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Abstract

Climate change poses a considerable threat to the biotyvet$iigh altitude ecosystems
worldwide, including cold-water river systems that are@adg rapidly to a shrinking
cryosphere. Most recent research has demonstrateemdr® yulnerability of river
invertebrates to glacier retreat but effects upon other agyratips remain poorly quantified.
Using new datasets from the European Alps, we show signifieapbnses to declining
glacier cover for diatoms, which play a critical funcial role as freshwater primary
producers. Specifically, diatom a-diversity and density in rivers presently fed by glacieill
increase with future deglaciation, yetiversity within and between-sites will reduce
because declining glacier influence will lower the spatioteaip@riability of glacier cover
and its associated habitat heterogeneity. Changeatomndiassemblage composition as
glacier cover declined were associated strongly with asing river-bed stability and water
temperature. At the species level, diatoms showed a gradsdtresponses; for example,
Eunotia trinacriafound exclusively at river sites with high (> 52 %) catchment glacier

cover, may be affected negatively by ice loss. Converselyen taxa confined to sites with
no glacier cover, including Gomphonema calcareum, stand to toé\ieéteen (22 %) taxa
were noted as threatened, endangered, rare or decreasivgRed List of Algae for
Germany, with most at sites < 26 % glacier cover, meaning further ice loss may benefit these
diatoms. However, six taxa found only in rivers > 28 % glacier cover may require
reclassification of their Red List conservation ssafas this habitat is threatened by
deglaciation. Our identification of clear links betwelkstreasing glacier cover and river
diatom biodiversity suggests there could be significant resgiaoin of river ecosystems
with deglaciation, for example through alterations to priynproduction, biogeochemical
cycles and the shifting resource base of alpine freshiiaddrwebs which lack significant

allochthonous energy inputs.
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Introduction

Pervasive and accelerated glacier retreat in alpinerregvorldwide is predicted to intensify
throughout the ZLcentury(Intergovernmental Panel on Climate Change [IPCC], 20143. T
diminishing ice cover will ultimately reduce the contriloutiof ice melt to rivers,
subsequently increasing the relative contributions of ameW, groundwater streams and
precipitation (Brown, Hannah & Milner, 2003; Milner et &017; Huss & Hock, 2018)
Alteration to meltwater sourcing will physically modify chahgeomorphology as diurnal
and seasonal ice melt discharge peaks are attenuatedngeewsion and reworking of
proglacial sediments (Carrivick & Heckmann, 2017). Each waterce also generates
discrete physicochemical conditions, forming the habitaptate upon aquatic communities
and acting as an environmental filter to taxa which do not ps$e morphological and
behavioural trait combinations required to survive (Browr.eP818) Spatiotemporal
mixing of water sources creates further diversity of lalzibnditions within alpine rivers.
Whilst there has been a major research focus upon tleeirapglacier retreat on
macroinvertebrate communitiar less is understood of how other aquatic groups will

respond (Fell, Carrivick & Brown, 2017).

The sensitivity of freshwater benthic diatoms to envinental change has led to their use as
representative indicator taxa in the assessment efr\gaglity globally (Wang et al., 2014;
Lobo et al., 2016)Diatom assemblages possess a diverse spectrum ofieab lmptima and
tolerances and they reassemble in response to alteratiphysicochemical environment,
which underpins their use in assessment of the condifireshwater ecosystems required
by the European Water Framework Directive (Kelly et al., 2008pLet al., 2016)

However, there remains a clear need for knowledge ofrdiassemblage responses to

natural and indirect anthropogenic change, such as gtatieat.
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Benthic diatomsalongside other biofilm components including cyanobaxceand other
algae, play a major role in primary production withinirsdprivers (Rott et al., 2006; Battin et
al., 201§. This autochthonous input is critical to these abovditesystems which receive
minimal energy subsidy from the riparian zone (Zah & Uejdr, 200 Alpine rivers
particularly springs, have been identified as potential hatsgfdienthic diatom biodiversity,
hosting rare and threatened taxa, often in high abued@ut et al., 2006; Cantonati et al.,
2012) Hannaea arcus and the genera Achnanthidium, Fragilaria and Odontidium are
consistently the most abundant taxa within diatonerabsages across the European Alps,
Himalaya and Rocky Mountains, with new species betantp the latter recently identified
in mountain streams (Hieber et al., 2001; Gesierich & R0tt2; Nautiyal, Mishra & Verma,
2015; Juttner et al., 2015, 201Hpwever, a more complete considerataribenthic diatoms
is needed to inform understanding of alpine river biodiwersponses to glacier retreat,
given their role as a principal food source for inveraée primary consumens glacier-fed

rivers (Clitherow, Carrivick & Brown, 2013)

Previous research investigating river diatom assemblageswiountain catchments has
considered glacial influence with regard to distance fronmaegins (Nautiyal, Mishra &
Vermg 2015) and water source origins (Hieber et al., 2001). Howevbstibgredictions of
aguatic community response to future glacier retreat requn®@aches that identify
alterations to alpine freshwater biodiversity along antjtied spectrum of glacial influence
(Brown, Hannah & Milner, 2007). Whilst such chronosequence appesehave been used
recently to determine the response of macroinvertehkaifae (excluding diatoms) and
microbial prokaryote communities to deglaciation (Rott et28i06; Brown, Hannah &
Milner, 2007; Ren et al., 2017), they are yet to be applieénthir diatom assemblages. The

efficacy of alpine freshwater conservation strategyitically dependent upon understanding



99 these responsgparticularly for taxa that are vulnerable to extirpatdue to limited motility

100 and dispersal capacity (Liu et al., 2013).

101 In this study, we examined diatom assemblage structurtharabundance of individual

102  species in rivers draining the eastern European Alps. Althpraglacial regions of the Alps
103  host high aquatic alpine biodiversity, glaciers are ingiterm retreat, with approximately
104  two-thirds of total glacier volume lost since 1850 (Zeshpl., 2006), and a further 4 to %8
105 reduction of the 2003 ice area predicted by 2100 (Huss, Z0ii8)study utilised a

106  chronosequence approach, sampling river sites within vwatdsdosting different

107  percentages of permanent ice cover, to provide a gradieatafment glacier cover and in
108  turn, a proxy for the stages of glacier retreat. This stined to(i) quantify the biodiversity
109  of diatom assemblages present in alpine rivers dlmgatchment glacier cover gradig(ii)
110 determine taxon level responses to glacier cover andhgigstigate the environmental

111  drivers underpinning glacial influence upon alpine river hierdiatoms. Our research design
112  facilitated novel investigation of diatom assemblagpaase to decreases in glacier cover

113 within the European Alps.

114

115 Materialsand M ethods

116  Study area

117  Field observations were made in the central Austrigns AFigure 1) during June/July 2015

118 and 2016. Variability of glaer coverage within a small geographical region provided a broad
119  spectrum of glacier cover whilst minimising large-scaleedéhces due to climate or other

120 catchment characteristics (Robson et al., 2016). Hmintiver sites spanning a gradient of

121  catchment glacier cover (0 to 64 % permanent ice covea® identified throughout the

122  Eisboden, Obersulzbach and Rotmoos valleys (Tabletefs Bere selected with minimal
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directanthropogenic influence and where sampling was possibleaions above the
treeline. Sites included streams predominantly fed by glemdtivaters (> 50 % catchment
glacier cover) (O1, R1), mixed streams draining melt, spamgisaquifer upwelling (25 50
% catchment glacier cover) (E2, E3, O3, R2, R3, R4, Ul}lask sourced predominantly
(1 - 25 % catchment glacier cover) (E1, U2) and entirely by gieater flow (0 %

catchment glacier cover) (E4, O2), to represent varyiagjey cover (Table 1).

Permanent ice cover of discrete catchments pertainimglitadual river sampling sites was
determined using the watershed analysis function of AréMap.4. Flow direction and
accumulation models were applied to a filled 10 m ASTERt&liglevation Model (DEM)
(GitHub, 2016), to determine downslope water flow direction based lopal topography.
Automated watershed delineation followed river network bouesland were then checked
manually using high resolution aerial photography, to avea é@nduced by DEM resolution
and to achieve the most accurate representation ofgeoatorphology. Regional ice extents
(Glaciology Commission, 2015) were constrained to watersbeddaries to calculate the

percentage of catchment area covered by ice (Table 1).

Field sampling

Water temperature, electrical conductivigQ) and pH were measuréalsitu at each site
using Hanna Instruments (Woonsocket, RI, USA) H19063, HI9033 and HI98130,meters
respectively. Pfankuch Index bottom component estimatesao#teeted (Pfankuch, 1975)

as a proxy for channel geomorphological stability, withkido values representing more stable
river-beds. Reciprocal values (1/Pfankuch Index scores used in statistical analyses so
that larger values represented higher stability. River wa6£y fnL) was collected fagx-situ
optical turbidity analysis using a Hanna Instruments HI93708maetd then filtered for

nutrient analysis. This included the detection of disslorganic carbon (DOC) using an
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Analytik Jena Multi N/C 2100 elemental thermal oxidation asedywhereas phosphate
(PQy), nitrate (NO3) and total nitrogen (TN) concentrations were analysed usiivgoaSkalar

San ++ Continuous flow auto-analyser

Benthic biofilms were sampled following CEN (2014). At each, Sive submerged cobbles
were selected randomly from riffles to represediversity of river site microhabitats though
for sites O2 and O4, only three and four replicates weaade respectively, due to sample
damage during transportation (total n = 62 replicates). Bealte were scrubbed froma 9
cn? area of the upper surface of each cobble, using a plestplate and sterile toothbrush.
Cobbles potentially exposed during prolonged periods of low flove \eoided Samples

were preserved within 70 % methylated spirits and stored afp4iGCto analysis.
Laboratory analysis

To prepare samples for microscopic analysis, organic imahes removed to enable the
unobstructed observation of diatom valves (CEN, 2014¢.hbt hydrogen peroxide ¢a.)
method was used to reduce reaction times betwe@pdtd organic matter. Samples were
homogenised and 2L of 30% H20. added to a 5 mL subsample, which was heated in a
water bath at 90 °C (£ 5 °C) for three hauirke remaining KO, was neutralised with 50 %
hydrochloric acid (HCL) and subsamples suspended within dishidedr and centrifuged at
1200 rpm for four minutes, four times. The remaininglspellet was diluted by adding 5 to
20 mL of distilled water, depending upon diatom concentrafidwe solutions were then
homogenised with a vortex mixer (Stuart SA8) andmiL5pipetted onto the centre of a 19
mm circular coverslip, which had been cleaned with eth&wilerslips were covered and air
dried overnight. They were mounted using Naphrax®, as itsreigactive index (>1.6)

facilitated the clear examination of diatoms (CEN, 20TAg initial volume of each biofilm
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cobble sampland any dilutions were recorded and accounted for in subseglemtetric

calculations.

Diatom valves were counted and identified using light micros¢bgeiza DM 2000), at
%1000 magnification (N Plan lens, 100 x/1.25 oil PH3) in brigletfigew. A minimum of
500 complete, individual diatom valves were identified to tigédst resolution possible, to
reflect the species composition of each replicate réglicates with fewer than 500, all
valves were counted. A single researcher performed albetopy to prevent inter-analyst
variance (Culverhouse et al., 2014). Identification folldwelly (2000), Krammer and
Lange-Bertalot (2004, 2007a, b, 2008), and Spaulding (2018) with taxomnomenclature
following Lange-Bertalot et al., (2017). Characterisabdrariation within the

Achnanthidium minutissimum complex followed Potapova and Hamilton (2007).

To determine estimates of absolute diatom abundancelverdensity, the number of valves
counted within coverslip transects was used to estimate Hientohber present upon the
whole coverslip (0.5 ml) and then multiplied to périvased on sample volume and rock area
sampled (Scott et al., 2014). These extrapolations weragaaeacross rock scrub replicates
for each river site, with mean valves perunderpinning all diatom abundance analysis. As a
minimum, half of each coverslip was screened, with traasgeompassing both the

coverslip centre and edges. Repeat counts of 20 % opadlates identified an average
estimated absolute abundance error of + 3 %. This appreashdopted in preference to
microsphere analysis given the significant and unpredetadiability of diatom
concentrations between replicates hindering estimatestable microsphere to diatom

ratios (Battarbee & Kneen, 1982)

Data analysis
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The diatom species abundance matrix was used to calculate summary metricshieg
biodiversity at each river sampling site: (a) taxonomic &sisn(b) density of valvesim(c)
Pielou’s evenness, (d) Shannon diversity index arfd) taxonomic richness of taxa classified
on the Red List of Algae for Germany (Lange-Bertalot &i&torf, 1996). The Red List was
collated to identify taxa of algal conservation prioetyd despite development from research
solely within German freshwaters, it was applied withis gtudy given the absence of
comparable datasets for Austrian rivers and the geographaamity of their alpine

regions. Changes to taxonomic nomenclature since Regllblication were identified
following Guiry (2018) As the diatom assemblages lemkinany taxa only identified at

single sites in low abundance, Shannon diversity inggs<adopted as it does not weight
common species over rare ones (Morris et al., 2014atiBeships between these indices and
glacier cover were tested using general linear models (Gireneralised additive models
(GAM) for data showing pronounced non-linear relationshipt thie latter constructed

using the mgcv package R (Wood, 2011)Akaike’s information criterion (AIC) values

were used to determine best fit, with negative binomial and Gausistributions specified
Smoothing parameters for GAM were selected following theguhoes outlined by Wood
(2004). Model performance was evaluated using the percentageiariakexplained.

GAMs and GLMs were also used to determine the relationshigeba catchment glacier
cover and site-specific environmental parameters (meam teatperature, EC, turbidity, pH,

1/Pfankuch Index scores, nutrient concentrations).

Within-site B-diversity was calculated from the abundance of diatdresadentified in the
replicate biofilm cobble scrub samples collected findividual river sites. Components of

beta diversity (total dissimilarity @ensen), turnover (Simpson) and nestedness (Nest@dness
were calculated for each river site using the betapart paci&y¢Baselga et al., 2017) and

GLM used to describe the relationship between average beta cemp@lues and
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catchment glacieraver per site. Betweesite -diversity was determined by amalgamating
average diatom valve abundances from replicates to datemsingular valve abundance
value for each river site.ggensen, Simpson and Nestedness indices were calctdatie
species x abundance matrix. These components weredrétapairwise differences (Bray-
Curtis dissimilarity index) in catchment glacier covenzn all river sites. Mantel tests
(vegan R package) were used to determine the significancerelation between these

dissimilarity matrices.

Ordination analysis was performed to investigate diatonmadage composition and taxon
level responses along the gradient of glacier covér #ranalysis, the estimated average
abundance (valves fhof identified diatom taxa at each site wasiigg+1) transformed to
constrain the influence of disparate records upon outc@melsta containing zero values
(Khamis et al., 2014aNon-metric multidimensional scaling (NMDS) was applie@ &ray-
Curtis dissimilarity matrix using the vegan package of R (Cksa al., 2017)Significantly
correlated (p < 0.05) scaled (mean = 0, SD = 1) physauoaal and nutrient vectors were
fitted to the resulting configuration using the envfit procedBogh NMDS axis scores were

correlated to site-specific taxon abundances usjrgrfan’s rank correlation.

Results
Environmental parameters

Pfankuch Index scores (i.e. decreasing channel stabiiyN&: concentrations increased
significantly with glacier cover (Figure 2, Tablg Rlo other environmental parameters
showed significant relationships with catchment glacieec@vigure 2), although water
temperature data collected over longer time periods framstoidy sites shogd a negative

relationship with glacier cover (Supporting Figure 1) ang tto-varied with channel
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stability. The range and maximum concentrations of DOC{@3mg L), PQ: (0.001 -
0.003 mg %), NOs (0.132- 0.399 mg %) and TN (0.066- 0.311 mg ) were low at all
sites. There were no significant correlations betweetoidaxonomic richness or valve

density and these variables.
Diatom assemblages and taxon biodiversity

Diatom taxonomic richness, overall density and Shanngarslty index increased
significantly as glacier cover decreasetth taxonomic richness and Shannon diversity
showing pronounced thresholds of change at ~ 28 % cattlylaerer cover (Figure 2). In
total 85 taxa from 29 genera were identified, with taxonamlmess at individual sites
ranging from 1 to 47 taxa and being greatest aefmover € 28 % cover, 32 to 47 taxa)
Above 28% glacier cover, richness did not exceed 29 taxa. Estinsatehge abundance
spanned four orders of magnitude, from 15,111 valvé$a# % cover), to 3.20 x $@alves
m2 (0 % cover). The taxonomic richness of Red List taxagiased significantly with
reducing glacier cover (Figure dielou’s species evenness did not illustrate any significant
trend across the gradient (Figure 2). Despite absenceatibnships between catchment
glacier cover and both total dissimilarity (Sgrensen) ammbuer (Simpson) components of
betweersite B-diversity, nestedness (Nestedness) was reduced signifitgntie loss

(Figure 3). In contrast, nestedness (Nestedness) was theoombonent of withirsite -
diversity to display no significant correlation witdductions in ice cover. While total
dissimilarity (Sgrensen) decreased, turnover (Simpsonpiagnated a unimodal response to

declining catchment glacier cover (Figure 3).

The most abundant diatom species were those attributbd f minutissimum complex
which represented 63.8 % of identified valves and were fountlsittes. Other frequent(

10 sites) taxa included Encyonema ventricosum (11 sites), Psammothilugticum and



266 Encyonema minutur(iLO sites), generalists which were present at ten or (f@réo) sites.

267 Many taxa occurred at just one (29 taxa) or two (10 tax@3,sitith 74 taxa (87 % of taxa)

268  contributing less than 1 % to the estimated total abundafregmpled species. Caloneis

269 lancettula and Eunotia trinacria were found exclusively at &% glacier cover while

270  Chamaepinnularia mediocris, Cymbella parva, Gomphonema angustatum, Gomphonema
271  calcareum, Meridion circulare, Reimeria sinuata f. antiqua and Stauronessiagrere

272 found only within groundwater-fed strea@®% glacier cover).

273  Of the 85 taxa identified, nineteen (22 %) were noted on dtelist of Algae for Germany
274  as threatened, endangered, decreasing arNaxcula detenta, classified as threatened with
275  extinction, was found at only one site. Endangered spewikgled Achnanthidium

276  caledonicum (9 sites), Achnanthidium trinodis (1 site), Encyonema hebridicut@)(1 s

277  Encyonema neogracile (4 sites), Fragilariforma constricta (1 sitelr,dSiea construens (1
278  site), Rossithidium petersenii (5 sites) and Staurosirella lappongite$?. Red List species
279  were found in greatest abundance (representing 4.3 to 24.3avaduals) at river sites <

280 26 % glacier cover (Figure 2), with A. caledonicum the most almindgpresenting 6.1 % of
281 identified individuals. Sites with more glacier coved l@alower number of these species

282  (Figure 2) and of the six taxa found exclusively in riviegsswith > 28 % glacier cover, only

283  two (F. constricta, S. construens) are currently noted on the Red Li

284 A Shepard Plot &= 0.99) for the NMDS ordination (stress = 0.pRlicated the accurate
285  preservation of rank orders within the two-dimensionalldisfiFigure 4), ensuring that the
286  resulting NMDS configuration represented the original distialoudf data within the

287  dissimilarity matrix as closely as possible. The NMDS Axigak significantly (p < 0.05)

288  correlated to the density of 23 diatom taxa (Table 3. Stlongest positive correlations were
289  between Axis 1 and A. minutissimum complex species (A. lingaminutissimum, A

290 caledonicum, A minutissimum var. cryptophala). No abundances corrsigtaiicantly to
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NMDS Axis 2. Fitting of significantly coelated environmental parameters illustrated the
strong association of glacier covet%r0.55 p = 0.013) and 1/Pfankuch Index scorés(r
0.79, p = 0.001) with Axis 1, whilst pH%& 0.44 p = 0.039) and N&concentration fr=

0.39, p = 0.078) were more closely aligned to Axis 2 (Figure 4)

Discussion

This study provides new insights into the response of afpiee benthic diatom assemblages
to decreasing catchment glacier cover. The impact ofeglagireat upon microalgae remains
poorly quantified in comparison to other aquatic groups (Rott,2G0D6; Fell, Carrivick &
Brown, 2017) but this study has contributed three origindirigs. First, alpine river benthic
diatom biodiversity and individual taxon densities wereugrficed significantly by reducing
catchment glacier cover. Second, reductions in glaciegreall increasen-diversity but
reduceB-diversity, with many taxa potentially becoming threatkoerare. Third, our
research predicts some diatom taxa will be winnersgkpanded habitat availability) but
others losers in response to glacier retreat, implyinged to reclassify the conservation

status of many Austrian alpine river diatom taxa.
Environmental parameters

Pfankuch Index scores and Bl€@ncentrations were the only measured environmental
parameters significantly influenced by catchment glaceer although longer-term water
temperature measurements collected outside of the sarpglilngl suggest thermal drivers
are also likely to be important. This finding is reinfatdsy long-standing ideas about water
temperature and channel stability being key drivers of alpiee macroinvertebrate
communities (Milner & Petts, 199Milner et al., 2001; Brown, Milner & Hannah 2007,

Cauvy-Fraunié et al., 2015; Lencioni, 2018he response of alpine benthic diatom
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assemblages to reducing catchment glacier cover may e dhwwsubsequeimcreases in
channel geomorphological stability due to lower spatiotempdsehdrge variability and
river-bed movement (Biggs, Stevenson & Lowe, 13B&rivick & Heckmann, 2017)
Benthic diatom taxa can be resilient to high flow velesj particularly those possessing
streamlined forms, low motility and strong attachment tahie substrates (Hieber et al.,
2001); morphological traits expressed by Achnanthidium spp., H. anclBragilaria spp.
identified at many river sites. However, the shear stegsasion and scouring induced by
sustained or repeated channel destabilisation resets diagemblage succession and
restricts taxonomic richness and density (Wellnitz & Ra#@03; Bona, La Morgia &
Falasco, 2012A reduction in channel reconfiguration events linked to decrgagacier
cover may limit the abundance of generalist pioneerwdibst favouring species associated
with later stages of succession (Biggs, Stevenson & L&@@g Kelly et al., 2008)NO3
concentrations were significantly elevated at higher glasmver, reflecting snow pack and
sub-glacial sources and processing of N compounds (Wynn 20@r), but declined with
glacier cover. While there was no significant corielabetween taxonomic richness or valve
density andNOz concentrations, elevated diatom densities at lowereglaoiver sites with
low NOs concentrations might indicate more efficient uptakeutfients into biofilms as

glaciers are lost.

In addition to glacier runoff, precipitation and snowniedluced peak flows can destabilise
river channels. As such, the low outlying taxonomic rigsrnend diatom density values for
the Rotmoosache (Figure Blkcatchment glacier cover of 30 %, 38 %, 41 %, 64 %) rnaag h
been influenced by a high floewent (discharge ~ 3 times the month’s pre-flood mean) three
days prior to sampling. This event would likely have contribtwesediment mobility and
biofilm displacementputting further constraints on diatom community compositio

alongside the effects of glacier runoff, prior to #tainment of peak flow. This finding



340 suggestshe influence of local weather conditions in combinatioth catchment scale

341 deglaciation patterns upon diatom assemblage structure (Hahah, 2007).
342 Diatom assemblages and biodiversity

343  Benthic diatom richness increased significantly with reatycatchment glacier cover. This
344  finding is supported by previous studies based upon sampling @dtanc glacier margins
345 in the Canadian Rockies (Gesierich & Rott, 2012) and cosganf alpine rivers fed by

346 different water sources (glacier, snowmelt, lake) en$lwiss Alps (Hieber et al., 2001;

347 Robinson & Kawecka, 2005). In our study, high catchment glaowsr significantly

348  constrained absolute abundance with total valve dendihgahost glacial site (=75 x 10
349  valves n¥) comparable to maximum densities identified adjacent to thevialezikees

350 terminus (=81 x Idvalves nY) by Clitherow, Carrivick and Brown (2013)e found

351 reductions in glacier cover to be associated with sigmifigancreased diatom taxonomic
352 richness and density, particularly < 28 % glacier coverelses in algal biomass were noted
353 below 11 % glacier cover in the Andes (Cauvy-Fraunié.e2@l6) and Jacobsen et al.

354 (2012) also identified the highestdiversity for macroinvertebrates to occur at low

355  catchment glacier cover (530 %) While the rate of increase in diatom taxonomic ricenes
356 reduced below 3 % glacier cover in our study, the unimodal resparserved for

357 macroinvertebrates by Jacobsen et al. (2012) was not iddraiitt complete deglaciation

358 resuledin the highestliatom a-diversity.

359  Shannon diversity was reduced significantly following a pe&8a& glacier cover, further
360 indicating this threshold in diatom responses to ice [blss harsh physicochemical

361  conditions of sites with a high percentage of catchirglatier cover have been identified to
362 reduce the diversity of macroinvertebrates (Brown eR8all5), bacteria (Freimann et al.,

363 2013), microbes (Wilhelm et al., 2013), nematodes and rotifeser{@e-Flockner et al.,



364 2013)and other diatom assemblages (Thies et al., 2013). It igtiampdo note that the
365 percentage glacier cover of many catchments in the iAosMps has already declined below
366 28 % cover (Koboltschnig & Schoner, 2011) and changes in bisitivef alpine river

367 diatom assemblages may already have begun.

368  The unimodal response of withiite B-diversity (Simpson) to diminishing catchment glacier
369 cover demonstrated increased turnover at mid-levetseafaver, suggesting elevated

370 patchiness of diatom habitat conditions, potentially drivgthe greater co-existence of

371 grazing and competing species at these intermediate lefvehysicochemical disturbance
372 (Roxburgh, Shea & Wilson, 2004; Khamis et al., 2016). Deglaciatia subsequent

373  reductions in withirsite B-diversity (total dissimilarity, turnover) may resuloin stronger

374  biotic pressures upon diatoms (competition from otheilbiafomponentsgrazing

375  parasitism) within groundwater dominated flows (Khamis e28l16). This, coupled with

376  reductions in the variability and magnitude of meltwatertdisge pulses and more stable
377  river beds at low glacier cover, will reduce the patchyugence of diatom taxa within riffle

378 complexes, homogenising river habitats and limiting withiaf-diversity (turnover).

379  Changes to betwesatite B-diversity were driven primarily by reductions in nestednéssga

380 the gradient of glacier cover, potentially due to the mtsef vulnerable cold stenothermic
381 species or presence of groundwater-fed stream speciabgihbling in rivers with lower

382 glacier cover (Brown, Milner & Hannah, 2007). As diatoneasislages at sites with high

383 catchment glacier cover appeatmcomprised of taxa also found within other sampled river
384  sites, future loss of glacier cover will further red@egiversity both within and betves

385 sites. This response has also been identified for irbrates (Jacobsen et al., 2012) and

386 bacterial communities within alpine rivers, as alteraito water sourcing associated with
387 declining glacier cover reduces habitat variability atnd$aape scale (Freimann et al., 2013;

388  Wilhelm et al., 2013)Aquatic groups therefore appear to express uniformity of response
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the homogenisation of river habitats induced by glacieragsaggesting they are
responding in common to physicochemical drivers and/or haviaggsinter-linkages via

food webs

The rivers sampled in this study were characterised bya#l sumber of highly abundant
generalist diatom species found at many sites, and a laugdrer of specialist specie
occurring exclusively at a few sites, often in low densitiehe most abundant generalist taxa
were those representing the A minutissimum complex, whichaisasl for their cosmopolitan
distribution along water temperature, nutrient and pH gradiesitisin alpine and temperate
river systems globally (Potapova & Hamilton, 2007; Kellylet2008). Previous research
has documented the high abundance of oligotrophic, coldediAphnanthidium spp.,
Odontidium mesodon and H. arcus within catchments in the Alps (@ebésgeRott, 2004),
Himalaya (Cantonati et al., 2001) and Rocky Mountains @giesi & Rott, 2012). Of these,
Achnanthidium spp. (particullgr A. minutissimum) had a low score on Axis 1 of the NMDS
ordination suggesting that these were primary colonisesguations where channel stability
was low. By contrast, species with high scores on AXise. higher channel stability) tended
to display a wider range of growth forms including chain¥fers (e.g. O. mesodpn
Staurosirella pinnata) and motile species (Nitzschia soratensisjatkett together, suggest
more mature biofilms subject to less disturbance and irerle@smpetition (Biggs,

Stevenson & Lowe, 1998).

Two species (C. lancettula, E. trinagrigere identified exclusively at river sites > 52 %
glacier cover. Although these taxa are not documentedldstenothermic species and
display a diversity of habitat preferences amvalpine catchments, their low motility may
drive geographical and genetic isolation within fragmentegbd@&ting watersheds, despite
their tolerance of local habitat conditions (Liu et 2013, Dong et al., 2016; Lange-Bertalot

et al., 2017). Nineteen taxa were defined on the Red Libt@eatened, endangered,
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decreasing or rare (Langkertalot & Steindorf, 1996). Achnanthidium caledonicum, listed as
endangered, was identified in relatively high abundancenatsites, suggesting that Austrian
alpine rivers may act as a refuge for this species. durs\attention has been drawn to the
regional importance of alpine springs as habitats of m@ghwater diversity (Cantonati et

al., 2012), but the occurrence of A caledonicum at sites infldenge&ariable catchment
glacier cover highlights the requirement to conserve asltyeof alpine rivers to protect rare

benthic diatom taxa.

In contrast to threatened tavgiacier retreat could lead to habitat expansion for someespe
as reduced meltwater inputs lead to greater groundwater comtniburi upstream reaches,
opening up possibilities for range expansion of taxa whick@eeialised to river sites with
no glacier cover, following a trend identified for maok@rtebrates (Brown, Milner &
Hannah, 2007; Cauvy-Fraunié et al., 20Fo)r example, seven of the sampled diatom taxa
stand to benefit from deglaciation and have previously besorded in alpine rivers (e.g. S.
agrestis), springs (e.g. M. circula&alasco & Bona, 2011) and acidic wetland (e.g. C.
mediocris, G. calcareyniBuczkd & Woijtal, 2005), disconnected from glacier cover.
Deglaciation could be particularly beneficial for populat of C. mediocris and G.
calcareum which are currently noted on the Red List oféA\fga Germany as having
decreasing populations (Lange-Bertalot & Steindorf, 19@8)ilst maintenance of glacier
cover required by some threatened diatom taxa will ngiolssible, other threatened taxa
clearly stand to benefit from the expansion of their ¢ggacial habitats. Alpine freshwater
conservation strategies therefore need to prevent addigomironmental pressures,
including those imposed by water abstraction, hydroelectriepéacilities, nutrient
pollution and tourist infrastructure, which can impact upaoth tbenthic diatoms and the

wider aquatic biota in a variety of alpine river typesdKtis et al., 2014b).
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Despite broad geographical use of the Red List for idemgifthe conservation status of river
diatoms (Cantonati et al., 2001; Gesierich & Rott, 2004; @ekiand Rott, 2012),
application beyond its German reference sites may @mstccurate identification of
localised variance in diatom abundances or characterisaitendemic taxa (Falasco &
Bona, 2011). While not all sampled species were covered higthehich has not been
revised since 1996, it remains the most complete refesdmuentially imperilled diatom
taxa (Falasco & Bona, 2011). However, our study suggestidoreeclassification of
current Red List conservation status for the six taxad exclusively 28 % glacier cover if
they are not identified in other types of river habiget sustained deglaciation will alter the
distribution and persistence of the habitats upon whichdbepgnd (Brown, Hannah &
Milner, 2007; Fell, Carrivick & Brown, 2017). Status changes n&yla¢ required for the 23
species whose abundance significantly correlated to NMDS1Agsgure 4) and in turn, to

the aligned environmental vectors of catchment glacierraane channel stability.
Wider implications of the diatom assemblage response

Overall this study has demonstrated the sensitivity of alpem¢hic diatom biodiversity to
reducing catchment glacier cover, a scenario predicted tmgerdcross Austria and the
wider European Alps throughout the*2¥entury (Zemp et al., 2006; IPCC, 2014
important implication of this research is that altemnatio diatom assemblage structure could
have cascading impacts for higher trophic levels (Woodve®@P; Clitherow, Carrivick &
Brown, 2013) given their role providing energy to alpine rieerd webs (Rott et al., 2006)
as principal primary producers and the predominant dietary campohcold-adapted
macroinvertebrates (Clitherow, Carrivick & Brown, 2013)e&er numbers of studies
adopting gut contents analysis for alpine macroinvertebrate needed to determine the

extent to which grazing consumers are selective feederthambtential implications of
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glacier retreat andnvironmental warming upon capture mechanisms and feeding tetsvi

(Gordon et al., 2018).

The ablation rates of individual glaciers are influencedhtsracting controls including
catchment geomorphology and altitude, basal motion dynamnat$ocal weather conditions,
leading to spatiotemporally variable and often non-lineaeaésequences and runoff
patterns within glaciated valleys and across alpine rediéemp et al., 2006; Huss, 2012;
Robson et al., 2016). Whilst a catchment glacier covemasexuence cannot fully capture
this complexity, our research shows the approach provicgsd remote and effective
means of quantifying glacier retreat effects on diatom conities in addition to other biotic
components of river ecosystems (Rott et al., 2006; Browmata& Milner, 2007; Cauvy-
Fraunié et al., 2015, 2016; Ren et al., 2017). Further resisamolw required in other alpine
regions to determine if the identified response of benihiooth assemblages to a shrinking
cryosphere can be generalised to glacier-fed rivers ijjadmevidenced recently for

macroinvertebrates (Brown et al., 2018
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692 Tables

693  Table 1: Sampling site information.

694
Valley Sampling  Aspect Geology Site  Coordinates Altitude Area Catchment
date code (N,E) (m) (km? glacier cover (%)
Rotmoosache June 2016 N Mica schists, R1 46.83104, 11.0402: 2351 4.0 64
Gneisses, R2 46.83633, 11.03612 2310 7.1 41
Marble R3 46.83981, 11.0320¢ 2290 8.3 38

R4 46.84623, 11.01827 2253 16.8 30

Obersulzbach June 2015 NNW Muscovite o1 47.13371, 12.2808t 1948 19.3 52
schists, 02 47.13319, 12.2829¢ 1942 1.2 0
Quartzites 03 47.14214, 12.2764¢ 1746 29.2 42

Eisboden June/July N Micas El 47.12436, 12.6383¢ 2129 0.5 3
2015 schists, E2 47.13125, 12.6340¢ 2074 8.6 26
Feldspar, E3 47.13413, 12.6374¢ 2052 8.5 28

Gneiss E4 47.13477, 12.6371( 2056 002 O

Ul 47.14075, 12.65157 2275 2.1 46
U2 47.13979, 12.6532¢ 2286 004 1
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physical, chemical and biological parameters.

Table 2: GLM, GAM and Mantel summary statistics for the effect of glaxoeer on

Chi- % Deviance
Dependent variable Method sq./ F P Explained/r2
Physical parameters
Area (knt) GLM (Gaussian) 0.33 0.91 50.0
Altitude (m) GLM (Gaussian) 0.86 0.62 72.2
Water temperature (°C) GLM (Gaussian) 0.55 0.59 9.9
Turbidity GLM (Gaussian) 0.86 0.45 14.8
1/Pfankuch GAM (Gaussian) 6.98 <0.001 58.2
Chemical parameters
DOC (mg L) GLM (Gaussian) 0.97 0.36 12.2
NO; (mg LY GLM (Gaussian) 14.45  0.006 67.4
TN (mg L?) GLM (Gaussian) 0.82 0.39 6.9
PQ, (mg L) GLM (Gaussian) 0.12 0.73 0.01
EC (uS cmb) GAM (negative binomial) 6.07 0.05 9.24
pH GAM (negative binomial) 0.13 0.94 16.9
Biological parameters
Taxonomic richness GAM (negative binomial) 26.71 < 0.001 43.5
Density (valves ) GAM (negative binomial) 481.50 < 0.001 335
Shannon diversity index ~ GAM (Gaussian) 13.77 <0.001 73.4
Pielou’s evenness GLM (Gaussian) 4.23 0.066 22.7
Red List richness GAM (negative binomial) 12.59  0.002 44.6
Within-site p-diversity

Sgrensen GAM (Gaussian) 4.23 0.046 45.8

Simpson GAM (Gaussian) 4.11 0.049 45.1

Nestedness GLM (Gaussian) 0.56 0.472 4.8

Betweenysite f-diversity

Sgrensen Mantel 0.062 0.22

Simpson Mantel 0.997 -0.37

Nestedness Mantel 0.009 0.36
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Table 3: Significant (p < 0.05) Spearman’s rank correlations (rho) between valve abundance
(logio(x +1)) of alpine river diatom taxa and Axis 1 of the NMDS ordination plgjue 4).
R?(adj.)values of GAM/GLM relationships between valve abundancad{®g 1)) and
catchment glacier cover, 1/Pfankuch Index scores andiN@L?) are also displayed. Taxa

abbreviations correspond to Figure 4 (c). Relationships with a p-value <0.001 are

highlighted (*). All Achnanthidium taxa belong to the Achnanthidium minutissimum complex.

Taxon Abbreviation Axisl Glacier i NOs
Cover (%) Pfankuch (mgL™)
Achnanthidium minutissimum A min 0.95* 0.52 0.83* 0.03
Achnanthidium lineare A lin 0.94* 0.63 0.56 0.00
Achnanthidium caledonicum A cal 0.91* 0.22 0.72* 0.00
Achnanthidium minutissimum var. cryptophale A cry 0.91* 0.27 0.76* 0.00
Adlafia suchlandtii A suc 0.72 0.65 0.42 0.19
Encyonema lange-bertalotii) E.lIb 0.71 0.54 0.41 0.03
Encyonema minutum E. min 0.90* 0.26 0.45 0.23
Encyonema neogracile E. neo 0.65 0.30 0.64 0.00
Encyonema silesiacum E. sil 0.87* 0.32 0.90* 0.00
Encyonema ventricosm E. ven 0.90* 0.36 0.46 0.00
Eunotia exigua E. exi 0.54 0.61 0.33 0.00
Eunotia mucophila E. muc 0.59 0.12 0.57 0.00
Fragilaria capucina F. cap 0.63 0.10 0.65 0.00
Fragilaria cf. gracilis F.gra 0.90* 0.37 0.88* 0.00
Gomphonema exilissimum G. exi 0.66 0.16 0.43 0.10
Navicula cryptotenella N. cry 0.56 0.42 0.35 0.01
Nitzschia palea var. debilis N. deb 0.88* 0.82* 0.79* 0.11
Nitzschia soratensis N. sor 0.87* 0.81* 0.76* 0.03
Odontidium mesodon O. mes 0.79 0.52 0.39 0.14
Psammothidium helveticum P. hel 0.88* 0.32 0.72* 0.00
Reimeria sinuate R. sin 0.88* 0.32 0.55 0.00
Rossithidium petersenii R. pet 0.77 0.21 0.42 0.06
Staurosirella pinnata S. pin 0.86* 0.62 0.74* 0.00




737  Figurecaptions

738  Figure 1: Schematic diagrams illustrating the position of sampling sites within multiple

739  glaciated valleys of the Austrian Alps. WGS 1984 World Mercator projection. Diagrams are
740  derived from thetreMap™ World Imagery Basemap (Land Salzburg 07/11/15 and Land

741 Tyrol 08/03/15) with glacier outlines sourced from the Glaciology Commission (2015).

742 Source credits: Esri, DigitalGlobe, GeoEye, i-cubed, USDA, USGS, AEX, Gpin@g

743 Aerogrid, IGN, IGP, swisstopo, and the GIS Used Community.

744  Figure 2: Relationship between catchment glacier cover and physical ((a) wateeshed ar
745  (kmP), (b) site altitude (m above mean sea level), (c) river water tatye (°C), (d) optical
746  turbidity NTU, (e) 1/ Pfankuch Index bottom components), chemical ((f) dissolgachior

747 carbon (DOC) (mg 1), (g) nitrate (N@) (mg L), (h) total nitrogen (TN) (mgt), (i)

748  electrical conductivity (uS c), (j) pH) and biological ((k) taxonomic richness, (I) density of
749  diatom valves (valves B\, (m) Shannon diversity, (n) Pielou’s species evenness, (0)

750 taxonomic richness of diatoms classified as threatened, endangered, decreasiagor r
751  the Red List of Algae for Germany (Lange-Bertalot & Steindorf, 1996)). Nutrientvaeta

752  unavailable for sites R1, R2, R3 and R4. Black lines represent stdtistidel and 95 %

753  confidence intervals (dashed). Model details are provided in Table 2.

754  Figure 3: Relationship between catchment glacier cover and both withpdiversity, (a)
755  —(c), and betweente S-diversity, (d)- (/). Components of -diversity include total

756  dissimilarity ($rensen), turnover (Simpson) and nestedness (Nestedness). Within-site
757  components are calculated from average Sgrensen, Simpson and Nestednesswalues f
758  dissimilarity matrices computed for the replicate biofilm samples collected atigachite.

759  Between-site components are related to pairwise differences in gtavesr For (b) and (c)
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765

n = 12 as site R1 had a species richness of 1. Black lines represefGAlhes of best

fit and 95 % confidence intervals.

Figure 4: (a) NMDS ordination plots of river sites and significantly coredlsite-specific
environmental vectors, (b) NMDS biplot of diatom taxa, (c), enlargenfi€b} dlustrating
the position of taxa for which there was a significant correlation between estirbatédta

abundance and NMDS Axis 1. Abbreviated taxon names are defined in Table 3.



