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Summary 
The Effect Screening Study commissioned by the Swedish Environmental Protection Agency aimed to 
assess the biological impact of environmental contaminants in eight polluted hot spot areas along the 
Swedish coast. The study focused on established biomarkers in fish and benthic invertebrates, 
questioning their efficacy in contaminant monitoring programs. In the first stage, health status and 
biomarkers in various species were examined, revealing contamination-related effects. In the second 
stage, these responses were linked to contaminant concentrations, to identify informative test species 
and biomarkers for biological effect monitoring in the Baltic Sea.  

Our findings revealed several contaminant groups exceeding safe levels, causing adverse effects on the 
amphipods and fish. In amphipods, trace metals, Hg, PBDD/F, PBDEs, HCB, and OTCs were linked to 
embryo aberrations and oxidative stress. In fish, HCBs, PFAS, and PCBs emerged as key predictors of 
multiple adverse effects and linked to growth-related traits and oxidative stress; moreover, some of the 
effects in fish were sex-specific. We even developed a highly accurate logistic model (>90%) to assess 
exposure probability based on the observed biological responses. The study underscores the need for 
ecologically relevant biomarkers in routine environmental management and the Marine Strategy 
Framework Directive, emphasizing ongoing research for effective monitoring tools and improved 
assessment criteria. 
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Sammanfattning 
På uppdrag av Naturvårdsverket genomfördes effectscreeningstudien med målet att 

bedöma den biologiska påverkan av miljöföroreningar i åtta förorenade områden 

längs den svenska kusten. Studien fokuserade på etablerade biomarkörer hos fiskar 

och bottenlevande organismer och utvärdering av deras effektivitet i 

övervakningsprogram av föroreningar. I den första fasen analyserades 

hälsotillståndet och biomarkörerna hos olika arter, vilket avslöjade effekter av 

föroreningarna i området. I den andra fasen kopplades dessa biologiska parametrar 

samman med koncentrationer av olika föroreningar i sedimentet och biota för att 

identifiera lämpliga biomarkörer och arter för övervakning av biologiska effekter i 

Östersjön. 

Våra resultat visade att flera grupper av föroreningar överskred säkra nivåer och 

var kopplade till skadliga effekter på märlkräftor och fiskar. Hos märlkräftor 

kopplades tungmetaller, kvicksilver, polybromerade dibenso-p-dioxiner och 

dibensofuraner, polybromerade difenyletrar, hexaklorbensen och organiska 

tennföreningar till embryomissbildningar och oxidativ stress. Hos fiskar fann vi att 

hexaklorbensen, PFAS och PCB var mest signifikanta för flera skadliga effekter 

och framför allt för tillväxtrelaterade parametrar, blodvärden och oxidativ stress. 

Dessutom var vissa effekter hos fiskar könsspecifika. Vi utvecklade en statistisk 

modell med hög precision för att bedöma sannolikheten för skadliga effekter 

baserat på biomarkörer. Studien understryker behovet av ekologiskt relevanta 

biomarkörer inom miljöövervakning, och statusbedömning inom havsdirektivet 

samt behovet av ytterligare forskning för att utveckla effektiva 

övervakningsverktyg och förbättrade bedömningskriterier. 
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Summary 
The Effect Screening Study commissioned by the Swedish Environmental 

Protection Agency aimed to assess the biological impact of environmental 

contaminants in eight polluted hot spot areas along the Swedish coast. The study 

focused on established biomarkers in fish and benthic invertebrates, questioning 

their efficacy in contaminant monitoring programs. In the first stage, health status 

and biomarkers in various species were examined, revealing contamination-related 

effects. In the second stage, these responses were linked to contaminant 

concentrations in the sediment and biota, to identify informative test species and 

biomarkers for biological effect monitoring in the Baltic Sea.  

Our findings revealed several contaminant groups exceeding safe levels, causing 

adverse effects on the amphipods and fish. In amphipods, trace metals, Hg, 

PBDD/F, PBDEs, HCB, and OTCs were linked to embryo aberrations and 

oxidative stress. In fish, HCBs, PFAS, and PCBs emerged as key predictors of 

multiple adverse effects and linked to growth-related traits and oxidative stress; 

moreover, some of the effects in fish were sex-specific. We also developed a 

highly accurate logistic model (>90%) to assess exposure probability based on the 

observed biological responses. The study underscores the need for ecologically 

relevant biomarkers in routine environmental management and the Marine Strategy 

Framework Directive, emphasizing ongoing research for effective monitoring tools 

and improved assessment criteria. 
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1. Introduction 
Anthropogenic activities extensively alter marine environments, with estuaries, 

including the Baltic Sea, being highly affected. Regulatory frameworks like the 

Water Framework Directive (WFD) and Marine Strategy Framework Directive 

(MSFD) aim for good environmental status (GES) through ecological and chemical 

assessments. However, the crucial connection between chemical (contaminant 

concentrations) and ecological assessments (community status) is currently 

missing. Relying solely on chemical assessment is inadequate for safeguarding 

wild populations, as it overlooks various potentially harmful chemicals and the 

risks associated with contaminant mixtures. With the shift from high 

concentrations of a few chemicals to low concentrations of many, understanding 

the cumulative toxicity and linking observed effects with cost-effective 

management is imperative for wildlife protection. (Vethaak et al., 2017). 

Current chemical-based monitoring methods in environmental matrices face 

increasing doubts about their sensitivity, prompting a recommendation for effect-

based methods (EBM) to enhance sensitivity (Lehtonen et al., 2014). In situ 

monitoring offers advantages, such as reflecting true environmental conditions, 

chronic exposure to hazardous substances, and bioavailability of pollutants. 

However, assessing contaminant impacts within the context of natural variability in 

the field is rare, challenging the applicability of EBM. Despite numerous studies 

linking biomarkers to pollution effects, their reliability as indicators remains 

uncertain due to inconsistent evidence and difficulties in selection. To establish 

EBM and relevant indicators for the Baltic Sea, we need a comprehensive 

integration of chemical data, physiological variables, and biomarkers for 

ecologically relevant species. This requires coordinated surveys and data 

inventories to identify suitable test organisms, informative biomarkers, and their 

variability across pollution gradients.  

In 2017-2020, the Swedish Environmental Protection Agency commissioned an 

Effect Screening Survey (ESS) as a two-stage project focusing on establishing 

biomarker validity for effect-based monitoring. The overarching goal was to 

evaluate performance of a large panel of biomarkers in fish and benthic 

invertebrates currently used by SEPA to monitor biological effects of 

contaminants.  

In Stage 1: 2017-2018, the aim was to examine the biological effects of 

environmental contaminants in eight polluted hot-spot areas along the Swedish 

coast using established sentinel species: perch (Perca fluviatilis) and eelpout 

(Zoarces viviparus) fish, the benthic amphipod Monoporeia affinis, blue mussel 

Mytilus edulus and the marine snail Peringia ulvae. Our EBM employed diverse 

biomarkers and health indicators for fish, embryo aberrations and health 

biomarkers for amphipods, lysosomal membrane stability in blue mussels, and 

imposex frequency in snails. We found moderate to severe impacts on animal 

health in all areas studied (Förlin et al., 2019), and assessment based on different 
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methods generally agreed with each other. The primary data on the biological 

effects obtained in this step, together with the biological material (fish and 

mussels) and sediments collected within the national marine monitoring 

programme for contaminants in biota, were used in the project's second stage. 

In Stage 2: 2019-2020, the focus was on analysing the contaminant concentrations 

in the sediment and biota, complementing the Stage 1 dataset with the data on the 

contaminants in sediment (relevant for the biological responses in the amphipods), 

fish and mussels, relevant to the responses in these species. The goal was to link 

the biological responses observed in Stage 1 to the contaminant concentrations 

(PAHs, dioxins and dl-PCB, PFAS, PCB/OCP/PBDE/HBCDD, pharmaceuticals, 

organotin compounds, CAHs, and heavy metals), and identify contaminants 

associated with adverse effects and biomarkers with highest predictive capacity for 

the exposure diagnostics (Figure 1). 

 

Figure 1. Conceptual diagram linking research questions. Using chemical and biological data, we 
addressed three questions related to relationships between the main datasets: Chemical 
concentrations (data on contaminant levels in sediment, fish and mussels), Biomarkers 
(suborganismal parameters, e.g., concentrations of enzymes involved in detoxification and basic 
physiological functions, blood count, ion concentrations in serum, etc.) and Animal Health 
(physiological condition parameters measured at the organism level, e.g., body mass, growth, 
reproduction potential, etc.). Finally, the statistical modeling part (to the right) focuses on the 
prediction models employing the measured biological effect variables. 

The main objectives of the ESS, Stage 2, were: 

• To analyze concentrations of metals and organic contaminants in the material 

(fish, mussels, and sediment) and provide an overview of the severity of the 

contamination levels in the sediment and biota in the polluted areas compared to 

the reference sites; 

• To evaluate what contaminants are associated with the observed biological effects 

across the study sites (Figure 1); 

• To identify the most informative test animals, physiological variables and 

biomarkers for exposure diagnostics; 

• To provide recommendations for biological effect monitoring in the Baltic Sea.  
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2. Material and methods 

2.1 Study sites 

A coordinated sampling campaign was conducted in 2017-2018 along the Swedish 

coast (Figure 2). Survey areas and sites were chosen in consultation with County 

Administrative Boards and SEPA, focusing on areas with known contamination 

sources in each basin. Based on the gathered information, sampling sites were 

categorized as contaminated or reference sites. For reference sites, areas situated 

far from major river outlets, ferry routes, densely populated areas, or other known 

emission sources were used. 

The national marine monitoring programme for contaminants in biota (sediment: 

ACES, Stockholm University, fish: SLU Aqua, and mussels: NRM) collected 

samples along the Swedish coastline from the Bothnian Bay on the east coast to the 

North Sea on the west coast. A total of 20 locations were selected, with 8 sites for 

sediment sampling and 20 sites for biota sampling (Table 1; Figure 2). 

 

Figure 2. Map of the sampling locations in the different basins of the Baltic Sea along the 
Swedish coast. 
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2.2 Samples and sample preparation for 

chemical analyses 

For chemical analyses, sediment samples obtained during amphipod sampling in 

Stage 1 were utilized. Biological material included muscle and/or liver samples 

from perch (Perca fluviatilis) and eelpout (Zoarces viviparus) muscles as well as 

soft tissue (whole body) from blue mussels (Mytilus edulis). The chemical 

concentrations measured in fish and mussels were linked to the biological effects in 

the same species observed in Stage 1, whereas chemical concentrations in sediment 

were related to the biological effects observed in the amphipod (Monoporeia 

affinis) in Stage 1 (Förlin et al., 2019). 

2.2.1 Sediment 

The sediment was collected on the same occasions as the amphipods for the 

biological effect analysis (Stage 1) using a benthic sled set to the upper 2-3 cm of 

the sediment (Löf et al., 2016). Thus, the measured concentrations represent the 

conditions in the uppermost sediment layer, where the amphipods usually reside. 

The amphipods and other macrofauna were removed by sieving with 0.5-mm mesh 

and the sediment was homogenized by stirring and frozen at -20 °C.  

About 50 g of the frozen sediment (wet weight, wwt) were used for metal (As, Cd, 

Co, Cr, Cu, Hg, Ni, Pb, V and Zn), organotin and TBT), and the same amount for 

PAHs (SEPA, 1999; Josefsson, 2017) and PFAS analyses. About 10 g were used to 

analyze dioxins, dibenzofurans, and WHO-PCBs, and 15 g were used to analyze 

OCP, PBDE, HBCD and PCB. See Supplementary Information for analysis details 

(Text S1: sediment moisture, TOC and grain-size analyses, and Text S2: analytical 

procedures for the contaminants). 

2.2.2 Biota 

Fish and blue mussel sampling occurred in autumn 2017. For fish, 5-10 adult 

females of a specific length range within each species were selected to reduce 

age/size-related variation. Sampling and sample preparations followed the manual 

for collection, preparation, and storage (SMNH, 2012). For each fish, total body 

weight, body length, total length (body length plus the tail fin), sex, age, gonad 

weight, liver weight and sample weight were recorded. Muscle samples were 

obtained from the middle dorsal layer, with careful removal of the epidermis and 

subcutaneous fatty tissue before excising the muscle tissue. Ten grams of muscle 

tissue were prepared for organochlorine/bromine analysis, 20 grams for PCDD/F 

analysis, and 1.5 grams for mercury analysis. Liver sampling involved complete 

removal and weighing. For perch, liver samples of 0.5 – 1 gram were prepared for 

metal analyses, 1 gram for organotin compounds, and 0.5 grams for perfluorinated 

substance analysis. 
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For each blue mussel specimen, total shell length, shell and soft body weight were 

registered. Trace metals were analysed in individual mussels, whereas samples for 

organic contaminants were analysed in pools of 45 specimens. 

 

Table 1. Sampling sites for sediment, fish and invertebrates used for the chemical analyses and 
biological effect assessment; the amphipods were used only for the biological effect 
measurements. 

Basin Polluted sites and 

stations 

Reference sites 

and stations 

Matrices 

Bothnian Sea (BS) Skellefteå hamn Holmöarna perch 

 Sundsvall  N26 sediment, perch, amphipods 

 Norrsundet SR1A sediment, perch. amphipods 

Baltic Proper (BP) Beckholmen Kvädöfjärden perch 

 Bråviken (Brv6 and Brv8) Askö sediment, perch, amphipods 

Bornholm (BRN) Ronneby Torhamn perch 

Kattegat (KTT) Landskrona Kullen, Nidingen  eelpout, mussel 

Skagerrak (SKG) Uddevalla (Byfjorden) Fjällbacka eelpout, mussel 

 

 

Table 2. Material used for chemical analyses. All fish and mussel samples were analysed in 
duplicates. C: Contaminated sites, R: reference sites. 

Sampling site  C/R Matrices (ind./sample) 

Skellefteå hamn  C Perch (10) 

Sundsvall  C Perch (7) 

Norrsundet  C Perch (10) 

Beckholmen  C Perch (10) 

Bråviken  C Perch (10) 

Ronneby  C Perch (10), Blue mussel (45) 

Landskrona  C Eelpout (10), Blue mussel (177) 

Uddevalla/Byfjorden  C Eelpout (5), Blue mussel (100) 

Kullen   R Eelpout (8) 

Holmöarna   R Perch (10) 

Kvädöfjärden   R Perch (10), Blue mussel (200) 

Torhamn   R Perch (10) 

Fjällbacka   R Eelpout (10), Blue mussel (40) 

Nidingen  R Blue mussel (40) 
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2.3 Contaminant analyses 

Specialized laboratories conducted contaminant analyses in various matrices 

(Table 3). The Department of Environmental Science at Stockholm university 

(ACES) handled metal, organochlorine, and brominated flame retardant analyses; 

Umeå University conducted pharmaceutical, dioxin-like polychlorinated biphenyl, 

and polychlorinated dibenzo-p-dioxin and -furan analyses; the Swedish 

Environmental Research Institute (IVL) handled per- and polyfluoroalkyl 

substances, polycyclic aromatic hydrocarbon, and organotin compound analyses; 

ALS Scandinavia (Sweden) analyzed metals in sediment. Quality assurance 

measures, including standard operating procedures, calibration with standards, 

analysis of reagent blanks, and replicates, ensured analytical data quality. Duplicate 

analyses of all biota samples produced mean values used in subsequent data 

analysis. See Text S2, Supplementary Information, for the analytical details on the 

contaminant analysis. 

Table 3. Chemical analyses: number of samples analysed for different substances (columns) and 
matrices (rows). Responsible laboratories are in parentheses after the target compounds 
(columns): ACES - Department of Environmental Science at Stockholm University; UU - Umeå 
University; IVL - Swedish Environmental Research Institute; and ALS Scandinavia (Sweden) 

Metals: concentrations in blue mussel (soft body; all metals), fish liver (Ag, Al, As, Cd, Cr, Cu, Ni, 
Pb, and Zn) and muscle (Hg), and sediment (As, Cd, Co, Cr, Cu, Ni, Pb, Zn, and Hg).  

OCPs: HCB, a-HCH, b-HCH, LINDAN, pp-DDE, pp-DDD, and pp-DDT; 

PCBs: CB-28, CB-52, CB-101, CB-118, CB-153, CB-(138+163) and CB-180; 

PFAS: PFNA, PFDA, PFUnDA, PFDODA, PFOS, PFDS and FOSA;  

PAHs: Nap, Ace, Flu, Phe, Ant, Flt, Pyr, BaA, Chr, BbF, BkF, PaP, Ind, DahA, BghiP;  

PBDEs: BDE28, BDE47, BDE99, BDE100, BDE153, BDE154 and HBCD;  

PCDD/Fs, dlPCBs: coplanar PCBs, including non-ortho PCBs and mono-ortho-PCBs;  

OTCs: mono-, di- and tributyltins, mono-, di- and triphenyltins, mono- and dioctyltins; 

CAHs: DCM, DCE, Trans-DCE, Cis-DCE, DCP, PCE, TCE, TCA, VCM;  

Pharmaceuticals: Alfuzosin, Amytriptyline, Atenolol, Bupropion, Carbamazepin, Clomipramine, 
Desloratidin, Diphenhydramine, Flecainide, Hydroxyzine, Orphenadrine, Paracetamol, 
Perphenazine, Risperidone, Sertraline, Terbutaline, Trimethoprim, and Venlafaxine.  

M
a
tr

ic
e
s

 

M
e
ta

ls
 (

A
C

E
S

, 
A

L
S

) 

O
C

P
s
 (

A
C

E
S

) 

P
C

B
s
 (

A
C

E
S

) 

P
F

A
S

 (
IV

L
) 

P
A

H
s
 (

IV
L
) 

P
B

D
E

s
 (

A
C

E
S

) 

P
C

D
D

/F
s
, 

d
lP

C
B

s
 (

U
U

) 

O
T

C
s
 (

IV
L
) 

C
A

H
s
 (

A
L
S

) 

P
h

a
rm

a
c

e
u

ti
c
a
ls

 (
U

U
) 

sediment 8 8 8 8 8 8 8 8 8  

perch 16 15 15 16  15 15 16   

eelpout 7   7  7 7    

mussels 4 2 2  4 2  9  10 

 



 

16 

2.4 Biological effect data 

The biomarker data obtained in Step 1 of ESS (Förlin et al., 2019) were used in the 

regression analysis linking biological responses to contaminant concentrations.  

2.2 Data analysis 

2.2.1 Dealing with nondetects and skewness of data 

The concentrations reported as being below the limit of detection (LOD) were 

included in the analysis as if they were true observations with a value of LOD/√2. 

However, the nondetects were not included in the summation when calculating the 

total concentration for a group of contaminants, and variables with >80% of the 

nondetects were usually omitted from the regression analysis.  

For multivariate analysis, the missing data for fish biomarkers were replaced using 

EM (expectation maximum likelihood) algorithm which assumes a multi-normal 

distribution model for the data (Dempster et al., 1977) with 1000 permutations as 

implemented in Primer 7 v.7.0.21 software (Anderson, 2001). As significant 

differences between males and females were found for many biomarkers, we used 

sex-specific grouping in EM calculations. 

As most of the concentration distributions were skewed, they were presented as 

medians [95% confidence intervals (CI) or range]. The data for each variable were 

log-transformed and normalized to z-scores by subtracting their mean to each value 

and then dividing by their standard deviation. These z-scores were used in 

correlation and the regression analyses, resemblance matrices in multivariate 

analysis, and for the visualization in heatmaps. 

2.2.2 Chemical indices and threshold values 

As an overall indicator of the pollution level associated with a sampling site, we 

used a sum of the z-scores for the main contaminant groups (∑HCH, ∑DDT, 

∑PBDE, ∑PCB, ∑PAH, ∑PFAS, ∑ PCDD/F/dlPCB, and ∑Metals). This sum 

reflected the normalized deviation from the mean of the entire dataset and 

represented a relative pollution load for the sampled site. 

For the total assessment of the metal contamination, we used the Tomlinson 

Pollution Load Index (PLI) calculated as a geometric average of contamination 

factors (Tomlinson et al., 1980) for the nine metals (As, Cd, Co, Cr, Cu, Hg, Ni, Pb 

and Zn) measured in all data sets and using regional reference values for these 

metals in sediment (SEPA, 1999). As reference values for heavy metals in biota, 

we used baseline values for mussels (Table 2 in (Angulo, 1996)). The sediment and 

biota were classified as contaminated when the PLI value exceeded 1 (Tomlinson 

et al., 1980) and 50 (Angulo, 1996), respectively. 

The following hydrocarbon pollution descriptors were used: (i) the total 

concentration of the 15 PAHs (Σ15PAHs) calculated as the sum of individual 
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compounds in the range, (ii) the sum of four low-molecular-weight PAHs (LPAHs: 

Phe, Ant, Flu, Pyr), and (iii) the sum of eight high-molecular-weight carcinogenic 

PAHs (HPAHs: BaA, Chr, BbF, BkF, BaP, Inp, BgP, DBA). The PAH 

concentrations were normalised to sediment with 1% (10 g/kg) of TOC and 

compared with the consensus-based sediment quality guideline values referred to 

as TEC (threshold effect concentration) and PEC (probable effect concentration) 

(MacDonald et al., 2000). 

Using the 2006 World Health Organization (WHO) toxic equivalence factors (U.S. 

EPA, 2010) for fish (Van den Berg et al., 2006), the toxic equivalents (TEQs) were 

calculated for 29 dioxin congeners including polychlorinated dibenzo-para-dioxins 

(PCDDs), polychlorinated dibenzofurans (PCDFs), and coplanar polychlorinated 

biphenyls (Co-PCBs) by summing multiplications of individual congeners with the 

corresponding toxic equivalency factor (TEF). The coplanar or dioxin-like PCBs 

included into the toxic equivalents calculations are 12 congeners: CB 77, 81, 105, 

114, 118, 123, 126, 156, 157, 167, 169, and 189, with their assigned TEFs (Van 

den Berg et al., 2006). The so-called indicator PCBs (PCB; 6 congeners: CB 28, 

52, 101, 138, 153, 180) do not exhibit dioxin-like toxicity but are toxic through 

other mechanisms. Due to their higher concentration, the indicator PCBs are used 

to indicate contamination from various PCB sources. The PCB 118 congener was 

considered both an indicator and dlPCB (Gandhi et al., 2015). ∑PCB was 

calculated by summing all 18 individual PCB congeners measured. 

In accordance with the Marine Strategy Framework Directive 2008/56/EC 

(MSFD), target levels for some contaminants have been established by several 

groups or conventions e.g., Environmental Quality Standards (EQS) developed 

within the EC to evaluate environmental status (European Comission, 2015, 105) 

(2008/105/EC), and the Environmental Assessment Criteria (EAC), developed 

within OSPAR (OSPAR CEMP, 2009). These values represent thresholds that 

should not be exceeded if we are to protect the most sensitive organisms from the 

harmful effects of hazardous substances. In this report, we compared the 

concentrations measured in the test matrices with such threshold values (when 

available) to indicate the exposure level, facilitate classification of the sampling 

locations as contaminated and reference sites and interpret classification of the 

animals according to their health status. When comparing the observed values 

expressed as concentration in lipid weight with the EQS targets, the target values 

have been recalculated to represent the corresponding value in lipid weight by 

using the mean lipid weight of each species reported by the analytical facilities. 

2.2.3 Biomagnification factors 

Biomagnification factors (BMFs) were calculated as the ratio of the contaminant 

concentrations in the predator and prey species. Factors > 1 indicate the occurrence 

of biomagnification. For POPs, lipid normalized concentrations were used whereas 

metal concentrations were normalized to the sample dry mass when calculating 

BMF as:  

𝐵𝑀𝐹 =
𝐹𝑖𝑠ℎ/𝑀𝑢𝑠𝑠𝑒𝑙

𝑇𝑃𝑓𝑖𝑠ℎ /𝑇𝑃𝑚𝑢𝑠𝑠𝑒𝑙
, 
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where Fish and Mussel are contaminant concentrations in perch or eelpout and M. 

edulis, and fish TPs are the trophic positions of perch and eelpout based on their 

δ15N and determined relative to the filter feeding M. edulis, which we assumed 

occupied the trophic level 2 (i.e., primary consumer) as: 

𝑇𝑃𝑓𝑖𝑠ℎ =  2 +
𝛿15𝑁𝑓𝑖𝑠ℎ−𝛿15𝑁𝑚𝑢𝑠𝑠𝑒𝑙

3.4
, 

where 2 is the TPmussel and 3.4 is the the average increase in δ15N per trophic level 

(Post, 2002). See Text S3, Supplementary Information, for the analytical details on 

the stable isotope analysis used for TP calculations. 

2.2.4 Statistical analysis 

All p values presented were two-tailed, with p < 0.05 being considered significant 

for all statistical tests. When relevant, the numerical variables were assessed for 

normality using the Shapiro-Wilk test, and the numerical and qualitative variables 

were summarised using descriptive statistics. The numerical variables were 

presented as the mean ± standard deviation if the distribution was normal, or as a 

median and interquartile range if the distribution was skewed.  

To compare contaminant levels between the pollution status, basins, and species, 

we used Generalized Linear Models (GLMs) with normal distribution and log link 

as implemented in JMP (v. 15). Zero-inflated lognormal models for data with high 

proportion of nondetects were applied after testing a significance of zero-inflation. 

Pearson’s correlations (for data approaching normal distribution) or Kendall tests 

(for zero-inflated data due to a high proportion of nondetects) were applied to 

explore the relationships between the chemical concentrations and physiological 

parameters/biomarkers. If they correlated with the total concentration for each 

contaminant group or an index involving a specific contaminant group and showed 

a correlation coefficient >0.2 and p value ≤ 0.2, they were included in the GLMs. 

Multivariate analyses were used for sampling sites grouping according to their 

chemical profiles. Data were log-transformed, centered and normalized to avoid 

misclassification due to the differences in data dimensionality (Anderson et al., 

2008). Principal Component Analysis (PCA) and was used to visually assess any 

potential grouping of the water variables and the physical habitats. To evaluate 

differences between the sites, we used main and pairwise permutational analysis of 

variance (PERMANOVA) in PRIMER 7 v.7.0.21 (Anderson, 2001) with 999 

permutations at a significance level of α = 0.05. The concentrations were log(x+1) 

transformed and used to calculate Euclidean similarity matrices before the analysis. 

The homogeneity of dispersion test (PERMDISP), which tests for differences in 

multivariate dispersion, to assess whether significant differences detected by 

PERMANOVA were based on their multivariate location sensu or dispersion 

effects. 

In addition to Pollution status (contaminated vs reference sites), the 

PERMANOVA design included Basin (when appropriate) and Sex (female vs 

male) as factors; the interaction was also considered for testing whether the 

contaminants contributed differently in different basins and in different sexes. To 
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compare reference and potentially impacted locations, a series of planned contrasts 

were done using PERMANOVA, to further partition the variation within a basin 

(Anderson et al., 2008). A similarity percentage (SIMPER) analysis was run to 

determine contaminant categories driving similarities and differences between the 

reference and contaminated sites. 

For visual data exploration, we used FreeViz, an optimization method that finds 

linear projection and associated scatterplot that best separates instances of different 

class (Demšar et al., 2007). Responses to the treatment factors were visualized 

using non-metric multidimensional scaling (nMDS) and PCO plots based on the 

distance matrices. Additionally, the centroid differences between the treatment 

groups were analysed through bootstrap averaging based on repeated resampling 

(75 iterations) with replacement (Jacoby and Armstrong, 2014). The average values 

were then visualized in an nMDS using as many dimensions as needed to closely 

match the original distance matrix (correlation coefficient of rho = 0.99), and the fit 

of the nMDS ordinations was quantified by a value of stress. 

To assess the relative importance and overlap of chemical contaminants in shaping 

the observed responses in biota, the contaminants were evaluated as predictors in 

Distance-based Linear Models (DistLM) and the multiple variables comprising the 

biological response (e.g., a set of biomarkers) as an integrated response. DistLM 

finds linear combinations of the abiotic variables that are best to predict patterns in 

the biotic data set. As such, DistLM accounts for the potential overlap of different 

predictors (Anderson et al., 2008). As the number of observations was relatively 

low, no interactions were considered, and subsets of variables were established for 

each series using forward selection based on the multivariate analogue to the small-

sample-size corrected version of the Akaike Information Criterion (AICc) and 

sequential conditional distance-based Redundancy Analysis (dbRDA). Since there 

were many predictor variables, both marginal and forward selection sequential 

estimation were used to partition the variances. We provided marginal estimation 

that gives the explained proportions of the variance (R2) when predictor variables 

are fitted alone and forward selection sequential estimation that gives the explained 

contributions to total variance after the previous predictor variables have been 

fitted. All p-values were determined from 999 permutations. 

To select an operationally informative set of biomarkers for the application of the 

biological effect monitoring, in each test species, a decision tree (recursive 

partitioning) analysis to partition the two groups according to the pollution status 

(contaminated vs. reference site) of samples for biochemical markers and 

physiological variables was performed using JMP statistical software. The decision 

tree algorithm selected a point to provide the optimal separation between the two 

groups. Thus, each parameter (predictor) cut-off is automatically selected for 

optimal predictive accuracy.  
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3. Results and Discussion 

3.1 Contaminant levels in sediment 

The expert-based classification of the sampling sites into polluted and reference 

locations was supported by the measured contaminant concentrations in sediment 

(Supplementary Figure 1 and Supplementary Figure 2). The most polluted sites 

(Sundsvall, SU 57 and SU 58; Figure 3) had extremely high concentrations for 

PAHs (up to 81 µg/g dry mass), PCBs (81 ng/g wet mass), OCPs (15 ng/g wet 

mass), PBDEs (7.3 pg/g wet mass), and Hg (2.6 mg/kg dry mass). 

Figure 3. Heatmap of the contaminant concentrations (z scores), top 50 compounds differing 
between the contaminated and reference sites) in the sediment from the sampling sites in the 
Bothnian Sea (sites 57 and 58 I Sundsvall, N26, SR1A, and Norrsundet) and the Northern Baltic 
Proper (Bråviken 6, Bråviken 8, and Askö). Observe that Sundsvall sites form their own cluster 
due to extremely high concentrations for most of the contaminants analysed. 

The other three sites designated as polluted in Bråviken and Norrsundet had also 

significantly higher pollution load compared to their respective reference sites 

(Askö, SR 1A and N 26) as shown by PERMANOVA (Pseudo-F = 2.98, p < 0.001; 

Supplementary Table 1). The compounds that together contributed >70% to the 
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relative differences in the contaminant concentrations were organic contaminants 

(OTCs, PAHs, dioxins, PCBs, and DDTs) and metals (SIMPER; Figure 4). 

 

Figure 4. SIMPER analysis results showing the most influential contaminant groups in sediment 
for discriminating between the contaminated and reference sites across the basins. Positive and 
negative z scores (log-transformed and normalized data) show deviations from the baseline 
(global variable-specific mean for the data set) for the polluted (orange bars, elevated values) and 
reference (blue bars, lower than average values) sites. The specific contributions to the 
dissimilarity vary little between the contaminant groups (7-10%), and their cumulative contribution 
(shown as a dotted line) is 70%. 

There were significant negative relationships between the sediment median grain 

size and the organic matter content in sediment measured as TOC and percentage 

of lipid fraction (Supplementary Figure 3).  

3.2 Contaminant levels in biota 

The concentrations in the biota represent the bioavailable substance, i.e., the 

chemical compounds that have effectively passed through biological membranes 

and may cause toxic effects. For many contaminants (Hg, Pb, PCBs, PBDEs, 

PFOS, etc.), the concentrations in biota were significantly higher in the polluted 

sites than in the reference sites. Moreover, several contaminants (Hg, Cd, Pb, CB-

118, CB-138, TBT, PFOS) were found to exceed their target values in the fish and 

mussels sampled in Skellefteå hamn, Beckholmen, Landskrona and Uddevalla, 

whereas this was never the case for the samples from the reference areas.  

3.2.1 Trace metals 

There were substantial differences between the total metal concentrations 

(Supplementary Figure 4) and metal profiles among the species (e.g., perch vs. 

eelpout; Supplementary Figure 5) but not across the basins for the same species 

Supplementary Figure 4). There were also strong cross-correlations between 

some metals (Supplementary Figure 6). The overall metal concentrations and 

metal Pollution Load Indicator (PLI) values were not significantly different 

between the polluted and reference sites, although the low sample size for each 

species and marginally significant p values indicate that the difference can be 

biologically meaningful. Although PLI values were relatively low (<5 in perch, <1 

in eelpout and <22 in mussels), for some metals, both high levels and significant 

differences between the animals from the polluted and reference sites were found. 
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High concentrations of several metals (Hg, Cd, Pb) were found in samples from the 

polluted sites: perch from Skellefteå hamn, eelpout from Uddevalla and mussels 

from Landskrona (Figure 5). In fish muscle, except for eelpout from Fjällbacka, 

Hg concentrations exceeded the target value of 20 ng/g wwt, with significant 

differences in Hg levels between the reference and contaminated sites (Wilcoxon 

matched-pairs signed rank test: p < 0.008). In perch, the Hg-concentrations were as 

high as 334 ng/g wwt (Beckholmen), whereas in eelpout and mussels, these values 

were 91 and 28 ng/g wwt, respectively. The Hg concentrations were significantly 

higher in the perch from the polluted sites compared to the reference sites (Mann-

Whitney U test; Zadj value = 2.878; p < 0.004).  

 

Figure 5. Heatmap for log-transformed and normalized metal concentrations (Z-score) in fish 
(perch [muscle for Hg and liver for all other metals] and eelpout [muscle tissue]) and blue mussel 
[whole body] from contaminated (C) and reference (R) stations. All metals except Hg were 
measured in µg/g dwt, Hg – in ng/g wwt. The EQS values scaled to the normalized measured 
values shown in the map are based on the current threshold used in the monitoring (Danielsson 
et al., 2014). 

The concentration of Cd in perch liver was highest in Skellefteå hamn (6.5 µg/g 

dwt), varying 0.2-0.3 µg/g dwt at the reference sites; in eelpout muscle, they were 

below LOD (Figure 5). The highest concentrations of Pb in perch liver was 0.1 

µg/g dwt, which is below the target value (0.34 µg/g dwt). The Pb concentrations 

were significantly higher in the perch from the polluted sites compared to the 

reference sites (Mann-Whitney U test; Zadj value = 1. 969; p < 0.05). 

In the mussels from Landskrona, Pb concentration (5.6 µg/g dwt) exceeded the 

target value of 1 mg/kg dwt (Lilja et al., 2010), which corresponds to about 3.5 
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µg/g dwt, assuming that dwt is 29% wwt in the blue mussel from the Baltic Sea, 

which has a lower dry weigh content compared to Mytilus edulis from marine areas 

(Hedberg et al., 2018).  

 

3.2.2 Organochlorines 

Chlorinated pesticide concentrations (Figure 6) were significantly higher in perch 

than in sediment and mussel (GLM; p < 0.002 and 0.04, respectively) but not 

different between the fish species (Supplementary Figure 8). Moreover, there was 

no significant difference in total HCH and DDT between the fish collected in the 

polluted and reference sites (Supplementary Table 2) when the data were pooled 

within northern basins (BS and BP) and southern basins (BRN, KTT, and SKG; 

Supplementary Figure 9).  

 

Figure 6. Heatmap for log-transformed HCB, HCH, Lindane and DDT concentrations in fish 
(perch and eelpout, muscle tissue) from contaminated (C) and reference (R) stations. All 
observed concentrations were below their EQS values. 

The percentage fat in the fish muscle tissue was not different between perch and 

eelpout (GLM; p > 0.6; Supplementary Figure 10) and there was no effect of 

Fat% on neither the total HCH nor the total DDT concentrations. The low number 

of the mussel samples (2 samples) precluded meaningful statistical analysis of the 

site effect on the HCH and DDT concentrations in this species.  
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Only HCB and α-HCH were detected in the fish, with the highest concentrations in 

Skellefteå hamn (0.02 µg/g lwt, perch) and Landskrona (0.001 µg/g lwt, eelpout). 

In mussels from Byfjorden, lindane (0.0001 µg/g lwt) was also detected. All 

observed concentrations were below the respective EQS values. 

DDE in fish muscle ranged between 0.02 µg/g lwt (eelpout, Kullen) and 0.11 µg/g 

lwt (perch, Holmöarna), with the highest values in Beckholmen and Bråviken, 0.39 

and 0.21 µg/g lwt (perch), respectively. The DDE EQS values for fish with the 

observed fat content (0.73% and 0.63% for perch and eelpout, respectively), would 

be 0.68 µg/g lwt (perch) and 0.79 µg/g lwt (eelpout), i.e., below the EQS values. 

 

Figure 7. Heatmap for log-transformed PCB concentrations in fish (perch and eelpout muscle 
tissue) and mussels (whole body) from contaminated (C) and reference (R) stations. Scaled EAC 
threshold values are shown for CB-118 and CB-138. 

Indicator PCBs were detected in all species, with similar values between perch and 

eelpout from the contaminated areas. By contrast, in reference sites, the 

concentrations in perch were significantly higher than in eelpout (Supplementary 

Figure 11), perhaps, due to the higher trophic position of the former. Virtually all 

PCB congeners were significantly positively correlating with each other 

(Supplementary Figure 12), and majority of the congeners were significantly 

higher in the samples from the contaminated sites compared to the reference sites 

(Supplementary Figure 11). The highest concentrations were observed in the 

perch from Beckholmen and eelpout from Uddevalla. The EAC threshold for CB-

118 (24 ng/g lwt) was exceeded in 66% of fish samples, with the highest CB-118 

value (120 ng/g lwt) recorded in perch from Skellefteå hamn. In the eelpout, the 
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highest concentrations for CB-153 and CB-138, 850 ng/g lwt and 503 ng/g lwt, 

respectively, were found in Uddevalla. The highest CB-153 values are well below 

the EAC values (1600 ng/g lwt), whereas the CB-138 values are above the 

threshold (Figure 7). In no case the sum of CB-28, CB-52, CB-101, CB-138, CB-

153, CB-180 in fish muscle exceeded the maximum value of 75 ng/g wwt 

according to EC foodstuff regulation. 

 

3.2.3 Polybrominated flame retardants 

The highest concentrations for nearly all PBDEs were found in perch from 

Skellefteå hamn, and, albeit at 10-fold lower levels, Sundsvall, with total PBDE 

concentrations of 245 and 29 ng/g lwt, respectively (Figure 8). The most common 

congeners were BDE-47 (1-145 ng/g lwt) and BDE-99 (1-43 ng/g lwt).  

 

Figure 8. Heatmap for log-transformed and normalized by congener PBDE concentrations in fish 
(perch and eelpout muscle tissue) and mussels (whole body) from contaminated (C) and 
reference (R) stations. 

The concentrations recorded in the fish from the reference sites were significantly 

lower compared to the contaminated sites (Supplementary Figure 13); moreover, 

the basin effect was also significant, with decreasing values from the Bothnian Sea 

to the Bornholm in perch (Supplementary Figure 14). There were strong 

significant positive correlations across all BDE congeners but not between HBCD 

and BDE congeners (Supplementary Figure 15). No comparison between the 

contaminated and reference sites for eelpout and mussels were possible due to the 
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high proportions of nondetects in the eelpout data and lack of the mussel data for 

the reference sites. 

 

3.2.4 Dioxins, dibenzofurans and dioxin-like PCB 

PCDD/Fs and dlPCB were highest in the perch from Norrsundet (105 pg TEQ/g 

lwt) and Beckholmen (17 pg TEQ/g lwt), respectively, and lowest in the perch 

from Holmöarna (PCDD/Fs: 9 pg TEQ/g lwt, and dlPCB: 0.7 pg TEQ/g lwt). For 

eelpout, the highest values were observed in Uddevalla (PCDD/Fs: 31 pg TEQ/g 

lwt, and dlPCB: 18 pg TEQ/g lwt, respectively). The target value used for dioxins 

[∑(PCDDs+PCDFs+dlPCBs)] is 6.5 pg/g ww (EQSbiota). All stations have 

concentrations below the target value (Figure 9). 

 

Figure 9. Heatmap for log-transformed and normalized by congener PCDD, PCDF, and dlPCB 
concentrations (pg/g lwt) in fish (perch and eelpout muscle tissue) from contaminated (C) and 
reference (R) stations. The lower panel shows the absolute TEQ values for the respective groups 
(pg TEQ/g wwt). 
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3.2.5 Perfluoroalkyl substances 

PFAS levels in perch liver were significantly higher than in eelpout muscle tissue 

and sediment (Supplementary Figure 16, A). The major contributor was PFOS 

(Figure 10), with values 7-65 ng/g wwt, which exceeded the EQS value in 67% of 

the perch liver samples (Supplementary Figure 16, B), including samples from 

the reference sites Kvädofjärden and Torhamn. 

 

Figure 10. Heatmap for log-transformed PFAS concentrations in fish (perch liver and eelpout 
muscle tissue) from contaminated (C) and reference (R) stations. The EQS values for PFOS 
scaled to the measured values are shown. 

 

3.2.6 Polycyclic Aromatic Hydrocarbons 

The total concentrations of 15 PAHs in the sediments and mussels were 25–81 000 

ng/g dwt and 66-183 ng/g, respectively. The exceptionally high concentrations 

were found in the sediments from the contaminated Sundsvall stations (Figure 11), 

with the values at all reference stations not exceeding 160 ng/g dwt. The sediment 

values were significantly higher in the contaminated sites (compared to the 

reference sites (Supplementary Figure 17); the extreme stations SU57 and SU58 

were not included in this comparison. The number of mussel samples for the 
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reference sites was not sufficient for the statistical evaluation of the pollution status 

effect on PAH concentrations. 

 

Figure 11. Heatmap for log-transformed and normalized PAH concentrations in sediment and 
mussels from contaminated (C) and reference (R) stations. The TEQ values for Sum 15PAHs and 
Sum 7PAHs are shown in the lower panel. 

 

3.2.7 Organotin compounds 

The highest OTC concentrations were found in the perch from Beckholmen (112 

ng/g wwt) and the lowest in the fish from Kvädofjärden and Holmöarna (0.9-1.0 

ng/g wwt) (Figure 12). The most abundant were butyltin compounds (MBT, DiBT 

and TBT; Supplementary Figure 19); these were the only organotins for which 

significant positive cross-correlations were found (Supplementary Figure 18). 

The TBT concentrations were significantly lower in the animals from the reference 

sites compared to the contaminated sites, and in the perch compared to the mussels 

(Supplementary Table 3). 
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The thresholds for TBT values in perch were exceeded for 33% of the sites (BS, 

BP and BRN), and for TBT in mussels for 80% of the sites (KTT and SKG). The 

threshold value for fish 10.4 ng/g was based on the conversion from EQS water for 

TBT (Lilja et al., 2010), and the mussel threshold value of 12 µg/kg dwt used by 

HELCOM and OSPAR was converted to wet weight using the reported percentage 

of the dry weight in the Baltic mussels (Hedberg et al., 2018). 

 

Figure 12. Heatmap for log-transformed normalized OTC concentrations in fish (perch liver) and 
blue mussel (whole body) from contaminated (C) and reference (R) stations. The threshold values 
for fish and mussels are shown relative to the color scale. 

 

3.2.8 Pharmaceuticals 

Of the 99 pharmaceuticals analysed, 28 were detected in the blue mussels from the 

Baltic Proper, Kattegat and Skagerrak (Figure 13). The antibiotic trimethoprim 

was the most frequently found in mussels from both contaminated and reference 

sites. Notably, concentrations at the reference sites were significantly higher than 

those at the contaminated sites, reaching maximal values of 3 ng/g and 0.4 ng/g, 

respectively. Other substances that were higher in the reference sites included 

Alfuzosin (not detected in the contaminated sites), Risperidone, and Venlafaxine 

(Figure 14; Supplementary Figure 20), most likely reflecting differences in the 

human population densities between the areas. 
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Figure 13. Log-transformed and normalized concentrations of pharmaceuticals in the blue 
mussels from contaminated (C) and reference (R) sites (BP, KTT and SKG). 

 

 

Figure 14. Measured concentrations (ng/g dwt) of pharmaceuticals in the blue mussel from the 
contaminated (red) and reference (green) sites. Data for all basins (BP, BRN, KTT, and SKG) are 
pooled. Only the values that were >LOQ are included. 
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3.3 Biological effects in amphipods in 

relation to sediment contamination 

load 

3.3.1 Confounding effects on reproductive variables 
and biomarkers 

First, we evaluated confounding effects of Basin on the relationships between 

pollution and the biological responses (i.e., reproductive parameters and 

biomarkers). The PCA of the amphipod biological responses indicated that 

reproductive aberrations were consistently lower in the Bothnian Sea than in the 

Baltic Proper, and higher values for, e.g., RNA/DNA ratio and protein, were 

observed in the Bothnian Sea than in the Baltic Proper populations (Figure 15, 

Supplementary Figure 21).  

 

 

Figure 15. FreeViz ordination for biomarkers (vectors) showing influence of Basin and Pollution 
status attributes on the average biomarker levels.  

 

PERMANOVA confirmed the significance of Basin effect on the reproductive 

aberration profile when controlling for Pollution status effect (Supplementary 

Table 4). Moreover, the difference between the basins was much stronger 

compared to the difference between the contaminated and reference sites within 

each basin, although both components were significant (Figure 16). To account for 

the geographic component, we autoscaled each biological variable using the 

variable-specific mean value and the standard deviation for the basin. These basin-

adjusted z scores were used in the downstream statistical analysis focusing on the 

contaminant effects on the biological effect variables. 
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Figure 16. Bootstrapped nMDS plot for reproductive variables (fecundity and malformations) in M. 
affinis from the contaminated (C-labels) and reference (R-labels) sites in the Bothnian Sea (BS-
labels) and Baltic Proper (BP-labels). The centroids of the groups are shown as green and yellow 
symbols for C- and R-sites, respectively. 

 

3.3.2 Relationships between biological responses 
and contaminants in amphipods 

With the total concentrations of the contaminant groups measured in sediment and 

toxicity indices (TEQ values for PCDD/F, dlPCB and PAHs and PLI for metals) as 

predictors, the DistLM models for reproductive aberrations and biomarkers 

generated solutions that explained 13% of the total variation for reproductive 

aberrations and 36% of the total variation for the biomarkers. Thus, the biomarker 

data had stronger association with the chemicals than the reproductive variables. 

The first two dbRDA axes explained 11% and 32% of the variation for 

reproductive aberrations and biomarkers, respectively (Figure 17). Marginal tests 

in DistLM showed that of the 15 contaminant variables retained for analysis, 13 

contaminants, including those with low-to moderate cross-correlations, were 

significant in isolation (Supplementary Table 6) for both the adjusted R2 and 

AICc selection criteria, which implies that these drivers may act in concert. 

However, the optimum model for AICc included only 4 chemical groups as 

predictors for reproductive aberrations model and 6 groups as predictors for 

biomarkers (Figure 17). When both types of the biological responses were 

considered, the most influential contaminant variables were total metals, Hg, 

PBDD/F, PBDEs, HCB and OTCs.  

When the compliance with GES target (HELCOM, 2017) using the reproductive 

aberration target values (6% aberrant embryos) was considered as a single response 

variable in the binary response model with site-specific embryo aberration rate 

being either above or below the target value, the chemical predictors were similar 

to those identified for the entire set of biological variables (Supplementary Figure 

23). Further, to identify contaminants that were important in explaining biological 
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effects outside Sundsvall, where the vast majority of the contaminants were 

extremely high and influential for the model (Figure 3), we generated separate 

DistLMs excluding the Sundsvall data and re-standardizing the spatial resolution of 

the environmental variables. The resulting selection of the most influential 

predictors was also largely similar to that based on the whole dataset 

(Supplementary Figure 23). Therefore, we consider identification of chemical 

predictors of the reproductive and biomarker responses sufficiently robust.  

 

 

Figure 17. dbRDA plot assigning DistLM-detected variations in the amphipod (A) reproductive 
aberrations and (B) biomarkers to changes in contaminant levels. Note the opposite trends for 
contaminated (red circles) and reference (green circles) sampling sites. Only sums of specific 
contaminants, toxicity equivalent quantity (TEQ) values and pollution load index for metals (PLI) 
were used as test predictors in the DistLM models, with an exception of Hg used as a separate 
predictor and not included in SumMetals. 
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3.3.3 Predictive capacity of biomarkers toward the 
reproductive health in amphipods 

There were weak yet significant relationships between the biomarkers and the 

frequencies of different aberrations as well as the total malformation frequency in 

the amphipods (Figure 18). The most informative biomarkers for predicting 

aberration rate are those for oxidative status (TBARS; ORAC/TBARS) and 

metabolic activity (RNA/DNA). Moreover, fecundity was positively related to 

RNA/DNA ratio and negatively to AChE activity (DistLM; p < 0.05). When the 

contaminant variables were superimposed on the dbRDA plot, there were 

significant correlations between the fecundity and concentrations of Pb, Zn and 

PFDA and positive effect of dry mass percentage in sediment on the amphipod 

fecundity and RNA/DNA (Supplementary Figure 24). Considering that both 

groups of biological variables were significantly affected by the contaminants 

(PERMANOVA; p < 0.01 in both cases) and different contaminants were 

associated with the reproductive and biomarker effects, we suggest that the 

biomarkers in question are not directly related to reproductive toxicity in the 

amphipods. Therefore, reproductive aberrations and the biomarkers reflect adverse 

biological effects induced by pollutants on different or only weakly overlapping 

mechanisms/pathways. This also holds true for different biomarkers (e.g., oxidative 

status and AChE). Hence, these responses are not redundant but complementary 

and using them in concert would increase the classification accuracy of the 

contamination status of the benthic habitat (Supplementary Figure 22). 

 

Figure 18. Association between different biomarkers (arrows) and total aberration frequency 
(color scale; the observations were normalized to mean basin value to adjust for Basin effect) in 
the amphipods from the contaminated and reference sites (C and R, respectively). Only data with 
both types of variables measured in the same individuals are included. 
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3.3.4 Using biological effect variables to identify 
contaminated sites 

Logistic regression, random forest and decision-tree analysis were used for 

selecting possible biomarker combinations to discriminate between contaminated 

and reference sites (C vs. R stations). The models obtained are useful for 

environmental screening aiming to identify habitats with high cumulative exposure. 

For this analysis, we bootstrapped 15 amphipods with measured biomarkers and 

the same number of animals with measured aberration frequencies from the 

relatively small dataset for biomarkers and the relatively large dataset for the 

embryo aberration analysis, respectively. Thus, to arrive to the fixed number of 

observations per sampling site, the embryo aberration data were undersampled, and 

the biomarker data were oversampled. The Basin effect were included as a 

confounding factor in the cross-validation step.  

The classification was significantly improved when both reproductive aberration 

and biomarkers were considered together. Both logistic regression and random 

forest models based on the 120 bootstrapped values covering Bothnian Sea and 

Baltic Proper sites had high classification accuracy and prediction capacity for 

separating contaminated from reference sites (Figure 19). The most informative 

variables in the regressions were TBARS, ORAC/TBARS ratio, RNA/DNA ratio 

and proportion of malformed embryos. Together, these variables were sufficient to 

correctly predict nearly all contaminated sites. The logistic regression model had 

slightly better performance towards predicting exposure (C-sites), whereas random 

forest was more accurate in predicting reference habitats (R-sites) (Figure 19). 

 

Figure 19. Random forest and logistic regression models for classification and prediction of the 
exposure in sediment using biological effect variables in amphipods. Panels on the left show 
confusion matrix for both models in which the sites were classified as contaminated and reference 
(C and R, respectively) using 66% of cases for training and 33% for validation. Panels on the right 
show model classification and prediction accuracy (CA, defined as the proportion of correct 
predictions) based on the area under curve (AUC) values. 

The decision tree model presented a different way for classification, while also 

pointing to the relative importance of TBARS, ORAC/TBARS ratio, RNA/DNA 

ratio but instead of the proportion of malformed embryos, this model suggested the 

proportion of embryos with arrested development as the decisive variable for the 

classification (Supplementary Figure 25). Thus, the biomarkers and reproductive 



 

36 

aberrations measured in this study can be successfully applied in combination for 

exposure diagnostics in the Baltic Sea sediments. 

 

3.4 Biological effects in fish in relation to 

the contaminant body burden  

3.4.1 Confounding effects on the body condition 
variables  

The body condition indices were first evaluated to assess expected confounding 

effects of Sex and large-scale geographic differences related to the environmental 

variability in physico-chemical and hydrographic conditions (Basin effect) on the 

fish condition that should be accounted for when analysing pollution effects.  

The clustering of perch samples indicated that in addition to the expected effect of 

the pollution status (contaminated vs. reference areas), the body condition indices 

were also strongly affected by sex, with generally higher values for body condition 

variables not only in the fish from the reference areas but also in females than in 

males (Figure 20, Supplementary Figure 26).  

 

Figure 20. Association between different body condition variables (arrows) in perch females (F, 
red circles) and males (M, blue circles) from the contaminated and reference sites (C and R, 
respectively). The values were normalized to mean basin value to adjust for Basin effect that was 
shown to be significant by PERMANOVA. 

The significance of Sex and Pollution status as factors but also significance of all 

two-way interaction between Basin, Sex and Pollution status was supported by 

PERMANOVA (Supplementary Table 7, Supplementary Figure 26). Moreover, 

in addition to the differences between the group centroids (i.e., the differences in 

mean multivariate values of the body condiction indices), the dispersions in the 

between-group comparisons were also different with regard to Basin (PERMDISP; 

F2, 256: 16.03, Pperm: 0.001), Sex (F1, 257: 15.22, Pperm: 0.002), and Pollution status (F1, 

257: 42.36, Pperm: 0.001), indicating that at least part of these differences were 

attributed to the higher variability in fish from BB and BS vs. Bornholm and from 
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contaminated vs. reference sites (Supplementary Figure 28). No significant 

difference in the dispersion for the females and males from the reference sites was 

found ( 
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Supplementary Table 8). The significantly higher dispersion in body condition 

for the fish from the polluted sites indicates that with increasing contaminant load, 

the variance is also increasing as a result of stress (Harley et al., 2017), 

emphasizing the usefulness of studying pollution gradients or employing small-

scale disturbance experiments as assays. Therefore, when evaluating biomarkers, 

the differential responses for females and males as well as Basin effect should be 

considered as confounding factors for contaminant body burden, and the increased 

dispersion with increasing contaminant body burden should be accounted for when 

interpreting the observed differences. 

 

3.4.2 Relationships between biological responses 
and contaminant levels in fish 

There were significant univariate correlations between individual biological 

variables in perch and contaminant concentrations, with some differences between 

females and males (Supplementary Figure 29). Most consistent were negative 

correlations for many physiological condition parameters and nearly all 

contaminants observed in both females and males. The strongest correlations were 

found for growth (based on either length or weight), GSI and gonad weight 

(GonadW). However, GonadW is a function of the body size (and, to a certain 

extent, age), which implies that if used as a biomarker, it should be accompanied as 

a body size as a covariable, which effectively turns it into GSI (i.e., gonad mass 

normalized to body mass). 

Irrespective of the gender, blood glucose concentration (GLU) was positively 

correlated to metal toxicity (PLI; Pearson r = 0.52 and 0.63 for females and males, 

respectively) and PBDE concentration (r = 0.59 and 0.71 for females and males, 

respectively; p < 0.05 in all cases). These responses are in line with reports on 

heavy metal-induced hyperglycaemia in fish via modulation of carbohydrate 

metabolism and stimulating glycogenolysis (Larsson et al., 1985; Levesque et al., 

2002). Also, these findings corroborate reported glucose elevation in blood plasma 

in concert with increase in naturally produced hydroxylated brominated 

compounds (OH-PBDE) in the Baltic perch (Gustafsson et al., 2021). In the latter 

study, OH-PBDE was suggested to induce uncoupling of electron transport-linked 

phosphorylation (OXPHOS), with concomitant increase in glucose concentrations. 

Finally, negative correlations with these contaminants were found for sodium and 

chloride ions; these electrolytes are involved in maintaining acid base balance and 

osmotic pressure. The correlations were especially strong in male perch (PLI; Na2+: 

-0.56 and Cl-: -0.55; PBDE: Na2+: -0.58 and Cl-: -0.52). 

Given the observed differences in body condition variables between females and 

males (Figure 20, Supplementary Table 7), and the biologically plausible sex-

related differences in effect mechanisms/pathways, we opted for sex-specific 

models in our subsequent analyses. For each gender, a separate DistLM was 

constructed using physiological variables or biomarkers with the cross-correlation 

coefficients <0.7 as a multivariate response and contaminant types (Hg was 
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considered as an individual contaminant) and their toxicity indices as predictors. 

All models were highly significant, with contaminants explaining 54% and 62% of 

the variability in the perch physiological condition for females and males, 

respectively (Supplementary Table 9, Supplementary Table 10), and 31% and 

30% of the variability in the perch biomarker profiles for females and males, 

respectively (Supplementary Table 11, Supplementary Table 12). Thus, the 

models for the physiological response had stronger association with the 

contaminant concentrations than the biomarker response models (Figure 21). 

 

 

Figure 21. Distance-based redundancy analysis (dbRDA) ordination plots showing effects of 
contaminants (blue vectors, identified as significant by sequential tests in DistLM) on (A and B) 
physiological condition of perch in females and males, respectively, and (C and D) the biomarker 
profiles in females and males, respectively. The bubble position is ordination based on all 
physiological variables and bubble size indicates the variation for the most influential response 
variables, which were GrowthL (A and B panels) and EROD (C and D panels). The Basin and 
Pollution status are shown in the figure legend to facilitate the interpretation of the plot; however, 
these variables were not used in the model. 

The influential contaminants differed between the sexes and between the 

physiology- and biomarker-based models. Contaminants that were consistently 

identified as influential for both physiological condition and biomarkers were 

HCBs, PFAS and PCB7 (Supplementary Figure 30).  

 

3.4.3 Predictive capacity of biomarkers toward the 
physiological condition in fish 

In this study, the biomarkers measured in perch were highly predictive of the fish 

physiological status. In both females and males of perch, the battery of the most 

informative physiological variables for delineating contaminated and reference 

conditions included GrowthL, GonadW, GSI, LiverW and Weight (as determined 

by DistLMs; Supplementary Table 9, Supplementary Table 10, Supplementary 
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Table 11, Supplementary Table 12). Note that as both GonadW and LiverW are 

functions of body size, their use in the battery of the physiological variables is only 

justified when fish size (body weight) is present as a covariable, to account for the 

size-related variability. 

When using biomarkers in the biological effect monitoring, it is essential to know 

whether suborganismal metrics are relevant for organism-level responses. We used 

DistLM to identify how well the biomarkers were able to predict physiological 

variables in fish females and males. A higher explanatory power for the male-

model was observed, due to the higher number of the influential biomarkers (R2; 

47% for 7 predictors in females, and 67% with 10 predictors in males). In both 

models, >90% of the variability were explained by the first axis (Figure 22), 

indicating a high correspondence between the physiological variables and 

biomarkers, with only a few variables (EROD, GLU, Vtg and GST activities) 

driving this association (Supplementary Table 13).  

 

Figure 22. Distance-based redundancy analysis (dbRDA) ordination plots showing capacity of the 
biomarkers (blue vectors, identified by DistLM as the most informative predictors) for 
characterizing physiological condition of perch (A) females and (B) males across the dataset. Fish 
growth rate by length (GrowthL) shown as bubble size was the most influential physiological 
variable. Basins and their pollution status are shown in the legend (BS, BP and BRN are Bothnian 
Sea, Baltic Proper, and Bornholm, respectively; C and R stand for Contaminated and Reference, 
respectively). Note that Basin and Pollution status were not included in the model and shown here 
to help understand the variability sources contributing to the relationships between the 
physiological condition variables and biomarkers. 

The marginal tests indicated significant univariate associations between many 

biomarkers and the physiological status, with exception of Ht, Ht/Hb ratio, any of 
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the WBC, Cl- concentration, and GR activity, which were not correlating with any 

of the physiological responses in females. 

The sequential tests identified GST activity, K+ and Na+ ion concentrations, 

EROD and AChE activities and Vtg content (in the order of influence level) as the 

most informative predictors when used in concert (Figure 22). In males, the 

influential biomarkers also included Ca+ ions, Hb/Ht ratio, CAT and GR activities, 

and iRBC count, but not Na+ ion concentration. Thus, the common set of 

biomarkers for predicting physiological status in both sexes and irrespective of the 

basin included EROD, GST, AChE activities and Vtg and K+ ion concentrations.  

 

3.4.4 Using biological effect variables to identify 
exposure status in fish 

Similar to the amphipod models, logistic regression, random forest and decision-

tree analysis, were used to identify fish health variables that are useful as predictors 

for the habitat classification according to the contamination status (C vs. R 

stations). The Basin effect were included as a confounding factor in the cross-

validation step. A model with a combination of physiological and biochemical 

variables was generated, and random forest and logistic models produced similar 

outputs (Figure 23).  

 

Figure 23. Random forest and logistic regression models for classification and prediction of the 
exposure in water using biological effect variables in fish (perch females only). Panels on the left 
show confusion matrix for both models in which the sites were classified as contaminated and 
reference (C and R, respectively) using 66% of cases for training and 33% for validation. Panels 
on the right show model classification and prediction accuracy (CA, defined as the proportion of 
correct predictions) based on the area under curve (AUC) values. 

Models with both reproductive aberration and biomarkers had the highest 

predictive capacity; moreover, sex-specific models performed better. In the perch 

female model, the physiological (growth-related variables, liver and gonad mass) 

and biomarkers (EROD, GLU and AChE) correctly predicted >70% contaminated 

sites. The random forest model had better performance towards predicting 

exposure (C-sites), whereas logistic regression was more accurate in predicting 

reference habitats (R-sites). In the decision tree model, growth, AChE and GLU 

were the decisive variable for the classification (Supplementary Figure 25). 
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3.5 Biological effects in mussels in 

relation to the body burden 

Lysosomal membrane stability (LMS) was the biological effect measured in the 

blue mussel collected in Landskrona, Ronneby and Byfjorden. Neutral red 

retention time (NRRT) in the animals significantly differed among the sites 

(Supplementary Figure 31), with the least stressed animals in Byfjorden and the 

most stressed in Landskrona. As only three populations and not all contaminant 

groups were used in this analysis, no meaningful correlation analysis was possible 

and the evaluation was limited to descriptive statistics. 

Contaminant ordination through nMDS showed elevated levels of pharmaceuticals, 

total metal concentrations, PAHs, and PAH-TEQ values in mussels from Byfjorden 

compared to those from Ronneby. The latter had higher levels of certain metals (Zn 

and Cd) and antibiotics (Trimethoprim). Most of the contaminants had intermediate 

levels in the mussels from Landskrona (Figure 24). However, the variation in the 

metal (Figure 5) and PAH (Figure 11) concentrations across the sites was low, 

with high metal and low PAH values in all three locations. Also, PCB 

concentrations were equally elevated in Landskrona and Byfjorden, whereas no 

measurements were available for Ronneby (Figure 7). Also, no measurements for 

organotin compounds were available for Ronneby population; however, TBT levels 

were exceeding the threshold values in Landskrona (161 ng/g ww) and Byfjorden 

(91 ng/g ww) (Figure 12), which, in theory, should imply low LMS values in the 

mussels from both sites, because these TBT concentrations (Supplementary 

Figure 19) have been reported to cause significant NRRT decrease in experiment 

(Okoro et al., 2015). Moreover, animals in Byfjorden had relatively high levels of 

many pharmaceuticals (Figure 13) and DDTs in addition to other contaminants, 

whereas organochlorines were not measured in the other locations (Figure 6). 

Thus, the relatively high NRRT values in the animals from Byfjorden indicating 

compensated stress levels and the relatively low NRRT in the animals from 

Landskrona indicating high stress levels were to a large extent uncoupled from the 

body burden values for the contaminants measured in this study, including TBT. 

 

Figure 24. nMDS plot for neutral red retention time (NRRT, min) in hemocytes of the blue 
mussels at three locations with different pollution load. The size of the bubble is proportional to 
the NRRT value. The vectors superimposed on the plot show contaminants significantly 
correlating to NRRT. 
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Notably, the animals from Byfjorden were significantly larger, with higher dry 

mass content (Supplementary Figure 32), which may explain higher 

bioaccumulation of contaminants but also higher tolerance. Indeed, significant 

positive correlation between NRRT and meat yield (dry mass content) in Mytilus 

spp. has been reported (Harding et al., 2004), which implies that high NRRT values 

observed in the mussels from Byfjorden can, at least partly, be explained by their 

high dry mass content (Supplementary Figure 32). 

3.6 Biomagnification factors 

For biomagnification, the contaminant data in fish and mussels from the same 

sampling sites were examined to determine whether contaminant concentrations in 

biota increased with increasing trophic levels. Relative to the blue mussels, the 

trophic positions of perch were 3.2 (Ronneby) and 3.4 (Kvädöfjärden), whereas 

that of the eelpout were 2.9 (Fjällbacka) and 3.1 (Landskrona). Thus, it is likely 

that perch was feeding higher up in the food chain. However, there were substantial 

differences in δ13C between the fish and mussels, indicating that these animals 

might belong to different food chains in the ecosystems studied. Therefore, the 

estimated BMF values should be interpreted with caution.  

The BMF values were possible to estimate only for metals and OTCs as only these 

data were available for both mussels and fish. Among the metals, the 

biomagnification was found only for Hg (BMF: 2.1 for Landskrona and 4.1 for 

Ronneby), and among the OTCs, only for TPT (BMF: 2.0 for Kvädöfjärden). 

3.7 Recommendations for biological 

effect assessment in the Baltic Sea 

Based on the project results, we suggest to consider the following aspects in the 

Swedish biological effect monitoring: 

• Across all areas, the observed biological effects were linked to a 

combination of multiple chemical substances, frequently spanning more 

than one contaminant class. This underscores the significant role of 

mixture effects in shaping responses. Consequently, depending solely on 

chemical concentrations presumed to reflect the health of biota is 

insufficient in environmental health risk assessment. 

• An overall alignment was observed between measured biological 

parameters (physiological responses and biochemical markers) and 

contaminant diversity and levels. Moreover, informative biological effect 

parameters were identified. In screening studies and monitoring, the 

informative sets of biological endpoints should be leveraged to pinpoint 

areas with elevated exposure, even when the exact composition of the 

contaminant load in unknown.  












