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A B S T R A C T

The size of a lake ecosystem sets many direct and indirect physical limits for habitats available for different food
web compartments as well as the taxa inhabiting these. We tested the hypotheses that 1) reliance of fish on
littoral resources increase in lakes with shoreline development, and 2) food chain length and 3) top predator size
increase with lake size. We analyzed food web trophic structure, based on stable isotope analyses (SIA) of carbon
(δ13C) and nitrogen (δ15N), in six boreal lakes in southern and eastern Finland (area 0.13–567 km2). We also
applied data from gillnet monitoring of two common predatory fish, perch (Perca fluviatilis) and pike (Esox
lucius), in >100 lakes as well as data from national large pike (weight > 10 kg) competition. Our results based on
SIA did not support the first two hypotheses. Mixing-model results indicated great contribution of littoral re-
sources for many fish, however, showing considerable within-taxa variation for some species. Fish reliance on
littoral resources was not directly related to lake shoreline development. The lakes had four trophic levels and
large predators coupled both littoral and pelagic habitats. The very rare freshwater pinniped, Saimaa ringed seal
(Pusa hispida saimensis), shared the same trophic position with piscivorous fish. However, we found some support
for the third hypothesis. The maximum size of perch was positively correlated with lake size, and the majority
(88 %) of very large pikes (>10 kg) were caught from lakes with the area > 1 km2, indicating habitat size
importance for large predators.

1. Introduction

Ecosystem size and primary productivity have crucial impacts on
energy flow, trophic structure, diversity and biotic interactions in
aquatic food webs. The early food-web theories by Elton (1927) and
Lindeman (1942) focused mainly on productivity, energy flow and
trophic transfer efficiency in ecosystems. Although all consumers are
dependent on primary producers for energy and essential nutrients, later
analyses have shown that productivity alone seems not to be a major
factor influencing trophic structure and food-chain length in aquatic
ecosystems (e.g. Pimm, 1982; Hairston and Hairston, 1993; Post et al.,
2000; Vander Zanden and Fetzer, 2007). In many aquatic food web
analyses, ecosystem size (especially volume) has been found as a good
predictor for the food-chain length and success of top-predator pop-
ulations (Post et al., 2000; Post, 2007; Takimoto and Post, 2012;

Griffiths, 2013). However, food-chain length hypotheses also including
productivity with habitat heterogeneity (Persson et al., 1992; Thompson
and Townsend, 2005; Tunney et al., 2012) or space i.e. ‘productive space
hypothesis’ (Schoener, 1989; Vander Zanden et al., 1999; Doi et al.,
2009), fish species richness (Rasmussen and Vander Zanden et al., 1999,
Eloranta et al., 2015), and the role of disturbance (Takimoto and Post,
2012; Terui and Nishijima, 2019) are widely tested and debated in the
literature (see also Ward and McCann, 2017 with more references).

Current understanding on aquatic food web structure and energy
flow largely bases on results of stable isotope analyses (SIA) (e.g. Fry,
2006; Layman et al., 2012; Gilbert et al., 2019), applied in mixing
models (e.g. Phillips and Gregg, 2001; Parnell et al., 2010; Phillips et al.,
2014). Stable carbon isotope ratios (δ13C) are widely used for estimating
diet origin in consumers, e.g. contribution of littoral vs. pelagic (France,
1995; Hecky and Hesslein, 1995; Post, 2002; Parnell et al., 2010),
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autochthonous vs. allochthonous (Grey et al., 2001; Rautio et al., 2011)
and methane-based vs. pelagic carbon origin (Kiyashko et al., 2001;
Jones and Grey, 2011). However, overlapping values, more than two
diet sources and possible lipid correction for δ13C values in the calcu-
lations can yield equivocal mixing model results (Fry, 2013; Brett, 2014;
Arostegui et al., 2019). The knowledge of the heavier 15N isotope
enrichment in the food chain (δ15N) is successfully applied in estimating
biomagnification of contaminants (Cabana and Rasmussen, 1994; Borgå
et al., 2012), food web length and trophic position of an organisms in the
food web (e.g. Peterson and Fry, 1987; Post et al., 2000; Vander Zanden
and Rasmussen, 2001; Post, 2002). The δ15N values of primary pro-
ducers, i.e. food-web baseline, is strongly influenced by the utilized ni-
trogen sources, which is crucial for estimating a consumer position and
the food web length in an ecosystem (Post, 2002; Kendall et al., 2007;
Guiry et al., 2020). In addition, nitrogen concentration in water,
omnivory, starvation and variation in 15N enrichment at different food-
chain levels also cause challenges for the estimates (Hansson et al.,
1997; Perga and Gerdeaux, 2005; Bunn et al., 2013; Gilbert et al., 2019;
Trochine et al., 2019). Therefore, the trophic position and food chain
length estimates need to be baseline-corrected for each lake (Post,
2002).

Predators at the top of the trophic pyramid usually have greater
demands for habitat and home range size, and large-bodied predators
forage on larger spatial areas than consumers at lower trophic levels
(Woolnough et al., 2009; McMeans et al., 2016). In a dataset collected
from 387 North American lakes, Griffiths (2012, 2013) found support
for the hypothesis that the mean and maximum size of fish as well as
their trophic level will increase along with lake size, and the shape of
body size distribution will change from unimodality towards bimodality
because of greater relative importance of large predatory species in large
lakes. However, he concluded that also postglacial recolonisation and
evolutionary change are important determinants of body size distribu-
tions at regional or larger scales (Griffiths, 2012, 2013). A significant
relationship between trophic position and animal body size in aquatic
ecosystems was also found by Potapov et al. (2019), who analyzed
available δ15N data and phylogeny of marine, freshwater and terrestrial
food webs (1093 taxa with baseline-calibrated Δ15N values and average
body mass). In marine systems, main primary producers are unicellular
eukaryotic algae and small pelagic primary consumers can effectively
graze whole algae (Kiørboe, 2011). Accordingly, the consumer body size
and trophic position are strongly correlated in marine food chains,
which are based on unicellular algae. For freshwater ecosystems, the
authors found a significant but a weaker correlation than in marine
systems, but in terrestrial ecosystems, based on primary producers of
various body size and type, no such correlation was found (Potapov
et al., 2019). Vertebrates commonly occupy higher trophic positions
than invertebrates both in aquatic and terrestrial systems (Riede et al.,
2011). However, large mammals are typical primary consumers in
terrestrial ecosystems (Price and Hopkins, 2015), and also appear as
secondary consumers, like krill-feeding blue whales (Balaenoptera mus-
culus), in the oceans (Miller et al., 2019).

Although many mammals like Eurasian river otter (Lutra lutra),
American mink (Neovison vision), bears (Ursus spp.), exploit freshwater
resources, large mammals living solely in freshwater environments are
few. Among over 30 species of marine pinnipeds, only two species, ringed
seal (Pusa hispida) and harbor seal (Phoca vitulina), occupy freshwater or
brackish habitats. In total five seal stocks live more or less permanently in
freshwater lakes or rivers (Sipilä et al., 1996; Smith et al., 2006; Hauser
et al., 2008; Losey et al., 2023). One of those is the population of Saimaa
ringed seal (P. h. saimensis), living in the large basins of Lake Saimaa
system, eastern Finland (Kunnasranta et al., 2020). The rare and endan-
gered seal population was isolated after land uplift since last glaciation in
the shallow lake system, characterized by very long shoreline with a
mosaic of islands and bays (Nyman et al., 2014).

Lakes of a wide size variation (<0.1 to >100 km2) are typical eco-
systems in the boreal landscape (Downing et al., 2006; Verpoorter et al.,

2014) and the number of lakes decreases with lake size. For example, in
Finland, the number of lakes with an area 0.0005–0.1 km2 is ca.
170,000, those in the size classes 0.1–10 and 10–100 km2 are 13,114,
and 2283, respectively, and there are 47 lakes with an area > 100 km2

(Raatikainen and Kuusisto, 1988). Large lakes are typically deeper than
small ones, have more variable habitats and overall higher number of
species (Barbour and Brown, 1974). The relative importance of littoral
area of the whole lake area varies according to lake size, depth profile
and shoreline length and development (Wetzel, 1990; Vadeboncoeur
et al., 2008; Dolson et al., 2009; Alahuhta et al., 2012). As a continuum
from terrestrial to aquatic environment and maintaining primary pro-
ducers of many life forms, the heterogeneous littoral areas are very
important habitats for diverse invertebrate and vertebrate consumers
and their predators, especially at the juvenile stage (Tolonen et al.,
2003; Winfield, 2004; Strayer and Findlay, 2010).

We analyzed food web structure, littoral vs. pelagic carbon contri-
bution and food chain length in boreal lakes, based on δ13C and δ15N
analyses of different food web compartments collected from pelagial,
littoral and profundal zones of six lakes within a size gradient ranging
from 0.1 to 567 km2. The trophic status of the lakes varied between
oligotrophy andmesotrophy. Saimaa ringed seal inhabits the two largest
lake basins of this study. Large European perch (Perca fluviatilis) and
northern pike (Esox lucius) are the two most typical piscivorous fish in
the boreal lakes (Tammi et al., 2003). Thus, we combined food-web SIA
information from the six lakes with wider national monitoring data
available for the abundance and size of perch and pike in more than 100
lakes within the same size range, located similar latitudes in southern
and eastern Finland, and having similar total phosphorus concentration
(<50 μg L− 1) and water color (<90 mg Pt L− 1). In addition, we apply
data of very large (>10 kg) pikes caught by recreational anglers during
the years 2002–2020 from lakes in Finland.

Our study questions and hypotheses were:

1) How littoral contribution in fish diets vary with lake size and littoral
habitat availability? We hypothesize that the proportion of littoral
resources in the diets will increase with shoreline development of the
lakes.

2) Does food chain length increase with lake size? We test the hy-
pothesis by Post et al. (2000) by using lake area and shoreline
development as proxies.

3) Will larger lake area maintain larger piscivores? Lake size and
habitat diversity are crucial factors for the survival and growing of
top predator populations. We hypothesize that larger lakes support
bigger top predators.

2. Material and methods

2.1. Study lakes

Food web compartments were sampled and analyzed from six lakes
in southern and eastern Finland, varying in area (0.1–567 km2) and
depth (max. 5.5–74 m, Table 1). The dataset consists of two oligotrophic
clear-water lakes (Kastanajärvi and Säynäjärvi), two mesotrophic lakes
(Kaukasenjärvi and Ormajärvi) and two large oligotrophic basins (Paa-
sivesi and Haukivesi, OECD criteria applied for trophic status). Paasivesi
is a sub-basin of Lake Orivesi, which together with Lake Haukivesi
belong to hydrologically interconnected Lake Saimaa, having a total
area of 4380 km2. Data for lake water chemistry are from HERTTA
database of Finnish Environment Institute (https://www.syke.fi/en-
US/Open_information). All the lakes are dimictic having a clear tem-
perature stratification during summer. Shoreline development index,
potentially indicating the importance of littoral communities was esti-
mated according to Seekell et al. (2022). The coverage of forests and
agricultural area in the lake drainage area was determined with VALUE
tool (http://paikkatieto.ymparisto.fi/value/, using Cor-
ineLandCover2012_20m database).

P. Kankaala et al. Food Webs 41 (2024) e00379 

2 

https://www.syke.fi/en-US/Open_information
https://www.syke.fi/en-US/Open_information
http://paikkatieto.ymparisto.fi/value/


2.2. Sampling protocol

Food web compartments were sampled once during the growing
season. Lakes Kaukasenjärvi and Kastanajärvi were sampled in
August–September 2004, whereas Säynäjärvi and Ormajärvi were
sampled in July–August 2005. The two largest lake basins, Haukivesi
and Paasivesi, were sampled in early September 2008. For these two
lake basins, additional fish and Saimaa ringed seal data were obtained
from the previous study (Auttila et al., 2015).

In the four smallest lakes, pelagic and profundal samples (seston
<50 μm, zooplankton, profundal benthos, sediment) were taken from
the middle of the lake and in two largest lakes in the deeper part of the
lake. The littoral compartments (macrophytes, periphyton, sediment,
zooplankton, macroinvertebrates) were collected at least from three
sites around the lake. In the two largest lakes, respective samples were
taken from one pelagic site and from three sites on a shore area typical
for the lake basin (see Table 1 for coordinates).

2.2.1. Seston <50 μm
Seston samples were taken with Limnos water sampler from the

euphotic zone (0–2 m) and filtered through a 50 μm net into 3–5
replicate buckets, which were transported to laboratory for concen-
trating for stable isotope analyses. For the four smallest lakes, particles
<50 μm were collected on 10 μm net from which the biomass was
scraped on to aluminum foil cups for drying. For the two largest lakes
3–5 L water was filtered on pre-ignited Whatman GF/D glass-fiber filters
(nominal pore size ca. 2.7 μm), and the filtrate was re-filtered on GF/F
(nominal pore size 0.7 μm). Biomass in aluminum cups (four smallest
lakes) and filters (two largest lakes) were dried at +60 ◦C for 24 h and
the dried material was scraped into small tin cups. Dry matter for the
three smallest lakes proved to be too low for replicate analyses and, thus,
these were pooled for one sample per lake. No result for the seston of
Ormajärvi was obtained.

2.2.2. Zooplankton
Zooplankton from littoral areas and from the pelagic area of the two

smallest lakes were taken as 3–5 horizontal hauls (ca. 3–10 m) of net
with a mesh size of 100 μm. In the other lakes pelagic zooplankton
samples were collected as 3–5 vertical hauls from ca. 2 m above the
bottom to surface. The samples were stored as frozen (− 18 ◦C). After
storage the samples were carefully defrosted on ice and major tax-
onomical groups (Cyclopoida, Calanoida, filter-feeding Cladocera and
occasional predatory cladocerans Polyphemus pediculus and Leptodora

kindtii) were separated under a microscope using tweezers and picked
into small pre-weighed tin cups for drying. The analyzed dry mass per
sample varied between 0.2 and 0.8 mg.

2.2.3. Littoral macrophytes and periphyton
At least three shoots of predominant emergent and submersed plant

taxa were cut above the littoral sediment surface of each lake. In the
laboratory, periphyton on the plant surface was washed away and the
plants were dried at +60 ◦C at least 24 h.

In the four smallest lakes periphyton samples were taken by cutting
submerged parts of at least three shoots of the predominant plant taxa.
The shoot pieces were put into jars with a mixture of 0.5 L filtered (0.2
μm) lake water and MQ-water and transported to the laboratory. The
shoot surfaces were gently brushed into the water in the jars and large
particles and animals were removed by filtering the water through a 500
μmnet. Periphyton was filtered on 10 μmfilters, fromwhich the biomass
was scraped into aluminum foil cups for drying at+60 ◦C for 24 h. In the
two largest lakes, periphyton samples were taken from small stones
located at ca. 0.5–1 m depth. The stone surface was gently brushed into
MQ-water and the samples were frozen (− 18 ◦C) in aluminum foil cups.

2.2.4. Macroinvertebrates
In the littoral zone macroinvertebrates were collected from 3 to 4

sites by kick netting and from oxic profundal zone with Ekman sampler.
The samples were sieved through a 0.5 mm net and different tax-
onomical groups and/or functional types were separated into jars with
filtered water for 4–6 h for gut evacuation and then frozen at − 18 ◦C. In
the deepest Lake Paasivesi pelagic macroinvertebrate (Mysis relicta and
Gammaracanthus lacustris) samples were also taken as horizontal hauls
with a Hydrobios MultiPlankton Sampler from the depth of 45 m (see
Salonen et al., 2019).

2.2.5. Sediment
Sediment samples were taken with a Kajak gravity corer from the

profundal zone (3–5 replicates, deepest point of the lake) of each lake
and with an acrylic plastic tube from the littoral of the two largest lakes.
Only the oxic surface layers were taken for δ15N and δ13C analyses, i.e.
the uppermost 0.5 cm of the four smallest lakes and 0–1 cm layer of the
two largest lakes.

2.2.6. Fish
To get fish samples for SIA in the four smallest lakes, fish were caught

with Nordic standard gillnets (6–8 nets/lake, overnight fishing with

Table 1
Location (littoral sampling sites of Paasivesi and Haukivesi within brackets), morphological and chemical properties of the six study lakes and main characteristics of
their catchments. Data for lake morphometry and water chemistry are from HERTTA database of Finnish Environment Institute (https://www.syke.fi/en-US/Open_in
formation) and for catchments estimated with VALUE tool (http://paikkatieto.ymparisto.fi/value/, using CorineLandCover2012_20m database). 1) catchment area of
the whole Lake Orivesi.

Kaukasenjärvi Kastanajärvi Säynäjärvi Ormajärvi Paasivesi Haukivesi

Latitude (◦N) 61◦10.11’ 61◦13.42’ 61◦16.01’ 61◦05.94’ 62◦08.38’ 61◦57.90’
(62◦07.23′) (61◦59.30′)

Longitude (◦E) 24◦54.19’ 24◦46.25’ 24◦52.01’ 24◦46.25’ 29◦20.15’ 28◦43.80’
(29◦20.59′) (28◦46.23′)

Area (km2) 0.128 0.333 0.429 6.57 124 567
Mean depth (m) 3.9 3.5 5.5 9.6 21 9.1
Max. depth (m) 5.5 6 20 29 74 55
Shoreline length (km) 1.4 3.3 3.9 16.2 185.8 2398.0
Shoreline development index 1.5 1.9 1.9 1.4 2.4 11.7
Volume (106 m3) 0.5 1.2 2.3 63 2604 5114
Catchment area (km2) 6.6 3.0 2.2 75 275991) 50,149
Agricultural land% of the catchment 20 0 1 26 4 6
Forests% of the catchment 57 70 68 47 62 61
O2 saturation% at the bottom 9 56 ± 10.1 28 ± 12 16 ± 13 80 ± 9 78 ± 13
Tot P (μg L− 1) 30 6 ± 1 7 ± 3 22 ± 3 7 ± 1 8 ± 2
TotN (μg L− 1) 950 355 ± 13 340 ± 17 950 ± 168 401 ± 40 420 ± 40
pH 6.7 6.7 ± 0.2 6.7 ± 0.1 7.3 ± 0.4 7.0 ± 0.2 7.0 ± 0.2
Color (mg Pt L− 1) 80 19 ± 3 17 ± 7 35 ± 18 50 ± 13 40 ± 9
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approximately 12 h soaking time) for catching predominant species
(Olin et al., 2013), i.e. perch (Perca fluviatilis), roach (Rutilus rutilus),
bleak (Alburnus alburnus; only in Lake Ormajärvi) to cover the size dis-
tribution of population. Few individuals of pike (Esox lucius) caught in
the nets were also taken for analyses. In the two largest lakes, benthic
fish samples for SIA were caught with a net series of mesh sizes of 16, 30,
35, 45 and 55 mm and for catching pelagic species, vendace (Coregonus
albula) and smelt (Osmerus eperlanus), a net series with mesh sizes 8, 10,
12, 14, 16, 18 and 22 mm were used in epilimnion. Nets were set
overnight (ca. 12 h) and captured fish were immediately euthanized
with sharp blow on head. The actual fishing licenses were obtained from
lake owners and from Regional Centre of Economic Development,
Transport and Environment, and all treatments were done according to
Finnish fishery legislation. All captured fish were identified, measured
for total length (1 mm accuracy) and weight (0.1 g) and samples of
dorsal muscle were dissected and stored at − 18 ◦C in aluminum foil.

2.3. Stable carbon and nitrogen isotope analyses

All fresh and/or frozen material was dried at+60 ◦C (24 or 48 h) and
homogenized if necessary, using a plant mill (macrophytes) or mortar
and pestle (macrophytes, periphyton, macroinvertebrates, fish muscle).
Small amounts of homogenized samples (plants ca. 1.5 mg, animals
0.5–1 mg, sediment 5–6 mg) were weighted and encapsulated into small
tin cups (2–3 replicates), which were stored in a desiccator before
isotope analyses.

Stable isotope (δ15N and δ13C) analyses of major ecosystem com-
partments for the four smallest lakes were done with an elemental
analyzer Flash EA 1112 (Italy) coupled with isotope ratio mass spec-
trometer Thermo Finningan Advantage IRMS (Germany) at the
Department of Environmental and Biological Sciences in Kuopio (Uni-
versity of Eastern Finland) and for the two largest lakes with the similar
instruments at the Department of Biological and Environmental Sciences
(University of Jyväskylä). Internal laboratory working standards con-
sisted of dried and homogenized potato leaves (for plants) and fish
muscle tissue (for fish and invertebrates). The results are expressed as
δ‰ relative to the international IAEA standards Pee Dee belemnite for C
and atmospheric nitrogen for N (precision 0.2 ‰ and 0.3 ‰, respec-
tively). In addition, for obtaining more comprehensive picture of the
food webs of Lakes Haukivesi and Paasivesi, we also apply data on δ15N
and δ13C values of Saimaa ringed seal and fish analyzed with the same
instrument at the Department of Biological and Environmental Science
(University of Jyväskylä), originally sampled during the years
2010–2011 for supporting Saimaa ringed seal diet analyses (see Auttila
et al., 2015).

2.4. Perch and pike abundance and size

Because perch and pike appear abundantly in boreal lakes and large
perch individuals (≥15 cm perch) and all pikes are usually piscivorous
(Mittelbach and Persson, 1998; Horppila et al., 2000; Haakana et al.,
2007), we used available standard fish monitoring data for testing the
hypothesis 3 whether top-predator individual size increase with lake
area. The relative abundance and size structure of pike and piscivorous
perch were obtained from standard test fishing (CEN, 2005) conducted
in the SIA study lakes in 1998 (Kastanajärvi and Ormajärvi; number of
gillnet nights = 18 and 52), 1999 (Kaukasenjärvi, n = 18), 2005
(Säynäjärvi, n = 15) (see also Olin et al., 2002), and 2008 (Orivesi and
Haukivesi. n= 66 in both cases). Perch catch in each gillnet was counted
and weighed (nearest g), and every individual or random sample of 30
individuals was measured for length (total length, 1 cm size class). The
index of piscivorous (≥15 cm) perch abundance was calculated as CPUE
(catch per unit effort, n gillnet night− 1). The mean length of ten largest
individuals represented the maximum size of perch in the lakes.

To test the assumed relationships between lake size and piscivorous
perch and pike maximum size and abundance, a larger lake set was

selected from national standard gillnet database. The 156 waterbodies
for perch and 136 for pike were chosen to have similar total phosphorus
concentration (<50 μg l− 1), water color (≤90 mg Pt l− 1) and climate
conditions (◦N latitude limited to <63◦ 4′ 53,648″) following the food
web SIA study lakes. As most of the lakes had several sampling years, the
year closest to the sampling year-range of the original study lakes and
with at least 50 perch individuals was included. Piscivorous perch
abundance and maximum size were estimated as described before.
Because pike is a sedentary species and not easily caught by standard
gillnet monitoring during late summer (Olin et al., 2016), data collection
for large pike differed from that for perch. We included only the lakes
with at least three pike individuals in the catches, and for reducing
variability, data of all sampling years were pooled assuming that the
populations were quite stable having only minor yearly fluctuation. The
largest observed individual was used as the maximum size of pike in the
lakes, and CPUE of >66 cm (total length) pike (represented 90th
percentile of the total pike length data) as the index of large pike
abundance. In addition, we used data available for caught, and well-
documented with body size and photograph, very large pikes (>10 kg)
announced for a journal of recreational anglers (Finnish journal
Metsästys ja Kalastus; https://metsastysjakalastus.fi/kymppikerho)
reporting during the years 2002–2020 (total n = 605 pikes from 265
lakes). Subsequently, the lake area data for those 265 lakes was retrieved
from HERTTA database of Finnish Environment Institute (https://www.
syke.fi/en-US/Open_information). Unfortunately, there is no SIA data
available for piscivorous fish and lake food web baselines of these CPUE
or very large pike datasets.

2.5. Data analyses

2.5.1. Carbon source and food web structure
Both δ15N and δ13C values of different compartments were used for

viewing food web structure of the studied six lakes. Because seston was
sampled differently in the two largest lakes than in the four smaller ones
and presumably consisted of a mixture of bacteria, phytoplankton, small
zooplankton and detritus, no further analyses based on their δ13C and
δ15N values was done.

Contribution of littoral and pelagic sources in fish diets was esti-
mated by using IsoError 1.04 model (Phillips and Gregg, 2001) for one
isotope (δ13C), dual sources (littoral and pelagial). Two isotope, three-
source model, including terrestrial sources and/or methane could not
be applied because there were no realistic estimates for δ15N values for
those to be applied for each catchment and lake. Moreover, terrestrial
δ13C values of boreal C3-plants are typically between littoral and pelagic
values (around − 27 ‰) and, thus, cannot be reliably separated from
those. Based on water color values (17–50 mg Pt L− 1), the impact of
terrestrial organic matter seemed not have been very prominent in the
lakes with the exception of the smallest lake (Kaukasenjärvi, color 80mg
Pt L− 1). Because >90 % of terrestrial C in boreal freshwaters is in dis-
solved form (Mattsson et al., 2005), we assumed that terrestrial impact
via microbial food chain did not differ between littoral and pelagic
zones.

Littoral diet sources were estimated by using 1) average δ13C value
(±SD) of littoral benthic invertebrates and 2) average δ13C value (±SD)
of littoral macrophytes and periphyton. Pelagic diet source was esti-
mated as average δ13C value (±SD) of pelagic zooplankton (see e.g.
Marty and Planas, 2008; Taipale et al., 2016). The δ13C values of
zooplankton and benthos were arithmetically corrected for their lipid
content according to Syväranta and Rautio (2010) and those of fish
according to Kiljunen et al. (2006). We assumed 0.5‰ enrichment δ13C
by each trophic level (Vander Zanden and Rasmussen, 2001). Lipid-
corrected values are only used in the fish diet source estimation, the
other δ13C results below and in the Suppl. Table 1 are shown without
lipid correction.
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2.5.2. Trophic position and food chain length
Trophic position (TP) of different fish species and Saimaa ringed seal

as well as the food web length was estimated with the equation of
Vander Zanden and Fetzer (2007):

TP =
(
δ15Nfish or seal − δ15Nbaseline indicator

)/
3.4+ λ

The average lake-specific δ15N value of primary consumers (filter-
feeding cladocerans, Asellus aquaticus, Ephemeroptera, Trichoptera and
littoral Chironomidae), i.e. having the trophic position 2 (λ = 2), were

used as δ15N baseline indicators (Suppl. Table 2). However, for two
profundal habitat using fish species in the two largest lake basins, ruffe
(Gymnocephalus cernua) and burbot (Lota lota), the average δ15N values
of macroinvertebrates (λ = 3) living in the deep profundal zone (chao-
borids in both lake basins, Mysis relicta in Paasivesi and gammarids in
Haukivesi), were used as baseline indicators.

Fig. 1. Food web biplots of the six lakes, KAU = Kaukasenjärvi, KAS = Kastanajärvi, SAY = Säynäjärvi, ORM = Ormajärvi, PAA = Paasivesi, HAU = Haukivesi. The
data for Saimaa ringed seal is from Auttila et al. (2015). Please note different scales of x- and y-axis.
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3. Results

3.1. Primary producers and invertebrates

Biplot SIA figures (Fig. 1) of the six lakes revealed typical phenomena
in lake food webs; more enriched δ13C values in the littoral compared
with pelagic communities, and a clear enrichment of δ15N values to-
wards higher trophic levels. Average δ13C values of littoral periphyton
varied between − 22.2 and − 28.1 ‰, which were positively correlated
with lake size (Suppl. Fig. 1A). The δ13C values of littoral macro-
invertebrates (6–12 taxa analyzed for each lake) varied between − 20.2
and − 33.8 ‰. In each lake these were, in average, significantly more
13C enriched (1.5–6.0‰) than pelagic crustacean zooplankton (t-test, p
< 0.001–0.012, for n see Suppl Table 1). In most lakes, the δ13C values of
littoral and pelagic cladocerans and copepods were close to those in the
pelagic zone. For some littoral macroinvertebrate taxa the δ13C values
overlapped with those of pelagic zooplankton. The greatest differences
between pelagic zooplankton and littoral invertebrates were observed in
the two oligotrophic clear-water lakes (Kastana and Säynäjärvi, 6.0 and
5.8‰), where the δ13C values of the latter group were close to those of
littoral primary producers (Fig. 1). The difference between average δ13C
values between littoral macroinvertebrates and periphyton increased
with lake size (Suppl. Fig. 1B).

In the whole dataset, the δ15N values of macrophytes, periphyton,
profundal sediment and primary consumers, used as baseline indicators,
were strongly correlated with each other and the proportion of agri-
cultural area in the catchment as well as with totN and totP concen-
tration (Table 1, Suppl. Table 3). The highest δ15N baseline indicator
values were obtained for the mesotrophic lakes Kaukasenjärvi and
Ormajärvi (7.4 and 8.0 ‰, respectively). The δ15N values of copepods
were ca. 2–3.5‰ higher than those of filter-feeding cladocerans. Pred-
atory invertebrates in the littoral zone, including Acari, Odonata larvae,
chaoborids and hirudineans, had ca. 2–3 ‰ higher δ15N values
compared with taxa classified as primary consumers.

Only 1–3 taxa of pelagic and profundal macroinvertebrates were
analyzed per lake. The δ13C values of profundal chironomid larvae were
lowest (− 48.1 ± 1.8 ‰) in the smallest, mesoeutrophic lake Kauka-
senjärvi, where also benthic chaoborids and ceratopogonids also had
slightly lower (2–3.8 ‰) δ13C values than pelagic zooplankton. In the
clear-water Säynäjärvi, also the amphipod Monoporeia affinis had low
δ13C values (− 38.8 ± 0.3 ‰). In the two largest lake basins the δ13C
values of Mysis relicta, Gammaracanthus lacustris (only in Paasivesi),
gammarids (Haukivesi) and chaborids (both basins) were close to those
of pelagic zooplankton.

With the exception of chironomids in Kaukasenjärvi, the δ15N values
in profundal chironomids and chaoborids as well as in pelagic macro-
crustaceans were slightly higher (1–2 ‰) than those in littoral macro-
invertebrates. However, the 15N enrichment in G. lacustris, a glacial
relict amphipod inhabiting deep zones (below 20m) of Paasivesi, was on
the same level (δ15N 12.0 ± 0.8) with those of fish.

3.2. Littoral and pelagic resource utilization by fish

In fish, the δ13C values varied between − 24.4 and − 30.4‰. Because
we had data only for roach and perch from all six lakes, these results are
given with more details below. The δ15N values of roach did not increase
with fish size (Suppl Fig. 2), thus, no size-group separation was done for
the data. In perch, δ15N values increased significantly with fish length in
each lake (Suppl. Fig. 2). Thus, perch data were grouped for those <15
cm and the larger ones, known to have a piscivorous feeding mode. In
the clear-water Lakes Kastanajärvi and Säynäjärvi, the use of both
average littoral macroinvertebrate and vegetation δ13C values yielded
very close estimates in mixing model calculations of the proportions of
littoral and pelagic resources in the diets of roach and perch (Suppl.
Table 4). In the other lakes, the use of littoral invertebrate δ13C values
yielded variable and even unrealistic >100 % proportion of littoral

resources in fish diets, presumably due to overlapping values of littoral
macroinvertebrates and pelagic zooplankton. Thus, we regard δ13C
values based on littoral vegetation more reliable for the estimates and
report these results below (Fig. 2).

In three smallest lakes, the proportion of pelagic resources was
estimated to be greater than littoral resources in the diets of roach, small
(<15 cm) and large perch (>15 cm), (80–90 %, 90–100 % and 56–100
%, respectively), as well as in pike (samples only from Kaukasenjärvi
and Säynäjärvi, 80 and 67 %, respectively). In Lake Ormajärvi, roach
was estimated to rely solely (100 %) on littoral resources and also the
bulk of the diets of bleak, pike and perch originated from littoral sources
(80, 63, 62 %, respectively).

In the two largest lakes, 71–97 % of the diets of small perch, pike-
perch, vendace and smelt were estimated to consist of pelagic resources.
For many fish species (white bream, bream, pike, ruffe, burbot, large
perch, roach) the mixing model estimates showed high (>50 %) pro-
portions of littoral origin diets or equal with those from pelagic sources.
However, the confidence limits are wide and overlapping. Only in nine-
spined stickleback, sampled from Lake Haukivesi, the proportion littoral
diets was estimated ca. 100 % and the confidence limits did not overlap
with those for pelagic resources. Littoral contribution in the diets of both
perch (size classes <15 and > 15 cm) and roach, the only species for
which we had data for all six lakes, were not significantly correlated
with lake shoreline development index (p > 0.05 for both species).

3.3. Trophic position of fish and Saimaa ringed seal

In the four smallest lakes, roach had slightly lower δ15N values than
small perch (<15 cm), thus, indicating lower trophic position (mean TP
3.7–3.9 and 3.8–4.2, respectively, Table 2). For piscivorous large perch
(>15 cm) and pike, the estimates indicated TP 4.0–4.6 in these lakes. In
the two large lakes, roach seemed to have a lower TP (3.0–3.2) than
those in the small lakes. Bleak, rudd, and nine-spined stickleback were
also approximately on the same trophic level as roach. In the two large
lakes, the TP of small perch, white bream, bream (samples only from
Haukivesi) varied between 3.0 and 3.6. Pelagic smelt seemed to have a
slightly higher TP than vendace.

In the two large lakes, the median TP of piscivorous fish (large perch,
pike, pikeperch, burbot) varied between 4.0 and 4.2, thus, being at the
similar level of those in the four smaller lakes (Fig. 3). Saimaa ringed
seal shared the same trophic position with piscivorous fish (TP adults 4.2
± 0.8). The δ15N value of seal pups, supported by their mothers’ milk,
was on average 1.2‰ higher than that of adult seals (see Auttila et al.,
2015).

3.4. Top predator size

The maximum size of the piscivorous perch increased with lake area
(Fig. 4A, linear regression, df = 5, r2 = 0.798, F = 15.755, p = 0.017) in
the six study lakes. Similar results were also obtained from the larger
dataset (156 lakes) despite wide between-lake variation (Fig. 4B, linear
regression, df = 155, r2 = 0.175, F = 32.745, p < 0.001). However, the
catch per unit effort (CPUE), i.e. relative fish abundance, of piscivorous
perch was not related to lake area in the datasets (Suppl. Fig. 3).

In the fish monitoring data from 136 lakes, the maximum size and
the CPUE of large pike (>66 cm) were not related to lake size (Suppl.
Fig. 4). In the other long-term dataset collected for very large (>10 kg)
pike caught by recreational anglers from a total of 265 lakes in Finland,
the pike weight was not related to lake area (Suppl. Fig. 5). However, the
majority (88 %) of large pikes were captured from lakes with an area >
1 km2 and none of themwas caught in the smallest lake category (area<
0.01 km2) (Fig. 5). All the largest lakes (area> 100 km2) and 28% of the
lakes in the category 10–100 km2 were represented in the dataset,
whereas in the smaller size classes large pikes were caught in <5 % of
the lakes in the respective size category (Suppl. Table 5). The smallest
lakes (0.01–0.1 km2, n = 5) from which very large pike were caught are
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Fig. 2. Estimated (IsoError 1.04 model) average proportions of littoral and pelagic carbon in the diets of fish in the study lakes ranked from left to right according to
lake size. The bars denote 95 % confidence limits. For lake name abbreviation see the Fig. 1 captions.

Table 2
Mean (±SD) trophic position (TP) of the studied fish species a) in the four smallest and b) in the two largest lakes as well as TP of Saimaa ringed seal in the whole Lake
Saimaa.

a)

Lake Kaukasenjärvi Kastanajärvi Säynäjärvi Ormajärvi

Fish species mean TP SD n mean TP SD n mean TP SD n mean TP SD n

Alburnus alburnus (common bleak) 3.8 ± 0.5 15
Esox lucius (pike) 4.1 ± 0.0 2 4.2 ± 0.3 3 4.6 ± 0.2 3
Perca fluviatilis (perch) <15 cm 3.9 ± 0.1 9 3.8 ± 0.2 13 3.8 ± 0.1 11 4.2 ± 0.2 11
P. fluviatilis > 15 cm 4.2 ± 0.0 6 4.0 ± 0.1 2 4.4 ± 0.9 4 4.2 ± 0.3 4
Rutilus rutilus (roach) 3.7 ± 0.2 15 3.7 ± 0.3 15 3.8 ± 0.2 16 3.9 ± 0.1 15

b)

Lake Paasivesi Haukivesi

Fish species mean TP SD n mean TP SD n

Abramis brama (bream) 3.6 1 3.4 ± 0.2 6
Blicca bjoerkna (white bream) 3.3 ± 0.1 4 3.4 ± 0.1 5
Alburnus alburnus (common bleak) 2.9 ± 0.1 11
Coregonus albula (vendace) 3.4 ± 0.2 23 3.5 ± 0.0 4
C. lavaretus (whitefish) 3.4 1 3.8 1
E. lucius (pike) 4.0 ± 0.1 3 3.8 ± 0.2 5
Gymnocephalus cernua (ruffe) 3.6 ± 0.3 10 4.3 ± 0.5 7
Leuciscus idus (ide) 3.1 1
Lota lota (burbot) <30 cm 3.8 ± 0.3 4 3.7 ± 0.2 11
L. lota > 30 cm 4.5 ± 0.0 2
Osmerus eperlanus (smelt) 3.7 ± 0.2 17 3.9 ± 0.1 15
Perca fluviatilis (perch) <15 cm 3.5 ± 0.3 10 3.3 ± 0.1 10
P. fluviatilis > 15 cm 4.1 ± 0.2 4 3.9 ± 0.3 7
Pungitius pungitius (nine-spined stickleback) 3.2 ± 0.1 10
Rutilus rutilus (roach) 3.0 ± 0.3 12 3.2 ± 0.1 14
Salmo trutta (brown trout) 3.8 1
Sander lucioperca (pikeperch) <40 cm 4.2 ± 0.1 2 4.1 ± 0.1 13
S. lucioperca > 40 cm 4.3 ± 0.2 3 4.2 ± 0.1 3
Scardinius erythropthalmus (common rudd) 3.2 1 3.1 ± 0.1 5
Pusa hispida saimensis Saimaa ringed seal pups 4.5 ± 0.8 30
P. hispida saimensis Saimaa ringed seal adults 4.2 ± 0.8 23
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connected by brooks and/or ditches to larger lakes. For example, the
smallest lake in this size group, Enanlampi, (area 0.05 km2) is located on
an island of a large lake (Puruvesi, area 420 km2).

4. Discussion

We estimated that littoral resources play an important role for many
fish species in shallow boreal lakes. We found that piscivorous fish size
increased towards larger lakes especially with large perch and poten-
tially with very large pikes. However, within this boreal lake dataset

including the population of an endemic Saimaa ringed seal, there was no
evidence that large lakes have longer food chains than the small ones.
All lakes supported four trophic levels. Lack of a clear relationship be-
tween food chain length and lake size potentially reflects the relatively
shallow nature of study lakes that increases littoral and pelagic coupling
of top predators. Larger lakes had bigger top predators likely reflecting
wider prey and habitat availability for top predators.

4.1. Littoral, pelagic and profundal carbon

In optimal cases, stable carbon analyses of food web compartments
can distinctly separate littoral, pelagic and profundal resources available
for consumers in the lake food webs (e.g. Vander Zanden and Rasmus-
sen, 1999; Harrod et al., 2010). As expected, littoral macroinvertebrate
δ13C values were significantly higher than those in pelagic zooplankton,
and thus, the difference could be used for tracing carbon source in the
study lakes. The greatest littoral-pelagial difference (ca. 6‰) was found
in the small clear-water lakes (Kastana and Säynäjärvi), where the
littoral invertebrate δ13C values were very close to those of periphyton,
indicating their main diet source. In the small mesotrophic brown-water
lake Kaukasenjärvi, the distinction between littoral and pelagial inver-
tebrate communities was less clear, which may be due to contribution of
allochthonous carbon (δ13C of C3 plants ca. 27‰) in both zones. In the
studied six lakes, littoral periphyton δ13C values were positively corre-
lated with lake size (0.1- > 500 km2). This is in accordance with the
positive relationship found by Post (2002) for both littoral and pelagic
carbon baselines (mussels and snails) in 25 north temperate lakes in USA
within an area range ca. 0.1–10,000 km2. Although we do not have data
on δ13C values of dissolved inorganic carbon (DIC) source available for
primary producers in the lakes, it is likely that in small lakes, a larger
proportion of 13C–depleted DIC originated from community respiration
(Karlsson et al., 2007), whereas in large lakes DIC may had been more in
balance with atmospheric DIC and/or originated from rock weathering
as assumed by Post (2002). Increasing difference between δ13C values of
periphyton and littoral benthic invertebrates along with lake size sug-
gests that advective mixing may have transported pelagic resources
available also for littoral invertebrates. In an extensive study of a large
(area 270 km2) shallow temperate eutrophic lake, Võrtsjärv, Cremona
et al. (2014) concluded that in the whole lake area the benthic food web
was mostly sustained by carbon of phytoplankton origin. This is also
supported by findings from subarctic lakes in Finnish Lapland, where
benthic food webs are fuelled by pelagic phytoplankton energy along
with increasing total phosphorus concentration (Hayden et al., 2019).

In most lakes the small differences of δ13C values between littoral
and pelagic cladocerans, as well as between copepods in these zones,

Fig. 3. Boxplots and median trophic position (TP with 5–95 % percentiles) of
piscivorous fish; perch (>15 cm) and pike in the six study lakes, and also
including pikeperch (> 40 cm) and burbot (> 30 cm) in the two largest lake
basins. The lakes are ranked from left to right according to lake size. TP
calculated also for Saimaa ringed seal adults and pups in the whole Lake Saimaa
(data from Auttila et al., 2015). For lake name abbreviations see Fig. 1 captions.

Fig. 4. Maximum total length (A) of perch in relation to lake surface area of the
six SIA study lakes, and respective values (B) in the larger gill-net monitoring
dataset of 156 lakes.

Fig. 5. Proportion (%) of very large pikes (>10 kg, n = 605) caught from lakes
of different size classes during the years 2002–2020 (grey bars). Percentage of
lakes in different size classes (black line) in Finland are from Raatikainen and
Kuusisto (1988, see also Suppl. Table 5).
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suggest similar diet sources and differing from that of benthic in-
vertebrates. In general, pelagic copepods had ca. 1–4 ‰ lower δ13C
values than cladocerans, which is presumably due to greater accumu-
lation of isotopically-light lipids in the copepods (Syväranta and Rautio,
2010). Very low values of δ13C (− 48 to − 35 ‰) in profundal chirono-
mids, chaoborids and the amphipod M. affinis sampled from the three
smallest lakes indicate contribution of methane-derived carbon in their
diets (Jones and Grey, 2011).

4.2. Littoral/pelagial diet sources of fish

Mixing-model estimates of littoral and pelagic sources in the diets of
roach and perch, based on δ13C values of the potential macro-
invertebrate prey taxa, seemed to be reliable only in the two small clear-
water lakes (Kastana and Säynäjärvi), having ca. 6‰ difference between
the sources and distinct for detecting carbon origin in the food webs (e.g.
France, 1995; Fry, 2006). In the other lakes, the δ13C values between
littoral macroinvertebrates and pelagic zooplankton overlapped and the
mixing model calculations showed unreliable estimates when littoral
invertebrate δ13C values were used in the calculations. By using littoral
vegetation and pelagic zooplankton as baseline δ13C values, the mixing
model estimates were more realistic, showing ca. 70–100 % pelagic
carbon origin for the fish species known to appear solely in the pelagic
zone and feeding on zooplankton, i.e. vendace and smelt in these lakes
(Karjalainen et al., 1997, Northcote and Hammar 2006). More distinct
baseline invertebrate values for mixing models could have been ob-
tained from species with a longer life cycle such as large snails and
clams, which maintain isotope ratio for a long time (Post, 2002; Hayden
et al., 2019). Unfortunately, such data was not available for all study
lakes. On the other hand, increasing pelagic production along eutro-
phication and browning may promote the importance of pelagic carbon
also in littoral food webs and, thus, shift even long-lived baseline
invertebrate δ13C values closer to each other (Hayden et al., 2019). In
the current study, we observed such signs in Lake Haukivesi, where the
pond snail (Lymnaea sp.) in the littoral zone had identical δ13C values
with pelagic zooplankton.

Despite above-mentioned uncertainties in the mixing model esti-
mates, our study, however, supports the findings of Vander Zanden et al.
(2011) on the importance of littoral resources for fish in the lakes. Based
on a dataset consisting of 546 fish populations from 75 lakes worldwide,
they estimated in average 57 % littoral reliance of fish, independent
from morphological and limnological attributes of lakes. In our study,
the contribution of littoral resources was also estimated to be large (>50
%) for many fish species in the three largest lakes. Our results indicate
that littoral contribution in fish is not directly related to lake littoral
area, estimated as lake shoreline development index, as we hypothe-
sized. This was seen as a poor correlation between the index and littoral
resources in perch and roach. Moreover, wide and overlapping confi-
dence limits between littoral and pelagic diet sources in the analyzed
fish in the three largest lakes support this conclusion. Roach, perch and
white bream are generalist species using a range of littoral and pelagic
habitats that could be observed also here with variable stable isotope
values among the study lakes. Small perch typically feeds on
zooplankton before shifting to littoral benthic invertebrates, and later on
fish (e.g. Horppila et al., 2000). With the exception of Ormajärvi, this
was seen in our estimates indicating >50 % pelagic carbon contribution
in their diets. Roach populations are more variable, and some pop-
ulations can rely heavily on pelagic resources (e.g. Horppila et al., 2000)
as seen in our estimates. We had reliable results for smelt and vendace as
the most pelagic, and nine-spined stickleback as the most littoral species
as found in large subarctic lakes (Kahilainen et al., 2019). Feeding in
profundal sites was not possible to estimate separately in this study.
Ruffe, pikeperch and burbot are well known to use profundal resources
and they often have elevated δ15N values in boreal and subarctic lakes
(Ravinet et al., 2010; Hayden et al., 2013; Huuskonen et al., 2019).

4.3. Nitrogen baseline, trophic position and food chain length

The strong correlation of baseline δ15N values with lake totN and
totP concentration and the proportion of agricultural area in the
catchments indicates differences in N loading sources and cycling pro-
cesses in the study lakes, which points out the need for reliable estimates
of baseline δ15N values for food web studies (c.f. Kendall et al., 2007,
Curt et al., 2004, Diebel and Vander Zanden, 2009).

The 15N enrichment in herbivores has been generally observed to be
lower (2–3 ‰) than in carnivores, especially in vertebrates (3–4 ‰)
(Vander Zanden and Rasmussen, 2001, Vanderklift and Ponsard, 2003,
Matthews and Mazumder, 2008; Bunn et al., 2013; Perkins et al., 2014;).
In our study lakes the littoral invertebrate taxa known to have a pred-
atory feeding mode, were ca. 2–3 ‰ more 15N enriched than primary
consumers, and copepods were also ca. 1–3 ‰ more 15N enriched than
filter-feeding cladocerans, which suggest omnivorous feeding mode of
many taxa. We assume that average 3.4‰ trophic enrichment (c.f. Post,
2002, Vander Zanden and Fetzer, 2007) can be generalized up to ver-
tebrates in study lakes, although different fractionation values are pro-
posed (Vanderklift and Ponsard, 2003; Bunn et al., 2013), and metabolic
rate and ontogenic stage may influence isotopic fractionation in fish
tissues (Scharnweber et al., 2021). In Lake Paasivesi, the δ15N values of
the cold-stenothermic amphipod Gammaracanthus lacustris suggests its
high trophic position, on the same level as predatory fish. The species is
long-lived (3–4 years) and typically feed on other crustaceans including
Mysis relicta and Pallaseopsis quadrispinosa (Hill et al., 1990; Salonen
et al., 2019). The high δ15N values of fish feeding in the profundal zone
are typical for many lakes; ruffe feeds on previously mentioned crusta-
ceans whereas burbot and pikeperch may feed on ruffe (Hayden et al.,
2013; Thomas et al., 2016; Huuskonen et al., 2019). Pike and perch
instead are more littoral oriented fish in large lakes and typically have
slightly lower trophic position than profundal fish (4.1–4.5).

Our analysis of stable carbon and nitrogen isotope data from six
lakes, varying in area from 0.1 to>500 km2 and volume from 5× 105 to
5 × 109 m3, did not support the hypothesis presented by Post et al.
(2000) that food chain length increase with ecosystem size. They found a
significant positive correlation between food chain length and lake
volume (range from 3.8 × 105 to 1.7 × 1012 m3) in a dataset of 25
temperate North American lakes having lake trout (Salvelinus namay-
cush) at the highest trophic position in the largest lakes. Wide lake
volume range seems to be essential to reveal positive relationship be-
tween lake volume and trophic position, but such a clear relationship
was not found in smaller lakes (Ward and McCann, 2017). Tunney et al.
(2012) modelled the role of pelagial – littoral habitat coupling and food
chain length in lakes with empirical data from 40 lakes having lake trout
as a top predator. They estimated that the food chain length increases
from ca. 4.2 to ca. 4.5–4.6 with increasing littoral contribution but
balances at a level of ca. 4.5 in the lakes with an area > 10 km2. How-
ever, the data of lake trout trophic position is very scattered especially
among the lake size range 1–10 km2 (Tunney et al., 2012), thus, it is
uncertain whether the relationship is valid for lakes in general. In our
study lakes the access to diverse littoral resources did not impact food-
chain length, as we hypothesized. Top predator fish consist of several
species (perch, pike, pikeperch, burbot) and their estimated trophic
position fits within the range of 4.0–4.6 (see Table 2). Our SIA dataset
was limited to a small number of shallow boreal oligotrophic and
mesotrophic lakes, inhabiting both planktivorous, omnivorous and
piscivorous fish, and excluding very small lakes and fishless ponds,
which may have influenced the results. However, similar results were
found in a larger dataset of 17 subarctic lakes (area 0.5–1084 km2), in
which the trophic position of the top predator, Arctic charr (Salvelinus
alpinus), was positively related only to fish species richness, but lake
area, depth and productivity were not selected for the model explaining
food chain length (Eloranta et al., 2015).

Top predatory fish, perch (>15 cm) and pike in small lakes, and
perch (>15 cm), pike, pikeperch and Saimaa ringed seal in the large
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lakes share the same trophic position (4.2–4.6). Saimaa ringed seal in-
habits interconnected basins of Lake Saimaa (total area 4380 km2),
including the two largest lake basins of our study. The main prey items
of seals are smelt, roach, ruffe, perch and vendace, of an average size of
8.6 ± 3.4 cm, based on stomach content analyses of dead animals
(Kunnasranta et al., 1999; Auttila et al., 2015). Corresponding whole
food web SIA results reveal that Saimaa ringed seal has the same trophic
position of (4.2 ± 0.8) as ringed seal (Phoca hispida), in the North Water
Polynya in the Arctic, 4.5 (Hobson et al., 2002) and Lake Baikal seal
(Phoca sibirica), 4.0 (Yoshii et al., 1999), whereas P. hispida in the
northernmost basin of Baltic Sea (Bothnian Bay) have a slightly higher
trophic position, 4.8 ± 0.2 (Kiljunen et al., 2020).

4.4. Top-predator size

Perch and pike are the most common species in Finnish lakes (Tammi
et al., 2003), which shift to piscivory and are able to reach a large size.
For piscivorous perch, sampled from the SIA study lakes and from fish
monitoring of 156 boreal lakes, we found some support for the hy-
pothesis that top predator size increases with lake size. Individual perch
are able to reach a large size in very small lakes via cannibalism (e.g.
Persson et al., 2003), whereas in large lakes piscivorous perch have
access to more abundant stands of available key prey fish, such as smelt,
vendace, sticklebacks, bullhead, whitefish and bleak (Haakana et al.,
2007; Thomas et al., 2016). Large lakes also provide more habitats for
large perch, such as deep-water pelagic areas for foraging and over-
wintering. However, the relative abundance of large perch was not
related to lake size. This may be, at least partly, due to foraging
behaviour of large perch hunting in shoals (Eklöv, 1992), which may
increase the variability in gillnet catches and hide the pattern in fish
abundance.

In the gill net monitoring data for pike, neither size nor relative
abundance were related to lake size. However, pike catchability in
standard gill netting is low (Olin et al., 2016). The dataset of long-term
records of very large pike (weight > 10 kg), caught by recreational
anglers, illustrates the range of maximum ranges of pike size, which very
seldomly exceed 15 kg (Milardi et al., 2014). Majority (88 %) of these
large pikes were caught from lakes with an area > 1 km2 and none of
them from the lakes <0.01 km2. These results suggest that pike need
larger space to find enough prey resources as well as colder water for
summer habitats (Skov and Nilsson, 2018). Similarly to perch, pike will
also benefit from a greater habitat and prey resource availability pro-
vided by large lakes. Larger individuals have lower temperature opti-
mum than small ones, which often means habitat segregation; the small
individuals remain in shallow littoral areas and larger ones use deeper
benthic and pelagic areas for foraging on small fish such as burbot and
ruffe (Kahilainen and Lehtonen, 2003; Skov and Nilsson, 2018). In small
lakes with low prey fish diversity, pike may rely mainly on perch and
cannibalism which often provide fluctuating foraging resource and,
thus, limits growing to the largest size categories (Skov and Nilsson,
2018). As shown by the available data, large pike could be occasionally
captured from smaller water bodies. This is often related to spawning
period in smaller lakes connected with larger ones or alternatively to
provision of artificial prey resources such as stocked rainbow trout
(Oncorhynchus mykiss).

Saimaa ringed seal is the largest top predator (asymptotic body
length 132 cm, mass 59 kg, Auttila et al., 2016) in Lake Saimaa,
including the two largest SIA study lake basins. Thus, together with the
results on piscivorous perch and pike, our hypothesis on the importance
of lake size and habitat heterogeneity on top predator size is supported.
The few freshwater lakes also maintaining pinniped populations are of
the same size category or even larger than Lake Saimaa; harbor seals in
Lacs des Loups Marins, Quebec, Canada, (Smith et al., 2006) and Iliamna
Lake in Alaska, USA (Hauser et al., 2008), ringed seals in Lake Ladoga,
Russia (Sipilä et al., 1996) and Baikal seals in Lake Baikal, Russia (Losey
et al., 2023). Along with lake size, many other factors together with

available habitat and home range size influence how these very rare seal
populations thrive in these lakes. Although Saimaa ringed seal popula-
tion is adapted to live in the shallow Lake Saimaa, characterized by a
very long shoreline, climatic factors, especially ice and snow cover, as
well as human activities influence how this endangered seal population
can thrive in this lake system (Niemi et al., 2019; Kunnasranta et al.,
2020).

4.5. Conclusions

Our results from six shallow boreal lakes (area 0.1–567 km2) did not
support the hypothesis that food chain length increases with lake size.
All studied lakes maintain four trophic levels. Littoral energy sources
had a high importance in large lakes and piscivores efficiently coupled
littoral and pelagic habitats. Data on perch collected frommore than 100
lakes suggest that the size of top predatory fish increase towards larger
lakes with diverse fish fauna and greater habitat availability. Future
work should involve a wide range of lake size, morphometry, stratifi-
cation, productivity, and terrestrial organic matter contribution to test if
our results from the current study are general features of boreal lake
food webs.
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Mattsson, T., Kortelainen, P., Räike, A., 2005. Export of DOM from boreal catchments:
impacts of land use cover and climate. Biogeochemistry 76, 373–394.

McMeans, B.C., McCann, K.S., Tunney, T.D., Fisk, A.T., Muir, A.M., Lester, N., Shuter, B.,
Rooney, N., 2016. The adaptive capacity of lake food webs: from individuals to
ecosystems. Ecol. Monogr. 86, 4–19. https://doi.org/10.1890/15-0288.1.

Milardi, M., Lappalainen, J., Juntunen, T., 2014. Variation in length, girth and weight of
large northern pikes (Esox lucius) in Finland. Ann. Zool. Fenn. 51, 335–339. https://
doi.org/10.5735/086.051.0305.

P. Kankaala et al. Food Webs 41 (2024) e00379 

11 

http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0005
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0005
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0005
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0010
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0010
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0010
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0015
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0015
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0015
https://doi.org/10.1111/mms.12256
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0025
https://doi.org/10.1002/ieam.244
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0035
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0035
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0040
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0040
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0045
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0045
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0050
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0050
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0055
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0055
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0055
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0060
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0060
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0060
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0065
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0065
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0070
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0070
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0070
https://doi.org/10.1111/j.1600-0706.2009.17351.x
https://doi.org/10.1111/j.1600-0706.2009.17351.x
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0080
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0080
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0080
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0080
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0085
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0085
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0085
https://doi.org/10.1002/ece3.1464
https://doi.org/10.1002/ece3.1464
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0095
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0100
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0100
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0105
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0110
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0110
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0115
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0115
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0115
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0120
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0120
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0120
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0125
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0125
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0130
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0130
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0135
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0135
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0135
https://doi.org/10.1111/j.1095-8649.2007.01383.x
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0145
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0145
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0150
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0150
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0150
https://doi.org/10.1111/j.1365-2656.2010.01702.x
https://doi.org/10.1111/j.1365-2656.2010.01702.x
https://doi.org/10.1578/AM.34.3.2008.303
https://doi.org/10.1578/AM.34.3.2008.303
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0165
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0165
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0165
https://doi.org/10.1111/ele.13238
https://doi.org/10.1111/ele.13238
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0175
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0175
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0180
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0180
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0180
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0185
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0185
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0185
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0185
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0190
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0190
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0190
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0195
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0195
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0195
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0195
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0200
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0200
https://doi.org/10.1046/j.1095-8649.2003.00179.x
https://doi.org/10.1046/j.1095-8649.2003.00179.x
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0210
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0210
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0210
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0215
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0215
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0215
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0215
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0220
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0220
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0220
https://doi.org/10.1002/9780470691854
https://doi.org/10.1002/9780470691854
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0230
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0230
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0230
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0235
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0235
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0235
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0235
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0240
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0240
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0245
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0245
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0245
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0250
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0250
https://doi.org/10.1016/j.biocon.2020.108908
https://doi.org/10.1016/j.biocon.2020.108908
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0260
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0260
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0260
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0260
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0265
https://doi.org/10.1007/s12520-023-01753-0
https://doi.org/10.1007/s12520-023-01753-0
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0275
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0275
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0280
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0280
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0285
http://refhub.elsevier.com/S2352-2496(24)00045-4/rf0285
https://doi.org/10.1890/15-0288.1
https://doi.org/10.5735/086.051.0305
https://doi.org/10.5735/086.051.0305


Miller, E.J., Potts, J.M., Cox, M.J., Miller, B.S., Calderan, S., Leaper, R., O’Driscoll, R.L.,
Double, M.C., 2019. The characteristics of krill swarms in relation to aggregating
Antarctic blue whales. Sci. Rep. 9, 16487.

Mittelbach, G.G., Persson, L., 1998. The ontogeny of piscivory and its ecological
consequences. Can. J. Fish. Aquat. Sci. 55, 1454–1465.

Niemi, M., Liukkonen, L., Koivuniemi, M., Auttila, M., Rautio, A., Kunnasranta, M., 2019.
Winter behavior of Saimaa ringed seals: non-overlapping core areas as indicators of
avoidance in breeding females. PLoS One 14, e0210266.

Nyman, T., Valtonen, M., Aspi, J., Ruokonen, M., Kunnasranta, M., Palo, J.U., 2014.
Demographic histories and genetic diversities of Fennoscandian marine and
landlocked ringed seal subspecies. Ecol. Evol. 4, 3420–3434.

Olin, M., Rask, M., Ruuhijärvi, J., Ala-Opas, P., Kurkilahti, M., Ylönen, O., 2002. Fish
community structure in mesotrophic and eutrophic lakes of southern Finland: the
relative abundances of percids and cyprinids along a trophic gradient. J. Fish Biol.
60, 593–612.

Olin, M., Rask, M., Ruuhijärvi, J., Tammi, J., 2013. Development and evaluation of the
Finnish fish-based lake classification method. Hydrobiologia 713, 149–166.

Olin, M., Tiainen, J., Kurkilahti, M., Rask, M., Lehtonen, H., 2016. An evaluation of
gillnet CPUE as an index of perch density in small forest lakes. Fish. Res. 173, 20–25.
https://doi.org/10.1016/j.fishres.2015.05.018.

Parnell, A.C., Inger, R., Bearhop, S., Jackson, A.L., 2010. Source partitioning using stable
isotopes: coping with too much variation. PLoS One 5, e9672.

Perga, M.E., Gerdeaux, D., 2005. ‘Are fish what they eat’ all year round? Oecologia 144,
598–606. https://doi.org/10.1007/s00442-005-0069-5.

Perkins, M.J., McDonald, R.A., van Veen, F.J.F., Kelly, S.D., Rees, G., Bearhop, S., 2014.
Application of nitrogen and carbon stable isotopes (δ15N and δ13C) to quantify food
chain length and trophic structure. PLoS One 9, e93281.

Persson, L., Diehl, S., Johansson, L., Andersson, G.F., Hamrin, S.F., 1992. Trophic
interactions in temperate lake ecosystems: a test of food chain theory. Am. Nat. 140,
59–84.

Persson, L., De Roos, A.M., Claessen, D., Westman, E., 2003. Gigantic cannibals driving a
whole-lake trophic cascade. Proc. Natl. Acad. Sci. USA 100, 4035–4039. https://doi.
org/10.1073/pnas.0636404100.

Peterson, B.J., Fry, B., 1987. Stable isotopes in ecosystem studies. Annu. Rev. Ecol. Syst.
18, 293–320.

Phillips, D.L., Gregg, J.W., 2001. Uncertainty in source partitioning using stable isotopes.
Oecologia 128, 304.

Phillips, D.L., Inger, R., Bearhop, S., Jackson, A.L., Moore, J.W., Parnell, A.C.,
Semmens, B.X., Ward, E.J., 2014. Best practices for use of stable isotope mixing
models in food-web studies. Can. J. Zool. 92, 823–835.

Pimm, S.L., 1982. Food Webs. The University of Chicago Press, Chicago, 219 pp.
Post, D.M., 2002. Using stable isotopes to estimate trophic position: models, methods,

and assumptions. Ecology 83, 703–718.
Post, D.M., 2007. Testing the productive-space hypothesis: rational and power.

Oecologia 153, 973–984.
Post, D.M., Pace, M.L., Hairston, N.G., 2000. Ecosystem size determines food-chain

length in lakes. Nature 405, 1047–1049.
Potapov, A., Brose, U., Scheu, S., Tiunov, A., 2019. Trophic position of consumers and

size structure of food webs across aquatic and terrestrial ecosystems. Am. Nat. 194,
823–839.

Price, S.A., Hopkins, S.S.B., 2015. The macroevolutionary relationship between diet and
body mass across mammals. Biol. J. Linn. Soc. 115, 173–184.

Raatikainen, M., Kuusisto, E., 1988. Suomen järvien lukumäärä ja pinta-ala (The number
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