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Abstract
Due to altered biogeochemical processes related to climate change, highly colored dis-

solved organic carbon (DOC) from terrestrial sources will lead to a water “brownification” in

many freshwater systems of the Northern Hemisphere. This will create deteriorated visual

conditions that have been found to affect habitat-specific morphological variations in Eur-

asian perch (Perca fluviatilis) in a previous study. So far, potential drivers and ultimate

causes of these findings have not been identified. We conducted a field study to investigate

the connection between morphological divergence and polyunsaturated fatty acid (PUFA)

composition of perch from six lakes across a gradient of DOC concentration. We expected

a decrease in the prevalence of PUFAs, which are important for perch growth and diver-

gence with increasing DOC concentrations, due to the restructuring effects of DOC on

aquatic food webs. In general, rate of morphological divergence in perch decreased with

increasing DOC concentrations. Proportions of specific PUFAs (22:6n-3, 18:3n-3, 20:5n-3,

and 20:4n-6) identified to primarily contribute to overall differences between perch caught in

clear and brown-water lakes tended to be connected to overall decline of morphological

divergence. However, no overall significant relationship was found, indicating no severe lim-

itation of essential fatty acids for perch inhabiting brown water lakes. We further broaden

our approach by conducting a laboratory experiment on foraging efficiency of perch. There-

fore, we induced pelagic and littoral phenotypes by differences in habitat-structure and feed-

ing mode and recorded attack rate in a feeding experiment. Generally, fish were less

efficient in foraging on littoral prey (Ephemeroptera) when visual conditions were degraded

by brown water color. We concluded that browning water may have a strong effect on the

forager’s ability to find particular food resources, resulting in the reduced development of

evolutionary traits, such as habitat- specific morphological divergence.
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Introduction
In the face of rapid human-induced environmental changes the ability of organisms to success-
fully survive and reproduce is challenged, and is primarily determined by their ability to adap-
tively respond to these changes [1]. Environmental variations will influence community
interactions, alter the degree of individual resource specialization and cause displacement in
the organisms’ niches [2]. This will have further effects on the development of evolutionary
important traits related to resource use, potentially leading to disruptive selection [3].

Lakes provide distinct habitats where fish segregate by diet, leading to an early stage of pop-
ulation divergence [4, 5]. When differences in resource use are stable over time, natural selec-
tion may lead to morphological adaptations and polymorphism [6, 7]. An on-going
homogenization, or flattening of ecological gradients of the environment due to human alter-
ation may weaken the effect of divergent selection [8, 9], potentially leading to reverse specia-
tion [10, 11]. Currently, there are strong changes in aquatic ecosystems due to altered human
activities [12]. In particular, water transparency is affected by numerous factors, such as eutro-
phication [13] or elevated sediment loadings [14].

In recent years, a strong increase in the flux of dissolved organic carbon (DOC) into aquatic
systems has been identified as being due to climatic factors [15–17]. This phenomenon, dubbed
“brownification”, is strongly and negatively correlated to light transmission [18, 19]. Brownifi-
cation may cause a homogenization effect as a deteriorated light regime may decrease macro-
phyte growth, which will reduce the spatial dimension of the near-shore littoral zone [20] and
impede the growth of benthic algae, resulting in a stronger reliance on pelagic (open-water)
pathways [21]. These effects will erase habitat distinctions between littoral and pelagic zones.
So far, ongoing research has mainly focused on the effects of increasing DOC concentration on
the microbial food web and its implication for carbon sequestration (e.g. [22, 23]). However,
very little is known about the effects of increasing DOC-concentration on the higher trophic
level organisms of the food web (but see [24, 25]) and especially on the consequences for popu-
lation divergence and the evolution of organisms.

In this study, we investigated the population divergence of Eurasian perch (Perca fluviatilis),
in relation to food quality. Perch is a common predator in boreal lakes that shows strong, habi-
tat-specific morphological adaptations [26, 27]. In perch, foraging in the open water is associ-
ated with a high search rate for widely distributed and conspicuous planktonic prey, favoring a
more streamlined body [26, 27]. In contrast, when foraging in the structurally complex near–
shore zone perch has a lower search rate for the more cryptic benthic prey, thus favoring a
deeper body form [26, 27]. In a previous study, population divergence of perch was found to be
low in low water transparency, and the overall reliance on littoral resources decreased [28, 29].
However, the ultimate causes and underlying mechanism for this pattern remained unclear.
Perch growth is constrained by nutrient stoichiometry (ratios of carbon, nitrogen, and phos-
phorus) of whole perch, and perch show strong intraspecific variations in stoichiometry related
to both morphological and dietary specialization [30]. Furthermore, the biogeochemical com-
positions of resources, for example fatty acid (FA) composition is known to be essential for fish
growth [31, 32]. Therefore, food quality and the forager’s ability to choose among food items of
different qualities should be major factors contributing to differences in population divergence.

Light limitation by DOC has an effect on secondary production and the trophic transfer to
top predators [17, 33]. First of all, DOC may alter the overall structure of food webs due to
shading effects on autotrophs, instead stimulating growth of heterotrophic bacteria [23, 34].
Karlsson et al. [18] found decreased growth of benthic production due to light limitation that
even can translate to lower fish production (see also [25]). Along the same line, Finstad et al.
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[24] showed that high DOC concentration limit the biomass of brown trout (Salmo trutta) in
shallow lakes, which was assumed to be connected to the overall reconstruction of food webs
due to light limitations. In addition, DOCmay negatively affect the overall availability of essen-
tial biogeochemical compounds within the aquatic food web due to a change of phytoplankton
community structure [35–37]. Phytoplankton is the major source of polyunsaturated fatty
acids (PUFAs) for consumers in freshwater ecosystems [38, 39] which are essential to support
optimal health in consumers [40]. Especially n-3 and n-6 PUFAs which have double bonds at
the third, such as 20:5n-3 and 22:6n-3 or sixth location from the methyl end bonds, e.g. 20:4n-
6, have been found to play an important role in growth and reproduction in aquatic animals
[32, 39]. In previous studies, variation of FA composition was found to be connected to
increasing DOC concentrations in pelagic zooplankton [36], but also in the common littoral
invertebrate Asellus asellus [41], with lower proportions of PUFAs in high DOC lakes. These
results imply that perch from lakes of high DOC concentration may consume prey of low
PUFA content, resulting in inefficient energy transfer, potentially leading to impaired growth
and divergence. Empirical studies from the field that investigate the effects of resources of dif-
fering quality to the production of fish are scarce (but see [42, 43]). However, Litzow et al. [44]
demonstrated a connection between lipid content in fish communities in boreal oceans and
species abundances. They postulated an “essential fatty acid limitation hypothesis”, suggesting
a direct connection between fish production and the availability of essential FAs [44].

In addition to the overall restructuring effect of DOC at the base of the food web, light limi-
tation by DOC may further impair efficiency of visual foraging of fish [45]. Therefore, resource
use in brown waters can be altered due to the change of perception of prey and decreased reac-
tion distance [46, 47]. Similarly, to the effects caused by turbidity, this may have consequences
for the selection of preferred or optimal prey in relation to food quality [48, 49]. Therefore,
altered foraging efficiency on specific prey items due to deteriorated visual conditions may also
be an underlying mechanism for a decrease in population divergence of perch.

In this study, we examined the effects of DOC on population divergence of perch using two
different approaches. First, we evaluated the general hypothesis that an increase of DOC con-
centration will reduce the abundance of PUFAs in perch due to the underlying restructuring
effects of DOC on aquatic food webs. As PUFAs are essential for fish growth and growth rate
in perch is directly related to phenotypic development and the rate of divergence, we predict
lower proportions of essential FAs in perch of high DOC lakes, where population divergence
was found to be low. Alternatively, perch divergence can be expected to be low due to difficul-
ties in finding specific prey under deteriorated visual conditions. Therefore, we augment our
dataset by measuring foraging efficiency on pelagic and littoral prey items in a controlled labo-
ratory experiment. In accordance to the findings of Bartels et al. [29], who demonstrated a
decrease in the reliance on littoral resources with increasing DOC concentrations, we predict a
lower efficiency in foraging on littoral prey in brown water conditions.

Materials and Methods

Field study
Study areas and sampling. To study the effects of fatty acid composition on population

divergence of perch, we conducted a field survey across six lakes located in Central Sweden
(Fig 1).

Necessary permits were obtained from the land owners and respective authorities. Three of
the lakes can be characterized as clear-water lakes with a secchi depth (commonly used as a
measure to describe water transparency) of more than 2.5m and low DOC concentrations
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(below 11mg l -1) and three lakes were brown-water lakes with a secchi depth below 2.0m and
high DOC concentrations (more than 13mg l -1; Table 1).

Trophic state of the lakes ranged from oligotrophic to eutrophic and DOC was highly corre-
lated to total phosphorus (TP) concentrations (Spearman´s rank correlation (rs) = 0.771;
P< 0.0001), demonstrating the linkage between terrestrial carbon concentration and nutrients
in freshwater systems (see also Bartels et al. [29] on further information on the lakes). In
August and September 2014, fish were caught using multi-mesh gill nets (littoral nets: 30 x
1.5m; pelagic nets: 27.5 x 6m). For up to 12 hours, nets were set at shallow, near-shore (littoral)
and open-water (pelagic) zones (see Table 1 for the number of perch caught in the respective
habitats). We used only fresh fish with red gills for fatty acid analysis and fish were stored on
ice during the transport to the laboratory where they were transferred to -20°C. In the labora-
tory, fish were partially thawed and measured to the nearest 1mm (total length) and weighed to
the nearest 0.1g. As perch are known to undergo a ontogenetic niche shift from being pelagic
zooplanktivorous as juveniles, then being omnivorous and including benthic invertebrates in

Fig 1. Locations of the six lakes surveyed in this study.Copyright by Lantmäteriet Gävle (2012): Permission i2012/921.

doi:10.1371/journal.pone.0162470.g001
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the diet at intermediate size classes, and later becoming piscivorous at large size classes [50], we
targeted individuals within the intermediate size spectra (total length of 114.5mm ± 17.8mm
SD) that are known feed on both invertebrates and zooplankton (e.g.[50]). A photograph was
taken of the left side of the fish with fins stretched out. A piece of dorsal muscle tissue was
taken that was kept at -20°C for subsequent fatty acid analysis.

Geometric morphometrics. We estimated perch morphology by using a landmark-based
geometric morphometrics [51]. Digital photographs were transferred to TPSdig2 (http://life.
bio.sunysb.edu/morph/) and 16 landmarks were digitized sensu Bartels et al. [29] and Scharn-
weber et al. [52]. Variation in morphology between littoral and pelagic perch of the six lakes
were assessed using MorphoJ [53]. We checked for outliers using the “Find outliers” function.
A regression of the normally distributed shape scores (Procrustes coordinates) on size (cen-
troid size) for each lake were used separately to correct the shape data for body size [54]. Resid-
uals obtained from this regression were used for all further analysis. To assess significance of
shape differences (Mahalanobis distances, MD) between littoral and pelagic perch, we used
Discriminant Function Analyses (DFA). We performed nonparametric Spearman’s rank corre-
lations tests using IBM SPSS Statistics 21 (IBM Corporation, Armonk, NY, USA) to evaluate
the connection of morphological divergence and DOC concentrations.

Fatty acid analysis. To analyze FA compositions of perch and resources, we followed the
approach described in Scharnweber et al. [52]. Approximately 200mg of fresh muscle tissue
was dissected. Lipid extraction was conducted in chloroform/methanol (2:1, by volume) and
0.88% KCl was added to remove non-lipids. After vortexing and centrifuging, extraction proce-
dure was repeated and both organic phases were pooled. To enhance the extraction a sonifica-
tion of 10min was used and total lipid extracts were concentrated under a nitrogen stream.
Lipids were dissolved in hexane and transmethylated at 90°C for 90min, using acidic catalyst
(1% H2SO4 in Methanol).

Analyses of fatty acid methyl esters (FAME) were conducted at the University of Eastern
Finland using an Agilent 6890 N Gas Chromatographer (Agilent Technologies, Santa Clara,
CA, USA) equipped with a DB-23 column (length 30m, ID 0.25mm, film thickness 0.25μm,
Agilent). A split injection (20:1) was applied, using an initial temperature of 180°C for 8min,
which then was increased by 2°C min-1 to 210°C, and was finally maintained for 2 min. Helium
gas was used as a carrier with an average velocity 36cm sec-1.

Table 1. Main characteristics of the surveyed lakes in Central Sweden.

Ljustjärn Långsjön Erken Oppsveten Strandsjön Fälaren

Overall characteristic Clear-water Clear-water Clear-water Brown-water Brown-water Brown-water

Location N59°54´ E15°23´ N60°01´ E17°34´ N59°50´ E18°33´ N60°00´ E15°25´ N59°52´ E17°09´ N60°20´ E17°47´

Area (km2) 1 0.12 2.50 23.70 0.65 1.30 2.05

Max depth (m) 1 11.0 12.5 21.0 10.0 4.0 2.6

Dissolved organic carbon (mg l -1) 2 3.0±<0.1 6.0±0.2 10.93 13.1±0.2 15.9±0.4 25.5±0.2

Total phosphorus (μg l -1) 2 7.1±1.6 21.1±1.4 27.2±11.8 10.4±1.1 70.8±3.8 28.8±0.3

Secchi depth (m) 4 6.2 2.9 3.4 1.8 0.9 0.8

N perch caught (littoral/pelagic) 13/21 19/7 37/36 20/11 18/17 7/6

1 values were adapted from Bartels et al. [29]
2 values represent average values (± standard deviation) of three measurements at 1m depth, taken in August 2014
3 measurement was taken in June 2014
4 measurement was taken in August 2014

doi:10.1371/journal.pone.0162470.t001
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FAME peaks were identified using retention times and mass spectra using the software
MSD ChemStation (F01.01.2317; Agilent Technologies). A heneicosanoic acid (Nu-Chek Prep,
Inc. Elysian, MN, USA) was used as an internal standard. Using calibration curves of standard
solutions of known lipid mixtures (Nu-Chek Prep, Inc.) we calculated FA concentrations, and
data was expressed as percentages relative to total FA (FA %). Multivariate analyses were per-
formed using Primer 7.0.6 with the PERMANOVA add-on (Primer E Ltd. Plymouth, United
Kingdom). We arcsine-square root transformed fatty acids (% fatty acids) and based ordina-
tion on Euclidean distance matrices. PERMANOVA, the non-parametric analogue of MAN-
OVA was used to test FA differences between lakes, habitats (nested within lake), and total
length was used as a covariate. To determine significance of analyses we conducted permuta-
tion of residuals under a reduced model (9999 permutations) with type I sums of squares [55].
Proportion of variance explained was calculated from sums of squares. We further used dis-
tance-based redundancy analyses (DistLM) to investigate the connection between fatty acid
composition and environmental factors that were not categorical. As PERMANOVA; DistLM
uses a “semiparametric” approach. Therefore, there were no constriction to particular distribu-
tions of the data [55]. Model parameters were set with r2 as a selection criterion and 9999 per-
mutations. To depict variation of fatty acid composition of fish we carried out non-metric
multidimensional scaling (nMDS). Fatty acids that contributed most to the observed differ-
ences between perch caught in clear- and brown-water lakes were identified using the similarity
percentages routine (SIMPER).

Laboratory experiment
Fish collection and induction of phenotypes. To study the effects of brownification on

foraging efficiency of perch phenotypes, we conducted a laboratory experiment. The experi-
ments were carried out in strict accordance with the recommendations of the ethical committee
of Uppsala Djurförsöksetiska Nämnden (Permit number C231/10). Fish were sacrificed using
an overdose of fenoxy ethanol, and all efforts were taken to minimize suffering.

In July 2011, young-of-the-year fish from Lake Erken, which has been surveyed in the field
study, were captured using a seine net, and transported to the holding facility at the Swedish
Board Fisheries laboratory at Drottningholm, Stockholm. Littoral and pelagic phenotypes were
induced by differences in habitat structure and feeding mode following the approach of Olsson
and Eklöv [56]. Captured fish were held in two cylindrical 7m3 tanks fed by filtered lake water
at densities of about 60–70 individuals per tank. These tanks either resembled the unstructured
pelagic habitat where the tank received no physical structure, or the structurally complex litto-
ral habitat where the tank received artificial structure consisting of plastic strings (300 strings
m2–1) attached to an iron grid and placed at the bottom. Both populations obtained the same
amount of food (Chironomidae of 15% individual wet weight−day), but feeding modes differed
between the two holding tanks. Fish in the littoral tank were fed from the bottom, therefore,
Chironomidae were placed on squares of plastic turf that were lowered to the bottom by using
a platform. In contrast, fish in the pelagic tank were fed by spreading the food at the surface.
After 8 weeks, fish were transported from the holding facility to Uppsala University where the
experiments were conducted.

Experimental set-up and data analysis. Experiments were conducted in 30l –tanks (50 x
25 x 25cm) with the bottom covered by a 3cm thick layer of sand. As perch are social foragers
[57], three individuals of the same phenotype were used in each replicate. Water color was
manipulated by using a commercially available brown water conditioner (Sera Blackwater
Aquatan, Sera GmbH, Heinsberg, Germany) that consist of humic matter but does not have
any effect on the water pH. Within the brown water tanks, light level was reduced by the
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colored water to 8.52μmol ± 0.34 standard error (SE) compared to 48.77μmol ± 2.04 SE (mea-
sured at the bottom of the tank). Fish were fed by a mix of live food consisting of pelagic
(Daphnia sp.; 275 items per replicate) and littoral prey items (Ephemeroptera; 20 items per
replicate), but foraging rate was recorded for either one of the items. By this, any other activity
than foraging on Daphnia (such as foraging on Ephemeroptera) was reflected in a lower forag-
ing rate, and vice versa. The experimental design was a 2 x 2 full factorial (replicated 8 times)
with two levels of phenotype (littoral, pelagic) and two levels of visual condition (clear, brown)
for each of the feeding treatments (focus on Daphnia-foraging, focus on Ephemeroptera-forag-
ing). To estimate foraging rate on Daphnia, time to capture 30 prey items per fish was mea-
sured. Within the trials to estimate foraging rate on Ephemeroptera, time to capture 12 items
was measured. As Daphnia represented very small prey items that had to be consumed in high
numbers, individual average values for each of the three fishes were taken within each of the
trials with a focus on foraging rate of pelagic prey. In contrast, Ephemeroptera represented a
much larger prey item and therefore fewer prey items have to be consumed before satiation.
Therefore, time for all three fish to capture 12 prey items were taken within the trials with a
focus on foraging rate of littoral prey. Fish were starved for 24 hours to ensure that they were
motivated to feed. All trials were video recorded and analyzed later-on. Analyses were per-
formed using R 3.2.3 [58], and the package lme4 [59]. For the analysis of littoral foraging on
Ephemeroptera, we used a linear model, but for the analyses of pelagic foraging on Daphnia,
there was an unequal number of observations within each trial (replicate) and we therefore
used a generalized mixed model instead, as suggested by Bolker et al. [60]. Data from each indi-
vidual fish was used as response, and phenotype, visual condition, and their interaction was
used as fixed effects. For the analysis of pelagic foraging on Daphnia, we accounted for varia-
tion within replicate by adding replicate as random effect and P-values were rendered by nor-
mal distribution approximation [61].

After ending the experiment, photographs were taken from the left side of 30 randomly cho-
sen individuals of each treatment and perch morphology was assessed using the geometric
morphometric approach as described above.

Results

Field study
We estimated perch morphology for 212 individual perch. Overall, there was a significant dif-
ference in shape between perch caught in the littoral and pelagic zone across all lakes (DFA;
MD = 1.1382, P< 0.0001) with individuals from the littoral zone having a deeper body com-
pared to individuals from the pelagic zone that were more streamlined (Fig 2). Scores of DFA
were negatively correlated to DOC concentration (rs = -0.296; P< 0.0001; Fig 3) illustrating a
moderate, but significant decrease of divergence with increasing DOC concentrations.

From each habitat and lake we analyzed fatty acids of six individual perch (N = 72). In total,
we identified 37 fatty acids (Table 2). Fatty acid composition differed significantly between
perch caught in the littoral and pelagic zones (PERMANOVA: Pseudo-F = 2.98; P = 0.0001).
The factor habitat nested within lakes explained 15.0% of the variance of fatty acid composi-
tion. Furthermore, results from PERMANOVA showed a significant difference between perch
from the six studied lakes (Pseudo-F = 7.45; P = 0.0001, 31.2% of variance). Total length as a
covariate had also a significant effect on fatty acid composition (PERMANOVA: Pseudo-
F = 5.21; P = 0.0013). Results were similar when analyses were repeated for clear- and brown-
water lakes separately (S1 Table). DistLM showed a significant relationship between DOC and
fatty acid composition across the whole dataset (Pseudo-F = 3.44; P = 0.0079), and 4.7% of the
variance was explained by DOC.
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NMDS visualized the observed pattern in fatty acid composition in perch across the six
lakes (Fig 4). The stress-level of 0.16 in the two-dimensional nMDS indicated a “good” fit of
ordination into the multidimensional space [55]. However, we further refer to an animation in

Fig 2. Results of shape analyses of perch caught in the field. Shape differences between littoral (black line) and pelagic (grey line) perch of the
six lakes studied. Positions of the 16 digitized landmarks used in geometric morphometrics are shown. Shape-change outlines of Discriminate
Function Analysis are magnified ten-fold.

doi:10.1371/journal.pone.0162470.g002

Fig 3. Connection between shape and DOC concentrations.Correlation between scores of Discriminant Function
Analysis between perch caught in the littoral and pelagic zone and DOC concentrations. Spearman’s rank correlation
coefficient is shown. ** P<0.005.

doi:10.1371/journal.pone.0162470.g003
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the three-dimensional space (stress-level 0.09) for a better inspection of the data (see video in
S1 File).

SIMPER identified five PUFAs that contributed together to 55.3% of separation between
perch caught in clear- and brown-water lakes: 22:6n-3 (16.6% contribution), 18:3n-3 (11.9%
contribution), 20:5n-3 (10.7% contribution), 16:1n-7 (8.7% contribution), and 20:4n-6 (7.3%

Table 2. Fatty acid composition (%) perch caught in six lakes in Central Sweden.

Fatty acid (%) Ljüstjarn Långsjön Erken Oppsveten Strandsjön Fälaren

littoral pelagic littoral pelagic littoral pelagic littoral pelagic littoral pelagic littoral pelagic

14:0 1.4±0.4 1.3±0.1 0.6±0.3 0.9±0.1 0.9±0.2 1.3±0.2 0.6±0.2 1.1±0.3 0.9±0.3 1.1±0.3 0.7±0.3 0.8±0.2

i-15:0 0.2±<0.1 0.1±<0.1 0.1±<0.1 0.1±<0.1 0.2±0.1 0.3±0.1 0.1±<0.1 0.1±<0.1 0.2±0.1 0.2±0.1 0.1±<0.1 0.1±<0.1

15:0 0.4±<0.1 0.4±<0.1 0.3±0.1 0.3±0.1 0.4±0.1 0.4±<0.1 0.3±0.1 0.5±0.2 0.4±0.1 0.5±<0.1 0.6±0.1 0.8±0.1

i-16:0 0.3±0.2 0.4±0.1 1.0±0.4 0.6±<0.1 0.7±0.2 0.4±0.2 0.5±0.1 0.5±0.3 0.7±0.1 0.7±0.1 0.7±0.3 0.7±0.3

16:0 19.3±1.0 20.1±0.6 22.8±1.5 23.0±1.2 21.7±0.8 21.6±1.0 22.0±0.5 20.7±0.9 21.1±0.8 21.1±0.5 21.6±0.8 21.3±0.8

16:1 0.3±0.1 0.3±<0.1 0.2±0.1 0.2±0.1 0.2±<0.1 0.3±<0.1 0.2±<0.1 0.3±<0.1 0.2±0.1 0.3±0.1 0.3±0.1 0.2±0.1

16:1n-9 0.3±0.1 0.4±0.1 0.4±0.1 0.5±0.1 0.4±0.2 0.7±0.1 0.3±<0.1 0.4±0.1 0.5±0.1 0.5±0.1 0.4±0.1 0.5±0.1

16:1n-7 1.2±0.8 0.7±0.1 2.0±0.7 1.2±0.3 3.8±1.7 2.6±0.5 2.0±0.9 1.8±0.3 2.6±0.7 2.5±0.8 2.1±0.9 2.0±0.8

16:1n-5 0.5±0.1 0.5±<0.1 0.3±0.1 0.4±0.1 0.4±<0.1 0.4±<0.1 0.5±0.1 0.5±0.1 0.5±0.1 0.5±0.1 0.5±0.1 0.5±0.1

i-17:0 0.3±0.1 0.3±<0.1 0.2±0.1 0.2±0.1 0.2±0.1 0.3±<0.1 0.1±<0.1 0.2±<0.1 0.3±0.2 0.3±<0.1 0.2±0.1 0.2±0.1

ai-17:0 0.2±0.1 0.2±<0.1 0.1±0.1 0.1±<0.1 0.1±<0.1 0.1±<0.1 0.1±<0.1 0.2±<0.1 0.2±0.1 0.2±<0.1 0.1±0.1 0.1±<0.1

17:0 0.7±0.3 0.7±0.1 0.5±0.1 0.6±0.1 0.7±0.1 0.7±<0.1 0.5±0.1 0.6±0.2 1.0±0.2 1.0±0.1 0.7±0.1 1.0±0.1

17:1 0.2±0.1 0.1±<0.1 0.2±<0.1 0.1±<0.1 0.2±0.1 0.2±<0.1 0.1±0.1 0.2±0.1 0.3±0.2 0.3±0.1 0.3±0.1 0.4±0.1

18:0 7.1±0.3 7.2±0.1 8.2±0.8 7.2±0.4 7.4±0.6 6.6±0.4 7.4±0.2 7.1±1.0 7.6±0.2 7.4±0.4 7.4±0.7 7.9±0.4

18:1n-9 5.0±0.6 4.7±0.6 5.6±0.9 6.1±0.5 5.2±1.0 6.1±0.5 4.0±0.5 6.1±0.7 5.4±1.1 4.7±0.7 6.1±3.2 4.9±0.9

18:1n-7 2.7±0.8 2.7±0.3 2.8±0.6 2.5±0.2 4.3±0.7 3.2±0.2 3.5±0.3 3.1±0.3 3.1±0.8 2.5±0.7 2.8±0.4 3.2±0.9

18:2n-6 2.0±1.3 1.2±0.2 2.3±1.1 2.6±0.5 2.7±0.6 2.3±0.2 1.8±0.4 1.9±0.2 2.9±1.1 1.9±0.9 1.6±0.4 2.4±0.9

18:3n-3 1.6±0.4 1.2±0.2 0.4±0.2 1.7±0.5 1.6±0.5 3.0±0.5 0.9±0.2 1.1±0.3 3.6±2.2 2.3±1.6 0.7±0.3 0.9±0.3

18:4n-3 0.9±0.4 0.6±0.1 0.1±0.1 0.4±0.2 0.5±0.2 1.2±0.2 0.4±0.3 0.8±0.4 0.5±0.3 0.5±0.2 0.4±0.4 0.3±0.1

20:4n-6 9.4±2.2 12.1±1.6 9.5±0.6 10.8±0.9 7.4±1.2 8.1±0.5 12.2±1.0 10.0±0.9 9.1±2.6 8.5±1.3 11.0±1.2 11.1±1.4

20:4n-3 0.2±<0.1 0.2±<0.1 0.1±0.1 0.1±<0.1 0.2±0.1 0.4±0.1 0.1±<0.1 0.2±0.1 0.2±0.1 0.3±<0.1 0.2±0.1 0.2±<0.1

20:5n-3 11.2±1.8 14.0±1.4 11.2±2.8 14.8±1.9 14.4±1.3 14.2±0.7 11.8±1.8 10.0±1.4 12.0±1.4 11.7±0.9 10.0±1.7 10.7±2.8

22:4n-6 0.5±0.2 0.6±0.2 0.5±0.2 0.4±<0.1 0.4±0.1 0.5±0.1 0.5±0.1 0.5±0.3 0.4±0.1 0.3±0.2 0.6±0.1 0.7±0.1

22:5n-6 4.2±1.4 2.6±0.5 1.9±0.5 1.7±0.3 1.5±0.2 1.6±0.1 2.5±0.3 3.1±0.3 2.2±0.5 2.6±0.6 2.8±0.5 2.6±0.3

22:5n-3 1.4±0.6 1.9±0.5 2.6±0.7 2.0±0.5 2.3±0.3 2.1±0.3 1.7±0.3 1.3±0.4 1.7±0.4 1.6±0.4 1.9±0.4 2.3±0.6

22:6n-3 26.8±5.9 24.2±4.0 24.6±5.3 20.1±1.6 20.6±2.2 19.6±2.3 24.3±1.4 25.8±2.9 20.4±4.1 24.9±3.9 24.1±4.0 22.2±5.1

24:1n-9 1.0±0.2 0.8±0.1 1.0±0.2 0.7±0.1 0.9±0.1 1.0±0.1 1.0±0.1 1.1±0.3 0.8±0.3 1.0±0.2 1.4±0.2 1.1±0.4

∑ SFA 30.2±0.7 30.8±0.3 34.0±1.3 33.2±0.8 32.6±0.8 32.2±1.0 31.9±0.5 31.4±2.1 32.7±0.8 32.7±0.4 32.5±1.4 33.4±1.0

∑MUFA 11.3±2.0 10.3±1.1 12.5±1.7 11.9±1.1 15.6±2.9 14.6±1.3 11.7±1.2 13.7±1.1 13.8±2.5 12.3±1.6 14.0±3.9 13.1±1.6

∑ PUFA 58.4±2.4 58.8±1.0 53.4±2.0 54.8±0.9 51.9±2.2 53.2±1.1 56.4±1.1 54.9±2.6 53.5±2.8 55.0±1.5 53.5±3.6 53.6±2.0

∑ n-6 16.3±1.7 16.6±1.3 14.4±1.0 15.6±0.6 12.3±0.9 12.6±0.5 17.1±1.0 15.7±0.6 14.2±0.9 13.6±1.0 16.2±1.1 17.0±1.4

∑ n-3 42.1±4.1 42.2±2.0 39.1±2.4 39.3±1.2 39.6±2.4 40.6±1.3 39.3±2.1 39.2±3.1 38.1±3.2 41.4±2.1 37.3±3.2 36.6±2.3

∑ Bacterial 2.5±0.2 2.3±0.3 2.4±0.6 2.1±0.4 2.6±0.4 2.7±0.4 1.8±0.2 2.5±0.8 3.7±0.9 3.2±0.3 2.9±0.5 3.5±0.4

n-3/n-6 2.6±0.5 2.6±0.3 2.7±0.3 2.5±0.1 3.3±0.4 3.2±0.2 2.3±0.3 2.5±0.3 2.7±0.4 3.1±0.3 2.3±0.2 2.2±0.3

Averages of six individual perch analyzed from each habitat and lake ± SDs (Total N = 72) are shown. Only those FA are presented that account for > 0.3%

at least in one group. Sums (∑) of saturated fatty acids (SFA) list fatty acids without a double bond, excluding branched and odd chained saturated fatty

acids. Sums of mono-unsaturated fatty acids (MUFA) list fatty acids with a single bond, and sums of polyunsaturated fatty acids (PUFAs) list fatty acids with

more than one double bond. Iso- and anteiso- branched and odd chained saturated fatty acids are summarized as bacterial fatty acids. Bold font depict fatty

acids that contribute most to differences between perch caught in clear- and brown-water lakes.

doi:10.1371/journal.pone.0162470.t002
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contribution) (Fig 4; S1 File). As the five identified FA corresponded to different axes in ordi-
nation, we refrained from pooling them and instead used individual correlations to investigate
the connection between FA proportions and DOC concentrations. In general, a slight trend of
a decrease in 22:6n-3, 20:5n-3, 18:3n-3, and 20:4n-6 with increasing DOC concentrations was
observed (Fig 5). However, Spearman’s rank correlation were not significant between propor-
tions of respective FA in littoral and pelagic perch and DOC, except for a negative correlation
of 20:5n-3 in pelagic fish (rs = -0.669; P< 0.0001). Also, there was a significant positive correla-
tion between proportions of 16:1n-7 and DOC concentrations in pelagic perch (rs = 0.606;
P< 0.0001), but the correlation was not significant in littoral perch.

Laboratory experiment
Habitat structure and feeding mode altered the morphology of young-of-the-year fish within 8
weeks. Albeit DFA indicated no significant difference between the phenotypes of the different
treatments, 80% of the individuals induced by littoral or pelagic treatment respectively were
assigned to the correct group and a change of morphology was visible (Fig 6).

Pelagic phenotypes of perch were more efficient in feeding on Daphnia in brown water than
in clear water, whereas there was no difference for littoral phenotypes (Table 3, Fig 7). We
found a significant interaction of the factor phenotype of foraging in clear and brown water

Fig 4. 2D nMDS of fatty acid composition. Two-dimensional representation of non-metric multidimensional
scaling (nMDS) of fatty acid composition (%) of perch caught in the littoral and pelagic zone of the six lakes
surveyed. Color shading illustrates the gradient of DOC from light blue = low DOC to dark brown = high DOC.
Relative length of vectors from fatty acids identified to contribute most to observed difference in composition
between perch caught in clear-and brown water-lakes depict strength in positioning in the respective
dimension.

doi:10.1371/journal.pone.0162470.g004
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with pelagic being more efficient than littoral phenotypes in brown water (Table 3, Fig 7).
Perch foraging on Ephemeroptera were overall less efficient in brown water than in clear water
(Table 3, Fig 7). In particular, the littoral phenotype was more efficient in foraging on

Fig 5. Connection between fatty acids and DOC concentration.Correlation between DOC concentrations and proportions of A) 22:6n-3, B) 18:3n-3,
C) 20:5n-3, D) 16:1n-7, and E) 20:4n-6, which were fatty acids identified to contribute most to observed difference between composition of perch caught
in clear- and brown-water lakes. Spearman’s rank correlation coefficient (rs) is shown. ** P<0.005; n.s. = not significant.

doi:10.1371/journal.pone.0162470.g005
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Ephemeroptera in clear water, but in brown water, there was no difference between littoral and
pelagic phenotypes (Table 3, Fig 7).

Discussion
The morphological results from our field study confirms previous results of Bartels et al. [28,
29], showing that population divergence in perch decreases with decreasing water transparency
generated by DOC. Increasing DOC concentrations are assumed to restructure aquatic food
webs due to light limitation, further affecting the quality of resources via altered fatty acid com-
positions of prey items [24, 33]. As perch divergence is strongly correlated to growth rate, and
growth rate is affected by the prevalence of essential biomolecules, such as PUFAs, we pre-
dicted a direct connection between the decrease in the abundance of essential fatty acids in
muscle tissue and the decrease in divergence.

Albeit we found a slight decrease with increasing DOC concentrations in the general preva-
lence of PUFAs between perch caught in clear- and brown water lakes (22:6n-3, 18:3n-3,
20:5n-3, and 20:4n-6), no overall statistically significant relationship was found (except for

Fig 6. Results of shape analyses of perch from the laboratory experiment. Shape differences between phenotypes
induced by habitat structure and feeding mode in the laboratory experiment. Phenotypes of the littoral and pelagic treatments
are depicted black and grey lines respectively. Shape-change outlines of Discriminate Function Analysis are magnified ten-
fold.

doi:10.1371/journal.pone.0162470.g006

Table 3. Results of experiments on foraging efficiency.

Reference category Contrast Estimate Standard error t-value P-value

A) Foraging on Daphnia
Clear-water and littoral phenotype pelagic phenotype -0.06 0.04 -1.28 0.202

brown-water 0.02 0.05 0.33 0.739

pelagic phenotype x brown-water 0.13 0.07 2.04 0.041

Brown-water and littoral phenotype pelagic phenotype 0.08 0.05 1.60 0.110

Brown- water and pelagic phenotype clear-water -0.15 0.05 -3.25 0.001

B) Foraging on Ephemeroptera

Clear-water and littoral phenotype pelagic phenotype -0.13 0.06 -2.15 0.040

brown-water -0.15 0.06 -2.49 0.019

pelagic phenotype x brown-water 0.11 0.09 1.34 0.190

Brown-water and littoral phenotype pelagic phenotype -0.02 0.06 -0.26 0.800

Brown-water and pelagic phenotype clear-water 0.04 0.06 0.59 0.562

Results of A) generalized mixed model for foraging on pelagic prey (Daphnia), and B) linear model for foraging on littoral prey (Ephemeroptera). Effects of

induced phenotype (littoral, pelagic) and visual condition (clear water, brown water). Treatment contrasts are shown.

doi:10.1371/journal.pone.0162470.t003
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20:5n-3 in pelagic fish). Instead, as revealed by our laboratory experiment, foraging efficiency
on littoral prey items seems to be affected by browning waters. Therefore, browning water may
have a strong effect on the forager’s ability to find particular food resources, resulting in the
reduced development of evolutionary traits, such as habitat- specific morphological
divergence.

Fatty acid composition between perch caught in clear- and brown-water lakes differed sig-
nificantly, primarily attributable to differences in proportions of 22:6 n-3, 18:3n-3, 20:5n-3,
and 20:4n-6, with higher proportions found in pelagic perch. In the study of Happel et al. [62]
22:6n-3, 20:5n-3, and 20:4n-6 were also found to be important pelagic indicators in yellow
perch (Perca flavescens) of Lake Michigan, USA. These long-chain fatty acids are considered to
be the physiologically active forms of n-3 and n-6 PUFAs, which are essential compounds of
the vertebrate cell membranes, and are important for the growth and development of fish [32,
63, 64]. To maintain an optimal physiological status, it is necessary that fish take up these
essential compounds via their diet [31].

In a previous study, we showed differences between pelagic and littoral resources of the
clear water lakes presented herein (i.e. Ljustjärn, Långsjön, and Erken; [52]). We found that n-
3 PUFAs, such as 22:6n-3, 18:3n-3, and 18:4n-3 are highly abundant in copepoda and espe-
cially in cladocera from the pelagic zones, whereas littoral macroinvertebrate composition was
characterized by higher proportions of fatty acids with fewer double bonds, e.g.16:1n-7, 16:0,
18:1n-9, 18:1n-7, and 18:2n-6 [52]. These fatty acids are prevalent in littoral macroinverte-
brates [41, 65], and may serve as littoral biomarkers, indicating for example contributions from
terrestrial detritus (18:2n-6) [66].

We were not able to connect an overall decrease in the abundance of our target fatty acids
that were mainly responsible for differences between perch caught in clear- and brown-water
lakes and increasing DOC. Nevertheless, we found a significant connection between increasing

Fig 7. Graphical representation of results from experiment on perch foraging efficiency. Results of A) foraging on Daphnia,
representing pelagic prey and B) foraging on Ephemeroptera as littoral prey of perch phenotypes (pelagic and littoral) under different
visual conditions (clear water, brown water). Average number of prey items captured per second are shown (± SE).

doi:10.1371/journal.pone.0162470.g007
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DOC concentration and decreasing 20:5n-3 concentrations in pelagic phenotypes. Unfortu-
nately, our dataset did not allow correlation analyses of fatty acid composition of resources
with increasing DOC concentrations. Further investigation is needed to resolve the underlying
mechanisms of these findings. Potentially, the alteration in fatty acid composition in perch
might be due to an overall change in the phytoplankton community. In many brown water
lakes, the flagellate Gonyostomum semen, has been found to be very common [67]. Although it
is rich in 20:5n-3 [68], trophic transfer of fatty acids via zooplankton grazing may be limited
due to the large size of this organism [69]. Alternatively, an overall change in zooplankton
community composition, towards a decrease of abundance of EPA rich cladocera [70, 71]
could be driven by high DOC levels. This conclusion is supported by the findings of Bartels
et al. [29] that the dietary contribution of cladocera is a key predictor of population divergence
in perch, with lower proportions in high DOC lakes.

In the studied lakes, concentrations of DOC and TP were highly correlated and confound-
ing effects on fatty acid composition cannot be completely ruled out, as we did not investigate
potential changes in phytoplankton communities. For example, Müller-Navarra et al. [72]
found a decrease of specific n-3 PUFAs with increasing trophic state due to an overall shift in
phytoplankton community towards low-quality species, such as cyanobacteria. However, lakes
included in their study ranged in TP-concentrations up to 230 μg l -1, which by far exceeds the
concentrations of the lakes we studied herein. Contrary to these results, Lau et al. [41] found a
general increase of n-3-FAs with increasing trophic levels in the littoral invertebrate Asellus
asellus, suggesting that benthic trophic transfer of FAs gets more efficient as nutrient levels
increase.

Our results indicate that essential FAs are not restricting divergence of perch. However, cau-
tion should be required when interpreting our results as evidence can be found that consumers
may remain rather homeostatic in their FA composition under resource limitation in order to
maintain physiological processes [73, 74]. Furthermore, perch might, to a certain degree, be
able to adapt to low quality resources by converting fatty acids into longer chains by enzymatic
reactions [64, 75, 76]. In contrast, the factor lake contributed the highest explanation of FA var-
iation in perch (26.55%), indicating a multitude of factors involved in FA variation. Further
field-based research is needed to unravel the degree of possible variation of FA composition in
teleost fish.

A possible explanation to the lack of consistent patterns in FA composition and phenotypic
divergence could be related to a strong correlation between prey selection and phenotypic vari-
ation. The results of our experiments on the foraging efficiency of perch showed a strong
decrease in feeding rate on specific prey items under deteriorated visual conditions. These find-
ings are in line with Jönsson et al. [47] who found reduced encounter rates of pike in humic
waters. In contrast to turbid water induced by suspended algae that scatters light, brown water
from DOC will absorb the light, resulting in darker images [47]. This may affect detection of
particular prey items differently, which occurred in our experiment with a higher foraging rate
of Daphnia compared to Ephemeroptera in brown water. Similarly, Ranåker et al. [77] showed
a change of selectivity of pikeperch (Sander lucioperca) for specific prey species (from perch to
roach Rutilus rutilus) under degraded optical conditions due to different predator avoidance
tactics. Motion of prey items might be an important factor in prey detection, as suggested by
Bartels et al. [29]. In their field study, they found lower proportions of cladocera in stomachs of
pelagic perch from low transparency lakes, whereas contributions of that fast and irregular
moving copepoda increased. Although we did not use copepods, but rather slowly moving cla-
docera in our experiment an even stronger foraging efficiency on faster moving prey such as
copepoda can be expected based on the findings of Bartels et al. [29].
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Interestingly, we found a significant positive correlation of 16:1n-7 and DOC in pelagic
perch.

Although 16:1 n-7 is widely used as diatom biomarker, high proportions of this FA have
also been found in anaerobic photosynthetic bacteria, such as sulphur- or iron-reducing bacte-
ria and high concentrations of these compounds were also found in sediments of anoxic lakes
[78–80]. These bacteria can strive in anoxic zones of DOC rich lakes that resulting from light
attenuation [81, 82]. Furthermore, we found a significant correlation of DOC and a number of
fatty acids that we pooled into the group of bacterial fatty acids in pelagic phenotypes (S1 Fig).
Biosynthesis of heterotrophic bacteria produces iso- and anteiso- branched as well as odd
chained saturated fatty acids, that can be used a tracers [83]. Therefore, our results are in accor-
dance with previous studies indicating an increasing contribution of heterotrophic bacteria to
lake food webs due to increasing DOC [23, 34]. However, to our knowledge, this study is the
first one to directly trace this change of the trophic base of the food web up to the higher tro-
phic levels. This result suggests that DOC input promotes longer pelagic food chains via the
microbial loop, which includes heterotrophic bacteria, flagellates, zooplankton and fish [18,
23]. Longer food chains with increased numbers of trophic links will further result in an overall
lower trophic transfer efficiency which may constrain production at higher trophic levels [18,
24, 84]. The limitation of energy, i.e. the quantity of resources available for perch growth can
serve as an alternative explanation for the decrease of population divergence of perch in brow-
ning waters.

The shift of littoral perch from a diet based on benthic invertebrates towards a diet domi-
nated by zooplankton with increasing DOC-concentrations may have cascading effects on the
lower trophic levels with subsequent consequences for the whole aquatic ecosystem dynamics
and even greenhouse gas emissions [85, 86]. Therefore, our study highlight the ability of terres-
trial organic carbon to restructure aquatic ecosystems. So far, this effects was primarily related
to altered bottom-up effects via changes in primary production through light limitation (sensu
[18]), but our study further demonstrate potential top-down effects through altered prey detec-
tion of consumers. Together, our results indicate potential changes in food web interactions
that are associated with the widespread browning of freshwaters due to increased inputs of ter-
restrial carbon [15, 87]. The browning phenomenon has the ability to diminish habitat hetero-
geneity that generate diversity in evolutionary traits, such as morphological divergence in
Eurasian perch. Ultimately, to maintain species diversity it is critical to understand the ecologi-
cal processes leading to the overall rerouting of energy flows in aquatic food webs due to the
degraded optical conditions.

Supporting Information
S1 Fig. Bacterial fatty acids in perch. Correlation between proportions of bacterial fatty acids
including iso- and anteiso-branched and odd chained fatty acids and DOC concentrations.
Spearman’s rank correlation coefficient (rs) is shown. ��P< 0.005; n.s. = not significant.
(TIF)

S1 File. 3D nMDS of fatty acid composition. Animation of three dimensions of non-metric
multidimensional scaling (nMDS) of fatty acid composition (%) from perch caught in the litto-
ral and pelagic zone of the six lakes surveyed. Color shading illustrates the gradient of DOC
from light blue = low DOC to dark brown = high DOC. Relative length of vectors from fatty
acids identified to contribute most to observed difference in composition between perch caught
in clear-and brown water lakes depict strength in positioning in the respective dimension.
(MP4)
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S1 Table. PERMANOVA results of separate analyses of fatty acids of perch in A) brown
(Oppsveten, Strandsjön, and Fälaren), and B) clear-water (Ljustjärn, Långsjön, and Erken)
lakes. Comparisons were based on arcsine-square root transformed fatty acids (% fatty acids)
and on ordination of Euclidean distance matrices. Differences of FA between lakes, habitats
(nested within lake), and total length (as a covariate) were tested. Significance of analyses was
conducted on permutation of residuals under a reduced model (9999 permutations) with type I
sums of squares. Proportion of variance explained was calculated from sums of squares.
(DOCX)
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