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Abstract 24 

Climate change in the Arctic is outpacing the global average while land-use is intensifying due to exploitation of 25 

previously inaccessible or unprofitable natural resources. A comprehensive understanding of how the joint effects 26 

of changing climate and productivity modify lake food web structure, biomass, trophic pyramid shape and 27 

abundance of physiologically essential biomolecules (omega-3 fatty acids) in the biotic community is lacking. 28 

We conducted a space-for-time study in 20 subarctic lakes spanning a climatic (+3.2°C and precipitation: +30%) 29 

and chemical (dissolved organic carbon: +10mg Lī1, total phosphorus: +45µg Lī1 and total nitrogen: +1000µg 30 

Lī1) gradient to test how temperature and productivity jointly affect the structure, biomass and community fatty 31 

acid content (eicosapentaenoic acid [EPA] and docosahexaenoic acid [DHA] ) of whole food webs. Increasing 32 

temperature and productivity shifted lake communities towards dominance of warmer, murky-water adapted taxa, 33 

with a general increase in the biomass of primary producers, and secondary and tertiary consumers, while primary 34 

invertebrate consumers did not show equally clear trends. This process altered various trophic pyramid structures 35 

toward an hour glass shape in the warmest and most productive lakes. Increasing temperature and productivity 36 

had negative fatty acid content trends (mg EPA+DHA gī1 dry weight) in primary producers and primary 37 

consumers, but not in secondary and tertiary fish consumers. The massive biomass increment of fish led to 38 

increasing areal fatty acid content (kg EPA+DHA haī1) towards increasingly warmer, more productive lakes, but 39 

there were no significant trends in other trophic levels. Increasing temperature and productivity are shifting 40 

subarctic lake communities towards systems characterised by increasing dominance of cyanobacteria and 41 

cyprinid fish, although decreasing quality in terms of EPA+DHA content was observed only in phytoplankton, 42 

zooplankton and profundal benthos. 43 

 44 

1. Introduction 45 

Temperature has increased much faster in Arctic regions than the global average, and rate of warming is expected 46 

to further accelerate in the future (Cohen et al. 2014). In subarctic Fennoscandia, mean annual air temperature 47 

has increased circa 2 °C since 1850 and temperature and precipitation are further predicted to change by +2ï5 °C 48 

and +10ï30%, respectively, by the end of the 21st century (IPCC 2015: RCP2.6ïRCP8.5). Furthermore, 49 

precipitation in the region is more likely to fall as rain rather than snow (e.g. Dai and Song 2020). Such climatic 50 

shifts will  expand catchment vegetation towards higher altitudes and latitudes, promoting overall greening and 51 



 

 

facilitating changing land-use practices. In particular, forestry and agriculture are likely to replace traditional 52 

livelihoods such as reindeer herding, subsistence hunting and fishing (Schindler and Smol 2006; Huntington et 53 

al. 2007). Expanding transport networks, settlements, oil drilling and mining activities are rapidly changing the 54 

hydrology and productivity of freshwaters (Cott et al. 2015; Denisov et al. 2020; Zubova et al. 2020). Joint effects 55 

of changes in climate and land-use in catchment area causes increased leaching of terrestrial dissolved organic 56 

carbon, nitrogen and phosphorous, with serious impacts on freshwater species richness, community structure and 57 

food web processes (Jeppesen et al. 2012, Nieminen et al. 2015, Hayden et al. 2019, Laske et al. 2019).  58 

Globally, species richness tends to show a decreasing trend from the tropics towards the poles, with this linked 59 

to a gradient of decreasing temperature and productivity (for overview see e.g. Gaston 2000, Hillebrand 2004). 60 

The latitudinal gradient in species richness may be linked to multi-trophic level diversity and food chain length 61 

due to common underlying drivers of ecosystem size and productivity (Gaston 2000, Takimoto and Post 2013, 62 

Baiser et al. 2019). Productivity and ecosystem size are inherently linked, for example large lakes tend to be less 63 

productive but provide broader feeding or breeding areas for diverse communities, with subsequent effects on 64 

food chain length (Post et al. 2000; Takimoto et al. 2012, Ward and McCann 2017). Food chain length determines 65 

the number of trophic levels and thus largely governs the strength of top-down and bottom-up processes. In 66 

systems with three or more trophic levels, primary production is suggested to be resource limited (bottom-up 67 

regulation), primary consumers top down regulated and secondary consumers resource limited (Hairston et al. 68 

1960, Oksanen et al. 1981, Hansson et al. 2013). Together with bottom-up regulation, top-down predator 69 

mediated community-level trophic cascades have been suggested as a factor shaping food web structure driving 70 

opposing trends in the biomass of sequential trophic level (i.e. each second trophic level biomass is high; Paine 71 

1980, Carpenter et al. 1985, 2001). These processess govern the shape of trophic (Eltonian) pyramids, which may 72 

show different forms from a classic pyramidal shape where energetic loss in each trophic level leads to 73 

accumulation of max. circa 10% of produced biomass to next trophic level, and in certain cases may even show 74 

inverted pyramids (Elton 1927, Brown et al. 2004, McCauley et al. 2018). Simple food webs in low diversity and 75 

productivity ecosystems may be prone to size-structured populations, trophic cascades and inverted trophic 76 

pyramids, but generally there is very little clear evidence of how food web biomass and trophic pyramid shape 77 

are influenced by temperature and productivity gradients. 78 

Subarctic regions provide an excellent natural setting to study this phenomenon as they straddle boreal and Arctic 79 

biomes, providing clear diversity, climatic and productivity gradients with relatively simple food webs (Hayden 80 



 

 

et al., 2017). Furthermore, the subarctic landscape is scattered with lakes that provide abundant and well defined 81 

ecosystems for food web diversity studies (Lau et al. 2020). Increasing temperature and productivity has been 82 

shown to shift subarctic lake communities towards more numerous, diverse, smaller-bodied, warmer-water 83 

adapted taxa which are more reliant on pelagic energy sources (Hayden et al. 2017, Hayden et al. 2019). However, 84 

we do not know how increasing temperature and productivity affects energy transfer efficiency and thus biomass 85 

distribution across different trophic levels. Aquatic food webs in many Arctic areas are based on production and 86 

transfer of lipids from primary producers to top consumers, where seasonal storage of lipids is important for 87 

survival and reproduction of long lived organisms at higher trophic levels (e.g. Jørgensen et al. 1997, Armstrong 88 

and Bond 2013). An important subgroup of lipids are polyunsaturated fatty acids (PUFAs), providing essential 89 

components for cell development and functioning, however the distribution of lipids and fatty acids varies 90 

greately among taxa and trophic levels. While there are several PUFAs, eicosapentaenoic acid (20:5n-3, EPA) 91 

and docosahexaenoic acid (22:6n-3, DHA) are considered the most important since they are essential for growth, 92 

neural development and reproduction of consumers (Arts et al, 2001, Bou et al. 2017, Yeĸilayer and Kaymak 93 

2020). Only certain algae groups, such as dinoflagellates, diatoms and cryptophytes, are able to produce EPA 94 

and DHA efficiently and are abundant in cold and nutrient poor lakes (Taipale et al. 2013, 2016). However, warm 95 

and eutrophic lake primary producer communities, often dominated with cyanobacteria, are inefficient in EPA 96 

and DHA production (Müller-Navarra et al. 2000, 2004, Taipale et al. 2013, 2016). Some species can convert 97 

shorter chain fatty acids to EPA and DHA (Geya et al. 2016, Ishikawa et al. 2019), but in many vertebrates this 98 

process is considered energetically expensive and thus direct sources from high quality prey are often selected 99 

(Twining et al. 2016, Keva et al. 2019). This suggest that at a food web level, differences in primary producer 100 

communities induced by temperature and productivity may govern the quality of higher trophic levels (Hixson 101 

and Arts 2016, Colombo et al. 2020). 102 

Our main aim in this study was to test how increasing temperature and productivity change structure, biomass 103 

and nutritional quality of food web components from primary producers to top consumers using a gradient of 104 

Fennoscandian subarctic lakes (n=20) spanning a climate and land-use gradient. Omega-3 fatty acids, EPA and 105 

DHA, were selected as proxies for quality of food web components, since they are physiologically important 106 

biomolecules for consumers. First, we hypothesized (H1) that communities shift towards warmer and more 107 

murky-water adapted species, with a concurrent increase in food web biomass, and expected that increases in 108 

algae and fish biomass along the gradient would have effects on trophic pyramid shape (Jeppesen et al. 2010, 109 



 

 

Hayden et al. 2017, McCauley et al. 2018). Secondly, we hypothesised (H2) that cyanobacteria form an increasing 110 

proportion of the phytoplankton communities in warmer and more productive lakes (Przytulska et al. 2017), thus 111 

lowering nutritional quality of primary producers. As such, we expected that this difference would be passed 112 

through all higher trophic levels (Müller-Navarra et al. 2000, Taipale et al. 2016). Finally, we hypothesized (H3) 113 

that increasing temperature and productivity would increase total community biomass including an increase in 114 

physiologically important EPA and DHA of the total lake community (Jeppesen et al. 2000, Hayden et al. 2019). 115 

 116 

2. Materials and Methods 117 

2.1 Environmental variables 118 

We sampled 20 lakes, located in Finnish Lapland across the Tornio-Muoniojoki and Paatsjoki watercourses, 119 

spanning northern European climatic (average air temperature in JuneïSeptember from 1980-2010: 8.4ï11.6°C 120 

and precipitation 197ï257 mm aī1) and water chemistry (dissolved organic carbon; DOC: 1.9ï14.9 mg Lī1, total 121 

phosphorus; TotP: 3ï48 µg Lī1 and total nitrogen; TotN: 110ï1100 µg Lī1) gradients (Table S1, Fig. 1). Here, 122 

all lakes are considered subarctic and located north of Arctic Circle (AMAP 1998). Climatic differences originate 123 

from latitudinal and altitudinal gradients, with temperature and precipitation lowest in northernmost lakes and 124 

progressively increasing towards the south. Climatic data were derived from nine Finnish Meteorological 125 

Institute weather stations situated within the study region and refer to long-term (1981ï2010) average open-water 126 

season JuneïSeptember air temperature and annual precipitation as rain (Hayden et al. 2019). Differences in lake 127 

productivity originate predominantly from variation in vegetation and land-use practices within the catchment 128 

(Jussila et al. 2014). The northernmost lakes are situated near pristine areas with anthropogenic impacts limited 129 

to nature tourism and reindeer herding, and from the timberline southwards industrial forestry activities including 130 

large-scale clear-cut areas, site preparation and intensive ditching (Jussila et al. 2014; Hayden et al. 2017; Ahonen 131 

et al., 2018, Table S1). Catchment area characteristics and land-use variables were derived with the Finnish 132 

Environment Institute VALUE-tool combining catchment and CORINE-database and open map data (Hayden et 133 

al. 2017; Ahonen et al. 2018). Lake location (coordinates, altitude), morphometrical data (area, depth, mean 134 

depth, volume) and water physical-chemistry (nutrients, light) were derived from the Finnish Environment 135 

Institute (HERTTA-database) and National Survey of Finland, or from our own sampling (Table S1). We 136 

measured visible light in the water column (LI-COR, A-250, visible light 400ï700 nm) at deepest point of lake 137 



 

 

or sampling area (largest lakes) to define 1% surface light level i.e. compensation depth needed to define 138 

proportions of the three major lake habitats littoral, profundal and pelagic (Table S1). Lake trophic states were 139 

categorized with TotP concentrations to ultraoligotrophic (< 5 µg Lī1, n=3), oligotrophic (5ï9 µg Lī1, n=7), 140 

mesotrophic (10ï29 µg Lī1, n=5) and eutrophic (Ó 30 µg Lī1, n=5) (Fig. 1; Nürnberg 1996). Phytoplankton, 141 

pelagic zooplankton, littoral and profundal benthic macroinvertebrates (here after benthos) and fish were sampled 142 

in the years 2009-2017. The sampling period was always in late summer (AugustïSeptember). 143 

144 

Fig. 1. Map of the study region (a) in northern Fennoscandia and boxplot figures of the basic lake chemistry (bïd) and 145 

physics (eïf) of the sampled lakes. The study lakes are marked with grey shade shapes (a) or boxes (bïf) indicating different 146 

lake types (light grey = ultraoligotrophic, grey = oligotrophic, dark grey = mesotrophic, black = eutrophic). Abbreviations 147 

in x-axes labels are named as following: TotP=total phosphorous (B), TotN = total nitrogen (c), DOC = dissolved organic 148 

carbon (d), Temp = average air temperature in JuneïSeptember 1981ï2010 (e), CompD = compensation depth i.e. water 149 

depth where 1% surface light is left (f). 150 

2.2 Community composition and biomass  151 

Quantitative phytoplankton taxa samples for eight of the study lakes were extracted from the HERTTA database 152 

(Finnish Environment Institute) and from a previous study for an additional six lakes (Taipale et al. 2016). 153 

Samples were collected from the epilimnion (0ï2 m) with a Limnos or corresponding water sampler in late 154 

summer (AugustïSeptember) and stored in Lugol solution with added formaldehyde. Phytoplankton cell counts 155 

were calculated under a microscope using the Utermöhl technique (Utermöhl 1958). Biomass estimations were 156 

done using taxa morphology specific geometric formulas (Hillebrand et al. 1999) and adjusted with 157 

experimentally derived carbon-mass ratios (Menden-Deuer and Lessard 2000). Phytoplankton community 158 



 

 

composition was calculated as class specific percentage from carbon biovolume (g C Lī1), and dry mass [dw] per 159 

unit area was calculated as well (kg dw haī1, hereinafter biomass) using lake specific euphotic zone.  160 

Quantitative pelagic zooplankton samples were collected with a net (diameter 25 cm, mesh size 50 µm) using 161 

three replicate vertical hauls from the deepest point of each lake (or, in very large lakes, the deepest point of the 162 

sampling area) and immediately stored in a 5% formaldehyde solution (Hayden et al. 2017). We collected pelagic 163 

zooplankton for fatty acid analyses from the same point using repeated vertical hauls and these samples were 164 

condensed, frozen and freeze-dried in the laboratory. In quantitative samples, all crustaceans were identified to 165 

class level, and the body size of 30 first encountered individuals of each class were measured for density and 166 

biomass calculations. Biomass was calculated from identified individuals and length measured taxa using size-167 

biomass (length to dry weight) conversion factors from McCauley (1984). The overall zooplankton community 168 

composition was calculated as taxon specific percentage from dry mass biovolume (mg dw Lī1) and biomass was 169 

calculated (kg dw haī1) using lake specific average depth.  170 

Benthic macroinvertebrates were collected only from soft bottom with an Ekman grab (area 272 cm2) from a 171 

transect (depths 1, 2, 3, 5, 10, 15, 20, 30, 40 m) spanning from the littoral zone to the deepest point of lake or 172 

sampling area. Three separate replicates were taken from each depth and animals were stored in plastic buckets 173 

with lake water followed by sorting in laboratory. Animals were identified to lowest feasible level, sorted, 174 

counted and total wet biomass of each taxa were weighed (accuracy 0.1 mg) and areal biomass (g ww mī2) was 175 

calculated for each sample using Ekman area to m2 conversion factor 36.8. For the lake specific biomass 176 

calculations, we transformed wet weights to dry weights by using a conversion factor of 0.2 for all taxa (Smit et 177 

al. 1993). For each lake, we used water column light level to define compensation depth to define which sampling 178 

depths belong to littoral (Ó1% light) or profundal (<1% light). Then whole lake bathymetry was used to calculate 179 

mean benthic macroinvertebrate biomass (kg dw haī1) in soft sediments in littoral and profundal regions.  180 

Fish were sampled from three major lake habitats (littoral, profundal and pelagic) using a gill net series 181 

composing of eight 30 m long and 1.8 m high nets (mesh sizes 12ï60 mm knot to knot) and one Nordic net with 182 

dimensions of 301.5 m (12 mesh sizes 5ï55 mm). A minimum of three gill netting nights per major habitat was 183 

conducted and sampling amount was increased proportional to lake area (Malinen et al. 2014; Hayden et al. 184 

2017). Fishing depth of gill nets were verified with echosounder and each fishing period length was recorded 185 

with accuracy of a minute. In most cases, gill nets were set overnight in the evening and collected during 186 



 

 

following morning (6ï10 hours soaking time), but in the most eutrophic lakes we had to use shorter sampling 187 

time (<2 hours) to avoid oversaturation due to a massive increase in fish density in these lakes (Hayden et al. 188 

2017). Fish were immediately killed during net lifting by cerebral concussion and chilled in ice. In the field 189 

laboratory, each fish was identified to species level, but whitefish (Coregonus lavaretus) were assigned to the 190 

morph (subspecies) level and whitefish  vendace (Coregonus albula) hybrids were separated based on 191 

morphology and colour, as well as head shape and gill raker count (Kahilainen et al. 2011, Kahilainen et al. 192 

2017). This subspecies level delineation was considered essential as many of the northern lakes in the study area 193 

are dominated by variable proportions of ecologically contrasting whitefish morphs (2ï4 morphs in a lake) that 194 

play differential roles in food web structure, energy flows and fatty acid dynamics (Thomas et al. 2017, Thomas 195 

et al. 2019).  196 

Total length (accuracy 1 mm) and wet mass (0.1 g) were measured and the relative abundance of each species 197 

was calculated as catch per unit effort (CPUE) i.e. number of individual per species gill netī1 hourī1. In addition 198 

to gill net data, we have previously collected both relative abundance (CPUE) and quantitative estimates of 199 

whitefish and vendace density in pelagic habitat (individuals haī1) by using vertical echosounding and gill netting 200 

from subset of the lakes analysed in the current study (Malinen et al. 2014). We calculated a linear regression 201 

equation between CPUE and echosounding derived quantitative density in order to transform relative densities 202 

of whitefish and vendace to absolute densities. As one or both of these species are present in all sampled lakes, 203 

we used their calculated absolute density and their proportion of total catches to get fish density values for 204 

different species in each lake. These density values for each species and their mean individual mass in gill net 205 

catch were multiplied to get biomass (kg haī1). For consistency with other trophic levels, we transformed fish 206 

wet weight to dry weight with conversion factor of 0.2 (e.g. Ahlgren et al. 1996). In trophic level analyses, fish 207 

were classified as secondary consumers i.e. invertivorous (most species and morphs) and tertiary consumers i.e. 208 

piscivorous species (only pike, Esox lucius; burbot, Lota lota, Arctic charr, Salvelinus alpinus; brown trout, Salmo 209 

trutta; and >20 cm perch Perca fluviatilis) based on previous dietary and stable isotope studies of a subset of the 210 

studied lakes (Kahilainen and Lehtonen 2003, Thomas et al. 2017, Hayden et al. 2019).  211 

2.3 Lipid extraction and fatty acid analysis 212 

Homogenized freeze-dried (ī50 °C for 48 h) invertebrate and fish dorsal muscle samples were weighed ca. 0.5ï213 

1 mg and 3ï4 mg respectively to kimax glass test tubes. If material was not limited, duplicate samples were 214 


