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Byström P, Gorokhova E, Haglund P,
Andersson A and Tysklind M (2023) Effects
on the food-web structure and
bioaccumulation patterns of organic
contaminants in a climate-altered Bothnian
Sea mesocosms.
Front. Mar. Sci. 10:1244434.
doi: 10.3389/fmars.2023.1244434

COPYRIGHT

© 2023 Berglund, Gallampois, Ripszam,
Larsson, Figueroa, Grinienė, Byström,
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Climate change is expected to alter global temperature and precipitation patterns

resulting in complex environmental impacts. The proposed higher precipitation in

northern Scandinavia would increase runoff from land, hence increase the inflow of

terrestrial dissolved organic matter (tDOM) in coastal regions. This could promote

heterotrophic bacterial production and shift the foodweb structure, by favoring the

microbial food web. The altered climate is also expected to affect transport and

availability of organic micropollutants (MPs), with downstream effects on exposure

and accumulation in biota. This study aimed to assess climate-induced changes in

a Bothnian Sea food web structure as well as bioaccumulation patterns of MPs. We

performed a mesocosms-study, focusing on aquatic food webs with fish as top

predator. Alongside increased temperature, mesocosm treatments included tDOM

and MP addition. The tDOM addition affected nutrient availability and boosted both

phytoplankton and heterotrophic bacteria in our fairly shallow mesocosms. The

increased tDOM further benefitted flagellates, ciliates and mesozooplankton, while

the temperature increase and MP addition had minor effect on those organism

groups. Temperature, on the other hand, had a negative impact on fish growth and

survival, whereas tDOM and MP addition only had minor impact on fish. Moreover,

there were indications that bioaccumulation of MPs in fish either increased with

tDOM addition or decreased at higher temperatures. If there was an impact on

bioaccumulation, moderately lipophilic MPs (log Kow 3.6 – 4.6) were generally

affected by tDOM addition and more lipophilic MPs (log Kow 3.8 to 6.4) were

generally affected by increased temperature. This study suggest that both increased

temperatures and addition of tDOM likely will affect bioaccumulation patterns of

MPs in shallow coastal regions, albeit with counteracting effects.
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frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fmars.2023.1244434/full
https://www.frontiersin.org/articles/10.3389/fmars.2023.1244434/full
https://www.frontiersin.org/articles/10.3389/fmars.2023.1244434/full
https://www.frontiersin.org/articles/10.3389/fmars.2023.1244434/full
https://www.frontiersin.org/articles/10.3389/fmars.2023.1244434/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2023.1244434&domain=pdf&date_stamp=2023-10-19
mailto:asa.berglund@umu.se
https://doi.org/10.3389/fmars.2023.1244434
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2023.1244434
https://www.frontiersin.org/journals/marine-science


Berglund et al. 10.3389/fmars.2023.1244434
1 Introduction

The expected consequences of climate change are not uniform

around the globe. While some areas are predicted to have dryer and

warmer climates, others will receive more precipitation (IPCC,

2022). Climate change is further expected to affect the global

distribution patterns and effects of organic micropollutants

(MPs), including persistent organic pollutants (POPs), with a risk

of increased redistribution of and exposure to pollutants in different

ecosystems (Kallenborn et al., 2012; Borgå et al., 2022). In

Scandinavia, increased temperature and precipitation are expected

due to a changing climate (Meier et al., 2022), with increased land

runoff to rivers and streams (Bergström et al., 2001). This would

enhance the load of terrestrial dissolved organic matter (tDOM)

into freshwater systems and coastal areas with both changes in the

food web structure (Andersson et al., 2015; Creed et al., 2018) as

well as changes in the distribution and partitioning of pollutants

(Noyes et al., 2009; Kallenborn et al., 2012; Gilbreath and McKee,

2015; Ripszam et al., 2015; Borgå et al., 2022). During recent years

the Swedish monitoring of rivers and streams also confirms

increasing trends of the water color (browning) and total organic

carbon in the majority of investigated areas connected to the Baltic

Sea (Swedish Institute for the Marine Environment, 2023).

The Baltic Sea is a semi-enclosed sea with limited water

exchange from the high-saline Atlantic Ocean in the south. As a

result, the Sea is highly influenced by river runoff, especially in the

northern basins (Bothnian Sea and Bothnian Bay). Due to the

restricted exchange of water in the Bothnian Sea, the relatively large

catchment area, and the occurrence of industries such as pulp and

paper mills, the environment has been severely contaminated over

the last decades (Sundqvist et al., 2009; Miller et al., 2013; Assefa

et al., 2014; Lester and van Riper, 2014). Although concentrations of

several POPs have declined, they remain high in sediment and biota

(Miller et al., 2013; Assefa et al., 2014; Assefa et al., 2019). With the

ongoing climate changes, we expect an increased discharge of both

tDOM and MPs into the Baltic Sea with complex direct and indirect

effects on the transport, availability and toxicity of POPs (reviewed

in Noyes et al., 2009; Kallenborn et al., 2012; Borgå et al., 2022).

Climate change also increase water temperatures, influencing MP

partitioning, leading to increased bioavailability, but also higher

evaporation rates of volatile compounds (Noyes et al., 2009). High

temperatures generally speed up the metabolism in biota; thus, the

uptake but also elimination of compounds are expected to increase

(Noyes and Lema, 2015). In addition, the sensitivity to MPs with

increased temperatures, may be species specific (Borgå et al., 2022).

As increased temperature may have multiple impacts on MPs, their

bioavailability has been proposed to increase, decrease or have no

net effect in the warmer climate (Borgå et al., 2010; Carrie et al.,

2010; Borgå et al., 2022).

Availability of tDOM may have multiple effects on MP

availability and accumulation. Hydrophobic contaminants will

adsorb to particles and tDOM (Ripszam et al., 2015), thus

decreasing their bioavailability via direct uptake from the water

(Haitzer et al., 1998). However, organic material can also serve as a

source of nutrients for heterotrophic bacteria (Stepanauskas et al.,

2002) favoring heterotrophic bacteria over phytoplankton at the
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base of the food chain (Andersson et al., 2015; Figueroa et al., 2016).

Furthermore, increased tDOM often result in browning of waters,

and phytoplankton will have a disadvantage over heterotrophic

bacteria due to shading (Creed et al., 2018). The decrease in

phytoplankton production may lead to a shift in the food web,

favoring the microbial food web (heterotrophic bacteria, flagellates,

ciliates and mesozooplankton) over the phototrophic food web

constituted of phytoplankton and mesozooplankton (Berglund

et al., 2007; Lefebure et al., 2013; Andersson et al., 2015). Many of

the legacy POPs (e.g., DDT and PCBs) are known to biomagnify in

the food web (Gobas et al., 1999; Borgå et al., 2004). Thus, the shift

towards a heterotrophic bacteria-based system would increase the

number of trophic levels and potentially increase the accumulation

of POPs at the top of the food web. Although the interest in climate-

driven pollutant impacts has increased, especially in the Arctic

(Noyes et al., 2009; Kallenborn et al., 2012; Su et al., 2018), only a

few studies have focused on the climate-driven ecological processes

that may impact the availability and transfer of MPs (Alava et al.,

2017; Borgå et al., 2022).

In this mesocosm study, we exposed a pelagic food web from the

Bothnian Sea to a cocktail of MPs under different climate scenarios,

including the future climate conditions represented by increased

temperature and tDOM levels as well as present-day conditions.

The aim was to evaluate how bioaccumulation patterns of legacy

and currently used MPs respond to the future climate scenario

considering direct and indirect effects, including ecological shifts in

the food web. The hypothesis was that top consumers accumulate

more MPs under future climate conditions due to increased

heterotrophy of the food web. In addition, we expect that the

effects on the bioaccumulation of compounds with high

persistence and lipophilicity will be more pronounced, due to

their tendency to biomagnify in the food web.
2 Methods

2.1 Experimental setup and treatments

The outdoor mesocosm experiment took place during 34 days

between May and July 2013, at the Umeå Marine Science Centre

(UMF), Sweden (63' 33’N, 19' 49’E). Three experimental treatments

were applied, alone or in combination (three replicates each), with

tDOM addition, temperature increase and MP addition as

treatment factors (Figure 1A). We used the maximum predicted

increase in temperature and tDOM (an increase of 3°C and 30%

tDOM, respectively), as suggested earlier (Meier, 2006; Neumann,

2010), and the present day conditions in the region during summer,

resulting in experimental settings of 15 and 18°C and 4mg/L and

6mg/L DOC (dissolved organic carbon) for the present-day and

climate-altered conditions, respectively. In total 24, mesocosms

were established in clean 1 m3 cubic shaped (1×1×1m)

polypropylene tanks (Allembalage AB, Jordbo, Sweden), sheltered

by a semi-transparent roof. All tanks were simultaneously filled

with 947 L sea water (3‰ salinity) collected 1 km offshore in the

northern Bothnian sea (63° 34’N, 19°54’E) using the large pumps of

the UMF field station Flygt 3152.181 (Xylem Sundbyberg Sweden).
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The water was filtered (1 mm slit filter, Bernoulli System Lund,

Sweden) to remove fish and allow natural communities of bacteria,

phytoplankton, protozoa and mesozooplankton to populate the

mesocosms. The mesocosms were completely immersed in four

swimming pools (Ultra Frame Pool 7”, Intex, Long Beach; Ca, USA)

filled with seawater and connected to a temperature-control system,

that maintain the target water temperatures. A block design included

sixmesocosmsper swimmingpool, and thepositionof eachmesocosm

was randomized to avoid systematic errors (Figure 1A). The

temperatures in the pools were recorded daily, yielding an average of

18.0 ± 0.01, 15.2 ± 0.02, 18.0 ± 0.01, and 14.9 ± 0.01°C, for pool 1 – 4

respectively. Individual temperaturemeasurements in eachmesocosm

was not conducted as eachmesocosmwas fully immersed in the pools,

and hence unlikely would deviate from the temperature in the pools.

Themesocosmwere aeriated via a compressed air-valve system and to

prevent insect colonizationmosquito nets weremounted on the top of

the mesocosms.

To mimic the increased runoff of organic material, tDOM was

prepared using natural humic soil from a typical forest of the area

(mix of deciduous and coniferous trees) as described by Ripszam

et al. (2015). The humic soil extract was analyzed for DOC, DIN

(dissolved inorganic nitrogen, i.e. nitrate, nitrite and ammonium),

DIP (dissolved inorganic phosphorous), total N and total P, to

calculate the appropriate soil extract volume and nutrient amount

for addition. The tDOM-treated mesocosms were pre-treated with

0.5mg/L DOC; after that, tDOM was added weekly (0.14 mg C/L 3

times a week) in concert with water replacement (see below and

Figure 1B). To account for the nutrient addition in the tDOM-

treated mesocosms, a corresponding amount of dissolved nitrogen

and phosphorous (initial boost: 0.95 μg PO4-P/L, 4.43 μg NO3/L
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and 0.72 μg NH4/L, followed by 0.20 μg PO4-P/L, 0.94 μg NO3/L

and 0.15 NH4/L 3 times a week) was added in control mesocosms

(Stepanauskas et al., 2002; Lignell et al., 2008).

The mesocosms were left to equilibrate, and 4 days after the

initial tDOM treatment (hereafter referred to time = 0), 2.5 mL of a

methanol spiking solution containing a mixture of 33 MPs was

added to half of the mesocosms. For a complete list of compounds

and the initial concentrations as well as final concentrations, see

Ripszam et al. (2015, Table 1 and Figure 3). The MPs were selected

based on the hazardous substance list provided by the European

Commission (Directive 2008/105/EC, 2008) and spanned four

orders of magnitude of lipophilicity, viz. log octanol-water

partition coefficients (log Kow) between 2.1 and 6.4 (Table S1).

The mixture included legacy POPs, recently and currently used

pesticides, high-volume production compounds and some

benchmark compounds for modelling (Ripszam et al., 2015).

Two days after the MP addition, fish was introduced to the

mesocosms and kept in the system for 21 days. In total, 10 perch

(Perca fluviatilis) larvae (6.3 ± 0.1mm, 0.8 ± 0.05mg) were added as

top predators in each mesocosm. Perch was hatched from egg

strands, collected from a coastal spawning bay (63°45’14” N, 20°

32’18” E) and kept at 16°C until the start of the experiment. During

the initial stage (pre-exposure), they were fed a mixture of live

zooplankton. One week before the planned experiment termination

(day 30), the fish were removed due to low zooplankton abundance

and risk of starvation. Thus, on day 23, all surviving perch were

collected with a large 3-mm net and killed by overdosing of M222

(Ethyl 3-aminobenzoate methanesulfonate, Fluka; Ethical approval

No. A28-13, Umeå University). Samples were kept frozen at –20°C

until chemical analysis was performed.
B

A

FIGURE 1

Design and layout of the mesocosm experiment (A), and the treatment and sampling scheme over the experiment duration (B).
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2.2 Weekly sampling

Twenty liters of water were replaced three times a week with an

equal volume of filtered (20 μm) seawater (see Figure 1B for the

sampling scheme). At the same time, nutrients or tDOM (depending

on treatment) were added to mesocosms to gradually reach the target

of 6 mg/L DOC in the tDOM-treated mesocosms. Once a week, an

aliquot of water was sampled, filtered (90 μm), and used to analyze

pH, DOC, total nitrogen (Ntot), DIN, total phosphorous (Ptot), DIP,

particulate organic phosphorous (PO4-P), primary production (PP),

Chlorophyll a (Chl a), bacterial production (BP), and bacterial

abundance (BA), phytoplankton, flagellate and ciliates.

Mesozooplankton was collected weekly from each mesocosm by

three bottom-to-surface hauls with a 65 μm net (14 cm diameter);

40.16 L/sample were filtered. Phytoplankton, flagellates and PO4-P

were only counted/analyzed at the start (day -4), mid-point (day 16)

and after fish was sampled (day 30, not included in this paper). Light

(photosynthetically active radiation, PAR) was measured weekly

during mid-day using a PAR Licor sensor (LICOR -193SA) at

three depths (top, middle and bottom) and five positions and

calculated as an average value for each mesocosm.
2.3 Water chemistry

All parameters for water chemistry (DOC, pH, DIN, DIP, Ntot,

Ptot, PO4-P) were determined on the day of sampling. DOC was

measured in a high-temperature carbon analyzer (Shimadzu TOC-

5000, Shimadzu Corporation) with platinum-coated Al2O3 granulate

as a catalyst, according to Berglund et al. (2007). A benchtop pH

meter (pHenomenal, VWR International AB, Spånga Sweden) with

a combined glass electrode (PHENOMENAL 221, avantor, VWR

Spånga Sweden), calibrated with three (4.00, 7.00 and 10.01) buffers,

AVS Titronorm traceable to SRM from NIST (BDH Chemicals) was

used for pH measurements. Concentrations of inorganic nutrients

(DIN and DIP) and total nutrient content (Ntot and P tot) were

analyzed using a 4-channel auto-analyzer (Quaatro Marine, Braan

and Luebbe) according to the Swedish Standards Institute (Grasshoff

et al., 1999). The detection limit for DIN and DIP were 1.5 μg DIN/L

N and 0.7 μg DIP/L P, respectively. Particulate organic phosphorous

(PO4-P) was quantified using the ash-hydrolysis method, with a

lower range of measurement from 0.08 μM (Solórzano and

Sharp, 1980).
2.4 Biological variables

Primary production, BP and Chl a were analyzed at the day of

sampling; all other analyses/counts (BA, phytoplankton, flagellates,

ciliates and mesozooplankton) were performed later. Samples for

analysis of biomasses and abundances of phytoplankton,

heterotrophic flagellates, ciliates and mesozooplankton were fixed

with 2% acidic Lugol’s solution according to Utermöhl (1958) and

stored at 4°C until analysis. Ten μL of glutaraldehyde was added to
Frontiers in Marine Science 04
samples used for BA analyses, and samples were kept for 15 min in

the dark followed by storage at -80°C until analysis.
2.5 Bacterial production and abundance

Bacterial production was measured using the [3H-methyl]-

thymidine technique (Fuhrman and Azam, 1982). In short, 1 mL

of mesocosms water was added to Eppendorf tubes (one control and

triplicate samples). In the controls, bacteria were pre-killed by

adding 100 μl ice-cold 50% trichloroacetic acid (TCA) and

incubated at -20°C for 5 minutes. Then, 2 μL of [3H]-thymidine

(84 Ci mmol-1; Perkin Elmer, Massachusetts, USA) were added to

each tube to a final concentration 24 nM. Samples were incubated

for 1h in the dark, during the early afternoon, at the respective

temperature treatment (15 or 18°C). The incubation was terminated

by adding 100 μL ice-cold 50% TCA and centrifuging at 13,000 rpm

for 10 min. After washing the pellet with 5% TCA, 1 mL scintillation

cocktail was added before analyses in a scintillator counter

(Beckman Coulter LS 6500/Packard Tri-Carb 1600 TR). The

incorporated thymidine was converted to cell production using

the conversion factor of 1.4x1018 cells mol-1 (Wikner and

Hagström, 1999). Carbon biomass production was estimated from

cell production and average cell carbon biomass according to

Fuhrman and Azam (1982), using a bacterial carbon content of

1.7x10-9 μmol C cell-1.

Bacterial abundance was analyzed using a BD FACSVerseTM

flow cytometer (BD Biosciences) fitted with a 488-nm laser (20 mW

output). Samples were stained with SYBR Green I (Invitrogen) to a

final concentration of 1: 10 000 (Marie et al., 2005) and diluted with

filtered (0.2 μm) seawater. Samples were run for 1 min at a flow rate

of 30 mL min-1 and 1 μm microspheres (Fluoresbrite plain YG,

Polysciences) served as an internal standard in each sample.

Forward light scatter (FSC), side light scatter (SSC), and green

fluorescence from SYBR Green I (527 ± 15) were measured to

estimate bacteria abundance. Bacterial biomass was then calculated

using a conversion factor of 20 fg C cell-1 (Lee and Fuhrman, 1987).
2.6 Primary production and chlorophyll a

Primary production (PP) was measured in situ using the 14C

method according to Gargas (1975). Five mL of sample were added to

20mL transparent polycarbonate tubes in triplicate and one dark tube

as control. 14Cwas added to each tube (7.2μL, 14CCentralenDenmark,

activity 100 μCimL-1), and incubation of samples was carried out at 80

cm depth inside the pools, during early afternoon, for about 3 hours.

Controls were incubated in the dark, at the respective temperature

treatment (15 or 18°C). The activitywas stopped by the addition of 150

μL 6M HCl. The samples were analyzed in a scintillation counter

(Beckman Coulter LS 6500/Packard Tri-Carb 1600 TR) following

addition of 15mL scintillation cocktail (OptiphaseHiSafe 3). Daily PP

was calculated as described in Andersson et al. (1996) using factor F

according to Gargas (1975).
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Samples for Chl a (100 mL) were filtered onto 25 mm GF/F

filters, extracted in 10 mL 96% ethanol overnight and measured

with a Perkin Elmer LS 30 fluorometer (433/674 nm excitation/

emission wavelengths; Waltham®, Middlesex, MA, USA). The

protocol was based on US EPA (1997), protocol 446, with the

following modifications: a) Ethanol 96% was used in place of 90%

acetone and b) glass fiber filters were crushed using ball milling with

5 mm steel beads instead of a mechanical tissue grinder.
2.7 Phytoplankton, flagellates, ciliates
and mesozooplankton

Phytoplankton and nanoflagellates were only counted at the

start (day -4), mid-point (day 16) and after fish was removed (day

30). Hence, only data for the first two sampling occasions, with

relevance for fish, are presented in this paper. Using sedimentation

chambers, 10-50 mL of a Lugol-fixed sample were settled for 12-48

hours. The cells were counted using an inverted microscope (Nikon

Eclipse Ti) at 100-400x magnification with phase contrast settings

(Utermöhl, 1958). Cell biovolume was calculated according to

Olenina et al. (2006). Chl a was used as a proxy for

phytoplankton stock, as phytoplankton counts (data not shown)

were performed on a limited number of samples, and Chl a and

phytoplankton biomass correlated well (R2 = 0.66, p<0.0001).

For ciliate analysis, 25–50 mL of the fixed sample were settled

for at least 24-48 h in Utermöhl’s chambers and counted with an

inverted microscope at 200× magnification, as described in

Andersson et al. (2023). The entire bottom of each chamber was

surveyed, and an additional subsample was counted if the total

number of organisms was below 150. Ciliate biomass was based on

their biovolume, which was calculated by their geometric shape

using measurements of the cell length and width of at least 20 cells

of each species/taxa per sample. Cell carbon content for flagellates

and ciliates was calculated according to Menden-Deuer and

Lessard (2000).

For mesozooplankton analysis, each sample (entire volume)

was counted using a counting chamber and an inverted microscope

(Leitz fluovert FS, Leica) at 80× magnification. Copepods were

classified according to species and developmental stage (nauplii,

copepodites CI–III, CIV–V and adults), whereas cladocerans

(Bosmina coregoni) were classified according to species, maturity

(adults and juveniles) and sex. Biomass (wet weight) was calculated

using abundance data, species- and stage-specific individual weights

(Hernroth, 1985). Three mesozooplankton groups were considered

for the abundance and biomass aggregation: copepods, cladocerans

and rotifers. To account for potential differences in ciliate and

mesozooplankton abundances, due to the variations in the

communities of the root sample (day -4), the relative change in

ciliate and mesozooplankton biomass and abundance were

calculated:

Relative   change  (D) =  
(tx −   t−4)

t−4

where tx is the biomass/abundance at the time of interest and t-4
is the biomasss/abundance at the start of the experiment (day -4).
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2.8 Chemical analyses, MPs

Organic contaminants were extracted from whole fish using 1.5

mL cyclohexane: etylacetate (3:1v/v). Internal standard, 20 μL

(Ripszam et al., 2015), was added, and the fish samples were

homogenized with zirconium beads in a Mini Beadbeater

(Biospec. Bartlesville, USA) for 4 min at 3500 oscillations/min.

The homogenate was centrifuged at 14 000 rpm for 10 min and the

supernatant was collected. The procedure was repeated thrice, and

the combined supernatants were evaporated to 500 μL. Lipid

removal was accomplished by gel permeation chromatography

(GPC) cleanup (Sundkvist et al., 2010). Organic micropollutant

concentrations were analyzed by gas chromatography – high-

resolution mass spectrometry (GC-HRMS) using an Agilent 6890

GC (Agilent, Santa Clara, CA USA) equipped with an ultra-inert

J&W DB-5MS GC column (30m*0.25mm*0.25μm, Agilent, Santa

Clara, CA, USA) and a Waters Micromass AutoSpec Ultima HRMS

(Waters Corp., Milford, MA, USA) (Sundkvist et al., 2010). The

HRMS was operated in electron ionization (EI) mode at >8,000

resolution, utilizing selected ion monitoring (SIM) of two abundant

ions of each target compound and internal standard.

Dissolved MPs in water were determined in the sub-0.7μm

fraction by liquid-liquid extraction of 300mL water, passed through

GF/F filters. Internal standard (20 μL) was added, and extraction

occurred in 100 mL dichloromethane (50 mL once and 25 mL

twice). Chemical analysis was performed by GC-MS using an

Agilent 7890N GC coupled to an HRT-TOF-MS instrument

(Leco, St. Joseph, MI), equipped with an ultra-inert J&W DB-

5MS GC column (30m*0.25mm*0.25μm, Agilent, Santa Clara, Ca,

USA), as described in Ripszam et al. (2015). One sample (MP15

treatment) was lost during the analysis. If concentrations of any

contaminants (in fish or water) exceeded 10% of the highest

concentration measured in blanks, compounds were omitted from

further analysis.
2.9 Statistical analyses

One control mesocosm (18°C) showed low phytoplankton

abundance (measured as Chl a), throughout the experiment and

only one fish survived. This mesocosm was regarded as an outlier

and thus not included in the statistical analyses, nor figures. Data

are shown as mean ± SD and all statistical analyses were performed

with R 3.6.1 (R Core Team, 2019). Data points below detection limit

(i.e. DIP) were not substituted with a constant value.

Multifactorial analysis (MFA; package: FactoMineR) was used

on the combined data on water chemistry and biological variables to

explore variability within and between treatments. The MFA uses

weighed principal axis methods applied on a mixture of

quantitative, categorical and frequency variables, and the basis of

MFA can be viewed as a weighted PCA applied to a multiple table in

which different sets of quantitative variables are juxtaposed (Bécue-

Bertaut and Pagès, 2008). The data (DOC, Ptot, Ntot, pH, PP, BP,

BA, Chl a, ciliate and mesozooplankton abundances and

biomasses) was scaled and grouped by five sampling occasions,

and the treatment factors were used as supplementary qualitative
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variables. Dissolved inorganic nutrients (DIN and DIP) were not

included in the MFA due to the low frequency of detection (up to

65% of samples were below the detection limit), and flagellates and

PO4-P were excluded due to low sampling resolution (two of the

five sampling occasions). One data point for Ptot was missing due to

analytical errors and thus replaced using data imputation (package:

missMDA-package).

Changes in water chemistry (pH, DOC and nutrients) and food

web structure (primary, heterotrophic bacteria and total basal

production, flagellates, ciliates and mesozooplankton) were

assessed using linear mixed models (package: nlme), with normal

distribution. To provide linear fit of models, all dependent variables

except Ntot, D flagellate biomass, proportions of copepods and

rotifer abundance, fish biomass and FWE were log-transformed,

adding a constant (+1) when necessary to prevent infinite values.

Visual interpretation of residuals of the fitted model (QQ-plots)

were used to assess the need to transform the data. The following

treatments were included as independent fixed categorical factors:

temperature, MPs, tDOM, and time and three-way interactions

were considered in the most complex model. Mesocosm was

included as a random factor to account for repeated measures

over time. Due to many samples below the detection limit (65%),

statistical analyses of DIP did not include time as a factor.

Relationships between DOC concentration and nutrient

availability (DIN, DIP, PO4-P, Ntot and Ptot) was assessed using

the Spearman correlation test.

Food web efficiency (FWE), defined as the cumulative annual

production rate of fish over the pelagic primary and heterotrophic

bacterial production was determined as the ratio between fish

production (Fishp) and total basal production (PP + BP) (Rand

and Stewart, 1998):

FWE =

Fish
p

PP + BP

where fish production, PP and BP estimates were expressed as

mg C L-1 d-1. Fish production was estimated as the total mass

change of all surviving individuals assuming carbon content to be

20% of the wet weight (Jobling, 1995), and basal production was

estimated as the average BP + PP production during the time when

fish was present in the mesocosms.

Differences in total fish biomass and FWE were also assessed

with the linear mixed models, and fish survival was analyzed using a

generalized linear model with binomial distribution and logit-

function (package: stats). All fish models included MPs,

temperature and tDOM, and their three-way interactions as

independent fixed categorical effects. The correlation between

total mesozooplankton biomass and fish survival or total biomass

was estimated using the Spearman correlation test.

Bioaccumulation factors (BAF) were calculated using lipid

normalized (BAFl) and wet weight (BAFww) concentrations in fish

and soluble MPs in the sub-0.7 μm fraction:

BAF =  
MP  concentration  in  fish ðbased  on wet weight  or  lipid weightÞ  

MP  concentration  in water
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Due to small individual mass (10-19 mg fish, ww), the lipid

content was determined for a bulk sample of control fish, yielding

1.4% lipid in the wet mass, and used for all fish samples. This does

not allow exact calculation of BAFl as lipid content may be affected

by the treatments, but it provides a crude estimate of BAFl. The

soluble MP fraction was calculated as an average based on weekly

water analyses; these results have been reported elsewhere (Ripszam

et al., 2015). Treatment effects on the fish MPs concentrations and

BAF values (log-transformed) were also analyzed using linear

mixed models with normal distribution using temperature, MPs,

and tDOM as independent fixed factors (including interactions)

and mesocosm as a random factor.

The variable selection in the mixed models was applied using a

likelihood ratio test, with stepwise selection (package: MuMIn). The

best-fit model was selected based on the corrected Akaike

information criterion (AICc), and the simplest model with the

lowest AICc was chosen, provided that the DAICc > 2 (Burnham

et al., 2011). If DAICc ≤ 2, the models in question were compared

and simplified, if possible, using backward elimination, starting

with omitting the interaction effects, and comparing models

using ANOVA.
3 Results

3.1 Overall system changes

The multifactorial analysis (MFA) revealed that the water

chemistry (pH, DOC, Ntot and Ptot) and biological variables (Chl

a, PP, BP, BA, ciliate and mesozooplankton abundance, and ciliate

and mesozooplankton biomass) shared similarities within

treatments. The 1st dimension, explaining 33.7% of the variance,

was strongly driven by tDOM, and mesocosms with tDOM addition

had positive scores whereas mesocosms without tDOM addition

had negative scores on dimension 1 (Supplementary Figure S1A).

The 2nd dimension (13.9%) was driven by MP addition, with

generally positive scores for treatments without MP addition and

negative scores for mesocosms with MP addition. The third

dimension (Supplementary Figure S1B) explained 12.7% of the

variance and was mainly driven by temperature, with generally

positive scores for 18°C treatments and negative loadings for 15°

C treatments.

The general trends in water chemistry data are summarized in

the text and available in Table 1, whereas detailed statistical

outcome for all the variables included in the final global models

can be found in Supplementary Table S2. pH was on average 7.8 ±

0.061, fluctuated over time (7.8 – 7.9, p< 0.0001), and was higher in

18 than 15°C mesocosms (7.9 ± 0.069 vs. 7.8 ± 0.046, p< 0.001).

DOC concentrations were on average 5.6 ± 0.53 mg/L in

mesocosms without soil addition, whereas in mesocosms with

tDOM addition, DOC reached 7.4 ± 0.73 mg/L by the end of the

experiment (2-way interaction time × tDOM: p< 0.0001), and

addition of MP also increased the DOC concentrations (p<

0.0001). Moreover, tDOM increased the shading, with reduced

light availability by approximately 30% (p< 0.0001) in tDOM-
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TABLE 1 Summary (average ± SD) of water chemistry (pH, dissolved organic carbon (DOC), photosynthetically active radiation (PAR), total nitrogen
(Ntot) and phosphorous (Ptot), dissolved inorganic nitrogen (DIN) and phosphorous (DIP), particulate organic phosphorous (PO-4P)) for the following
treatments: Control (C), tDOM addition (D), organic micropollutant addition (MP) and tDOM + micropollutant addition (DP) at different temperatures
(15 or 18°), during the duration of the experiment (MP addition at time=0).

Variable Time
(day)

C15 C18 D15 D18 MP15 MP18 DP15 DP18

pH -4 7.9 ± 0.023 8.0 ± 0.084 7.8 ± 0.027 7.9 ± 0.072 7.9 ± 0.054 8.0 ± 0.060 7.9 ± 0.018 8.0 ± 0.085

2 7.8 ± 0.027 7.8 ± 0.042 7.8 ± 0.044 7.8 ± 0.011 7.8 ± 0.016 7.8 ± 0.021 7.8 ± 0.0061 7.8 ± 0.0093

9 7.8 ± 0.013 7.9 ± 0.0014 7.8 ± 0.018 7.8 ± 0.035 7.8 ± 0.014 7.8 ± 0.049 7.8 ± 0.038 7.9 ± 0.021

16 7.8 ± 0.050 7.8 ± 0.034 7.8 ± 0.013 7.9 ± 0.020 7.8 ± 0.015 7.8 ± 0.025 7.8 ± 0.033 7.8 ± 0.052

23 7.8 ± 0.018 7.9 ± 0.013 7.8 ± 0.015 7.8 ± 0.054 7.8 ± 0.030 7.8 ± 0.030 7.8 ± 0.012 7.8 ± 0.038

DOCa -4 4.8 ± 0.062 4.9 ± 0.057 5.4 ± 0.029 5.4 ± 0.050 4.8 ± 0.13 4.9 ± 0.058 5.4 ± 0.038 5.4 ± 0.010

2 5.4 ± 0.010 5.5 ± 0.057 6.1 ± 0.050 6.1 ± 0.059 6.4 ± 0.038 6.5 ± 0.075 7.2 ± 0.025 7.2 ± 0.44

9 5.3 ± 0.071 5.4 ± 0.18 6.4 ± 0.027 6.5 ± 0.076 6.1 ± 0.087 6.2 ± 0.12 7.3 ± 0.023 7.3 ± 0.12

16 5.2 ± 0.11 5.3 ± 0.085 6.7 ± 0.066 6.7 ± 0.12 5.8 ± 0.017 5.8 ± 0.12 7.2 ± 0.072 7.1 ± 0.12

23 5.4 ± 0.015 5.6 ± 0.19 7.3 ± 0.059 7.3 ± 0.045 5.8 ± 0.035 5.7 ± 0.23 7.4 ± 0.15 7.5 ± 0.15

PARb 0 250 ± 63 280 ± 27 140 ± 37 160 ± 31 200 ± 53 240 ± 46 170 ± 27 200 ± 32

7 170 ± 33 94 ± 1.5 110 ± 46 100 ± 45 120 ± 60 170 ± 16 100 ± 40 73 ± 22

22 260 ± 21 240 ± 13 170 ± 6.7 170 ± 22 260 ± 21 230 ± 11 150 ± 19 150 ± 31

Ntotc -4 218 ± 1.19 220 ± 3.11 283 ± 8.21 286 ± 5.23 229 ± 11.9 232 ± 5.15 286 ± 12.6 273 ± 4.38

2 241 ± 6.14 255 ± 2.62 320 ± 10.8 320 ± 12.3 252 ± 11.9 253 ± 14.8 318 ± 6.92 311 ± 0.115

9 215 ± 8.88 215 ± 10.5 311 ± 13.1 303 ± 11.5 213 ± 2.89 219 ± 8.19 316 ± 5.55 305 ± 8.65

16 219 ± 3.12 221 ± 15.7 356 ± 20.1 360 ± 7.22 218 ± 3.37 228 ± 8.68 337 ± 6.27 339 ± 18.5

23 196 ± 0.577 207 ± 5.44 402 ± 34.0 354 ± 10.6 200 ± 3.57 217 ± 13.4 340 ± 13.5 329 ± 6.05

DINc -4 8.6 ± 0.59 7.4 ± 0.28 13 ± 4.1 7.9 ± 2.1 8.9 ± 0.81 8.4 ± 4.8 11.4 ± 2.1 6.3 ± 1.4

2 5.7 ± 4.4 3.9 ± 1.7 9.4 ± 5.8 14 ± 18 7.5 ± 4.4 18 ± 18 11.4 ± 12 14 ± 11

9 5.2 ± 0.55 10 ± 8.5 13 ± 3.3 18 ± 2.0 5.3 ± 1.5 10 ± 8.3 19.1 ± 7.0 15 ± 11

16 2.2 ± 2.1 28 ± 36 6.4 ± 3.0 5.5 ± 1.2 5.8 ± 4.6 6.1 ± 5.7 10.3 ± 6.9 13 ± 7.0

23 3.4 ± 4.6 1.8 ± 1.6 2.5 ± 0.61 2.2 ± 0.76 0.67 ± 0.058 3.8 ± 4.9 1.6 ± 1.3 1.2 ± 0.92

Ptotc -4 8.7 ± 0.058 8.8 ± 0.071 12 ± 0.50 12 ± 0.91 10 ± 0.42 9.9 ± 0.59 11 ± 0.90 11 ± 0.31

2 7.6 ± 0.21 8.4d 10 ± 0.67 11 ± 1.8 8.8 ± 0.23 8.4 ± 0.57 10 ± 0.49 10 ± 0.40

9 6.5 ± 0.47 6.6 ± 1.3 9.2 ± 0.21 9.0 ± 0.15 6.3 ± 0.42 7.1 ± 0.81 9.8 ± 0.87 9.8 ± 0.38

16 6.7 ± 0.42 6.2 ± 0.21 12 ± 0.62 11 ± 0.15 7.1 ± 1.1 6.4 ± 0.46 10 ± 0.57 9.6 ± 0.81

23 5.8 ± 0.058 5.9 ± 0.42 15 ± 3.2 11 ± 0.71 6.3 ± 0.35 7.1 ± 0.72 10 ± 0.96 9.9 ± 0.36

DIPc -4 0.83 ± 0.31 0.85 ± 0.35 2.2 ± 0.61 2.0 ± 0.30 1.5 ± 0.75 0.90 ± 0.44 1.8 ± 0.50 1.6 ± 0.15

2 BDL BDL 0.85 ± 0.21 0.75 ± 0.071 BDL BDL 0.55 ± 0.071 1.1 ± 0.71

9 BDL BDL BDL BDL BDL BDL 0.40d BDL

16 BDL BDL 0.90 ± 0.28 0.70 ± 0.42 BDL BDL BDL 0.80d

23 BDL BDL 1.7 ± 0.00 BDL BDL BDL 0.70d BDL

PO4-Pc -4 5.6 ± 0.68 6.1 ± 0.21 9.3 ± 1.6 9.7 ± 2.2 7.2 ± 1.0 7.8 ± 0.85 7.9 ± 1.2 7.5 ± 0.60

16 2.6 ± 0.40 2.0 ± 0.071 6.2 ± 2.0 7.3 ± 1.4 2.6 ± 0.21 1.7 ± 0.00 3.9 ± 0.38 4.1 ± 1.6
F
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bμmol Quanta m-2 s-1.
cμg L-1.
dOnly represented by one sample per treatment.
BDL All samples below detection limit.
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treated mesocosms, although the average PAR generally exceeded

100 μmol Quanta m-2 s-1 (Table 1).

tDOM had a positive effect on total N, total P, DIN and PO4-P,

although this was insignificant for DIN (p = 0.051; Supplementary

Table S2). Nutrients were generally consumed over time in the

mesocosms (p< 0.0001 for Ntot, Ptot, DIN and PO-4P) and DIP

was below detection limit in 65% of the analyzed samples, however,

tDOM also had an interactive effect on the temporal patterns.

tDOM addition increased Ntot as the experiment progressed, and

Ptot and PO-4P were more stable in tDOM-treatments, whereas

they decreased in mesocosms without tDOM (2-way interactions

time × tDOM; p< 0.0001). Temperature had minor effects on

nutrient availability, but the highest Ntot concentrations were

found in 15°C treatments with tDOM addition and the lowest

Ntot concentrations were found in 15°C treatments without tDOM

(2-way interactions tDOM × temp, p< 0.05). If any, MP addition

showed interactive effects with tDOM and time, revealing the

highest Ntot and Ptot availability in tDOM treatments followed

by tDOM × MP, MP and control treatments (2-way interactions

tDOM × MP; p< 0.0001). Ntot increased over time in mesocosms

without MP addition, but remained stable when MPs were added

and PO-4P decreased more between the two sampling occasions if

MPs were added (2-way interactions time × MP; p< 0.01).Total N,

Ptot and DIN, but not DIP and PO4-P, correlated positively with

DOC concentration (Ntot: Rs = 0.86, p< 0.0001; Ptot: Rs = 0.80, p<

0.0001; DIN: Rs = 0.21, p< 0.05).
3.2 Food web changes

The general trends of the food web components are presented in

the text, whereas detailed statistical outcome for all the variables

included in the final global models can be found in Supplementary

Table S2. The experiment started during the spring bloom, reflected

by high Chl a and PP concentration at the start of the experiment

(Figure 2). Both Chl a and PP were slightly boosted in tDOM

treatments, although most mesocosms showed a temporal decline

after the initial bloom conditions (p< 0.01 for both). The temporal

decrease in Chl a and PP was greater in mesocosms without tDOM

(2-way interaction: time × tDOM; p< 0.01 for both). In addition,

there was an increase in Chl a by the end of the experiments in

mesocosms without MP, but with tDOM, suggesting inhibition of

algal growth in MP treated mesocosms (2-way interactions: time ×

MP; time × tDOM and tDOM × MP). The trends of BP converged

with that of Chl a and PP, except for the initial peak in production

during the spring bloom (Figure 2). BP was more stable over time

with tDOM addition, especially in MP treated mesocosms (3-way

interaction: time × tDOM × MP; p< 0.05). Total basal production

(PP + BP), were strongly influenced by the PP and followed the

same patterns as PP (Figure 2).

Abundances of bacteria, flagellates and mesozooplankton (but

not ciliates) were stimulated by tDOM addition (p< 0.05 for all but

ciliates; Figure 3). The temperature effect on the abundance was

minor and the temporal trends differed between these four plankton

groups (Supplementary Table S2). Bacterial abundance peaked in

the middle of the experiment, with no significant unidirectional
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time effect, although it appeared to decline most in 18°C mesocosms

(Figure 3). Flagellate communities were only sampled twice over the

experiment (start and mid-time), and abundances were lower in

mesocosms without tDOM at the last sampling occasion but also

lower in 18°C treatments at the last sampling occasion (Figure 3; 2-

way interactions time × tDOM and time × temp: p< 0.01 for both).

Although the general pattern indicated that there was a peak in

ciliate abundance at the later stage of the experiment, the timing of

the peak differed between treatments (Figure 3; 2-way interactions

time × tDOM and time × temp: p< 0.05 for both). These temporal

patterns in ciliate abundance was, however, not significant (p >

0.06) when the relative change from the start of the experiment (D
abundance) was assessed (Supplementary Figure S2, and Table S2).

After an early peak in mesozooplankton abundance (Figure 3),

mesozooplankton were strongly reduced throughout the experiment

(p< 0.0001). The only MP effect on abundance was found for

mesozooplankton, with lower abundances when MP was added (p<

0.05). However, the abundance of mesomesozooplankton was higher in

control mesocosms, even prior to MP addition (day -4), and this MP–

effect disappeared when the relative (D) mesozooplankton abundance

was taken into account (Supplementary Figure S2). Early in the

experiment, copepods were generally the most common zooplankton

group based on abundances (52 ± 12%), followed by rotifers (41 ±

12%) and cladocerans (6.5 ± 4.0%). However, copepod contribution

decreased with time to 34 ± 12% (Supplementary Figure S3), and by the

end of the experiment, rotifers (59 ± 13%) were the most abundant

mesozooplankton. The temporal decline in the percentage of copepods

was more pronounced in mesocosms without tDOM (2-way

interaction, time × tDOM: p< 0.05), especially at the lower

temperature (15°C) (3-way interaction, time × tDOM × temp: p<

0.05). There were no significant treatment effect on the contribution of

the older copepodite stages (stage 5 and adults; p > 0.05 for all

treatments, data not shown) and they remained stable, albeit low

(0.91 ± 0.61 ind L-1). Cladocera abundance fluctuated over the duration

of the experiment, with a slight decrease toward the end

(Supplementary Figure S3).

The absolute and D biomasses of flagellates, ciliates and

mesozooplankton generally followed similar patterns as the absolute

and D abundances. The biomass of flagellate and mesozooplankton

decreased with time (Figure 4; p< 0.0001 for both), however D biomass

of ciliates increased with time (Supplementary Figure S2; p< 0.05).

There was a positive tDOM effect on flagellate and ciliate biomass,

especially as the experiment progressed (p< 0.001 for all), but no such

effect was observed for mesozooplankton. As observed for the

abundance of mesozooplankton, MP addition decreased the biomass

of mesozooplankton, although again, no such affect was observed for

the D biomass of mesozooplankton. Due to their larger body sizes, and

occurrence of older copepodite stages, the biomass of copepods (0.63 ±

0.48 μg L-1) was still higher than that of rotifers (0.29 ± 0.17 μg L-1) by

the end of the experiment, despite the numerical dominance of the

rotifers (Supplementary Figure S4). Still, the biomass of copepod,

rotifer and cladocera were strongly reduced (from 1.85 ± 0.46 at day

2 to 0.63 ± 0.48 μg L-1, from 0.69 ± 0.20 at day 2 to 0.29 ± 0.174 μg L-1,

and from 0.78 ± 0.23 μg L-1 at day 2 to 0.17 ± 0.11 μg L-1 by the end of

the experiment, respectively; p< 0.001 for all). Although there was no

effect of tDOM on absolute biomass of mesozooplankton (Figure 4),
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both rotifer and cladocera biomasses were higher in tDOM treated

mesocosms (Supplementary Figure S4, p< 0.05 for both). Concurring

with absolute biomass of mesozooplankton, all three mesozooplankton

groups had higher biomasses in mesocosms without MP addition (p<

0.05 for all).

Fish biomass and survival were generally higher in 15°C

mesocosms (Figures 5A, B). However, there was a three-way

interaction between tDOM, MP and temperature, revealing a more

complex temperature effect on fish survival, with the highest survival
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found in both 15 and 18°C mesocosms without MP and tDOM

addition, and the lowest survival in 18°C mesocosms with tDOM

addition or MP addition (Figure 5B). There was no correlation

between mesozooplankton biomass and fish survival (p > 0.39 for

all), but there was a positive correlation between mesozooplankton

biomass and fish biomass (R = 0.45, p = 0.03). The FWE was lower in

tDOM-treated mesocosms and at 18°, at least in mesocosms without

MP addition (Figure 5C; 2-way interaction tDOM ×MP; p< 0.05). In

MP treated mesocosms, only temperature affected the FWE.
FIGURE 2

Temporal changes in Chlorophyll a, primary production, bacterial production and total basal production in different MP, tDOM and temperature
factor combinations. The two columns to the left represent control mesocosms at 15 and 18°C and the two columns to the right represent MP
exposed mesocosms at 15 and 18°C. Filled symbols and dashed lines are treatments with tDOM addition and open symbols with solid lines represent
treatments without tDOM.
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3.3 Organic micropollutant
bioaccumulation in fish

Twenty-four organic MPs were detected in fish (excluding 9 of

the 33 spiked compounds with blank concentrations >10%), and 19

of these compounds were detected in the water after taking blanks

into account (Ripszam et al., 2015). In fish, there was a general trend

of higher MP concentrations at 15°C compared to 18°C treatments

for most compounds (Supplementary Table S1). However, this was

only significant for 10 compounds, viz. trifluralin, g-HCH, 2,4,6-
Frontiers in Marine Science 10
tribromoaniline, PCB28, chlorthal dimethyl, endosulfan I and II,

mitotane, TPP and diflufenican and marginally non-significant for

two additional compounds, viz. hexachlorobutadiene and a-HCH

(p = 0.07 – 0.09, Supplementary Table S3). 2,4,6-tribromoaniline

concentrations were also higher in fish from tDOM treated

mesocosms (39 ± 10 vs. 94 ± 28 pg g-1), however no other

compound showed an effect of tDOM.

The median BAFww ranged between 0.87 (ethoprophos) and

1.1×104 (phenanthrene) (for lipid normalized BAF, see

Supplementary Table S1). Overall, BAFs were generally slightly
FIGURE 3

Temporal change in the abundance of bacteria (top panels), flagellates (upper middle panels), ciliates (lower middle panels) and mesozooplankton
(bottom panels) in different MP, tDOM and temperature factor combinations. The two columns to the left represent control mesocosms at 15 and
18°C and the two columns to the right represent MP exposed mesocosms at 15 and 18°C. Filled symbols and dashed lines are treatments with tDOM
addition and open symbols with solid lines represent treatments without tDOM.
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higher either at lower temperatures or in tDOM-treated mesocosms

(Figure 6, Table S1). However, large within-treatment variability

occurred due to the small sample size (n= 2-3 per treatment). In

general, the variation in BAFww was especially pronounced in tDOM-

treated mesocosms at lower temperature (15°C). Within the 15°C

tDOM treatment, there was one mesocosm where fish accumulated

considerably less MPs than the other mesocosms of the same

treatment, but that mesocosm did not diverge from the other 15°C

and tDOM-treated mesocosms with regard to the biological responses

(e.g. survival, growth or biomass of fish). Despite of a large within-

treatment variation, there were significantly higher BAFww for fish

from 15°C than 18°C treatments with respect to chlorthal dimethyl and

mitotane (Supplementary Table S4), and marginally higher BAFww for

PCB28 and gHCH (p< 0.08). BAFww in fish was significantly higher in

tDOM-treated mesocosms than mesocosms without tDOM for

ethoprophos (Supplementary Table S4), and marginally higher for

2,4,6-tribromoaniline, TPP and TDCIPP (p< 0.09). The log Kow and
Frontiers in Marine Science 11
Henry’s law constant for the compounds that showed a temperature-

effect ranged between 3.8 and 6.4, and 0.22 and 27 Pa*m3/mol,

respectively, and the log Kow and Henry’s law constant for

compounds that showed a tDOM-effect ranged between 3.6 and 4.6,

and 0.00026 and 0.21 Pa*m3/mol, respectively (Supplementary Table

S1). However, the majority of the compounds within the same range of

Kow and Henry’s law constant was not significantly affected by either

temperature or tDOM.
4 Discussion

As expected, our results indicate that ecosystems in Baltic

coastal regions, receiving high river discharge with future climate

changes, can be influenced by foremost the nutrient enrichment due

to the tDOM addition and, to a minor extent, by the elevated

temperature at the bottom of the food web (Berglund et al., 2007;
FIGURE 4

Temporal change in biomass of flagellates (top panels), ciliates (middle panels) and mesozooplankton (bottom panels) in different MP, tDOM and
temperature factor combinations. The two columns to the left represent control mesocosms at 15 and 18°C and the two columns to the right
represent MP exposed mesocosms at 15 and 18°C. Filled symbols and dashed lines are treatments with tDOM addition and open symbols with solid
lines represent treatments without tDOM.
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Lefebure et al., 2013; Andersson et al., 2015; Liess et al., 2015). If

any, MP addition had a minor effect at the base of the food web. MP

addition resulted in slightly higher nutrient and DOC

concentrations than control mesocosms, and at the applied levels,
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phytoplankton was negatively affected by the MP addition, while

heterotrophic bacteria was slightly benefitted. Although care was

taken not to exceed toxic thresholds in the spiking mixture, the

negative effect on PP and Chl a might indicate a toxic effect of the

herbicides in the MP mixture. As such, the higher nutrient

concentrations in MP treated mesocosms might be a consequence

of the lower phytoplankton growth. The higher DOC concentration

with MP-addition could be caused by the solvent for MPs, i.e.

methanol (Rodriguez et al., 2018) and higher DOC concentrations

may partly explain the positive MP-effect on bacteria, although

bacteria probably also benefitted from a relaxed competition with

phytoplankton. Terrestrial DOM-addition stimulated both

heterotrophic bacteria and phytoplankton at the base of the food

web. That tDOM stimulated phytoplankton was unexpected as

shading of phytoplankton and thus reduced photosynthetic

activity is expected when tDOM inflow increases in lakes and

estuaries (Ask et al., 2012; McGovern et al., 2019). Although

tDOM resulted in reduced PAR, the light was still intense enough

to saturate photosynthesis (Andersson et al., 1994), which may be

attributed to our relatively shallow (0.8 m) mesocosms. Our study

thus suggest that an increase in tDOM inflow is unlikely to limit

photosynthesis in the shallowest coastal areas. Although tDOM

addition stimulated the food web from heterotrophic bacteria and

phytoplankton to mesozooplankton, the temperature was generally

more influential for fish survival and biomass. Increased

temperature generally results in increased fish metabolism

(Brown et al., 2004), and with limited food availability, as seen in

our experiment, less resources can be allocated to growth. A higher

metabolism with increasing temperature (18°C) could explain the

lower FWE and total fish biomass in 18°C mesocosms, in line with

previous studies (Berglund et al., 2007). Lower FWE in climate-

altered food webs may indicate a food chain elongation, with more

energy allocated via the heterotrophic microbial food web

(Andersson et al., 2015). However, as both primary and

heterotrophic bacterial production was benefitted in climate

altered mesocosms, especially when MPs were absent, this needs

to be interpreted with caution. In addition, MP treated mesocosms

had slightly lower PP and Chl a, and MP treated mesocosms only

showed marginal effects on FWE. Further, a more detailed study

pinpointing the microbial food web in mesocosms without MP

addition indicated that the systems tended to be net-autotrophic

(Andersson et al., 2023). As such, it is less likely that the reduced

FWE in climate-altered food web is an indication of an increase in

trophic levels.

In addition to efficiently decreasing total mesozooplankton

biomass, perch predation also shifted mesozooplankton

community structure from more preferred copepods and

cladocerans to the smaller and less preferred rotifers (Byström and

Garcıá-Berthou, 1999). Higher growth rates in the latter and the

temperature effect have most likely also contributed to the observed

community shift. As such, fish suffered from strong resource

limitation, and by the end of the experiment, mesozooplankton

densities were approximately ten times lower than in coastal areas in

the Bothnian Bay (Lefebure et al., 2014). The number of reproducing

copepoids remained relatively low throughout the experiment,

which may have contributed to limited mesozooplankton
B

C

A

FIGURE 5

Total fish biomass (A), fish survival (B), and food web efficiency
(FWE; C) at the final sampling of fish (day 23), in different MP, tDOM
and temperature factor combinations. Left panel (Control)
correspond to treatments without organic micropollutant addition,
and right panel treatments with organic micropollutants. 15 and 18
correspond to the two temperature treatments (15 and 18°C), C is
controls without tDOM or MP addition, D with tDOM addition, MP
with micropollutants, and DP with both tDOM and micropollutants.
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densities. Hence, it is likely that the observed low lipid content of fish

(1.4%) and high mortality rates were caused by the food limitation.

The predation pressure on mesozooplankton also released ciliates

from mesozooplankton grazing, with cascading effects in the

microbial food web. The more detailed study pinpointing the

microbial food web in mesocosms without MP addition showed

that tDOM addition increased the abundance of larger ciliates (>

60μm, dominated by Stylonychia sp.) (Andersson et al., 2023). A

shift toward cilates of larger size could explain the higher D ciliate

biomass in tDOM treated mesocosms in the present study (also

including MP treatments).

There are many studies on the potential effects of climate change

on contaminant distribution and fate, focusing on Arctic ecosystems,

but they havemostly been based onmodeling approaches (Borgå et al.,

2010; Wang et al., 2016; Alava et al., 2018). According to the present

study, bioaccumulation ofMPs could either decrease or increasewith a

changing climate, depending on the compound and main driving

factor (temperature or tDOM). The risk of bioaccumulation in fish

would decrease for compounds that seem to be more temperature

sensitive (e.g., mitotane, chlorthal dimethyl, PCB28 and gHCH),

whereas for others (e.g., ethoprophos, TDCIPP, TPP, and 2,4,6-

tribromoaniline) it would increase if tDOM increases. There were no

obvious common denominators such as logKow,Henry’s law constant,

group, or type of compounds, which could help foresee how MPs
Frontiers in Marine Science 13
would be affected by temperature or tDOM. Although there was an

overlap in log Kow between compounds that was affected by

temperature and tDOM, compounds that bioaccumulated less when

temperatures increased tended to have a higher log Kow (> 3.8) and

compounds that bioaccumulated to a higher extent in tDOM treated

mesocosms tended to have a slightly lower log Kow (< 4.6). However,

this was not unanimous for all compounds. For example, trifluralin,

with log Kow 5.07 showed no tendency of temperature-dependent

bioaccumulation, even thoughchlorthal dimethylandPCB28withKow

4.4 and 5.8, respectively, accumulated significantly less in fish from 18°

C than 15°C treatments. In agreement, bioconcentration factors (BCF)

infish for adiverse set ofpharmaceutical compounds showeddeviating

mechanisms for fish uptake, not following a lipophilicity-driven

manner (Fick et al., 2010). These factors alone or in combination

might explain the lack of consistent pattern between logKow and BAF,

which are usually expected to be affected by the lipophilicity of a

compound (Fisk et al., 1998). Also, assessing biomagnification factor

(BMF) or trophicmagnification factors (TMF)would have been useful

in determining the biomagnification patterns and impact of food web

changes (Borgå et al., 2012).However, limited amount of preymaterial

prevented such studies.

Terrestrial DOM is expected to decrease the bioavailability of

MPs due to increased partitioning to organic matter (Noyes et al.,

2009). Micropollutants tended to partition to tDOM in the present
FIGURE 6

Bioaccumulation factors (based on wet weight) for organic micropollutants grouped into legacy pests/POPs (left panels), high production volume
compounds as well as model compounds (HPVC + MC, middle panels) and currently and recently used pesticides (CUP, right panels). Pollutants are
ordered based on their lipophilicity, with highest logKow at the top and lowest at the bottom. Blue boxes represent 15°C mesocosms and brown 18°
C mesocosms. MP denotes mesocosms amended with organic micropollutants only, and DP represent mesocosms with organic MPs and tDOM.
The boxes illustrate the interquartile range and the median, while whiskers represent the upper and lower quartile.
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study (Ripszam et al., 2015), which may have reduced the

bioavailability for direct (diffusive) uptake in fish (Larsson et al.,

1992). This would contrast our results, where tDOM increased the

bioaccumulation, if a tDOM affect occurred. Increased

biomagnification in fish, due to an increase in trophic levels with

a more dominant microbial food web, could have explained the

observed tDOM effect. However, we found limited support for a

food chain elongation in MP treated mesocosms and the

compounds that was affected by tDOM was intermediate, in

terms of lipophil icity, i .e . not the compounds where

biomagnification was primarily expected. Compound with log

Kow > 5 are expected to be associated with tDOM and be largely

absorbed via the diet (Gobas, 2001). As such, contrary to what was

observed, we expected more lipophilic compounds to

bioaccumulated with tDOM addition. An optional explanation for

increased bioaccumulation in fish from tDOM treated mesocosms

for intermediately lipophilic compounds may be that MPs could be

transferred by bacteria up the food chain, when bacteria consume

tDOM (Wallberg et al., 2001). As such, reduced bioavailability and

diminished passive uptake in fish, due to MP-tDOM complexation

(Ripszam et al., 2015), would be counteracted by the increased

availability via contaminated diet, due to heterotrophic bacteria

consuming contaminant-rich tDOM. However, the pathways for an

increased bioaccumulation with increased tDOM, needs to be

explored further. In addition, variation in BAF was considerable

for tDOM treatments at 15°C due to one mesocosm with

consistently lower MP concentrations in fish and a high

variability may have prevented us from identifying additional

compounds that were influenced by tDOM. There was no

apparent biological explanation for the low MP concentrations in

fish from this particular mesocosms, such as fish growth, survival

and various food web responses. Data on individual lipid content

may have helped understand this variation and generate more

accurate BAFl estimates; unfortunately, mesocosm-specific lipid

measurements were impossible due to the low amount of the

sample material. However, the usefulness of BAFww and BAFl
varies, depending on a compound’s lipophilicity and absorption

route (Mackay et al., 2018). In addition, as the food availability was

low and fish were close to starvation, the calculated BAF values may

rather represent BCF.

The reduced bioaccumulation of MPs in warmer climates has

been suggested previously (Noyes et al., 2009; Borgå et al., 2010;

Kong et al., 2014), although both increased and decreased

bioconcentration have been observed in mussels, depending on

compound (Serra-Compte et al., 2018). However, the variability in

temperature adaptation among species, and, more specifically, their

growth response to the temperature increase, may affect MP

accumulation. In particular, cold-water species are expected to

have lower bioaccumulation than warm- or temperate species in a

warmer climate (Gewurtz et al., 2006; Borgå et al., 2022). The

limited growth response in our boreal perch probably explains the

lack of corresponding bioaccumulation responses. Also, we found

higher losses and lower partitioning of MPs to tDOM at higher

temperatures (Ripszam et al., 2015). Thus, increased temperatures

may promote MP evaporation and thus reduce the risk of
Frontiers in Marine Science
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accumulation in biota. However, at the regional scale, higher

temperatures may also increase the runoff of MPs from secondary

sources (Noyes et al., 2009; Wang et al., 2016; Borgå et al., 2022),

which could counteract the effect of increased evaporation in

coastal regions.

Higher temperatures not only directly affect MPs but also

increase the physiological rates of fish, such as their metabolism

(Brown et al., 2004). Thus, MP elimination and depuration are

expected to increase in warmer conditions (Paterson et al., 2007;

Alava et al., 2017). As such, reduced MP bioaccumulation at the

higher temperature (Figure 6) was most likely a combination of the

increased contaminant losses through evaporation (Ripszam et al.,

2015) and increased fish metabolism. The generally lower biomass of

fish in warmer mesocosms could also reflect an increased

metabolism and energy expenditure, a response that agrees with

previous studies (Gardner et al., 2011; Alava et al., 2017). It has also

been suggested that adaptation to climate warming may reduce fish

metabolic costs (Moffett et al., 2018). If this holds, and MPs are

subsequently eliminated in fish at a slower pace, with a changing

climate, the observed positive effects of increasing temperatures (i.e.,

reduced bioaccumulation of contaminants) may be diminished.
5 Conclusions

This study indicates that the projected climate change in northern

Baltic Sea will promote the base of the food chain in shallow coastal

areas. An efficient basal production, due to increased tDOM input, also

affected the rest of the food web (from flagellates to mesozooplankton)

and resulted in increased FWE in mesocosms without MPs. The

temperature increase had little impact on lower trophic levels, but

resulted in generally reduced growth and survival of the top consumer

(fish). The climate-related conditions had differential effects on MP

bioaccumulation: temperature increase led to lower bioaccumulation,

potentially due to increased evaporation and fish metabolism, whereas

tDOM addition increased bioaccumulation, potentially due to a food

chain elongation or efficient contaminant transfer from heterotrophic

bacteria. The mechanisms behind the temperature and tDOM-

dependent bioaccumulation and their interactions need

further exploration.
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