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Abstract

Climatechangean theArctic is outpacingheglobal averagehile landuseis intensifying due t@xploitation of
previouslyinaccessibl®r unprofitablenatural resource#& comprehensive understandioighowthejoint effects

of changingclimate and productivitynodify lake food web structurebiomass, trophic pyramidhapeand
abundancef physiologically essentiddiomoleculeJomega3 fatty acid) in the biotic communitys lacking
We conducted a spafer-time studyin 20 subarctidakesspanning alimatic (+3.2°C and precipitatiar+30%)
andchemcal (dissolved organic carbor10mgL™?, total phosphorus+45ug L' andtotal nitrogen +100Qug

L™ gradient to teshow temperatur@ndproductivity jointly affectthe structure biomassandcommunityfatty
acid content(eicosapentawic acid [EPA]and docosahexaenoic acjpHA]) of whole food websincreasing
temperature and productivishiftedlake communitiesowardsdominance oivarme, murky-water adaptethxa
with ageneraincrease ithe biomass gbrimary producersandsecondargand tertiaryconsumers, while primary
invertebrateconsumerslid not showequallycleartrends.This processlteredvarioustrophic pyramidstructure
towardanhour glass shape the warmest and most productive lakegreasing temperature and productivity
had negativefatty acid contentrends(mg EPADHA ¢! dry weigh) in primary producers angrimary
consumersbut not in gcondaryand tertiary fish consumersThe massive biomass incremeot fish led to
increasingarealfatty acidcontent(kg EPA+DHA hd ') towardsincreasinglywarmet moreproductive lakesbut
there vere no significant trends in other trophic levelacreasing temperatur@nd productivity are shifting
subarctic lake communitie®wards systems characterised by increasing dominance of cyanobacteria and
cyprinid fish, althoughdecreasing quality in terms &fPA+DHA contentwas observed onlin phytoplankton

zooplanktorand profundal benthos

1. Introduction

Temperaturdasincreaseanuchfaster inArctic regionsthantheglobal averageandrateof warmingis expected
to further acceleratén the future (Cohen et al2014). In subarctic Fennoscandiaean annual atemperature
hasincreased circa 2C since 185@&ndtemperature anprecipitationare further predicted to change+3i 5 °C

and +1030% respectively,by the end of the21® century (IPCC 2015: RCP2iGRCP8.5) Furthermore
precipitationin the region ignorelikely to fall as rainrather than sno\e.g. Dai and Song 202@®uch climatic

shiftswill expandcatchmentvegetationtowards higher altitudesnd latitudespromotingoverall greeningand
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facilitating changinglanduse practicesin particular,forestry and agricultureare likely to replaceraditional
livelihoods such as reindeer herding, subsistence hunting and fiSdhiondlerand Smol 2006;Huntington et
al. 2007).Expandingtransportnetworls, settlemerg, oil drilling andmining activities are rapidly changirthe
hydrology and prodttivity of freshwatergCott et al. 2015Denisov et al. 2020; Zubova et al. 2D2int effects
of changes irtlimate and landisein catchmentreacauses increased leaching of terrestrial dissolved organic
carbon nitrogenand phosphoroysvith seriousmpactson freshwateispecies richnessommunity structurand

food webprocessegleppesen et al. 201i8ieminen et al2015,Hayden et al2019,Laske et al2019.

Globally, species richnestends to showa decreasing trend fromme tropics towardsthe poles with this linked

to a gradient of decreasingmperaturendproductvity (for overview see e.gsaston 2000Hillebrand 2004.
The latitudinal gradient inspecies richnessiay be linked to multitrophic level diversity and food chain length
dueto commonunderlying driversof ecosystem size and productivi@aston 2000Takimoto andPost 2013,
Baiser et al2019. Productivity and ecosystem siaee inherentljinked, for example large lakes tend to be less
productivebut provice broader feeding or breeding ardas diverse communitieswith subsequent effects on
food chain length (Post et al. 200@kimotoet al. 2012WardandMcCann 2017)Food chain lengthdetermines
the number of trophic levels and thus largggverrs the strength of topdown and bottorup processedn
systems withthree or more trophic lev&lprimary production is suggested to be resource limited (betjom
regulation), primary consumers top down regulated and secondary consumers resourcéHainiie et al.
1960, Oksaren et al. 1981Hansson et al2013. Together with bottorup regulation,top-down predator
mediatedcommunitylevel trophic cascades fiabeensuggesteas a factoshajpng food web structurdriving
opposing trends ithe biomass of sequentiabphic level(i.e. each second trophic level biomass is higaine
1980, Carpenter efl. 1985 2001). These processsgovernthe shape of trophigEltonian pyramids, which may
show different forms from a classicpyramichl shape where energetic loss in each trophic level leads to
accumulation of max. circa 10% pfoducechiomass to next trophic levelnd incertain cases magvenshow
inverted pyramidsElton 1927 Brown et al. 2004McCauley et al. 2018%imple food webin low diversity and
productivity ecosystems mdye prone to sizstructured populations, trophic cascades and inverted trophic
pyramids, but generally there is very litdkearevidence ohow food web biomass and trophic pyramid shape

are influenced ty temperatue and productivity gradients.

Subarctic regionprovide arexcellent natural setting to stutlys phenoreron asthey straddliéoreal and Arctic

biomes,providing cleardiversity, climatic and productivity gradientsith relatively simple food web@ayden
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et al, 2017) Furthermorethesubarctic landscape is scattewdith lakesthatprovide abundant and well defined
ecosystems for foodieb diversitystudies(Lau et al. 2020Q)Increasing temperature and producyivis been
shown toshift subarcticlake communities towardsiore numerous, diverse, smalldied, warmerwater
adapted taxa which are more reliant on pelagic energy sources (Hayden et,dla3denet al.2019). However,
we do not know how increasigmperature and productivigffectsenergy transfer effiency and thus biomass
distribution acrosdifferent trophic levelsAquatic food webs imanyArctic areasarebased on production and
transfer of lipids from primary producers to top consumetsre seasonal storage of lipids is important for
survival and reproduction of long lived organisms at higher trophic leegjsiprgenseet al. 1997 Armstrong
andBond 2013. An importantsulgroupof lipids are polyunsaturated fatty acids (PUFAS) vilimg essential
components for cell development and functionihgwever the distribution of lipids and fatty acidsries
greately among taxa and trophic levéi¢hile there are several PUFAsSc@sapentenoic acid (20:5¢8, EPA)
and docosahexaoic acid(22:6n3, DHA) areconsidered thenostimportant sinceheyare essential for growth,
neural development and reproductioihconsumergArts et aJ 2001,Bou etal.2 0 1 7 , Yekil ayer
2020. Only certainalgae groupssuch as dinoflagellates, diatoms amyptophyes are able to produce EPA
and DHA efficientlyand are abundant in cold and nutrient poor lakes (Taipale et al. 2013, 2016). Howener,
and eutrophic lake primary producer communities, often dominatédcydinobacteriaare inefficient in EPA
and DHA productior{Mller-Navarra et al. 2000, 200Faipale et al2013,2016). Somespecies cagonvert
shorter chain fatty acids to EPA and DKBeya et al. 2018shikawa et al. 2019butin many vertebratethis
processs consideredcenergetically expensive and thus direct sources from high quality prey are often selected
(Twining et al. 2016Keva et al. 2019). This suggest tlatr food web level, differences in primary producer
communities induced by terapature and productivity magovern theguality of higher trophic levels (Hixson

and Arts2016 Colombo et al2020).

Our main aimin this studywasto testhow increasing temperature and productiwityange structure, biomass
and nutritional quality of fod web components from primary producers to top consumers using a gadient
Fennoscandiasubarctic lakes (n=20) spanniagclimateand landusegradient Omega3 fatty acids EPA and
DHA, were selectedas proxies for quality of food web components, since they pigsiologicallyimportant
biomoleculesfor consumersFirst, we hypothesizé (H1) that communites shift towards warmer and more
murky-water adapted speciesjth a concurrent increasi& food web biomassandexpeced thatincreass in

algae and fistbiomassalong the gradient would hawdfect on trophic pyramid shap&leppesen et a201Q
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Hayden et al. 201’ McCauley et al. 2008Secondlywe hypothesised (H2hatcyanobacteriéorm an increasing
proportion ofthe phytoplankton communities warmer and more productive lakgazytulska et al. 2017%hus
lowering nutritional quality ofprimary producersAs such, we expéed that this differencevould bepasgd
through allhighertrophic level§MUiller-Navarra et al. 20QUaipale et al. 2006Finally, we hypothesized (H3)
that increasing temperature and productivityuld increasetotal communitybiomassincluding anincrease in

physiologically important EPA and DH#f the totallakecommunity(Jeppesen et al. 20(Hayden et al. 2019

2. Materials and Methods

2.1 Environmental variables

We sampled 20akes locatedin Finnish Laplandacross thelornio-Muoniojoki and Paatsioki watercourss,
spanningnorthern Europeaalimatic (average aitemperature in Juin&eptembefrom 19832010: 8.411.6°C

and precipitation 192257 mm &) andwaterchemistry ¢lissolved organic carbo®OC: 1.9 14.9 mg [, total
phosphorusTotP: 348 ug L' andtotal nitrogen;TotN: 110/ 1100pug L'Y) gradiens (TableS1, Fig. 1). Here,

al lakes areconsideredgubarcticandlocated north of Arcti€ircle (AMAP 1998) Climatic differenas originate

from latitudinal andaltitudinal gradiens, with temperature and precipitation lowest in northernmost lakes and
progressively incre@isg towardsthe south. Climatic datawere derived from nine Finnish Meteorological
Instituteweather stations situsdwithin thestudy region and reféo longterm (19812010) average opewater
season Jufi&eptembeair temperaturandannualprecipitation as rain (Hayden et al. 201Differences inake
productivity originatepredominantlyfrom variation invegetation andanduse practieswithin the catchment
(Jussila et al. 2014Yhenorthernmost lakes are situated near pristine areas with anthropogenic impacts limited
to nature tourism and reindeer herdiagdfrom thetimberlinesouttwards industrial forestry activities including
largescaleclearcut areas, site preparation antbimsive ditchingJussila et al. 2014; Hayden et al. 208fFonen

et al., 2018, Table S1).Catchmentarea characteristics and lange variablesvere derivedwith the Finnish
Environment Instute VALUE-tool combining catchment and CORINIatabasand opemmap datgHayden et

al. 2017;Ahonen et al2018. Lake location (coordinates, altitude), morphometrical data (area, depth, mean
depth, volume) and water physigdiemistry (nutrients, light) were derived fratimne Finnish Environment
Institute (HERTTA-databasg and National Survey of Finlanar from our own sampling (Table S1)Ve

measured visible light ithewater column (LICOR, A250, visible light 400700 nm) at deepest point of lake
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or sampling area (largest lakes) to define 1% surface light level i.e. compensation depth needed to define
proportions ofthethree majordake habitats littoral, profundal and pelagic (Table 31ke troplic stateswere
categorized withlotP concentratios to ultraoligotrophic<€ 5 pg L'*, n=3), oligotrophic (59 pg L'?, n=7),
mesotrophic (1029 pg L%, n=5 andeutrophic 0 30 ug L'%, n=5) Fig. 1; Nurnberg 1996)Phytoplankton,

pelagic zooplankton, littoral and profundnthic macroinvertebrates (here after benthos) and fish were sampled

in theyears 2002017. The sampling period was always in late sun{dwegusi September

0or 10 20 30 4o0(b)|lo p 300 e00 900(c)|o 5 10  (d)
{ TotP (ug L) TotN (ug L) I|]-< DOC (mg L)

1]1 °
+ B 2 K
(e)

(F)|| Lake trophic type (TotP range)
H — o Ultraoligotrophic (<5 pg L")
© Oligotrophic (5-9ug L

L

M . ©|[A Mesotrophic  (10-29 ug L")
A I A ‘ @ Eutrophic (=z30pg L)
‘st quartile (@) median T
d6: Temp (°C) I | CompD (m) o e
Finland 9 10 11 0 5 10 15| outier  min/max or 1.5%QR

Fig. 1. Map of the study regiora) in northern Fennoscandia and boxplot figures of the bake chemistrylfi d) and

physics é f) of the sampled lakes. The study lakes are marked with grey shade shapésxes lfi f) indicating different
lake types (light grey = ultraoligotrophic, grey = oligotrophic, dark grey = mesotrophic, black = étjtréytioreviations
in x-axes labels are named as following: TotP=total phosphorous (B),Tttdl nitrogen ¢), DOC = dissolved organic
carbon (), Temp= averageair temperaturén Juné September 1982010 (e), CompD= compensation depthe. water

depth where 1% surface light is |€f}.

2.2 Community composition and biomass

Quantitative phytoplankton taxa sampleseightof the study lakesvere extracted frothe HERTTA database
(Finnish Environment Institute) and fromprevious aidy for an additionalsix lakes (Taipale et al2016).
Sampleswere collected fronhe epilimnion Qi 2 m) with a Limnos or corresponding water sampler in late
summer (Augsti Segembe) and storedn Lugol solution with added formaldehydehytoplanktorcell counts
were calculatedinder a microscopesingthe Utermohl techniqu¢Utermdhl 1958) Biomass estimations were
done using taxa morphology specific geometric formuleidlebrand et al. 1999 and adjusted with

experimentally derived carbemass ratie (MenderDeuer and Lessard 2000phytoplankton community
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composition was calculated as class specific percentage from carlolubie(g C L'), anddry masgdw] per

unit areawascalculatedas well (kg dw hd *, hereinafter biomagsising lake specific euphotic zane

Quantitative plagic zooplankton samples were collected witiet diameter 25 cmmesh size 50 pmj)sing

three replicate vertical hauls fratme deepest point ofachlake(or, in very large lakesthedeepest point ahe

sampling aregand immediatelgtored ina 5% formaldehydesolution(Hayden et al. 2017yWe collected pelagic
zooplankton for fatty acid analyses from the same point using repeated vertical hauls and these samples werc¢
condensedfrozen and freezdried inthelaboratory.ln quantitative samples]l@rustaceans were identified to

class levelandthe body size of 3(dirst encounteredndividualks of each class were measured density and

biomass calculation8iomass was calculatedoim identifiedindividualsand length measured taxa using size
biomass (lengtio dry weight) conversion factors froMcCauley(1984). The overaltooplanktorcommunity
composition was calculated as taxon specific percentage fromagrgbiovolume(mgdw L'%) andbiomasswvas

calculatedkg dw hd ') using lake specifiaverage depth

Benthic macroinvertebrates were collectedy from soft bottormwith an Ekman grab (are&’2 cn) from a
transect (depths 2, 3, 5, 10, 15, 20, 30, 40 m) spanning frorthe littoral zoneto the deepespoint of lake or
sampling area. Three separate replicates were taken from each depth and animals wénepkietiedouckets
with lake waterfollowed by sorting in laboratoryAnimals were identified to lowest feasible levebrted,
counted and total wet biomass of each taxa weighed(accuracy 0.Ing) and areal biomass (g ww fpwas
calculated for each samplesing Ekman area to “ntonversion factor 36.8For the lake specific biomass
calculations, we transformed wet igfats to dry weightdy usinga conversion factor of 0.2 fall taxa (Smit et
al. 1993. For each lake, we used water column light level to defimepensation depth to define whizdmpling
depths belong tlittoral (O1% light) or profundal (<1% light) Then whole lake bathymetiyas used to calculate

mean benthic macroinvertebrate biom@gsdw hd %) in soft sediments ifittoral and profundategions.

Fish were sampled from three majake habitats (littoral, profundal and pelagicusing a gill net sries
composing of eight 30 m long and 1.8 m high nets (mesh siz&®§ 1&m knot to knot) and one Nordic net with
dimensions of 301.5 m (12 mesh size$ 55 mm) A minimum of three gill nettingnightsper major habitat was
conducted and sampling amoumas increasedoroportional tolake area(Malinen et al. 2014Hayden et al.
2017. Fishing depth of gill netwereverified with echosounder and each fishing period length was recorded

with accuracy ofa minute. In most cases, gill nets were set overnighhe evening and collected during
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following morning (6 10 hours soaking time), but the most eutrophic lakes we had to use shorter sampling
time (<2 hours)to avoid oversaturatiordue toa massive increasia fish densityin these lakegHayden et al.
2017) Fish were immediate killed during net lifting by cerebral concussion and chilledce. In the field
laboratory, each fish asidentified to species level, but whitefiggoregonus lavaret)svere assigned to the
morph (subspecies) level and whitefish vendace(Coregonus albulp hybrids were separated based on
morphology and colouras well as head shape and gill rakeunt (Kahilainen et al. 201,1Kahilainen et al.
2017).This subspecieevel delineation wasonsidered essential agny of the northern lakas the study area
are dominatetby variable proportions of ecologically contrastimgitefish morphg2i 4 morphs in a lakghat
play differentialrolesin food web structure, energy flows and fatty aydamics(Thomas et al. 201 Thomas

et al. 2019).

Total length (accuracy 1 mm) ameéet masg0.1 g) were measured and the relative abundaheach species
was calculated as catch per unit effort (CPUE)rumber of individual per species gill hthour *. In addition

to gill net data, we have previously collected both relative abundance (CPUE) and quantitative estimates of
whitefish and vendace densitypelagic habitat (individualsd %) by usingverticalechosoundingnd gill netting
from subsebf the lakesanalysedn the current studyMalinen et al. 2014). We calculated a linear regression
eguation between CPUE and echosounding derived quantitative density in order to tragisfivendensities

of whitefish and vendad® absolute densitied\s one or bottof these specieare present in alampledakes,

we used their calculateabsolutedensity andheir proportion of total catches to get fish density values for
different species irach lakeThese énsity values for eacépecies anther mean individuaimassin gill net
catch veremultiplied to get biomass(kg hd ). For consistency with other trophic levels, wansformed fish
wet weight to dry weightvith conversion fator of 0.2 (e.g. Ahlgren et al996). In trophic level analysefish
were classified as secondary consumers i.e. invertivgroost species and morplad tertiary consumers i.e.
piscivorous species (only pikesox luciusburbot,Lota lotg Arctic charr Salvelinus alpinusbrown troutSalmo
trutta; and >20 cm percRerca fluviatilig based on previous dietaayd stable isotope studiesaofubset othe

studiedlakes (KahilainemndLehtonen 2003Thomas et al. 201 Hayden et al. 2019).

2.3 Lipid extraction and fatty acid analysis

Homogenized feezedried { 50 °C for 48h) invertebrate and fish dorsal muscle samples were weighedca. 0.5

1 mgand3i 4 mgrespectivelyto kimax glass testubes If material was not limitedduplicate samples were



