes primarily occupied the area near the meltwater pond, in contrast to the lichen 487 

vegetation types, which were located with greater distance from the pond up the ridge. These 488 

differences in proximity to the pond are reflected in the more enriched δ13C signatures of 489 

bryophytes, which is likely a result of more frequent submergence in water, which in turn produces 490 

a greater diffusion limitation of CO2. In line with this, diversity and evenness, as well as small-491 

bodied diatoms species from the genus Psammothium, were positively correlated with δ13C in our 492 

work, and may reflect this long-term availability of liquid water. Whether the differences between 493 

diatom communities across vegetation types reflects this fundamental difference in the abundance 494 

of water or some other distinguishing factor between vegetation types remains an open question, 495 

and represents an interesting avenue for further study.  496 

Similarly, epiphytic diatom communities did not respond to the experimental nutrient 497 

additions. This suggests that either nutrients at the soil-vegetation interface are not directly 498 

available to the epiphytic diatom community, or that these communities are not limited in their 499 

nutrient supply and therefore not responsive to fertilization. While both of these scenarios are 500 
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possible, Wasley et al. (2006a) found large responses of healthy bryophytes and crustose lichens 501 

to nutrient treatments (which also exhibited the most enriched 𝛿15N signatures, indicating greater 502 

nutrient recycling), casting the generalization of the latter possibility into doubt. However, as 503 

previously discussed for water availability, a natural gradient in nutrient availability was also 504 

present at the experimental site, with concentrations increasing up the ridge toward the abandoned 505 

penguin rookery. As a result, nutrient availability is elevated for lichen vegetation and moribund 506 

bryophytes, and indeed Wasley et al. (2006) report greater %N for these vegetation types (and 507 

more depleted 𝛿15N signatures) than for healthy bryophytes.  508 

Interestingly, we found that diatoms from the genus Luticola, especially L. muticopsis, to 509 

be highly correlated with vegetation %N. However, L. muticopsis was also the most common in 510 

moribund bryophytes and crustose lichens, which also contained the most N. Thus, it is not clear 511 

if this association is indeed due to the nutrient content or the vegetation type. Luticola muticopsis 512 

is often found at great abundances in close proximity to penguin rookeries (Sakaeva et al. 2016), 513 

which generally have elevated concentrations of N, and therefore it would make sense if N 514 

availability was driving the relative abundances of this diatom. However, L. muticopsis was also 515 

(in general) negatively associated with vegetation δ13C, which may indicate an aversion to repeated 516 

or prolonged submergence for this aerophilic diatom (e.g. as for healthy bryophytes). If %N is 517 

responsible for explaining patterns in diatoms communities, it is also unclear how these stored 518 

nutrients are made available to diatom cells, though it is reasonable to expect that greater 519 

vegetation %N is likely accompanied by greater N recycling within the vegetation matrix. Future 520 

experimental work should be aimed towards disentangling the mechanisms behind these scenarios, 521 

such that we can improve our understanding of how microbial life will respond to climate change. 522 

 523 
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Conclusions 524 

Within this study, we characterized diatom communities from four vegetation types that received 525 

added nutrients and water within the projected range expected due to climate change. Our 526 

hypothesis that these additions would directly influence diatom community structure was not 527 

supported. Instead, vegetation type best explained differences in diatom community composition, 528 

indicating that, at most, water and nutrient treatments may have indirectly influenced diatom 529 

community structure through favoring the establishment of these different vegetation types. These 530 

results inform larger trends within microbial and macroflora diversity within Antarctica, as future 531 

expansion and/or contraction of different vegetation types may therefore affect terrestrial diatom 532 

distributions and abundances. However, the effects of climate change upon microbial life in 533 

Antarctica are not well understood, especially when coupled with other concomitant threats such 534 

as invasive species. As such, this study represents an important dataset for the informing the 535 

management and preservation of Antarctic diatom communities.   536 
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 566 

 567 

 568 

 569 

 570 
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BEYER, L., BÖLTER, M. & SEPPELT, R.D. 2000. Nutrient and thermal regime, microbial biomass, and vegetation of 576 
Antarctic soils in the Windmill Islands Region of East Antarctica (Wilkes Land). Arctic, Antarctic, and 577 
Alpine Research, 32(1), 10.1080/15230430.2000.12003336  578 

CHATTOVÁ, B., 2018. Diatoms (Bacillariophyta) associated with lichens from Ulu Peninsula (James Ross Island, NE 579 
Antarctic Peninsula). Czech Polar Reports, 8(2), 10.5817/CPR2018-2-12 580 

CHOWN, S.L., CLARKE, A., FRASER, C.I., CARY, S.C., MOON, K.L. & MCGEOCH, M.A. 2015. The changing form of 581 
Antarctic biodiversity. Nature, 522(7557), 10.1038/nature14505 582 

CLARKE, L.J., ROBINSON, S.A., HUA, Q., AYRE, D.J. & FINK, D., 2012. Radiocarbon bomb spike reveals biological 583 
effects of Antarctic climate change. Global Change Biology, 18(1), 10.1111/j.1365-2486.2011.02560.x 584 

CONVEY, P. & PECK, L.S. 2019. Antarctic environmental change and biological responses. Science Advances, 5(11), 585 
10.1126/sciadv.aaz0888 586 

CONVEY, P., CHOWN, S. L., CLARKE, A., BARNES, D. K. A., BOKHORST, S., CUMMINGS, V., DUCKLOW, H. W., FRATI, 587 
F., GREEN, T. G. A., GORDON, S., GRIFFITHS, H. J., HOWARD-WILLIAMS, C., HUISKES, A. H. L., LAYBOURN-588 
PARRY, J., LYONS, W. B., MCMINN, A., MORLEY, S. A., PECK, L. S., QUESADA, A., ROBINSON, S. A., 589 
SCHIAPARELLI, S. & WALL, D. H. 2014. The spatial structure of Antarctic biodiversity. Ecological 590 
Monographs, 84(2), 10.1890/12-2216.1 591 

CUNNINGHAM, L. & MCMINN, A. 2004. The influence of natural environmental factors on benthic diatom communities 592 
from the Windmill Islands, Antarctica. Phycologia, 43(6), 10.2216/i0031-8884-43-6-744.1 593 

KELLOGG, T.B. & KELLOGG, D.E. (2002) Non-marine and littoral diatoms from Antarctic and subantarctic regions. 594 
Distribution and updated taxonomy. Diatom monographs 1, A.R.G Gantner Verlag K.G., 795 pp.  595 

KOHLER, T.J., KOPALOVÁ, K., VAN DE VIJVER, B. & KOCIOLEK, J.P. 2015. The genus Luticola D.G.Mann 596 
(Bacillariophyta) from the McMurdo Sound Region, Antarctica, with the description of four new species. 597 
Phytotaxa, 208, 10.11646/phytotaxa.208.2.1 598 

KOPALOVÁ, K., OCHYRA, R., NEDBALOVÁ, L. & VAN DE VIJVER, B. 2014. Moss-inhabiting diatoms from two 599 
contrasting Maritime Antarctic islands. Plant Ecology and Evolution, 147(1), 10.5091/plecevo.2014.896 600 

LEE, J.R., RAYMOND, B., BRACEGIRDLE, T.J., CHADES, I., FULLER, R.A., SHAW, J.D. & TERAUDS, A. 2017. Climate 601 
change drives expansion of Antarctic ice-free habitat. Nature, 547(7661), 10.1038/nature22996 602 

LEGENDRE, P. & GALLAGHER, E.D., 2001. Ecologically meaningful transformations for ordination of species 603 
data. Oecologia, 129(2), 10.1007/s004420100716 604 

LEWIS SMITH, R.I. 1999. Biological and environmental characteristics of three cosmopolitan mosses dominant in 605 
continental Antarctica. Journal of Vegetation Science, 10(2), 10.2307/3237144 606 

MELICK, D.R., HOVENDEN, M.J. & SEPPELT, R.D. 1994. Phytogeography of bryophyte and lichen vegetation in the 607 
Windmill Islands, Wilkes Land, Continent Antarctica. Vegetatio, 111(1), 10.1007/BF00045578 608 

NIELSEN, U.N. & KING, C.K. 2015. Abundance and diversity of soil invertebrates in the Windmill Islands region, East 609 
Antarctica. Polar Biology, 38(9), 10.1007/s00300-015-1703-2 610 

OHTANI, S. 1986. Epiphytic algae on mosses in the vicinity of Syowa Station, Antarctica. Memoirs of National Institute 611 
of Polar Research Special Issue, 44, 209–19. 612 

OKSANEN, J., BLANCHET, G.F., FRIENDLY,M., KINDT,R.,  LEGENDRE,P., MCGLINN, D., MINCHIN, P.R., O'HARA, R. B., 613 
SIMPSON, G.L., SOLYMOS, P., STEVENS, M.H.H., SZOECS, E. & WAGNER, H. 2019. Vegan: Community 614 
Ecology Package. R package version 2.5-6. https://CRAN.R-project.org/package=vegan 615 

OPALINSKI, K.W. 1972. Flora and Fauna in Freshwater Bodies of the Thala Hills Oasis (Enderby Land, Eastern 616 
Antarctica). Polish Archives of  Hydrobiology, 19(4), 383-398 617 

PINSEEL, E., KULICHOVÁ, J., SCHARFEN, V., URBÁNKOVÁ, P., VAN DE VIJVER, B. AND VYVERMAN, W., 2019. 618 
Extensive cryptic diversity in the terrestrial diatom Pinnularia borealis (Bacillariophyceae). Protist, 170(2), 619 
10.1016/j.protis.2018.10.001 620 

R CORE TEAM. 2018. R: a language and environment for statistical computing. R Foundation for Statistical Computing, 621 
Vienna, Austria. https://www.R-project.org/.  622 



32 

 

ROBINSON, S.A., KING, D.H., BRAMLEY-ALVES, J., WATERMAN, M.J., ASHCROFT, M.B., WASLEY, J., TURNBULL, J.D., 623 
MILLER, R.E., RYAN-COLTON, E., BENNY, T. & MULLANY, K. 2018. Rapid change in East Antarctic terrestrial 624 
vegetation in response to regional drying. Nature Climate Change, 8, 10.1038/s41558-018-0280-0 625 

ROBERTS, D., MCMINN, A., JOHNSTON, N., GORE, D.B., MELLES, M. & CREMER, H. 2001. An analysis of the limnology 626 
and sedimentary diatom flora of fourteen lakes and ponds from the Windmill Islands, East Antarctica. 627 
Antarctic Science, 13(4), 10.1017/S0954102001000578 628 

SABBE, K., VERLEYEN, E., HODGSON, D.A., VANHOUTTE, K. & VYVERMAN, W. 2003. Benthic diatom flora of 629 
freshwater and saline lakes in the Larsemann Hills and Rauer Islands, East-Antarctica. Antarctic Science, 15, 630 
10.1017/S095410200300124X 631 

SAKAEVA, A., SOKOL, E.R., KOHLER, T.J., STANISH, L.F., SPAULDING, S.A., HOWKINS, A., WELCH, K.A., LYONS, 632 
W.B., BARRETT, J.E. & MCKNIGHT, D.M. 2016. Evidence for dispersal and habitat controls on pond diatom 633 
communities from the McMurdo Sound Region of Antarctica. Polar Biology, 39(12), 10.1007/s00300-016-634 
1901-6 635 

SCHROETER, B., GREEN, T.A., PANNEWITZ, S., SCHLENSOG, M. AND SANCHO, L.G., 2011. Summer variability, winter 636 
dormancy: lichen activity over 3 years at Botany Bay, 77 S latitude, continental Antarctica. Polar Biology, 637 
34(1), 10.1007/S00300-010-0851-7 638 

SOUFFREAU, C., VANORMELINGEN, P., VAN DE VIJVER, B., ISHEVA, T., VERLEYEN, E., SABBE, K. AND VYVERMAN, 639 
W., 2013. Molecular evidence for distinct Antarctic lineages in the cosmopolitan terrestrial diatoms 640 
Pinnularia borealis and Hantzschia amphioxys. Protist, 164(1), 10.1016/J.PROTIS.2012.04.001 641 

SPAULDING, S.A., VAN DE VIJVER, B., HODGSON, D.A., MCKNIGHT, D.M., VERLEYEN, E. & STANISH, L. 2010. 642 
Diatoms as indicators of environmental change in Antarctic and subantarctic freshwaters. In The diatoms: 643 
applications for the environmental & earth sciences/Smol, John [edit.]; et al.[edit.].pp. 267-286. 644 

SPAULDING, S., ESPOSITO, R., LUBINSKI, D., HORN, S., COX, M., MCKNIGHT, D., ALGER, A., HALL, B., MAYERNICK, 645 
M., WHITTAKER, T., & YANG, C. Antarctic Freshwater Diatoms web site, McMurdo Dry Valleys LTER, 646 
visited 22 Jan 2020 at http://huey.colorado.edu/diatoms/ 647 

STANISH, L.F., NEMERGUT, D.R. AND MCKNIGHT, D.M., 2011. Hydrologic processes influence diatom community 648 
composition in Dry Valley streams. Journal of the North American Benthological Society, 30(4), 10.1899/11-649 
008.1 650 

VAN DE VIJVER, B., FRENOT, Y. & BEYENS, L. 2002. Freshwater diatoms from Ile de la Possession (Crozet 651 
Archipelago, Subantarctica). Bibliotheca Diatomologica 46, Schweizerbart Science Publishers, Stuttgart, 652 
Germany 412 pp. 653 

VAN DE VIJVER, B., GREMMEN, N. & SMITH, V. 2008. Diatom communities from the sub-Antarctic Prince Edward 654 
Islands: diversity and distribution patterns. Polar biology, 31(7), 10.1007/s00300-008-0418-z 655 

VAN DE VIJVER, B., TAVERNIER, I., KELLOGG, T.B., GIBSON, J., VERLEYEN, E., VYVERMAN, W. & SABBE, K. 2012. 656 
Revision of type materials of Antarctic diatom species (Bacillariophyta) described by West & West (1911), 657 
with the description of two new species. Fottea, 12, 10.5507/fot.2012.012  658 

VAN DER WERFF, A. 1955. A new method for cleaning and concentrating diatoms and other organisms. Verhandlungen 659 
der Internationalen Vereinigung für theoretische und angewandte Limnologie, 12, 660 
10.1080/03680770.1950.11895297  661 

WASLEY, J., ROBINSON, S.A., LOVELOCK, C.E. & POPP, M. 2006a.Climate change manipulations show Antarctic flora 662 
is more strongly affected by elevated nutrients than water. Global Change Biology, 12(9), 10.1111/j.1365-663 
2486.2006.01209.x 664 

WASLEY, J., ROBINSON, S.A., LOVELOCK, C.E. & POPP, M. 2006b. Some like it wet—biological characteristics 665 
underpinning tolerance of extreme water stress events in Antarctic bryophytes. Functional Plant 666 
Biology, 33(5), 10.1071/FP05306 667 

WASLEY, J., ROBINSON, S.A., TURNBULL, J.D. , KING. D.H., WANEK, W. & POPP, M. 2012. Bryophyte species 668 
composition over moisture gradients in the Windmill Islands, East Antarctica: development of a baseline for 669 
monitoring climate change impacts, Biodiversity, 13(3-4), 10.1080/14888386.2012.712636  670 

ZHANG, E., THIBAUT, L.M., TERAUDS, A., WONG, S., VAN DORST, J., TANAKA, M.M. & FERRARI, B.C. 2019. Extreme 671 
niche partitioning promotes a remarkably high diversity of soil microbiomes across eastern 672 
Antarctica. bioRxiv, 559666, 10.1101/559666 673 
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