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Climate change–induced terrestrial matter runoff may decrease food
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Abstract
Climate change is projected to cause elevated precipitation in northern Europe, leading to increased runoff

of terrestrial matter to coastal areas. The consequences for food web production and ecosystem function remain
unclear. A mesocosm experiment was performed to investigate the impacts of elevated terrestrial matter input,
using a natural plankton community from the northern Baltic Sea with added young-of-the-year perch as
planktivorous top consumer. Addition of terrestrial matter caused water browning and increased dissolved
organic carbon and inorganic nutrient concentrations. Phytoplankton primary production showed a negative
response to terrestrial matter due to decreased light availability, while heterotrophic bacterial production
increased. The trophic balance, calculated as the difference between primary production and heterotrophic bac-
terial production, indicated that net-heterotrophy was triggered by terrestrial matter enrichment. Primary pro-
duction was identified as the main basal energy source for fish. Addition of terrestrial matter reduced the food
web efficiency, calculated as the ratio between fish production and basal production (primary production
+ heterotrophic bacterial production). Furthermore, stable isotope analysis of seston and fish indicated that the
added terrestrial matter was not efficiently incorporated in the food web and only marginally altered the food
web trophic positions. The results suggest that the main food chain consisted of phytoplankton,
mesozooplankton, and fish, and that the ecosystem production was overall light driven. Under a changing cli-
mate, several negative effects can be expected, including a poorer light climate, reduced ecosystem production
and net-heterotrophy. These alterations have potentially significant consequences for ecosystem functioning,
fish production, and thus ecosystem services.
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Coastal environments represent a transition between land
and sea, are often highly productive, host key ecological pro-
cesses (e.g., fish nurseries), and offer valuable ecosystem ser-
vices, such as nutrient assimilation (In�acio et al. 2020;
HELCOM 2023). Autotrophic phytoplankton constitute the
major producers in marine systems, but in coastal regions
inflows of terrestrial organic matter can nurture heterotrophic
bacteria providing an additional basal food web resource
(e.g., Figueroa et al. 2016; Andersson et al. 2018). Temperate
and cold oceans are in general net-autotrophic, that is, auto-
trophic production exceeds heterotrophic production (Hoppe
et al. 2002), leading to net uptake of carbon dioxide from the
atmosphere (Friedlingstein et al. 2022). In contrast, coastal
areas can be net-heterotrophic (Gattuso et al. 1998;
Caffrey 2004; Algesten et al. 2006), emitting inorganic carbon
to the atmosphere. In such systems, the heterotrophic produc-
tion exceeds autotrophic primary production (PP) (Figueroa
et al. 2016; Andersson et al. 2018). Input of colored terrestrial
matter to coastal systems can reduce PP, due to light attenua-
tion leading to light limitation, but may also be accompanied
by nutrient inflows that bolster PP. The tipping point for this
trophic balance, that is, where net-autotrophy turns into net-
heterotrophy, is, however, not well quantified.

Recent assessments of anthropogenic climate change point
to the need for large reductions in global greenhouse gas emis-
sions (IPCC 2021). Regional scenarios for the northern Baltic
Sea indicate that at moderate mitigation, the temperature can
increase by 2–5�C and precipitation increase by 10–20% dur-
ing the period 2070–2099, as compared to 1970–1990 (Meier
et al. 2022). Such changes would lead to terrestrial greening
and freshwater browning, which in turn have consequences
for coastal water transparency due to connectivity between
terrestrial and marine systems (Opdal et al. 2023). The rising
inflow of colored terrestrial matter to coastal areas due to
increased precipitation, may not only promote a heterotrophic
bacterial-based food web, but also inhibit phytoplankton pro-
duction (Andersson et al. 2015). The ecological consequences
of these alterations are hard to predict, but a shift to increased
heterotrophic production, or even a net-heterotrophic system,
will likely affect food web structure, system productivity, and
biogeochemistry.

One way to assess the complexity of a food web is to mea-
sure food web efficiency (FWE), which represents the ratio
between the production at the highest trophic level in the sys-
tem divided by the production at the lowest trophic level
(Rand and Stewart 1998). At each trophic level, there is a 70–
90% loss due to sloppy feeding and metabolic costs
(Straile 1997), implying that the production at higher trophic
levels, for example, planktivorous fish, is significantly reduced
if additional trophic levels are incorporated in the food web.
This means that the fish production (FP) as well as the FWE
can decrease by 75% if the food web is based mainly on bacte-
ria rather than edible phytoplankton. The base of the food
web is thus critical for higher trophic levels.

Past studies, where food webs in mesocosm experiments
incorporated fish as the top-predator, have yielded different
results with regard to effects of colored terrestrial matter on
FWE. Additions of terrestrial matter have led to increased total
production, where heterotrophic bacterial production (BP)
compensated for decreased PP, ultimately leading to higher FP
(Lefébure et al. 2013). On the other hand, other studies show
that pelagic FP was reduced by dissolved organic matter inputs
(Degerman et al. 2018; Bell et al. 2022). These studies point to
different outcomes regarding FP and FWE, possibly due to
varying loads and quality of dissolved organic carbon (DOC)
in the experiments and different fish treatments (e.g., life
stages) being used. They pinpoint that investigating cumula-
tive effects on ecosystem functioning is not only complex but
also critical for understanding and predicting future ecosystem
change. There is a need to improve our ability to predict how
the ecology and biogeochemistry of coastal systems will
respond to future climate change scenarios and increased ter-
restrial matter inputs.

A mesocosm experiment was performed with natural
coastal seawater, including the natural plankton community
supplemented with planktivorous young-of-the-year (YOY)
fish as top consumers, where food web responses to terrestrial
matter addition were examined. The focus was to measure
changes across a few key ecosystem factors, such as trophic
balance and FWE. It was expected that terrestrial matter addi-
tion would switch the trophic balance from net-autotrophy to
net-heterotrophy and decrease FWE and FP, due to the inclu-
sion of additional trophic levels.

Materials and methods
The experiment was designed to mimic a climate change

scenario projecting that the inputs of terrestrial matter to
coastal areas in the Baltic Sea will increase 30–100% within
the next 100 yr (Hägg et al. 2010). For detailed information
on materials and methods, see Supporting Information. Exper-
iments, methods of sacrifices and design of fish sampling strat-
egies in this study comply with the current laws of Sweden
and were approved by the Regional Ethics Committee of the
Swedish National Board for Laboratory Animals in Umeå
(CFN, license no. A24-11).

Extraction of terrestrial matter from soils
Natural terrestrial matter extracted from soils of the banks

of Reda and Öre rivers was added to mimic river inflow. The
Reda River is located in Poland and drains into the southern
Baltic Proper (54�N), and the Öre River is located in northern
Sweden and drains into the northern Baltic Sea (Gulf of Bot-
hnia, 63�N). The soil sites were selected to be representative of
catchment regions strongly dominated by agriculture or for-
estry, respectively. The extracts of terrestrial matter were pro-
duced as described in Lefébure et al. (2013), and the
bioavailability was estimated in a batch culture experiment.
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Mesocosm experiment
The mesocosm experiment was carried out from May

21, 2012 to June 25, 2012, using 12 indoor mesocosms located
at the Umeå Marine Sciences Center, Sweden (Traving
et al. 2017; Paczkowska et al. 2020). Each mesocosm is a 5-m-
high tank with a volume of 2000 liters (see Grubisic
et al. 2012; Lefébure et al. 2013 for more details). On May
21 and May 22, seawater was gently collected at a depth of
4 m from the Bothnian Sea (63�330N, 19�560E; salinity � 4 and
temperature � 6�C). To generate a complete pelagic food web
within the mesocosms, seven equally sized YOY perch (Perca
fluviatilis) were added to each tank at the start of the
experiment.

Temperature and thermal water cycling within tanks was
controlled by an automated heating/cooling system (� 0.5�C).
Water exchange (40 liters, inclusive of sampling water collec-
tion) was carried out every 2nd day and replacement water
consisted of 0.2 μm filtered natural Bothnian Sea water col-
lected at 10 m depth at a coastal site (63�330N, 19�560E). The
experiment started on May 28 (Day 0) and lasted for 29 days.

Experimental treatments
Four treatments were applied, one with low addition of a

soil extract (tML), one with high addition of soil extract (tMH),
and two controls (CtrlL and CtrlH). The tML addition was from
soil extract of the Öre River bank, and the tMH addition was
from soils of the Reda River bank. The final target DOC con-
centrations were 6 and 8 mg L�1 in the tML and tMH treat-
ment, corresponding to an increased DOC concentration of
50% and 100% based on the future climate scenario by Hägg
et al. (2010). The two control treatments CtrlL and CtrlH were
supplemented only with inorganic N and P to match inor-
ganic nutrients concentrations occurring under the respective
terrestrial matter treatments.

Three days before the 1st sampling day, all mesocosms were
supplied with a 25% boost of their respective overall additions
(soil extracts to tML and tMH, and inorganic nutrients the
CtrlL and CtrlH), followed by daily equal additions to reach
future DOC scenarios and thereby achieve the final concentra-
tions by the end of the experiment. Daily and total additions
of DOC, total nitrogen, and total phosphorous from soil
extracts to tML and tMH and inorganic nutrient additions to
CtrlL and CtrlH are presented in Supporting Information
Tables S1 and S2.

Sampling
Water samples were collected twice a week in the early

morning (06:00, when light was turned on), using a syphon-
ing hose at 2 m depth, for measurement of physicochemical
variables and phytoplankton PP and heterotrophic BP. Plank-
ton samples were collected at the beginning, middle and end
of the experiment.

Physicochemical variables
Vertical photosynthetically active radiation (PAR) irradi-

ance profiles were measured with a LICOR-193SA light sensor.
Samples for dissolved inorganic phosphorus (DIP: phosphate),
dissolved inorganic nitrogen (DIN: nitrate + nitrite and
ammonium), and silicate were filtered through 0.2 μm filters,
while samples for total phosphorus and total nitrogen were
unfiltered. All nutrients were analyzed using a Braan and
Luebbe TRAACS 800 autoanalyzer (Grasshoff et al. 1983).
Humic substances was measured from unfiltered water sam-
ples using a Perkin Elmer LS 30 fluorometer (Hoge et al. 1993).
Dissolved organic carbon concentrations were analyzed on
0.2 μm filtered and acidified samples using a Shimadzu TOC-
5000 analyzer.

Primary production and heterotrophic bacterial
production

Phytoplankton PP was measured using the 14C method
(Gargas 1975). Heterotrophic BP was measured using 3H-
thymidine incorporation (Fuhrman and Azam 1982). For both
PP and BP daily net production rates were calculated.

Trophic balance
The trophic balance was calculated as the difference

between phytoplankton PP and heterotrophic BP. Positive
values were interpreted as net-autotrophy, where the system
takes up carbon dioxide, while negative values were indicated
as net-heterotrophy, where the system emits carbon dioxide
(Hoppe et al. 2002).

Fish
Egg strands (n = 4) from perch (Perca fluviatilis) were col-

lected from a coastal spawning bay (63�45014.400N
20�32019.700E). Approximately, 1/4 of each egg strand was put
in a holding tank at 15�C. When larvae swam actively and
were observed to feed, seven randomly selected but equally
sized individuals were gently placed in each mesocosm.

At the end of the experiment, 70–100% of the added perch,
from here on YOY perch, were retrieved from each mesocosm.
All YOY perch were weighed and measured with a caliper.
FP was calculated in each mesocosm based on the difference
between total fish wet weight at the end and start of the
experiment.

Analysis of stable isotopes
Stable isotopes, δ13C and δ15N, were measured in seston

and fish, representing the lowest and highest trophic levels, at
the end of the experiment. Analyses were performed using a
Thermo Finnigan Delta V Advantage mass spectrometer, after
combustion in a Carlo Erba NC2500 elemental analyzer at
1020�C (Deutsch et al. 2012).

Differences in δ13C and δ15N between fish and seston at
the end of the experiment were used as a proxy for food web
function. For δ13C, a large difference between fish and seston
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(δ13C Fish-Seston) indicated that the seston food source was
used to a lesser extent than if the difference was small. For
δ15N, a large difference between fish and seston (δ15N Fish-
Seston) indicated a longer food chain (additional trophic
levels) than if the difference was small.

Food web efficiency
Food web efficiency was calculated as the ratio between the

production of the top consumer (FP) and the sum of hetero-
trophic BP and phytoplankton PP (Rand and Stewart 1998;
Lefébure et al. 2013; Degerman et al. 2018):

FWE¼ FP
BPþPP

Production values are average carbon production per day
and liter of seawater.

Statistical analyses
The results focus on the outcome effects of the treatments,

and thus experimental averages (excluding day 0) and end-
point values in general are presented. Treatment results were
tested using a one-way ANOVA followed by Tukey’s post hoc
test or the Kruskal–Wallis analysis followed by the Dunn-
Bonferroni post hoc test. Outliers were removed which
reduced the number of replicates for some of the treatments.
R version 4.0.2 was used for these analyses (R Development
Core Team 2017).

Principal component analysis (PCA) was used to show the
main pattern of phytoplankton PP, heterotrophic BP,
mesozooplankton biomass (ZP), ciliate biomass (Cil), and FP
in relation to potentially explanatory variables: DOC, DIN,
DIP, and PAR at day 28 in the different treatments. Canoco
5 was used for this analysis.

The direct relations between trophic balance, FWE, δ13C
Fish-Seston, and DOC were tested using regression analysis.
Experimental average values were used leading to 12 data
points, one from each mesocosm, for each regression analysis.
R version 4.0.2 was used for this analysis (R Development
Core Team 2017).

Results
Carbon availability of soil extracts

Carbon bioavailability of the soil extracts was estimated in
a side-experiment (Supporting Information Fig. S1). For both
extracts, the heterotrophic BP reached a plateau on the 2nd

day, while the DOC concentration decreased over the 10-d
period. The sustained BP and the continued decrease in DOC
concentration indicate that DOC was available over the 10-d
period and not just at the early stage (Supporting Information
Fig. S1). After 10 d, the bacterial DOC consumption was 7.6%
of the soil extract from the Öre River bank and 7.1% of the
extract from the Reda River bank (Supporting Information

Fig. S1). The carbon bioavailability was thus similar, � 7%, in
both soil extracts.

Mesocosm experiment
Differences in baseline parameters

The average total nitrogen, total phosphorus, DIN, and DIP
concentrations were higher in the tML and tMH than in their
respective controls, with tMH generally showing higher levels
than tML (Fig. 1a–d; Supporting Information Table S3). The
ratio between DIN and DIP (DIN : DIP) differed between treat-
ments with a high ratio for the CtrlL compared to a low value
for tMH and intermediate but similar values for the other two
treatments (Fig. 1e). Dissolved organic carbon and humic sub-
stances were elevated in the treatments receiving soil extracts
(i.e., tML and tMH), with levels being the highest in the tMH

treatment (Fig. 1f,g). In contrast, PAR levels were the lowest in
tMH (Supporting Information Table S3), intermediate in the
tML treatment and highest in the two controls that only
received N and P (Fig. 1h).

Phytoplankton primary production and heterotrophic
bacterial production

Phytoplankton PP was the highest in the CtrlH treatment,
where higher levels of nutrient addition were provided, and
the lowest in the tMH treatment (Fig. 2a; Supporting Informa-
tion Table S3). The other two treatments showed relatively
similar levels (Fig. 2a). Heterotrophic BP was in general
slightly higher than PP with CtrlL, tML, and tMH treatments
showing similar levels. However, in the CtrlH treatment BP
was lower than the other treatments (Fig. 2b; Supporting
Information Table S3). The trophic balance (PP–BP) indicated
net heterotrophy in all treatments except the CtrlH. The stron-
gest heterotrophy was observed in the tMH treatment (Fig. 2c;
Supporting Information Table S3).

Fish production
The fish showed an average survival rate of 80%

(no mesocosm had less than five out of seven fish surviving
the experiment). Fish grew to 13–20 mm by the end of the
experiment and ranged from 0.0120 to 0.1066 g (wet weight)
from an average starting weight of 0.0009 g. The length–
weight relationships of the fish recovered at the end of the
experiment were relatively similar across three treatments
(Supporting Information Fig. S2A). However, tMH exhibited
the lowest regression slope (Supporting Information Fig. S2B).
The fish recovered from the tMH thus showed a trend of
slightly lower weights for equivalent lengths. Fish biomass (μg
C L�1) and FP (μg C L�1 d�1) were the highest in the CtrlH
treatment, lower but of a similar level in the CtrlL and tML

treatments, but markedly lower in the tMH treatment (Fig. 3a;
Supporting Information Fig. S3F; Supporting Information
Table S3).
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(Figure legend continues on next page.)
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Food web efficiency and isotopic signals
Food web efficiency was highest in the CtrlH treatment and

the lowest in tMH, varying from 0.7% to 0.5% (Fig. 3b;
Supporting Information Table S3), with a � 0.2% difference
between the two treatments, indicating a slight elongation of
the food chain due to terrestrial matter addition. The treat-
ment pattern of FWE (Fig. 3b) was similar to that of fish bio-
mass (Supporting Information Fig. S3F) and production
(Fig. 3a).

Differences in stable isotope signal (15N) between the
highest trophic level (fish) and the lowest trophic level
(seston) at the end of the experiment (day 28) showed � 20%
higher δ15N Fish-Seston values in tMH as compared to all other
treatments (Fig. 3c); however, the differences were not signifi-
cant (Supporting Information Table S3). For δ13C Fish-Seston,
values were � 1.5–2 times larger in the tM treatments com-
pared to the controls, the two latter treatments having similar
values (Fig. 3d).

Statistical relationships of response variables
A PCA provided an overview of the distribution of mea-

sured variables in the mesocosms and the spread across treat-
ments (Fig. 4). The first two components of the PCA explained
� 85% of the variation (Table 1). Component 1 (� 74%) was
negatively driven by PAR, phytoplankton PP, ZP, and FP and
positively by DIN, DIP, DOC, and heterotrophic BP. Compo-
nent 2 (� 11%) was most strongly, and positively, driven by
heterotrophic BP and ZP, and negatively by DIP and FP
(Table 1). A clear separation between treatments and their
controls was observed across Component 1 (Fig. 4). The con-
trol treatments had higher PP, ZP, and FP compared to the
mesocosms enriched with terrestrial matter, where lower PAR
and higher inorganic nutrients and DOC concentration were
observed in conjunction with higher heterotrophic BP.

Trophic balance, FWE and δ13C Fish-Seston all showed sig-
nificant relationships to DOC (Fig. 5). The trophic balance
and FWE showed negative relations to DOC, with a degree of

(Figure legend continued from previous page.)
Fig. 1. Average total nitrogen (Tot N, a), total phosphorus (Tot P, b), dissolved inorganic nitrogen (DIN, c), dissolved inorganic phosphorus (DIP, d),
DIN : DIP (e), humic substances (HS, f), dissolved organic carbon (DOC, g), and photosynthetically active radiation (PAR, h), in the different treatments.
Values are means of three replicates from days 7 to 28 � standard error.

Fig. 2. Average phytoplankton primary production (PP) (a), heterotrophic bacterial production (BP), (b) and trophic balance (PP–BP, c) in the different
treatments. Values are means of three replicates from days 7 to 28 � standard error.
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explanation > 50%. The δ13C Fish-Seston showed a positive
relation to DOC, with a degree of explanation of 67%.

Discussion
The addition of terrestrial matter reduced the light avail-

ability in the mesocosms and lowered the overall food web
production. The impacts were recorded from the base of the
food web (phytoplankton) to the top trophic level (fish) in
the high terrestrial matter treatment, possibly due to exceed-
ing a tipping point. A slight elongation of the energy pathway
was observed within the food web, as the heterotrophic micro-
bial food web was promoted. However, the food web produc-
tion was overall governed by light availability, suggesting that

the herbivorous food chain constituted the major energy
pathway over the experimental study period.

Terrestrial matter enrichment showed contrasting effects
on primary production, heterotrophic bacterial
production, and trophic balance

Phytoplankton PP decreased in the mesocosms with high
concentrations of terrestrial matter (tMH), while in tML the PP
was maintained at a high level, that is, similar levels as in the
controls. A previous study showed that photosynthetic light
saturation in the area occurs at around 80–100 μmol photons
m�2 s�1 for microplankton and at � 20 μmol photons m�2 s�1

for nanoplankton (Andersson et al. 1994). In this study, PAR
was about 20 μmol photons m�2 s�1 in tML and < 10 μmol
photons m�2 s�1 in tMH. Since the phytoplankton

Fig. 3. Average fish production (FP, a), food web efficiency (FWE, b), δ15N Fish-Seston (c), and δ13C Fish-Seston (d) in the different treatments. Values
are means of three replicates � standard error. (c) and (d) represent endpoint values. Error bars denote standard error.
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community mainly consisted of microplankton (Paczkowska
et al. 2020), the decreased PP in the tMH mesocosm can be
explained by light limitation.

Heterotrophic BP was similar in the CtrlL and the meso-
cosms amended with terrestrial matter, while in CtrlH, the BP
was lower. In previous experiments, heterotrophic BP was
often enhanced by soil extract addition (e.g., Lefébure
et al. 2013; Rodriguez et al. 2022), but unexpectedly there was
no clear response in this experiment. The bioavailability of
both soil extracts was low but in the upper range of the DOC
availability of terrestrial matter entering the Baltic Sea coast
(Stepanauskas et al. 2002; Hoikkala et al. 2015). Therefore, the
consumption of the bioavailable part could have occurred
quickly and not be captured by the sampling strategy. Another
possible explanation might be trophic regulation, as data indi-
cated that ciliates feeding on bacteria were enhanced in the
mesocosms with terrestrial matter additions.

The estimates of trophic balance (PP–BP) indicate that only
the nutrient-rich control (CtrlH) was net-autotrophic, while all
other treatments were net-heterotrophic. The CtrlL mesocosms
had similar values as the tML amended mesocosms, while the
tMH-enriched mesocosms showed the most negative values,
that is, net-heterotrophy was most strongly triggered in this
treatment. In coastal marine systems, phytoplankton are the
major primary producers, that is, assimilators of carbon diox-
ide, while heterotrophic bacteria are the main respiring organ-
isms, that is, producers of carbon dioxide (del Giorgio and
Cole 1998). This study support others in indicating that terres-
trial matter is a governing factor for ecosystem trophy in
boreal coastal systems, either by decreasing phytoplankton PP
or increasing heterotrophic BP. A breakpoint has earlier been
reported to be � 5 mg DOC L�1, where higher DOC concen-
trations hamper PP due to light attenuation, but at lower DOC
concentrations concomitant river-borne nutrients, for exam-
ple, DIN and DIP, can promote PP (Seekell et al. 2015;
Andersson et al. 2018). Findings from this study are in agree-
ment as the PP in tML, with a DOC concentration of 5.5 mg C
L�1, was similar to that of the controls, while the tMH with
DOC concentrations � 7 mg C L�1 showed reduced PP. Taken
together, the results indicate that under low inputs of terres-
trial matter PP is maintained and ecosystem trophy does not
change as compared to an unaffected system (no DOC input),
but under high inputs net-heterotrophy is strengthened,
potentially leading to increased emissions of carbon dioxide.

High loads of terrestrial matter reduced mesozooplankton
and fish size and biomass

The terrestrial matter induced an increase of “large” micro-
plankton (> 20 μm cells), while picoplankton (0.2–2 μm) and
nanoplankton (2–20 μm) were predominant in the controls
(Paczkowska et al. 2020). This was likely due to higher nutri-
ent availability, as the nutrient concentrations were relatively
high in the mesocosms amended with terrestrial matter and
low in the controls. Low-nutrient availability promotes small
phytoplankton, while high-nutrient concentrations allow
microplankton to develop and dominate (Samuelsson
et al. 2002).

Fig. 4. Principal component analysis (PCA) of factors such as dissolved
organic carbon (DOC), dissolved inorganic nitrogen (DIN), dissolved inor-
ganic phosphorous (DIP), and photosynthetically active radiation (PAR)
influencing phytoplankton primary production (PP), heterotrophic bacte-
rial production (BP), ciliate biomass (Cil), mesozooplankton biomass (ZP)
and fish production (FP) for Day 28 in the different treatments.

Table 1. Variable loadings for the 1st and 2nd components of
the PCA performed on biological and physicochemical data.

Component 1 Component 2

DIP 0.887 �0.379

DIN 0.915 0.213

PAR �0.967 0.081

DOC 0.982 �0.062

PP �0.856 �0.010

BP 0.568 0.702

Cil 0.773 0.263

ZP �0.821 0.447

FP �0.791 �0.047

Eigenvalue 0.7197 0.1071

Explained variance (%) 72.0 10.7

BP, heterotrophic bacterial production; Cil, ciliate biomass; DIN, dissolved
inorganic nitrogen; DIP, dissolved inorganic phosphorous; DOC, dissolved
organic carbon; FP, fish production; PAR, photosynthetically active radia-
tions; PP, phytoplankton primary production; ZP, mesozooplankton
biomass.
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The varying phytoplankton size spectrum in different treat-
ments may have been a structuring factor for the
mesozooplankton community. Copepods are known to prefer
feeding on nanoplankton and microplankton (Cowles
et al. 1988), while cladocerans are filter feeders and consume
picoplankton efficiently (Schatz and McCauley 2007). At the
beginning of the experiment, nauplii were the dominant
copepod development stage in all treatments but, unlike in
the controls or low terrestrial matter addition treatment, they
did not develop into copepodites under high terrestrial matter
addition (Supporting Information Fig. S3). In the tMH treat-
ment, the lack of phytoplankton prey < 20 μm apparently
prevented the development of nauplii into copepodites, favor-
ing a mesozooplankton community dominated by small size
organisms by the end of the experiment.

The decreased size of individual mesozooplankton at the
end of the experiment (Supporting Information Fig. S4) may
indicate selective feeding on the larger mesozooplankton taxa.
This reduced density of larger mesozooplankton could have
caused a strong resource limitation for perch in the tMH treat-
ment, where the pelagic bottom-up supply was the lowest as
both the individual maximum length and the weight to
length ratio and the fish biomass were the lowest (Supporting
Information Fig. S2). Consequently, the high load of terrestrial
matter induced a shift of both the overall biomass and size
spectrum of the organisms. Phytoplankton became dominated
by larger cells, while mesozooplankton size decreased. The
combination of both bottom-up and top-down factors, such
as variations in nutrient availability and food size preferences,
could have caused the change of size distribution of plankton
as well as reduced size and biomass of perch.

Fish production driven by primary production
The PCA indicated that FP was positively associated with

phytoplankton PP and negatively with DOC. The added ter-
restrial matter thus had a negative effect on FP via reduced
light availability that decreased PP. Previous studies on fish
growth responses to inputs of terrestrial matter show varying
results (Lefébure et al. 2013; Seekell et al. 2015; Degerman
et al. 2018). Our results contrast with those of Lefébure et al.
(2013) who found no reduced FP at high addition of terrestrial
matter, even though phytoplankton PP was reduced. Instead,
FP increased at high terrestrial matter load and elevated tem-
perature. A difference between the studies was that three spine
sticklebacks were used by Lefébure et al. (2013), while perch
was used in this study. Although different fish species were
used, the difference in outcome between this experiment and
that of Lefébure et al. (2013) can also be related to the fact
that mesozooplankton (calanoid copepods) responded posi-
tively to terrestrial matter load in their study and thus most
likely supported the observed increase in FP with increasing
terrestrial matter. Hence, indications of transport of terrestrial
organic matter up the food web were observed (Lefébure
et al. 2013). In this study, however, stable isotope analyses

(δ15N Fish-Seston and δ13C Fish-Seston) indicated that terres-
trial carbon was not efficiently transported up the food web.
The distance between the δ15N signal in fish (top trophic
level) and seston (basal trophic level) did not differ signifi-
cantly between treatments, although the average value was
highest for tMH. The distance between δ13C signal in fish (top
trophic level) and seston (basal trophic level) increased in the
mesocosms amended with terrestrial matter, indicating that
terrestrial matter was not efficiently utilized.

These results comply with earlier studies in Scandinavian
lakes, showing that terrestrial matter inputs can have varying
impact on FP (Finstad et al. 2014). At low terrestrial matter
input, PP can be maintained or promoted due to concomitant
inflow of nutrients (this study; Seekell et al. 2015), leading to
maintained or higher FP (this study; Finstad et al. 2014), while
at high terrestrial matter input PP as well as FP are reduced
(this study; Finstad et al. 2014).

Phytoplankton pathway dominated in all mesocosms
Food web efficiency, calculated as FP/(PP + BP), was nega-

tively related to terrestrial matter enrichment. The values
spanned from 0.4% to 1% (Fig. 5b). By assuming a gross
growth efficiency of 25% between each trophic level
(Straile 1997), there should have been three trophic levels
between basal producers and fish (0.254–1 = 0.4%). The FWE
numerical values indicated that the main food web base
would be phytoplankton and bacteria (trophic level 1),
which were grazed by protozoa (trophic level 2) and
mesozooplankton (trophic levels 2–3) and finally by fish (tro-
phic levels 3–4). The slightly higher values in the controls
than in the mesocosms enriched with terrestrial matter indi-
cate a somewhat tighter link between phytoplankton and
mesozooplankton in the controls.

Considering that FP was strongly correlated with PP in this
experiment, the three-trophic-level food chain is more likely
than the four-trophic-level chain. The bacteria–protozoa
energy pathway was present in all treatments and probably
played a more important role under terrestrial matter addition,
as the ciliate biomass was higher in the terrestrial matter–
enriched mesocosms than in the controls. However, the main
energy pathway seemed to be from phytoplankton to
mesozooplankton to fish in all mesocosms. The suggestion of
a dominant three-level major energy pathway is supported by
δ15N Fish-Seston values of � 4, indicating that there should be
� 2 trophic levels between seston (primary producers, etc.)
and fish. The δ15N enrichment values have been shown to be
� 1.5–5‰ per trophic level (Rolff 2000; Post 2002; Berglund
et al. 2007). However, the δ15N Fish-Seston value was on aver-
age 20% higher in the tMH mesocosms than in the other treat-
ments, indicating that terrestrial organic matter induced a
small lengthening of the food chain. This is also consistent
with a slightly decreased FWE in this treatment. The δ13C
Fish-Seston analysis showed larger deviations between fish
and seston when terrestrial matter was added, indicating that

Rowe et al. Light-limited coastal production

S178

 19395590, 2025, S2, D
ow

nloaded from
 https://aslopubs.onlinelibrary.w

iley.com
/doi/10.1002/lno.12762 by U

m
ea U

niversity, W
iley O

nline L
ibrary on [09/02/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



the added terrestrial matter was not efficiently assimilated into
the food web. Since stable isotope analysis represents end
point data only, and thus reflects the difference between

treatments at the end of the experimental period, the changes
seen here may reflect initial incorporation of terrestrial matter.
It may be expected that with a longer experimental period
stronger effects would be seen by the end point as time is
required for the food eaten to be incorporated into tissues and
thus detectable with stable isotope methodologies, a process
that may be slow in the early stages of YOY growth. It is there-
fore likely that the phytoplankton–mesozooplankton energy
pathway dominated, but that the high addition of terrestrial
organic matter (tMH mesocosms) to some extent nurtured the
heterotrophic energy pathway via protozoa that eventually
reached fish.

These results are partly in contrast to earlier studies
reporting a lengthening of the food web in response to
organic carbon addition (Berglund et al. 2007; Degerman
et al. 2018). However, in those studies carbon amendment
was represented by labile carbon (glucose), while in the pre-
sent study largely refractory terrestrial matter was added,
which could explain the deviating results. Our study consti-
tutes a more realistic scenario where regular pulses of terres-
trial matter are introduced to coastal waters, and such inputs
are anticipated to increase with climate change. There are
studies indicating that terrestrial matter entering the coastal
zones is degraded and usable for heterotrophic bacteria in a
time frame of a year (Wikner and Andersson 2012; Fransner
et al. 2016). Since the water turnover time in the Gulf of Bot-
hnia is � 5–6 yr (Snoeijs-Leijonmalm et al. 2017), significant
build up and also degradation of terrestrial matter might be
expected, which could influence the food web length.

Conclusions and perspectives
It can be concluded that increased future river inflows rich

in terrestrial organic matter would lead to darker water and
restricted pelagic ecosystem production in the northern Baltic
Sea, impacting the food web base through to fish. However,
the food web impacts are likely more complex in nature, as
the inputs of terrestrial matter are continuous, but variable in
frequency and composition. It appears plausible that the
coastal ecosystem will become net-heterotrophic, resulting in
elevated emission of carbon dioxide. Such changes can be
expected to devalue potential ecosystem services in impacted
coastal environments (HELCOM 2023).

Although short-term effects are most relevant when draw-
ing conclusions from this work, some relevance in the longer-
term or future perspective may be relevant to consider. First,
climate change is predicted to increase the inputs of terrestrial
matter to coastal waters (Andersson et al. 2015; Meier
et al. 2022), and second, the seasonality of such inputs may
be significant (Canuel et al. 2012). Coastal environments are
essential to several fish species by functioning as nursery and
spawning grounds (Macura et al. 2019) and are crucial for bio-
diversity and FP (Kraufvelin et al. 2018). Heightened levels of
terrestrial matter input to coastal waters may therefore

Fig. 5. Relation between trophic balance (a), food web efficiency (FWE),
(b), δ13C Fish-Seston (c), and dissolved organic carbon (DOC). Trophic
balance, food web efficiency, and DOC are average values during the
experiment (from days 7 to 28). δ13C Fish-Seston values are from the end
of the experiment.
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accentuate the already heavy pressure load on fish develop-
ment and productivity. This in turn could have detrimental
effects on survival and population success in the longer term,
thereby influencing ecosystem services in coastal waters and
beyond (In�acio et al. 2020). Brownification, especially in the
longer-term perspective, may therefore have marked impacts
on ecosystem services from phytoplankton and microbial-
derived ecosystem services (Soulié et al. 2022; Naselli-Flores
and Padisak 2023) through to fish-related ecosystem services
and socioeconomic benefits, as has been detected in lake eco-
systems (Williamson et al. 2015; Kritzberg et al. 2020).

Data availability statement
Data are available at Umeå University upon request.
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