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Abstract 

Background: Eurasian perch (Perca fluviatilis) is an ecologically significant fish species in the Baltic Sea and has been 
recognized as a suitable organism to measure concentrations of mercury (Hg) contamination. The adult species 
occupy a high trophic position; therefore, significant levels of the hazardous substances tend to bioaccumulate in 
their tissues. However, the ability of the species to inhabit a wide range of feeding ground raises concerns about 
the adequacy of monitoring data in relation to the representativeness of measured levels of Hg at specific locations. 
Accounting for the migratory characteristics of this species can shed light on the origin of the analyzed specimens 
and thus trace Hg uptake chain. Perch samples and potential perch prey were collected at three remote stations in a 
fully interlinked system river–lake–coastal/transitional waters of the Gulf of Riga. Total mercury (THg) concentration 
and stable isotope ratios were measured in each sampled item. The perch data were divided into three subgroups 
associated with specific feeding grounds and one mixed group. A Bayesian mixing model was implemented to quan-
tify the feeding preferences of each group, and based on the results, influence of each food source on Hg uptake by 
perch was modeled by means of Gaussian GAM model.

Results: Calculated carbon and nitrogen stable isotope values demonstrated clear evidence of perch specimens 
migrating between the sampling stations. Substantial proportion of specimens sampled in river and lake stations had 
isotopic signals consistent with feeding in the gulf. The group of perch associated with feeding in the river grounds 
exhibited the highest THg concentrations with mean value of 209 µg  kg−1 wet weight. The food items C. harengus 
membras and Crustacean showed significant mitigating effects on THg concentration. The rest of the food items 
showed a secondary influence on the variation of THg concentration.

Conclusions: The study clearly showed that the high mobility of perch along associated aquatic systems has a 
noticeable effect on Hg concentrations measured in the fish. Therefore, trophic position and isotopic signatures, along 
with identification of the food sources, can serve as important supplementary tools for more accurate data interpreta-
tion of Hg accumulation.
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Background
The global mercury (Hg) cycle is dominated by anthro-
pogenic and natural emissions of gaseous substances of 
Hg to the atmosphere [1]. Simultaneously, the wide use of 
Hg and its containing products [2] has resulted in more 
than 3000 localized Hg-contaminated sites worldwide 
[3]. Furthermore, the improperly disposed industrial, 
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household and medical products as well as pesticides 
used in the past have created legacy Hg contamination 
sources. Although the sources are not classifiable as Hg-
contaminated sites, they are impacting environmental 
quality of geographically localized water basins they are 
discharging into.

In order to address local Hg sources and to improve 
environmental quality, various programs, like river basin 
management plans in European Union, are being devel-
oped and implemented. To assess the effectiveness of 
implemented measures, Hg levels and their trends are 
usually analyzed in the frame of environmental moni-
toring programs. Consequently, environmental research 
employs a variety of scientific methods [4, 5] in quanti-
tative and qualitative analyses of the Hg in aquatic sys-
tems, including selection of a matrix for analysis such 
as water, sediments and biological material. Eurasian 
perch (Perca fluviatilis) is one of the ecologically sig-
nificant fish species, along with Baltic herring (Clupea 
harengus membras), cod (Gadus morhua) and eelpout 
(Zoarces viviparus), proposed by a regional platform for 
environmental policy-making—Baltic Marine Environ-
ment Protection Commission (HELCOM) as a biological 
matrix for environmental studies in the Baltic Sea, which 
reflects local environmental concentrations of hazardous 
substances [6]. Particularly, a dorsal muscle (fillet) was 
suggested as an appropriate matrix to measure levels of 
organic Hg accumulated in fish [6], moreover the tissues 
were proposed by ‘EC regulation 1881/2006’ [7] in order 
to control contamination in fishery products. A fish takes 
up Hg by absorbing it through the body surface and gills, 
but a primary source is the diet [8]. Perch is omnivorous 
in the first years of life, although the adults mostly follow 
a piscivorous diet [9]. The species occupy a high trophic 
position; therefore, high concentrations of Hg [10] are 
commonly found in their tissues. The perch is widespread 
in freshwater and brackish water ecosystems, but usually 
are not considered to be an anadromous fish. At the same 
time, it has been put forward by Järv [11] that the home-
range migration (average 20  km, maximum observed 
180  km) is a common behavioral feature for perch. The 
salt tolerance of perch and relatively low water salinity of 
the Baltic Sea and the Gulf of Riga allows this species to 
move from inland lakes and rivers to coastal waters. Gen-
erally, it has been assumed that once the feeding grounds 
in the coastal waters have been reached the specimens 
become reasonably stationary [12], consequently they 
can be used as a representative organism to character-
ize concentrations of hazardous substances, such as Hg, 
providing biologically relevant context for local pollu-
tion exposure. However, the high mobility of perch, the 
ability of the species to inhabit a wide range of feeding 
ground [9, 11], in addition to relatively high variability 

of measured concentrations raises concerns about ade-
quacy of monitoring data regarding to the representabil-
ity of measured levels of hazardous substances, including 
Hg, at specific locations. These concerns are most pro-
nounced in the cases where different water bodies form 
an interlinked water system which is fully within the 
range of perch migration distance, like the river–lake–
marine waters system, which is highly common at coastal 
regions of Latvia due to a number of lagoon type lakes. 
Consideration of migratory characteristics of the species 
can shed light on the origin of the analyzed samples, thus 
filling knowledge gaps on Hg distribution in the intercon-
nected aquatic systems.

Stable isotopes of nitrogen (N) and carbon (C) in soft 
tissues of fish are commonly used to study food webs 
and migration in aquatic ecosystems [13–15]. Carbon 
stable isotope ratios 13C/12C in marine and fresh water 
systems have been used to determine the movements 
of migratory species between coastal and pelagic eco-
systems based on changes in dietary preferences dur-
ing the migration [16, 17], which is possible due to clear 
isotopic differences between 13C-depleted freshwater 
and 13C-enriched marine food webs. Changes in nitro-
gen isotope ratios 15N/14N have been used to distinguish 
between trophic levels in freshwater and marine environ-
ments [18, 19].

Stomach content analysis provides important informa-
tion regarding the recently consumed prey and helps to 
describe feeding habits of fish. The aim of the analysis is 
to determinate the most frequently consumed prey and 
indicate general food categories occurring in the stomach 
[20].

By employing analysis of C and N isotopes in combina-
tion with perch stomach content analysis, the aim of this 
study was to determine how the fundamentally different 
food bases affect the uptake of Hg from food chains, as 
well as whether the perch, caught at a particular location, 
are representative of specific location, or rather of the 
entire interconnected coastal–freshwater aquatic system.

Materials and methods
Study site description
For this study the fully interlinked system, river Dau-
gava–lake Ķīšezers–coastal area of the Gulf of Riga (Bal-
tic Sea) was chosen (Fig. 1). Sampling station 1, the river 
Daugava, was selected on the last section of the river 
between Riga Hydroelectric Power Plant (HEPP) and 
the estuary Daugavgriva, circa 5 km downstream to the 
HEPP and 14 and 19 km upstream of the channels con-
necting lake Ķīšezers and river Daugava. The site can be 
characterized by rocky sediment type and rapid stream 
velocity. Sampling station 2, a lagoon type lake Ķīšezers, 
is connected to river Daugava by two natural channels. 



Page 3 of 14Suhareva et al. Environ Sci Eur           (2021) 33:82  

It is rich with aquatic vegetation and represents a stag-
nant water pool. Sampling station 3, the Gulf of Riga, was 
selected near the mouth of river Daugava. The location 
represents a brackish coastal ecosystem with a significant 
amount of detritus originating from adjacent rivers.

Sampling and pre‑treatment
The sampling campaigns took place in April and August 
2017. Perch and other fish species were collected by 
means of scientific Coastal Survey multimesh gillnets 
(Nippon Verkko Oy, Finland) with nine 5-m-long pan-
els of different mesh size (mesh size ranging between 10 
and 60 mm). Benthic organisms were sampled by Petite 

Ponar Grab (Wildco, USA), while zooplankton and fish 
juveniles were collected by means of beach seine (hand-
made: the wing length 10 m with the mesh size of 10 mm 
knot to knot, the depth of 1.5  m, the mesh size of the 
cod end was of 5 mm). Crayfish were caught by two-ring 
drop net with the diameter of 80 cm and the mesh size 
20 mm. For suspended particulate matter (SPM) surface 
water samples (up to 5 L) were taken from each sam-
pling site by pre-cleaned plastic bottles. Collected surface 
water samples were vacuum filtered for at least 30  min 
on pre-combusted (at 450  °C for 2  h) 24  mm diameter 
microfiber glass filters (Whatman grade GF/F, pore size 
0.7  µm) to collect a sufficient amount of the material. 

Fig. 1 Sampling sites: 1—the Daugava river, 2—lake Ķīšezers, 3—the Gulf of Riga
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Only Hg concentration and stable isotope analyses were 
performed for SPM samples. The data were not incorpo-
rated into any of the statistical analyses or the conducted 
models, instead were later used as a reference point or a 
proxy of phytoplankton.

Length and weight of the whole fish was determined 
immediately after sampling by measuring board (accu-
racy ± 0.1  cm) and technical scale KERN FCE3K1N 
(KERN & SOHN GmbH, Germany; accuracy ± 1  g), 
thereafter, dorsal muscles were extracted. The dorsal 
muscles were placed into a polyethylene container and 
frozen at temperature − 18  °C. The samples of muscle 
tissues, zooplankton and benthic organisms were dried 
in vacuum freeze dryer (LYOVAC GT 2-E, STERIS 
GmbH, Germany) until sample weight loss stopped and 
then homogenized by knife mill (IKA A11 basic, IKA—
WERKE GmbH &CO.KG, Germany) or agate pestle. 
Plastic containers with dried tissue samples were stored 
in desiccator in dark at room temperature (+ 20 °C) until 
further analyses.

Analytical methods
The concentration of total mercury (THg) in the dorsal 
muscles of fish, other organisms and SPM was deter-
mined in laboratory at Latvian Institute of Aquatic Ecol-
ogy (Daugavpils University) using direct combustion Hg 
analyser (Teledyne Leeman labs, “Hydra IIc”, (Mason, 
Ohio, USA) following US EPA Method 7473 [21, 22]. 
The analyses of reference material of mussel tissue ERM-
CE278k and aquatic plant ERM-BCR060 (both certified 
by Institute for Reference Materials and Measurements at 
Joint Research Centre, European Commission, Geel, Bel-
gium) were performed for calibration verification at the 
start and to prove accuracy of determination at the end 
of every batch of 20 samples (Additional file 1: Table S1). 
Our results were in good agreement with the certified 
value given for the reference materials—recovery range 
100–126% (n = 24). Method blank (50 µL of deionized 
water) and random sample duplicates were also run dur-
ing each batch. Method blank was less than 25% of the 
lowest detected THg content in the sample (0.20 ng) and 
was considered acceptable. Relative percent difference 
between sample duplicate analyses was 1.5 ± 2% (n = 22).

Stomach content analysis
Stomach content of the perch was assessed by means of 
stomach content analysis, using the dissection method 
suggested by Manko [20]. Full length of uncoiled 
extracted gastrointestinal tract from esophagus to anus 
and its parts (stomach and intestine) were measured on 
a measuring board to the nearest mm, the stomach and 
intestine was separated, blotted between tissue paper 
sheets for 1 min to remove excess water, and weighed on 

electronic balance (LIBROR AEU-210, Shimadzu Corpo-
ration, Kyoto, Japan; accuracy ± 0.0001 g) to the nearest 
0.001  g. Stomach was opened by making a shallow cut 
with a scalpel to avoid damage to contents, and washed 
in a Petri dish with a small amount of water. Intestine 
contents were removed into a Petri dish by sliding a blunt 
probe along the length of the segment. Stomach fullness 
was assessed visually using a scoring system of 1 to 7 
(empty to distended/bursting, respectively). Stomach and 
intestine contents were inspected under a stereomicro-
scope (Leica MEB126, Leica Microsystems, Singapore). 
The digestion state of food items in the stomach was vis-
ually assessed by a scoring system of 1 to 6 (empty stom-
ach to intact condition, respectively). Food items were 
identified to species level where possible, and separated 
into identified taxonomic groups or species, blotted for 
1  min between tissue paper sheets, and weighed to the 
nearest 0.001 g. Intestinal contents were used for identi-
fication of undigested food items to the lowest possible 
taxonomic level and for counting and identification of 
intestinal parasites.

Analysis of stable isotopes
Analysis of stable isotopes and calculation of C and N 
isotope ratios was performed for all the caught organ-
isms and SPM. Prior to the stable isotope analyses 2 mg 
per sample of dried tissues were wrapped in a tin cup 
and analyzed in the Laboratory of Analytical Chemistry 
at Faculty of Chemistry, University of Latvia by elemental 
analyser (EuroEA-3024, EuroVector S.p.A, Italy) coupled 
with continuous flow stable isotope ratio mass spectrom-
eter (Nu-HORIZON, Nu Instruments Ltd., UK). Isotope 
values were reported relative to Vienna Pee Dee Belem-
nite with a lithium carbonate anchor (VPDB-LSVEC) for 
carbon isotope value δ13C and to atmospheric nitrogen 
(air) for nitrogen isotope value δ15N. Stable isotope val-
ues were denoted as parts per thousand (‰) deviation 
from the standard, as follows:

where δX is δ13C or δ15N and the R ratio is 13C/12C or 
15N/14N.

An internal standard sample (glutamic acid) was used 
to check reproducibility of the stable isotope ratio deter-
mination. The pooled standard deviations were 0.14‰ 
(n = 121) for δ13C and 0.21‰ (n = 121) for δ15N. Reference 
material l-glutamic acid USGS-40 (Reston Stable Isotope 
Laboratory of the US Geological Survey, Reston, Virginia, 
NIST®RM 8573) was used to check accuracy of the sta-
ble isotope ratio determination where stable carbon iso-
topic and nitrogen isotopic compositions with combined 
uncertainties are δ13CVPDB-LSVEC = − 26.39 ± 0.04‰ and 

δX (‰) =
(

Rsample/Rstandard− 1
)

× 1000,
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δ15NAIR = − 4.52 ± 0.06‰ [23]. Our results for reference 
standard USGS-40 were δ13C = − 26.38, (SD =  ± 0.03‰, 
n = 20) and δ15N = − 4.54 (SD =  ± 0.08‰, n = 20).

Data analysis and statistical assessment
Ward’s minimum variance Clustering analysis was 
performed for identification of perch subgroups with 
agglomeration of objects based on variables δ13C, δ15N 
and sampling location. The aim of the analysis was to 
split spatially subgroups of perch with consideration of 
sampling location and geographical markers provided by 
the signals of stable isotope values. Optimal number of 
clusters was selected according to the Silhouette Widths 
method [24].

Bayesian mixing model SIAR was chosen for quanti-
fication of common diet in the computed subgroups of 
perch: group 1 (representatives of the station 1), group 
2 (representatives of the station 2), group 3 (repre-
sentatives of the station 3) and group 4 (a mixed group 
including the specimens with the isotopic values which 
cannot be attributed to any of the station) [25]. Trophic 
discrimination factor was approximated for each station 
separately, based on δ13C and δ15N values and trophic 
levels found in the literature (Additional file 1: Table S2) 
of every organism sampled. The estimated trophic dis-
crimination factors were 3.37 ± 1.27‰ (δ15N) and 
0.36 ± 1.00‰ (δ13C) for station 1, 3.92 ± 1.31‰ (δ15N) 
and 1.04 ± 1.52‰ (δ13C) for station 2, 3.32 ± 1.14‰ 
(δ15N) and 0.74 ± 1.21‰ (δ13C) for station 3. Sources for 
the model were selected based on results of the stom-
ach content analysis and the list of sampled organisms 
at the study areas. The food items’ contribution ratios 
were extracted from the model and used for the further 
analysis. Because the system had two isotopes and more 
than three sources, unique solutions for each fish were 
replaced by averaged ranges of food items’ contribution 
ratios. The data tables are available in Additional file  1: 
Table S3.

Trophic magnification factor (TMF) was calculated 
based on the species included into the station-specific 
diet of perch and perch itself. The food web TMF was 
computed from parameter b or slope of the following 
equation [26, 27]:

where TMF =  10b.
Analysis of covariance (ANCOVA) was implemented 

to compare obtained trophic magnification regres-
sion curves. During the analysis interactions between 

log
(

THg
)

= a + b × δ15N,

assigned groups (from cluster analysis) and δ15N val-
ues were evaluated to understand whether the focus on 
specific diet shows significant difference in slopes of Hg 
trophic magnification. Two regression models were com-
pared: M1 − LOG THg concentration estimated from 
the independent variable “δ15N” and independent fac-
tor “Group”; M2 − LOG THg concentration estimated 
from the interrelated variable “δ15N” and factor “Group”. 
“Group” (the dataset was divided into subgroups, based 
on results of the clustering analysis mentioned above) as 
an independent factor was considered for identification 
of differences between intercepts of the trophic magnifi-
cation regressions.

Smoothing function of Generalized Additive Models 
(GAM) was used to cover a slightly non-linear relation-
ship of LOG-transformed THg concentration in perch 
dorsal muscles and length of specimens, thus allow-
ing more sensitive evaluation of effect of dietary prefer-
ences. Data exploration protocol recommended by Zuur 
et al. [28] was applied before the modeling process. The 
obtained models were validated according to the guide 
suggested by Zuur & Ieno [29], including check of homo-
geneity, independence, influential observations, nor-
mality and fit of estimated values. Akaike Information 
Criterion (AIC) [30] was applied to compare the obtained 
GAMs and determine the best fit for the data, thus iden-
tifying feeding sources and other concomitant factors 
impacting Hg accumulation in consumer tissues. Due to 
collinearity of some variables, such as Crustacean and 
Neogobius  melanostomus (correlation coefficient − 0.8), 
Crustacean and Neomysis integer (correlation coefficient 
− 0.7), Gymnocephalus cernua and N. integer (correlation 
coefficient − 0.7), G. cernua and N. melanostomus (corre-
lation coefficient − 0.7), N. melanostomus and N. integer 
(correlation coefficient − 0.7), three different models (A, 
B and C) were performed. Each of the models includes 
a combination of non-collinear variables, and the three 
models together contain all the food items selected as 
sources for the SIAR model mentioned above. Ammo-
dytes tobianus was excluded from the models because of 
high covariance with C. harengus membras (correlation 
coefficient 1.0), thus further it may be considered that the 
species have similar effect on Hg uptake. The following 
three models were selected:

Hg concentrationij ∼ Gaussian
(

µij

)

E
(

Hg concentrationij

)

= µij
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Model A:

Model B:

Model C:

The Model C, with the most negative slope coeffi-
cient demonstrated by significant food item C. harengus 
membras, was selected as an example for visualization 
of modeling results. Wilcoxon rank sum exact test was 
implemented to examine differences in THg concentra-
tions estimated from the Gaussian GAM model. The 
model was simulated for the scenarios with the maxi-
mum and minimum contribution ratio of C. harengus 
membras and continuously ranged from the maximum to 
minimum consumption (contribution) ratios of the other 
food items. The range limits at specific sampling stations 
were the same as computed by the SIAR model men-
tioned above. The visualization example can be found in 
Additional file 2.

Relationships tested were considered to be statistically 
significant for p < 0.05, except for GAM outputs, because 
p-values of estimates included produced by the model 
are not defining for model interpretation, but indicate 
secondarily variable. Data exploration, artworks, and 

(1)

log
(

µij

)

= Intercept + δ15Nij

+ Crustaceanij

+ Chironomidae larvaij

+ P. fluviatilis juvenileij

+ G. cernuaij + O. limosusij

+ C . harengusij + s
(

Length
)

ij

+ f Season.

(2)

log
(

µij

)

= Intercept + δ15Nij

+ Chironomidae larvaij

+ P. fluviatilis juvenileij

+ O. limosusij + C . harengusij

+ N .melanostomusij + s
(

Length
)

ij

+ f Season.

(3)

log
(

µij

)

= Intercept + δ15Nij

+ Chironomidae larvaij

+ P. fluviatilis juvenileij

+ O. limosusij + C . harengusij

+ N . integerij + s
(

Length
)

ij

+ f Season.

αi ∼ N
(

0, σ 2
Nest

)

.

statistical analyses were performed using R software for 
Windows, release 4.0.3 [31].

Results
Hg concentrations and stable isotope analysis
The full list of THg concentrations and stable isotope 
values measured in the SPM and all collected organ-
isms can be found in Additional file  1: Table  S4. THg 
concentrations measured in the dorsal muscles of perch 
varied notably in all three stations, thus mean concentra-
tions and standard deviations (± SD) were 188.2 ± 42.0, 
154.2 ± 71.3 and 110.8 ± 65.1  µg   kg−1 of wet weight in 
station 1, 2 and 3, respectively. The ranges of δ15N values 
measured in perch were similar at all three sites (between 
approximately 14 and 18‰). At the same time, δ13C val-
ues showed wide ranges (approximately 12 ‰) for perch 
individuals caught in stations 1 and 2, covering also iso-
topic signals associated with the coastal sampling station, 
and relatively narrow ranges (approximately 4‰) for the 
individuals from station 3. Similarly, to perch, also ruffe 
(Gymnocephalus cernua) and roach (Rutilus rutilus) 
exhibited high variations of THg concentration and sta-
ble isotope values.

Stomach content analysis
The analysis of stomach content showed that stom-
ach composition of perch significantly differs between 
freshwater and brackish water habitats (Fig. 2). At sam-
pling stations 1 and 2, the Crustacean (found in 56% 
and 42% of the analyzed stomachs, respectively) was the 

Fig. 2 The percentage of the stomach contents of the perch caught
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predominant prey. Juvenile perch (22% at station 1 and 
25% at station 2) and Chironomidae larvae (11% at sta-
tion 1 and 21% at station 2) were the second most fre-
quently consumed prey organisms while O. limosus and 
G. cernua were found mainly only in the digestive tract of 
perch from station 1. At the same time, N. integer was the 
most frequent prey in station 3 (found in 78% of stom-
achs). N. integer was also found in 25% of perch stom-
achs from freshwater station 2. The N. melanostomus 
was the second most common prey in station 3, where it 
was found in 29% of perch stomachs. From station 3, the 
A. tobianus and C. harengus membras were represented 
only in 12% and 6% of stomachs, respectively.

Cluster analysis
Scatterplot of the calculated stable isotope values δ13C 
and δ15N demonstrated clear evidence that perch speci-
mens migrate between the sampling stations (Fig.  3). 
Substantial proportion of specimens sampled in stations 
1 and 2 had isotopic signals consistent with feeding in the 
station 3 (Fig. 3A). Consequently, we divided the dataset 
into four subgroups, according to the three characteris-
tics: sampling place, stable isotope values δ13C, and stable 
isotope values δ15N related to the trophic position of an 
organism (Fig. 3B and C).

The division was done as a cluster analysis based on 
the linear model criterion of least squares. Three of the 
subgroups were clearly representing respective sam-
pling stations, while the fourth subgroup was well posi-
tioned as the mixed group (group 4) with overlapping 

Fig. 3 Scatterplots of the measured of stable isotope values (δ13C and δ15N): A distribution between the sampling stations; B distribution between 
the groups assigned by means of the clustering analysis; C cluster dendrogram indicating new grouping of the sampled perch, where blue—group 
1, green—group 2, red—group 3, purple—the mixed group 4 (potential recent arrivals, isotope values cannot be attributed to any of sampling 
stations)
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isotope values, which cannot be associated with any 
of the three sampling stations. The mixed group was 
then considered as recent arrivals exhibiting differ-
ent isotopic values of the station they were collected. 
The group of recent arrivals provided key information 
on gradual change of the modeled dietary composi-
tion explored by means of the following Bayesian mix-
ing model, thus connecting lake, river and gulf into one 
ecosystem.

Exploration of the identified groups
The data were re-examined comparing THg concen-
trations and distribution of individual’s length among 
the new groups designated via cluster analysis. Group 

1 exhibited the highest THg concentrations (Fig.  4A) 
while the lowest mean concentration of THg was found 
in group 3. Opposite to concentration levels, the high-
est mean length of perch was found in group 3 while 
the lowest one in group 2. The groups 1 and 4 exhib-
ited the middle values (Fig.  4B). Although the calcu-
lated bioaccumulation slopes were quite similar among 
the groups (coefficient values from 0.015 to 0.029), the 
intercepts differed noticeably (coefficient values from 
1.4 for group 3 to 2.1 for group 1), thus indicating high 
variation of background Hg concentrations (Fig. 4C).

Fig. 4 A Variation of total mercury (THg) concentrations (µg  kg−1 wet weight) among the four assigned groups of perch. B Variation of perch 
length among the four assigned groups. C THg bioaccumulation curves expressed as linear equations of LOG-transformed THg concentration 
versus perch length
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Quantification of feeding ecology
Feeding ecology of the assigned subgroups were defined 
by means of Bayesian mixing model SIAR (Fig. 5) based 
on results of the stomach content analysis of every perch 
individual representing the corresponding subgroup. The 
different types of crustaceans, G. cernua, Chironomi-
dae larvae and O. limosus were defined as the main food 
sources for perch in station 1. The feeding base in station 
2 mainly consisted of crustaceans, G. cernua, Chirono-
midae larvae and juvenile perch while the N. integer, N. 
melanostomus, A. tobianus, C. harengus membras and 
crustaceans were main food items of perch in station 3. 
In order to reflect the geographical distribution of the 

available diet in the interconnected system, as food items 
representative of each sampling stations were selected: O. 
limosus from station 1, juvenile perch from station 2, and 
N. integer and N. melanostomus from station 3. The four 
sources formed an appropriate mixing polygon which 
covered the vast majority of data points of the mixed 
group.

TMF
TMF was calculated for specific food chains, reflect-
ing the localized diet of perch for each identified sub-
group. The absolute values of the calculated TMFs were 
quite similar for the station-assigned groups (1.45, 1.40, 

Fig. 5 Results of SIAR Bayesian mixing model. A group 1, B group 2, C group 3, D group 4 (the mixed group); black circles—perch specimens 
(consumers)
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1.46, respectively), but substantially higher for the mixed 
group (1.76).

The trophic magnification curve of the mixed group 
(group 4) was significantly different from the others by a 
steeper slope (Table 1, M2) and by higher intercept com-
pared to group 3 (Table 1, M1). Meanwhile, groups 1 to 
3 had statistically similar slopes, thus indicating similar 
trophic magnification patterns (Table 1, M2). At the same 
time, significantly lower intercept of group 3, compared 
to groups 1 and 2 (Table 1, M1) probably denotes lower 
Hg background concentrations found at the station.

Influence of dietary preferences
Generalized Additive Modeling was implemented 
to understand how dietary preferences of perch in 

different feeding grounds affect the Hg uptake. To avoid 
covariance of food source variables, three validated 
models with different combinations of food items were 
selected and interpreted (Table 2). The obtained results 
indicated seasonality (spring and autumn sampling) as 
a significant factor affecting measured THg LOG-con-
centrations, for example, samples collected in spring 
had higher THg concentrations than the autumn sam-
ples (demonstrated by a positive intercept correction 
for the spring season from 0.106 up to 0.120). The δ15N 
values showed a significant relationship with the THg 
concentration; however, the positive slope coefficient 
was only 0.09 in the all three models.

The models let us establish that the food item C. haren-
gus membras had the most significant mitigating effect 

Table 1 Difference in the trophic magnification curves between the perch groups, compared by means of the variation analysis 
ANCOVA

Bold text indicates significant differences between the curves
1 The regression model M1 includes independent variable δ15N, independent factor “Group” and dependent variable LOG THg concentrations
2 The regression model M2 includes interaction between independent variable δ15N and independent factor “Group” and dependent variable LOG THg concentrations
3 One-way analysis of variance of the regression models M1 and M2

Compared groups M1: without  interaction1 M2: with  interaction2 ANOVA: M1 vs  M23

F value p‑value F value p‑value F value p‑value

1. vs 2 0.009 0.926 0.187 0.669 0.187 0.669

1. vs 3 8.569 0.005 0.011 0.916 0.011 0.916

1. vs 4 0.000 0.990 13.480  < 0.001 13.484  < 0.001
2. vs 3 9.943 0.002 0.771 0.383 0.771 0.382

2. vs 4 0.785 0.381 10.410 0.003 10.414 0.003
3. vs 4 6.859 0.011 15.110  < 0.001 15.110  < 0.001

Table 2 Estimated regression parameters (intercept and slope values) for the Gaussian GAM presented in Eqs. 1, 2 and 3

Standard errors, t-values and p-values can be found in Additional file 1: Table S5

Model A

log (µij) = 

AUTUMN 0.536 + 0.092 × δ15Nij—0.460 × Crustaceanij + 0.460 × Chironomidae larvaij + 0.098 × perch  juvenileij + 0.120 × G. cernuaij + 0.142 × O. 
limosusij—0.349 × C. harengusij + s(Length)ij

SPRING 0.642 + 0.092 × δ15Nij—0.460 × Crustaceanij + 0.460 × Chironomidae larvaij + 0.098 × perch  juvenileij + 0.120 × G. cernuaij + 0.142 × O. 
limosusij—0.349 × C. harengusij + s(Length)ij

Model B

log (µij) = 

AUTUMN 0.514 + 0.090 × δ15Nij + 0.299 × Chironomidae larvaij + 0.186 × perch  juvenileij + 0.174 × O. limosusij—0.484 × C. harengusij + 0.079 × N. 
melanostomusij + s(Length)ij

SPRING 0.628 + 0.090 × δ15Nij + 0.299 × Chironomidae larvaij + 0.186 × perch  juvenileij + 0.174 × O. limosusij—0.484 × C. harengusij + 0.079 × N. 
melanostomusij + s(Length)ij

Model C

log (µij) = 

AUTUMN 0.529 + 0.091 × δ15Nij + 0.233 × Chironomidae larvaij + 0.167 × perch  juvenileij + 0.184 × O. limosusij—0.501 × C. harengusij + 0.023 × N. 
integerij + s(Length)ij

SPRING 0.649 + 0.091 × δ15Nij + 0.233 × Chironomidae larvaij + 0.167 × perch  juvenileij + 0.184 × O. limosusij—0.501 × C. harengusij + 0.023 × N. 
integerij + s(Length)ij
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on THg concentration, with negative slopes ranging 
from -0.349 to -0.501. Another food item with significant 
negative slope coefficient (-0.460) was Crustacean. The 
rest of the food items were secondarily significant for the 
model (α > 0.05), although they had different directions 
of the influence and slope values. A highly positive effect 
was observed for Chironomidae larvae (slope values from 
0.233 to 0.460). O. limosus (slope values from 0.143 to 
0.184), perch juvenile (slope values from 0.010 to 0.186) 
and G. cernua (slope value 0.120) were other food items 
that contributed to the uptake of Hg by perch. N. mela-
nostomus and N. integer exhibited a neutral influence on 
THg concentration measured in consumer perch, indi-
cating slightly positive slope coefficients of 0.080 and 
0.023, respectively.

Discussion
The combination of stomach content analysis, as a sort 
of “snap-shot” of the recently consumed prey, with meta-
bolically active tissues (such as muscles) that provide die-
tary and source information for up to several weeks [32] 
were instrumental in sorting out to which geographically 
distinct sampling area each perch specimen should be 
assigned. Since perch in the Gulf of Riga (station 3 area) 
do not have suitable spawning and nursing grounds, 
the specimen group assigned to that area has probably 
migrated to the Gulf of Riga from freshwater similarly 
to that observed elsewhere by Järv [11]. This agrees with 
behavioral features of perch, like seasonal patterns in 
their distribution and movement between habitats [33]. 
The distinct stomach content and characteristic of iso-
topic signals for this group suggests that once migrated 
to the coastal waters the perch specimens stay there 
whether as stable kin-related groups as suggested by 
Gerlach et al. [12] and Semeniuk et al. [33] or as separate 
individuals. The approach applied in this study enabled 
us also to identify recent arrivals, e.g., specimens that 
have been feeding and accumulating Hg in areas different 
from where they were caught.

As we successfully demonstrated, the perch speci-
mens in freshwater ecosystems (river and lake stations) 
have substantially higher THg concentrations. So, with 
some degree of certainty we can speculate that observed 
inter-annual differences, from 30 μg  kg−1 ww in 2019 to 
103 μg   kg−1 ww in 2015, of THg values obtained within 
national monitoring program (LIAE database) in coastal 
waters represented by station 3, can mostly be explained 
by different proportions between recent arrivals from 
adjacent freshwater basins and specimens that have been 
feeding in an area for more extended periods of time. Fur-
thermore, the seasonal factor produced by all three GAM 
models, e.g., higher THg concentrations were associated 

with spring sampling, and can be clearly related to recent 
migration from inland waters to the coastal.

Although the concentration of THg in specimens rep-
resenting freshwater ecosystems is substantially higher 
than in specimens representing marine coastal waters, 
the subtraction of values measured in recent arrivals 
resulted in a slight increase of mean concentration in the 
coastal group. Most likely, the observed phenomenon 
is related to significant upward change of median size 
of perch, and not to the Hg concentration itself. There-
fore, it can be argued that comparison of concentration 
means alone is a poor approach for assessment of Hg 
contamination.

At the same time, the Hg bioaccumulation curves in 
relation to the length of individual gave more detailed 
information about the specific uptake tendencies. The 
results indicate that functional processes responsible for 
Hg accumulation (for example fish biometrics), Hg bio-
availability and chemical composition of Hg substances 
[34] are quite similar, regardless of the specimen origin 
or local feeding base. So, the geographical differences in 
THg concentration were mainly observed because back-
ground concentrations of Hg are substantially higher in 
the inland water bodies than in the Gulf of Riga. This 
conclusion is supported by notably higher THg levels in 
SPM, used as a proxy of phytoplankton, collected in river 
and lake stations (Additional file  1: Table  S4). And, as 
stated by Kehrig [35], Hg enters the food web at phyto-
plankton level and is transferred to higher organisms via 
trophic transfer.

The general structure of the perch diet was quite simi-
lar among the studied areas, e.g., mostly several types of 
crustaceans, Chironomidae larvae and small fish. How-
ever, C. harengus membras present only in the gulf sta-
tion exhibited noticeable reduction properties of Hg 
uptake, which explains the substantial differences in the 
levels of THg measured in the station-associated groups 
indicated by the clustering analysis. Moreover, accord-
ing to the study, the trophic position of prey alone (in our 
case, δ15N values) cannot be associated with the intensity 
of Hg uptake by consumers. For example, Chironomidae 
larvae (δ15N 8.3 to 13.4 ‰) and Crustacean (δ15N 7.0–
12.9‰) within the comparable maximum consumption 
ratio exhibited the opposite modeled effects on the esti-
mated THg concentration in perch tissues, and N. integer 
(δ15N 11.4‰) despite the twofold maximum consump-
tion ratio showed a neutral impact. Similarly, higher THg 
concentration rates cannot be associated with the trophic 
position of prey within the same feeding ground, which 
was well demonstrated by Chironomidae larvae and G. 
cernua (δ15N 15.7 to 18.5‰), where the prey with lower 
δ15N values had stronger correlation with high THg 
concentrations estimated from the model. In the case 
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discussed above Chironomidae larvae showed substan-
tially higher THg concentration values than Crustacean 
(Amphipoda) and N. integer, therefore we suggest that 
consumption ratio has to be discussed in conjunction 
with Hg concentrations measured in prey. Thus, besides 
precise determination of the food sources for better trac-
ing of metal accumulation suggested by Le Croizier et al. 
[36], information on background concentrations at the 
site is important in our study as well. In addition, Jones 
et al. [37] suggests that, to avoid misinterpretation of spa-
tial and temporal trends, fish biometrics modeling is of 
high significance when designing any monitoring pro-
gram focused on seafood safety.

We propose that for future perspectives, besides Hg, 
other trace metals such as arsenic (As), cadmium (Cd), 
chromium (Cr), copper (Cu), lead (Pb), nickel (Ni) and 
zinc (Zn) can be investigated with the supplementary 
tool presented in this article. Although due to limits of 
models’ sensitivity the effectiveness may vary depend-
ing on intensity of trophic magnification and/or biodilu-
tion slopes [38, 39], we assume that if TMF is close to 1, 
the tool may not be able to distinguish the difference in 
concentration of the contaminant between stations. The 
recent trophic magnification and biomagnification stud-
ies in the Baltic Sea indicated that Ni, Zn, Pb, Cd tend 
to be effectively biodiluted with increasing trophic level 
(TMF < 1), As, Cr and Cu showed no significant relation-
ship with trophic levels (TMF = 1), while Hg trophically 
magnified (TMF > 1) [38]. In contrast to this, the global 
meta-analytical study conducted by Sun et  al. [39] sug-
gests that in other regions Pb and Zn also show trophic 
magnification tendencies [39].

The limitation of this study is that we presented a com-
plete picture only from a single year perspective. We 
can of course speculate that the site-specific food items 
defined in this study will influence perch THg concen-
trations at an equal level also during following years. 
However, the well-known opportunistic feeding behav-
ior of perch [33] suggests that they will inevitably switch 
to other taxa if availability of previously consumed taxa 
becomes limited, or if a more profitable source of energy 
appears, similarly as round goby (Neogobius  melanos-
tomus, invasive in the Baltic Sea) became a highly con-
sumed prey for perch in recent years [40, 41]. Another 
weak point to be considered is that the isotopic signal 
changes faster than the level of accumulated Hg [24, 42]. 
So, the specimens, that at the onset of a feeding period 
have spent sufficient time in one area to equilibrate Hg 
concentration with the level characteristic for that area 
and then migrates to another area and have time to 
change isotopic signals before they are caught, might 
not have sufficient time to adjust also Hg concentra-
tions. This could be improved by more regular sampling, 

which would give more precise information about influ-
ence of perch mobility on measured Hg concentrations. 
Also, comparison with another distant Gulf of Riga sta-
tion which is insignificantly affected by the large freshwa-
ter ecosystems, could be a useful adjunct for the further 
studies.

In the case of this study, use of δ15N and δ13C values 
fulfilled our requirements regarding differentiation of 
the feeding grounds, examination of feeding ecology and 
thus trophic magnification of Hg. Although, when the 
object of interest is a higher resolution of the movement 
of the fish [43] or if δ13C alone fails to distinguish spatial 
differences between habits or sources [44, 45], other iso-
topes such as sulphur (34S/32S) can be applied especially 
in estuary systems with a certain salinity gradient [44, 46, 
47].

Conclusions
The study showed that the THg concentrations measured 
in associated aquatic systems may be affected by high 
mobility of perch, which could be an issue for considera-
tion during Hg contamination monitoring events. The 
recent arrivals can change distribution of Hg concen-
trations measured at specific locations, especially more 
contaminated inland individuals can noticeably rise con-
centration values in the coastal areas close to estuaries. 
The home-range migration habits of fish species selected 
as a biological matrix for investigation of the environ-
mental Hg concentrations and possibly other hazard-
ous substances, are an important feature which has to 
be discussed more carefully for accurate conclusions on 
the environmental status of the studied areas. We highly 
recommend implementation of chemical markers, such 
as stable isotopes, for identification of mobile specimens 
when designing monitoring programs focused on Hg and 
other hazardous substances. All the three sampling sta-
tions showed considerable trophic magnification of Hg 
through the food chain. Therefore, we concluded that 
different feeding grounds in the frame of one intercon-
nected system may have specific features, such as higher 
or lower TMF and also unique food items, such as fresh-
water O. limosus and marine species C. harengus mem-
bras or N. melanostomus. The model showed that trophic 
position of prey is not decisive regarding Hg accumula-
tion rates, although Hg concentration measured in prey 
in conjunction with its consumption ratio serves as good 
explainer of the measured concentrations of the hazard-
ous substance.
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