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Abstract
Benthic fauna plays an important role in mediating biogeochemical cycles in coastal areas by storing carbon

(C), nitrogen (N), and phosphorus (P) in their body tissues at theoretically homeostatic rates. To maintain
homeostasis, the benthic consumers need to be in balance with their resource supply or alter their stoichiomet-
ric traits in response to environmental change. However, we lack an understanding regarding the potential vari-
ation in the C : N : P content ratios of benthic consumers, especially in marine coastal areas where
stoichiometric shifts in macrofauna could have strong effects on sediment carbon and nutrient cycling. By mon-
itoring two sites over a year, we quantified the magnitude and temporal stability of benthic faunal carbon and
nutrient pools in coastal soft-sediment habitats. Our results show that benthic fauna is not strictly homeostatic,
but instead expresses temporal variation in C : N : P content. These aquatic consumers undergo ontogenetic
changes in diet and morphology, which alter their stoichiometric characteristics. In addition, the faunal
C : N : P ratios showed strong seasonal variation at both species and community level, and our results suggest
that the stoichiometric traits of benthic consumers shift in response to food sources and environmental condi-
tions. The ability to adapt to varying stoichiometric conditions is essential in face of the growing C : N : P
imbalance occurring in marine and coastal ecosystems as a consequence of anthropogenic activities. Therefore,
it is critically important to identify the stoichiometric plasticity of different species, before environmental
change causes a shift in benthic community composition that will alter functions on an ecosystem level.

Stoichiometric balance between organisms and their habitat
is critical for ecosystem processes, particularly for carbon (C),
nitrogen (N), and phosphorus (P) cycles, which regulate primary
production and organism growth (Elser et al. 1996; Sterner and
Elser 2002). Animals play an important role in mediating carbon
and nutrient cycles, as they store these elements in their body
tissues and recycle them via feeding, excretion, egestion, and
remineralization (Vanni 2002; Allgeier et al. 2017; Atkinson
et al. 2017). Faunal tissue often contains higher concentrations
of carbon and nutrients compared to the surrounding environ-
ment (Sterner and Elser 2002) and hence animal biomass may
function as a significant temporal carbon and nutrient pool,
which is particularly stable in long-living species (Griffiths 2006;
Villnäs et al. 2019). Theoretically, consumers regulate their inner

elemental content and keep their body composition stable
despite imbalances in nutrient availability, a concept referred to
as homeostasis (Sterner and Elser 2002; Persson et al. 2010). The
ability of consumers to adapt to changes in nutrient availability
is essential for maintaining their contribution to fundamental
ecosystem processes. However, whether consumers can alter
their stoichiometric traits (i.e., the elemental contents and pro-
cesses that affect the flux of elements between an organism and
its environment; Lemmen et al. 2019) in response to such stoi-
chiometric imbalances has rarely been addressed.

In coastal areas, where inputs of nutrients and organic matter
from land have altered biogeochemical cycles (Cloern 2001; Con-
ley et al. 2009), benthic consumers have a vital role in processes
that retain and recycle carbon and nutrients (Middelburg 2018;
Snelgrove et al. 2018; Ehrnsten et al. 2019). Changes in environ-
mental conditions may alter the benthic faunal carbon and nutri-
ent pools directly by modifying the benthic habitat, and
indirectly by changing the stoichiometry of benthic faunal food
sources (Sardans et al. 2012), for example, by changing the phyto-
plankton community composition (Spilling et al. 2018). Stoichio-
metric mismatches between nutrient requirements of consumers
and available resources may alter the structure of benthic commu-
nities by restraining animal growth and reproduction, as
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exemplified for filter feeders (Bracken 2017) and herbivore
populations (Fink et al. 2006; Hillebrand et al. 2009). As changes
in environmental parameters such as temperature and nutrient
availability alter the physiology of the benthic species (Sterner
and Elser 2002), and consequently affect processes such as respira-
tion (Rodil et al. 2020a) and excretion (Vanni 2002), such alter-
ations will ultimately change the overall contribution of benthic
faunal communities to the turnover rates of carbon and nutrients
in coastal ecosystems.

All species have their optimal stoichiometric ratios, and they
utilize different food sources to fulfill those energy and nutrient
requirements (Sterner and Elser 2002). In the Baltic Sea, eutro-
phication and global warming have shifted the community com-
position of primary producers and thus changed the
stoichiometry of food sources for the benthic consumers
(Spilling et al. 2014, 2018). In shallow coastal areas, phytoplank-
ton is often the main source of organic matter to the sediments,
and seasonal variation in local pelagic phytoplankton produc-
tion is directly reflected in the deposited material in sediment
traps and in the food available for the benthic consumers (Rodil
et al. 2020b). Benthic consumers living in aphotic habitats are
highly dependent on pelagic production, and these invertebrates
often experience imbalances in resource availability, as well as
high variation in environmental conditions (Frost et al. 2002;
Cross et al. 2003; Rodil et al. 2020b). Furthermore, aquatic spe-
cies undergo ontogenetic changes in diet and morphology,
which influence their stoichiometric characteristics (Rossi
et al. 2004; Pilati and Vanni 2007; Atkinson et al. 2017). Indeed,
the growth rate hypothesis states that juveniles often have
higher requirement for P-rich food compared to adults, due to
the increased demand of P allocated to ribosomal RNA during
rapid growth (Elser et al. 2003; Frost et al. 2006; Meunier
et al. 2016). To cope with the occurring environmental changes,
consumers need to alter their stoichiometric traits to be in bal-
ance with their environment and their resource supply (Sterner
and Elser 2002; Frost et al. 2005), which could influence the
amount of carbon and nutrients stored at a population or com-
munity level (Atkinson et al. 2017).

Although increasing evidence indicates that consumers are
able to amend their tissue stoichiometry according to resource
availability (Liess and Hillebrand 2005), we still lack informa-
tion regarding how stoichiometric traits of benthic species
change in response to variation in environmental conditions,
which is critical for understanding carbon and nutrient
cycling in increasingly affected coastal marine habitats. In this
paper, we quantified the magnitude and temporal variability
of benthic faunal C, N, and P pools in aphotic soft-sediment
habitats. We hypothesized that benthic key species exhibit
variation in elemental stoichiometry due to (1) changes in
body size (ontogeny) and (2) seasonal variation in environ-
mental conditions and available food sources. We explored
temporal variation in faunal C : N : P content on both intra-
and interspecific levels, as well as for the community, and
identified the most important factors driving the observed

changes. By combining stoichiometric traits with analyses of
stable isotopes, we further explored the consumer-resource
relationship (Pilati and Vanni 2007). We assumed that
changes in resource C : N : P ratios as well as mismatches
between consumer-resource stoichiometry can be reflected in
consumer δ13C and δ15N signals, and also indicate shifts in
consumer C : N : P (Haubert et al. 2004; Brauns et al. 2018).

Materials and methods
Study area

To identify temporal changes in the stoichiometry of ben-
thic animals, we sampled two sites in the Tvärminne archipel-
ago, western Gulf of Finland, six times from May 2019 to
March 2020. Both sites represent 18 m aphotic muddy sedi-
ments located in the outer archipelago zone. Site IH4
(59�51.397N, 23�22.478E) is a sheltered sediment accumula-
tion bottom, whereas site XXVI (59�51.166N, 23�15.275E) is
more exposed and has highly variable environmental condi-
tions. We sampled both sites for macrofauna, environmental
and sediment characteristics on each occasion.

Environmental parameters and sediment characterization
We determined water and sediment characteristics to assess

the effects of environmental conditions and food sources on
benthic faunal stoichiometry. The main factors determining ben-
thic species distribution, such as salinity and bottom water oxy-
gen concentration (mg/l), as well as temperature (�C), were
measured with CTD and YSI proODO sondes. In order to explore
the benthic faunal food sources, we analyzed both the seston
and sediment for chlorophyll a (Chl a), phaeophytin (Pheo),
C : N : P content and stable isotopes δ13C and δ15N. Samples for
Chl a and Pheo (degradation product of Chl a, describing the
freshness of the food) were taken from surface water (1 m
depth), of which 100 mL was filtered (Whatman GF/F, 0.7 μm)
and stored in 20�C pending analyses. After extraction with 96%
ethanol during 24 h, we measured the Chl a concentration with
a Varian fluorometer, and subsequent acid addition enabled the
determination of the Pheo concentration (Lorenzen 1967).
Seston was collected by filtering surface water through GF/F glass
fiber filters. Seston C and N content, and stable isotopes δ13C
and δ15N were analyzed at UC Davis Stable Isotope Facility in
California, USA. Seston P content was analyzed as particulate
organic phosphorus (Sol�orzano and Sharp 1980) at Tvärminne
Zoological Station.

We sampled the sediment with a Gemax twin corer
(64 cm2). The sediment cores were sliced into three layers
(0–1, 2–3, and 5–6 cm), and each layer was analyzed for
organic matter content, Chl a, Pheo, total C, N and P content,
and stable isotopes δ13C and δ15N. We measured the sediment
organic matter content as loss of ignition (LOI %); samples
were first dried for 24 h in 60�C and combusted for 3 h in
500�C. Prior to pigment and elemental analysis, the sediment
was freeze-dried and homogenized. We determined sediment
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Chl a content by extracting with 90% acetone for 24 h, which
then was measured spectrophotometrically. We included acidifi-
cation to identify phaeopigments from Chl a (Lorenzen 1967).
The sediment was analyzed with a mass spectrometer for C and
N content, as well as stable isotopes δ13C and δ15N at University
of Jyväskylä. Sub-samples for sediment P (c. 3 mg) were analyzed
for total phosphorus (Sol�orzano and Sharp 1980) at Tvärminne
Zoological Station.

Benthic macrofauna
We sampled benthic fauna with a box corer (sample area

400 cm2). All samples were sieved (0.5 mm), and the animals
selected for the elemental content and stable isotope analysis
were handpicked straight from the sieve into filtered seawater.
The rest of the sample was preserved in 70% ethanol. We ana-
lyzed the benthic samples (three replicates) for species rich-
ness (to the lowest taxonomic level possible), total abundance
(ind m�2), and biomass (dw g m�2). We analyzed the elemen-
tal content of the five most dominant macrofaunal species:
the tellinid bivalve Limecola balthica (Linnaeus, 1758, former
Macoma balthica), the invasive polychaete species complex
Marenzelleria spp. (Mesnil, 1896) with three species of this
family (M. viridis, M. neglecta, and M. arctia) observed to co-
occur in the sampling area (Kauppi et al. 2018), the amphipod
Monoporeia affinis (Lindström, 1855), the priapulid Halicryptus
spinulosus (von Siebold, 1849), and the isopod Saduria entomon
(Linnaeus, 1758). L. balthica is a facultative suspension and
deposit feeder, although in muddy sediments it tends to favor
deposit feeding (Ólafsson 1986). Marenzelleria spp. and M.
affinis are deposit feeders, H. spinulosus is a predator and S.
entomon an omnivore. These species contributed to 98% of the
benthic community biomass during most sampling occasions.
We were unable to run the elemental analyses for the rest of
the species in the community due to their low biomass.

To get accurate information of the elemental content in
animal tissues, the animals must empty their guts prior to the
analysis. Therefore, we incubated the animals for 24 h in fil-
tered seawater at in situ temperature in a dark climate room.
Following the incubation, we identified, measured, and
divided the animals into size classes; for example, the length
of bivalve shells was measured to the nearest mm, whereas the
size class of the polychaetes Marenzelleria spp. was determined
by measuring the width of the 5th segment; small (< 0.9 mm),
medium (ca 1 mm), large (> 1.1 mm). We placed the animals
on well-plates and froze them in �86�C. Afterwards, we dis-
sected the frozen bivalves to separate soft tissue and shells.
Because the C and N content sample required 0.7 mg of dry
material and P content 1.0 mg in addition, we pooled small
animals together to get the necessary weight for the analysis,
while large individuals were processed separately. Five repli-
cates were analyzed for each species and size class when possi-
ble. Bivalve tissues and shells were analyzed separately.
Specimens were freeze-dried (24 h, � 60�C), weighed (preci-
sion 0.01 mg), and homogenized by grinding, after which the

subsamples were encapsulated in tin-cups. The faunal tissue sam-
ples were analyzed for C and N content, and stable isotopes δ13C
and δ15N at University of Jyväskylä, Finland, with Carlo Erba
Flash EA1112 elemental analyzer connected to a Thermo Fin-
nigan DELTA plus Advantage stable isotope mass spectrometer
(Europa Scientific ANCA-MS 20-20). Stable isotope ratio δ13C is
commonly used to identify the main source of dietary carbon,
whereas δ15N defines the trophic level of consumers (Fry 2006).
The stable isotopes are expressed as δ notation: δ (‰) = [(Rsample/
Rstandard) � 1] � 103, where R is the ratio between the heavy and
the light isotope 13C : 12C or 15N : 14N, and δ is the deviation
from the internationally accepted standard Vienna Peedee belem-
nite for C and air for N (Sharp 2015). P content in the tissues was
analyzed by using the molybdate blue reaction (Koroleff 1983)
and measured with a photometric analyzer (Thermo Scientific
Aquakem 250) at Tvärminne Zoological Station.

Data analysis
Environmental variation

We ran a principal component analysis (PCA) to explore
how the environmental conditions varied between the sites
and over the sampling period, and to identify which parame-
ters were driving the changes. The PCA was run with all mea-
sured environmental parameters: temperature, salinity,
oxygen, Chl a, Chl a : Pheo, sediment Chl a, sediment Chl
a : Pheo, sediment organic matter, seston C : N : P and sedi-
ment C : N : P. Due to high collinearity between the sediment
layers, only the values measured from sediment surface (0–
1 cm) were used in the analysis. Because PCA is sensitive to
outliers, we log10 transformed seston and sediment C : N : P as
well as Chl a : Pheo ratios, and normalized the data prior to
the analysis (Clarke and Gorley 2015).

Benthic macrofauna
The abundance and biomass of benthic macrofauna vary

greatly due to seasonal life cycles at high latitudes. Species
abundance and biomass are often lower in the winter, and
juvenile life stages are present during the summer months.
Hence, benthic data are non-parametric and skewed by nature.
As ratio data also are commonly non-parametric and asym-
metric, we log10 transformed all elemental ratios (Isles 2020).
By applying a logarithmic transformation, the data become
more robust and suitable for estimating relative changes
(Gelman and Hill 2006). All elemental ratios presented in this
study are molar ratios.

Intraspecific variation in consumer stoichiometry
Before examining the intraspecific differences in benthic stoi-

chiometry, we confirmed that faunal elemental content (% C,
N, P, and molar ratios) was species-specific, by performing a one-
way PERMANOVA based on Euclidean distances (using PER-
MANOVA+ for Primer 7.0; Anderson et al. 2008). Similarly, we
tested if the stable isotopes δ13C and δ15N differed between the
species with one-way PERMANOVA.
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We used box plots to examine the intraspecific variation in
C : N : P content and stable isotope values over time. To
explore the differences in elemental content ratios (C : N,
C : P, N : P) between size classes and life stages within species,
we conducted linear regressions. Dry weight (mg; log10 trans-
formed) was used as a measure of animal size. We focused our
analyses on July, when we found high abundance and several
size classes of the clam L. balthica (tissue), the polychaete
Marenzelleria spp. and the amphipod M. affinis. The linear
regressions were run in IBM SPSS Statistics 25.0 (IBM
Corp. 2017). To test if there was an ontogenetic difference in
the diet of L. balthica and M. affinis, we treated juveniles and
adults as separate species when exploring interspecific differ-
ences in stable isotopes (described above).

To test if the stoichiometry of benthic species varied
between seasons and sites, we carried out a two-way PER-
MANOVA, (Anderson et al. 2008) based on Euclidean dis-
tances with site and month as factors, and individual dry
weight (mg) as a covariate. Interactions were included in the
test. As the juvenile stages of the clam L. balthica and the
amphipod M. affinis were only present in summer months,
the factor month did not meet the homogeneity of dispersion
(PERMDISP) requirements. Therefore, we ran the analysis
twice, with and without the juvenile stages. However, as both
analyses gave similar results, we decided to include the juve-
niles in the analysis. If the factor month was significant, we
used PERMANOVA pair-wised test as a post hoc to see which
time points differed from one another. Similarly, we ran a
two-way PERMANOVA to test if season and site affected stable
isotope signals δ13C and δ15N of the benthic species.

To explore if the elemental content of the consumers
was dependent on the C : N : P composition of their food, we
calculated stoichiometric mismatch as a proportional differ-
ence between the elemental ratio of the resource and the
consumer mismatch¼ log10

C:Nresource
C:Nconsumer

� �
(Bracken 2017) for the

detritivores L. balthica, Marenzelleria spp., and M. affinis. The
mismatch was calculated for both seston and sediment. We
used Spearman correlations between resource and consumer
stoichiometry to analyze if the elemental composition of the
food was reflected on the elemental composition of the
benthos.

To explore how much of the variation in the species
C : N : P content ratios could be explained by environmental
parameters, we used distance-based linear models (DistLM),
which is a multiple regression approach to analyze univariate
or multivariate data in response to predictor variables
(PERMANOVA+, Andersson et al. 2008). We calculated mean
elemental ratios for the detritivores L. balthica, Marenzelleria
spp., and M. affinis for each sampling occasion and site. PCA
scores of axes 1, 2, and 3 were used to represent the environ-
mental characteristics. The distance matrixes were based on
Euclidean distances between the samples (Anderson et al.
2008). We chose the best models based on stepwise selection;

the model with the lowest AIC value (Akaike 1974) was
selected.

Stoichiometric variation in the benthic community
The magnitude of the benthic community carbon, nitro-

gen, and phosphorous pool was estimated by calculating the
average biomass of each species and size class per time and
site. Then, we multiplied the average biomass by the
corresponding C, N, and P content of that species. The total
community C, N, and P content is presented with and with-
out bivalve shells. We used literature sources for estimating
lacking elemental content values (Carman and
Cederwall 2001; Liess and Hillebrand 2005; Fink et al. 2006;
Brey et al. 2010; Tatzelt 2015). A two-way PERMANOVA was
run to explore how the elemental contents of the benthic
community changed over seasons and sites, interactions
included. The model was based on Bray-Curtis distances, cal-
culated on C, N, and P % content and log10(x + 1) trans-
formed C : N : P data (Anderson et al. 2008). We did not run post
hoc tests for community analysis due to low number of replicates
(n = 3 per sampling site and time). In addition, we calculated the
C : N : P content ratios of the benthic communities over time.

Results
Seasonal changes in the benthic environment

The first three axes in the PCA explained 80% of the envi-
ronmental variability between the sampling occasions at the
two sites (Table 1, Fig. 1). PC axis 1 was characterized by sedi-
ment variables and the most important factors were sediment
organic matter (LOI), sediment C : N : P and sediment Chl
a (Table 1). PC axis 2 was directed by variation in water col-
umn variables such as Chl a, temperature, salinity, seston
C : N and N : P, thus describing the seasonal variation in the
environment and food sources. On PC axis 3, the most impor-
tant factors were oxygen, sediment Chl a : Pheo and seston
C : P (Table 1). High collinearity (rp > 0.8) was detected
between surface water Chl a concentration and temperature,
surface water Chl a and seston C : N, and sediment Chl a and
sediment organic matter content, as well as between sediment
C : P and N : P ratios (Fig. 1). The sampling sites were clearly
separated from one another, as the sheltered site IH4 had
higher sediment organic matter content (on average 12% �
0.5%, Supplementary Table S1), and higher Chl a concentration
in the surface water (3.8 � 2.4 μg L�1) and in the sediment
(23.6 � 3.5 mg g�1) compared to the exposed site XXVI
(average sediment organic matter content 8.4 � 3.2%, surface
water Chl a concentration 3.2 � 2.6 μg L�1 and sediment Chl
a 15.4 � 6.7 mg g�1) throughout the year. Seasonal changes in
environmental variables were similar at both sites, as the winter
months (January and March) had higher bottom water salinity
(on average 6.5 � 0.1), lower temperature (3.7 � 0.9�C), and
lower amount of Chl a in the water column (0.5 � 0.3 μg L�1)
compared to summer months (July–August; salinity 6.0 � 0.3,
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temperature 12.9 � 6.2�C, and Chl a 5.1 � 1.5 μg L�1) at both
sites (Supplementary Table S1). In May, the spring bloom
resulted in a high fresh organic matter load to the sediment at
both sites. Hence, we measured the highest sediment organic
matter content (sheltered 12.4% and exposed 14.4%) and

sediment Chl a concentration (sheltered 27.9 mg g�1 and
exposed 29.2 mg g�1) in May, which decreased toward the end
of the year. The seston C : N ratio showed opposite trend to sur-
face water Chl a, whereas seston N:P followed the Chl a concen-
tration at both sites (Fig. 2). Sediment C : N (8.8–9.9) showed
relatively little seasonal variation, whereas sediment C : P
(48.2–136.3) and N : P (5.0–15.2) responded to variation in Chl
a and seston C : P and N : P (Fig. 2).

Benthic macrofauna
Overall, the C, N, and P content as well as C : N, C : P, and

N : P ratios differed between the species (Fig. 3, PERMANOVA,
p < 0.05, Supplementary Table S2). The polychaete Marenzelleria
spp., the clam L. balthica (tissue), and the priapulid H. spinulosus
had the highest C content (ca. 42%, Fig. 3). The N content was
also highest in Marenzelleria spp. and H. spinulosus, close to 10%
(Fig. 3). Tissue P was relatively similar in all species ranging
between 0.6% and 1.0% (Fig. 3, Supplementary Table S2). The
stable isotopes δ13C and δ15N also differed significantly between
the species (PERMANOVA, p < 0.01, Supplementary Table S3).
H. spinulosus was the top predator on both sites, whereas the iso-
pod S. entomon showed omnivorous characteristics (Fig. 4). The
clam L. balthica and the amphipod M. affinis fed on similar food
sources at the exposed site, but at the sheltered site δ15N differed
significantly between these two species. Interestingly, the δ15N
was higher for Marenzelleria spp. than for L. balthica and
M. affinis at both sites (Fig. 4, PERMANOVA, p < 0.01, Supple-
mentary Table S3). The δ13C values of all detritivores (L. balthica,
Marenzelleria spp. and M. affinis) were closer to the δ13C values
of the sediment than of seston (Fig. 4).

Intraspecific variation in consumer stoichiometry
The linear regression analyses showed that there is a posi-

tive relationship between individual consumer biomass and
elemental content ratios (Fig. 5, Supplementary Table S4). Spe-
cifically, we found statistically significant regressions between
individual biomass and the C : N and C : P ratios in the clam
L. balthica, the polychaetes Marenzelleria spp., and the amphi-
pod M. affinis. The tissue C content (%) remained relatively
stable between the size classes, but the N and P content (%)
decreased with increasing size. The relationship between bio-
mass and tissue N : P ratio was also significant for L. balthica
and Marenzelleria spp. but not for M. affinis (Fig. 5, Supple-
mentary Table S4). In addition, we measured significantly
more negative δ13C values in L. balthica adults than juveniles
(Fig. 4, Supplementary Table S3) indicating a difference in the
main dietary carbon source between juveniles and adults.

Species-specific C : N : P ratios showed strong seasonal vari-
ation (PERMANOVA, p < 0.05, Supplementary Table S5). C : N
differed significantly between the sampling months in
L. balthica, Marenzelleria spp., M. affinis, and H. spinulosus,
C : P in L. balthica, Marenzelleria spp., and M. affinis, and N : P
in L. balthica, Marenzelleria spp., and H. spinulosus. S. entomon
showed no seasonal variation in tissue stoichiometry

Table 1. Results of the principal component analysis (PCA)
show the component coefficients, eigenvalues, and percentage of
variance explained for each principal component (PC 1–3). Bold
values indicate the highest coefficient for each variable.

Variable PC1 PC2 PC3

Temp �0.169 �0.412 �0.131

Salinity 0.037 0.412 �0.221

O2 �0.002 �0.120 0.520
Chl a �0.197 �0.430 �0.035

Chl a : Pheo �0.369 0.059 0.225

Sed Chl a 0.358 �0.023 0.346

Sed Chl a : Pheo 0.059 �0.124 0.470

LOI 0.400 0.007 0.283

Sed C : N �0.302 0.231 0.075

Sed C : P 0.378 �0.202 �0.112

Sed N : P 0.384 �0.213 �0.112

Seston C : N 0.266 0.398 �0.085

Seston C : P 0.226 �0.066 �0.321

Seston N : P �0.004 �0.373 �0.224

Eigenvalue 4.47 3.89 2.82

% variation 31.9 27.8 20.2

Fig. 1. PCA biplot shows how the environmental conditions varied at
the two sampling sites over the year. The first three axes in the PCA
explained 80% of the environmental variability between the sampling
occasions (PC 1 explained 31.9% of total variation, PC 2 27.8%, while PC
3 added 20.3% [not shown]).
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(Supplementary Table S5). The changes in the elemental ratios
seem to be driven by variation in tissue C and N content; in
all four species the C content decreased from spring toward
winter, whereas tissue N increased from May to March. Tissue
P content showed no major variation between seasons in any
of the species. For example, in L. balthica the C : N ratio
decreased gradually from May to March, whereas C : P ratio
was higher in summer (May–August) compared to winter
(October–March) months (Fig. 6A). Seasonal differences in

N : P are not as obvious, but pair-wise testing indicated that
May and August differed statistically from the rest of the
months (Fig. 6A, Supplementary Table S5). These observed
patterns were similar for all L. balthica size classes as well as
for the whole population. The stable isotope ratios supported
the observed seasonal differences in elemental content ratios;
δ13C signals varied significantly over time in L. balthica,
Marenzelleria spp. and H. spinulosus, and more negative values
were measured during summer (May–August) compared to

Fig. 2. Seasonal variation in seston and sediment Chl a and C : N : P ratios at the two sampling sites.
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winter time (October–March) (PERMANOVA, p < 0.05, Supple-
mentary Table S6).

Faunal stoichiometry also differed between the two sampling
sites. We measured slightly higher C : N for L. balthica and
Marenzelleria spp. throughout the year at the sheltered site than
at the exposed site. Similar spatial differences were also observed
in C : P and N : P of H. spinulosus, and N : P of L. balthica, which
were higher at the sheltered than at exposed site during all sam-
pling occasions except for October (PERMANOVA, p < 0.05, Sup-
plementary Table S5). Also, δ15N of L. balthica, Marenzelleria
spp., M. affinis, and H. spinulosus showed site differences, as
lower δ15N values were noted at the sheltered site throughout
the year (PERMANOVA, p > 0.05, Supplementary Table S6).

Mismatches between resource and consumer stoichiometry
followed the same trend in all three detritivores (Fig. 6B). Posi-
tive C : N mismatch values showed that the resources (seston
and sediment) had higher C : N ratios than the consumers
during winter time. The observed negative C : P and N : P mis-
match implies that the consumers had higher tissue C : P and
N : P ratios than the resources (cf. Bracken 2017). The larger
variation and mismatches observed in all elemental ratios dur-
ing winter compared to summer months indicate a limitation
in nutrient availability during January and March (Fig. 6B).
Our findings were supported by weak, but significant correla-
tions between resource and consumer stoichiometry. The
C : N of L. balthica showed negative correlation with seston

Fig. 3. Annual variation in C, N, and P % content of the clam Limecola balthica (separately for tissue, and L. balthica with shell), the polychaetes
Marenzelleria spp., the amphipod Monoporeia affinis, the predator H. spinulosus, and the omnivore S. entomon.
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C : N (rs = �0.393, n = 212, p < 0.001), whereas the C : N of
Marenzelleria spp. correlated positively with sediment C : N
(rs = 0.240, n = 79, p < 0.05). The C : P of L. balthica showed
positive correlation with sediment C : P (rs = 0.141, n = 212,
p < 0.05). Also, N : P of L. balthica and M. affinis tissue corre-
lated positively with sediment N : P (L. balthica rs = 0.189,
n = 212, p < 0.01; M. affinis rs = 0.364, n = 34, p < 0.05).
Seston and sediment C : N : P showed no significant correla-
tions (p > 0.05). The DistLM analyses showed that environ-
mental parameters could explain a significant proportion of
the variation in the C : N : P content of the benthic species
(Table 2). For L. balthica, the best models accounted for 66%
of the total variation in C : N, 45% in C : P and 42% in N : P
ratios. The most important predictors for C : N were PC axes
2 and 3, whereas variation in the N : P ratio was best
explained by PC 3. However, the models for Marenzelleria spp.
and M. affinis were non-significant (Table 2).

Stoichiometric variation in the benthic community
At the sheltered site IH4, the C, N, and P content of the

benthic community was highest in July and August and low-
est in October (Table 3, Fig. 7). In contrast, at the exposed site
XXVI, the community C, N, and P content was highest in
January and lowest in May and July (Table 3). The maximum
measured content was 11,220 � 6051 mg C m�2, 1573 �
1159 mg N m�2, and 152 � 106 mg P m�2 when accounting
for both organic and inorganic carbon bound to community
biomass (i.e., bivalves with shell; Table 3). At both sites, the
months with the peak biomass showed high variation
between the replicate samples (Fig. 7). The elemental content
and the C : N : P ratios of the benthic community differed sig-
nificantly between both sampling occasions and sites
(PERMANOVA, p < 0.05; Supplementary Table S7). The ele-
mental content of the community followed the variation of
the total biomass and was strongly linked to the population
structure of the clam L. balthica, that contributed with
ca. 80% to the total biomass (except in October at IH4, Fig. 7).

Although the biomass peak was reached at different times, the
seasonal patterns in the C : N : P content ratios of the benthic
community (bivalve shells not included) were similar on both
sites; the C : N ratios were highest in May (7.0), whereas C : P
(229.6) and N : P (34.4) ratios peaked in August (Table 3). We
measured the lowest C : N (5.3) and C : P (115.2) ratios in
January, and the lowest N : P ratio (20.4) in May (Table 3).
These seasonal patterns of the community were similar as
observed for the individual species (Fig. 6A). The yearly aver-
age C : N, C : P and N : P ratios of the benthic fauna were
6, 153, and 25 at the sheltered site (IH4) and 6, 154, and 24 at
the more exposed site (XXVI).

Discussion
Our study shows that benthic communities can form a sub-

stantial organic carbon, nitrogen, and phosphorus pool in
coastal soft-sediment habitats. We detected that benthic con-
sumers are not strictly homeostatic, instead they express tem-
poral variation in C : N : P content ratios at both species and
community levels. The deposit feeders L. balthica, Marenzelleria
spp., and M. affinis showed variation in C : N : P ratios
between size classes due to ontogenetic differences in diet and
morphology. Seasonal variation in tissue stoichiometry was
related to changes in food sources, driven by strong seasonal
patterns in primary production in this high latitude ecosys-
tem. Our results indicate that changes in environmental con-
ditions and food sources modify the stoichiometry of benthic
key species, which in turn affect the amount and turnover rate
of carbon and nutrients stored in animal tissues. Importantly,
such changes can alter the rates of related processes such as
respiration and excretion of these benthic consumers
(Vanni 2002; Rodil et al. 2020b), which may reflect back upon
primary production and other ecosystem functions.

Our results confirm that the elemental stoichiometry of
benthic invertebrates is species specific. Our measured
C : N : P values are in the same range as reported in previous

Fig. 4. Differences in the dual stable isotope signals δ13C and δ15N between Limecola balthica, L. balthica juvenile, Marenzelleria spp., Monoporeia affinis,
M. affinis juvenile, H. spinulosus, and S. entomon at the two sites.

Mäkelin and Villnäs Food sources drive benthic faunal C:N:P

791



studies (Carman and Cederwall 2001; Liess and Hil-
lebrand 2005). Physiology and morphology are the main fac-
tors determining the elemental content of a species (Elser
et al. 1996), and consumers utilize different food sources to
fulfill their energy and nutrients demands. Species in our
study included the predator H. spinulosus, the omnivore
S. entomon, the deposit feeders Marenzelleria spp. and M. affinis
and facultative deposit and suspension feeder L. balthica (Rossi
et al. 2004). Although, L. balthica is known to prefer deposit
feeding in muddy sediments (Ólafsson 1986). The stable iso-
tope signals of δ13C and δ15N of these species confirmed their

position in the food web. We measured similar stable isotope
values as previous studies (Karlson et al. 2015; Kahma
et al. 2020). Also, the relatively high δ15N values observed for
Marenzelleria spp. are typical, as this taxon has a high nitrogen
demand due to its high nitrogen content of c. 10% (Karlson
et al. 2015).

Intraspecific variation in consumer stoichiometry
Elemental content ratios differed between size classes in

the clam L. balthica, the polychaetes Marenzelleria spp., and
the amphipod M. affinis. We measured lower C : P and N : P
ratios in juveniles compared to adults, which most likely refers
to an increased demand for P allocated to ribosomal RNA dur-
ing rapid growth (Elser et al. 2003; Frost et al. 2006). Similar
patterns have been noted before in microbes, several zoo-
plankton species, insects, decapods (Elser et al. 2003), and fish
(Pilati and Vanni 2007). The observed linear relationship
between the size and C : N : P content of the benthic species
shows that as long as the animal grows, its body composition
varies. During the growth phase, the surface area to volume
ratio of the body changes, and these changes in morphology
also affect the relative C : N : P content ratios (Elser et al.
1996; Sterner and Elser 2002). This is particularly evident in
species with hard exoskeletons, such as M. affinis, whose chi-
tinous shields highly affect the elemental content of the ani-
mal as the chitin contains mainly C but very little N and P
(Elser et al. 1996). However, the relationship between the size
and elemental stoichiometry in the polychaete genus
Marenzelleria spp. is questionable, as three species (M. viridis,
M. neglecta, and M. arctia), which can only be identified by
genetic analysis, occur in the sampling area (Kauppi
et al. 2018). Therefore we cannot exclude that the observed
differences in C : N : P content between size classes might
actually represent differences between the three species. The
ontogenetic changes in the stoichiometry of L. balthica and
M. affinis are also linked to ontogenetic shifts in their diet; we
measured higher δ13C and lower δ15N values in juvenile
L. balthica than in adults. The δ13C values decrease with
increasing size, because juvenile L. balthica are limited by the
size of their gut and the length of siphon to only ingest small
particles from the sediment surface, whereas adults can take
up a variety of organic material and switch between deposit
and suspension feeding mode (Rossi et al. 2004). Thus, the
observed δ13C indicate that adults and juveniles feed on differ-
ent food sources. Due to a low number of observations, we
found no significant differences between the stable isotope
signals of juvenile and adult M. affinis, but a recent study con-
ducted in the same area measured higher δ13C values in juve-
niles than in adults, referring to a similar ontogenetic shift in
diet as in L. balthica (Rodil et al. 2020b).

All studied species, except the isopod S. entomon, showed
seasonal variation in tissue stoichiometry. Seasonal patterns
were strongest in C : N, which was highest in May–July, and
in C : P, which was higher in summer (May–August) than

Fig. 5. Linear regressions show a positive relationship between faunal
C : N : P ratios and dry weight (mg) in the clam L. balthica (tissue) and
the polychaetes Marenzelleria spp.
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winter (October–March) (Fig. 6A). The variation in elemental
ratios was driven by changes in the carbon content, which
decreased from May toward March, as well as in the nitrogen
content, which showed the opposite pattern. In the northern
Baltic Sea, the benthic communities are exposed to imbalances
in nutrient availability due to strong seasonality in primary
production (Frost et al. 2002; Cross et al. 2003). Therefore, also

the feeding dynamics of benthic fauna is characterized by sea-
sonal patterns, high activity in summer vs. starvation in the
winter (Coma et al. 2000). Decreasing temperature is the main
driver of these patterns, as it directly lowers the metabolic rate
of the benthic animals (Brown et al. 2004) and indirectly
alters the productivity and composition of phytoplankton
communities (Clarke 1993; Lipsewers et al. 2020). During a

Fig. 6. (A) Seasonal variation in Limecola balthica tissue C : N : P ratios and (B) seasonal variation in the stoichiometric mismatch between L. balthica
and seston (white) and L. balthica and sediment (gray) C : N : P content ratios. Stoichiometric mismatch was calculated as a proportional difference
between the elemental ratio of the consumer and the resource as mismatch = log10(C : Nresrource/C : Nconsumer).
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long starvation period, the benthic animals burn body lipids
for energy and lose carbon, which leads to decrease in C : N
and C : P ratios, and increase in N content (Haubert
et al. 2004). In contrast, during summertime the benthic con-
sumers accumulate lipids to their tissues, which can be seen as
an increase in C content and C : N ratio (Lehtonen 1996).

Reproduction is also a factor that likely explains some of
the observed seasonal variation in faunal C : N : P. In
L. balthica, the gonads contain more lipids compared to
somatic tissues (Honkoop et al. 1999), which leads to increase
in tissue C : N and C : P ratios. The spawning occurs in April
in the North Sea (Honkoop et al. 1999); therefore, we esti-
mated that L. balthica could spawn in late April–early May in
the study area, when the highest tissue C% and C : N ratios
were measured in this species. In crustaceans, the reproductive
tissue has higher N and P content than somatic tissues,
decreasing the C : N and C : P ratios (Lehtonen 1996; Færøvig
and Hessen 2003).

Similar seasonal patterns as in the elemental ratios were
also evident for the stable isotope signals δ13C and δ15N of the
benthic species. The isotope signals of the deposit-feeders indi-
cated that the settled organic matter was the main carbon
source for the benthic consumers (Fig. 4). This is supported by
a previous study conducted in the same area, verifying that
phytoplankton is the main source of organic matter in the
sediments (Rodil et al. 2020b). The stable isotope signals dif-
fered significantly between the sampling occasions, suggesting
that there is a seasonal change in the food sources of these
consumers (Supplementary Table S6). We measured more neg-
ative δ13C signals in the summer than during winter, which

suggests a change in the dietary C : N, C : P, or lipid content
(Wessels and Hahn 2010; Brauns et al. 2018), alternatively, it
could be an integrative effect of these three. This was
supported by the higher Chl a concentration and lower C : N
ratio in the surface water during summer compared to winter
months, indicating a higher supply of fresh, nutrient rich food
during summer time (Fig. 2). Thus, the stoichiometric mis-
match between the consumers and their food was larger in
the winter than in summer (Fig. 6B), which could indicate a
carbon and nutrient limitation during January and March.
Our results and previous studies (Johnson et al. 2007;
Ehrnsten et al. 2019) show that in coastal habitats the benthic
consumers are limited by food availability.

The site differences in faunal tissue C : N : P are also most
likely caused by differences in the quality of food sources. In
all of the studied species, the δ15N values were lower at the
sheltered than at the exposed site, indicating that benthic
consumers feed on less degraded organic matter at the shel-
tered site IH4 than at the exposed site XXVI (Fuentes
et al. 2013). This is supported by the PCA, which showed that
the sheltered site had higher Chl a concentration in the seston
and in the sediment, compared to the exposed site throughout
the year.

Stoichiometric variation in the benthic community
The benthic fauna contains more carbon (ca. 40% of dry

biomass), nitrogen (8%) and phosphorus (0.8%) compared to
the sediment (ca. 5% C, 0.7% N, and 0.2% P); hence, the
fauna forms a substantial organic elemental pool in the sys-
tem. We quantified the magnitude and seasonal variation of

Table 2. Results of distance based linear models (DistLM), using a sequential step-wise approach to predict the effects of environmen-
tal variables on species C : N : P content ratios. Bivalve shells are not included. Principal component axis 1 (PCA1) represents variation in
sediment variables such as sediment organic matter, sediment C : N : P and Chl a. PCA2 describes seasonal variation environmental
parameters and pelagic food sources, as it is directed by Chl a, temperature, salinity, seston C : N and N : P. The most important predic-
tors directing PCA3 were bottom water oxygen content, sediment Chl a : Pheo and seston C : P (cf. Table 1).

Response variable Predictor AIC Pseudo-F p Cumulative R2

Limecola balthica C : N PCA2 �70.8 7.391 0.021* 0.43

PCA3 �75.2 6.414 0.029* 0.66

L. balthica C : P PCA2 �66.4 8.235 0.018* 0.45

L. balthica N : P PCA3 �68.3 7.320 0.018* 0.42

Marenzelleria spp. C : N PCA3 �91.7 8.465 0.018* 0.46

PCA2 �93.1 2.981 0.122 0.59

Marenzelleria spp. C : P PCA3 �57.8 0.996 0.356 0.09

Marenzelleria spp. N : P PCA3 �60.1 3.639 0.085 0.27

Monoporeia affinis C : N PCA3 �48.9 0.602 0.465 0.08

M. affinis C : P PCA2 �43.2 1.008 0.354 0.13

M. affinis N : P PCA3 �43.6 1.766 0.245 0.20

*p < 0.05.
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these benthic faunal carbon and nutrient pools, and on a
yearly average, the studied soft-sediment benthic communities
stored 5797 kg C km�2, 691 kg N km�2, and 60 kg P km�2

(bivalve shells included). If excluding bivalve shells, the con-
tent is lower, measuring 2983 kg C km�2, 563 kg N km�2, and
52 kg P km�2. At its maximum, the magnitude of the pool
reached up to 19.7 t C km�2, 3.2 t N km�2, and 0.3 t P km�2

(shells included) at the exposed site XXVI. In comparison, the
estimated magnitude for the average benthic faunal carbon and
nutrient pool in the Gulf of Finland is 5333 kg C km�2,
733 kg N km�2, and 60 kg P km�2 (Carman and Cederwall 2001).
Consequently, we measured similar values from the aphotic ben-
thic communities as previously estimated for all seafloor com-
munities in the entire Gulf of Finland, including the highly
productive littoral communities (Carman and Cederwall 2001).
Therefore, we state that the magnitude of the benthic faunal car-
bon and nutrient pool is in fact more substantial than previously
estimated (Carman and Cederwall 2001; Scheffold and
Hense 2020).

Surprisingly, the biomass and thus the organic carbon
and nutrient pools peaked at different times at the two sam-
pling sites. At the sheltered site, the C, N, and P pools were,
as expected, highest in August, whereas the peak was
reached in January at the exposed site. There were no major
differences in the community composition between the two
sites. However, the winter 2020 was exceptionally warm and
rainy at the study area (Gregow et al. 2020), which could
have caused an organic matter runoff from land and created
a temporary food input at the exposed site. High proportion
of terrestrial detritus could also explain the high seston C : N
and C : P ratios, which were found winter time (Walve and
Larsson 2010).

The magnitude of the community carbon and nutrient
pool followed the population development of the clam
L. balthica, which contributed with ca. 80% (shells included)
of the total biomass throughout the year. Because most of the
faunal carbon and nutrients are stored in L. balthica biomass,
the pool is relatively stable although showing temporal varia-
tion. L. balthica is a key species in the Baltic ecosystem
inhabiting both soft and sandy sediments (Segerstråle 1960).
The species is long living, up to 35 years, and shows adaptabil-
ity to different environmental conditions, for example by
changing the feeding mode (Segerstråle 1960; Rossi
et al. 2004). However, eutrophication and global warming are
major threats to this species in the Baltic Sea (Villnäs
et al. 2012; Jansson et al. 2015), where hypoxic areas have
expanded and reduced benthic communities over the past
decades (Conley et al. 2009).

The elemental ratios of the benthic fauna showed similar
seasonal variation at both species and community level. Even
though the biomass and C, N, and P pools peaked at different
times at the two sites, the elemental content ratios showed
similar trends; highest C : N in May and lowest in March,
whereas C : P and N : P ratios peaked in August at both sites.T
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We measured that the yearly average C : N, C : P, and N : P
ratios of the Baltic benthic fauna were 6, 153, and 25 (sheltered
IH4) or 6, 154, and 24 (exposed site XXVI). C : P and N : P
ratios were thus above the Redfield ratio of 106 : 16 : 1
(Redfield 1934), but close to the global median ratio where
C : N, C : P, and N : P are 6.6, 163, and 22 (Martiny
et al. 2014). Moreover, during the peak of the spring bloom
the average elemental content ratio of the phytoplankton in
the Baltic Sea is 144 : 18 : 1 (Lipsewers et al. 2020), whereas
the corresponding values we measured for the benthic con-
sumers in beginning of May were 138 : 20 : 1 (sheltered) and
148 : 21 : 1 (exposed). Benthic consumers depend heavily on
pelagic production; and therefore, changes in the sinking
organic matter may cause imbalances in resource availability.
The phytoplankton spring bloom occurs in April–May in the
study area, and we measured highest sediment organic matter
content and Chl a concentration in May. Benthos responds
rapidly to the increase in food availability (Rodil et al. 2020b),
which we observed as high community C : N and C : P ratios
in May and July, confirming the link between organic matter
input and animal uptake. Our results clearly suggest that ben-
thic fauna responds to changes in the environmental

conditions and food sources by altering their tissue stoichiom-
etry. These observed shifts in the faunal C : N : P content will
influence the ratios of nutrients that are either retained or
excreted by consumers, which may have feedback effects on
the surrounding environment.

Conclusion
This study suggests that benthic species are not strictly

homeostatic, instead they show variation in elemental con-
tent ratios due to changes in food sources. Aquatic consumers
undergo ontogenetic changes in diet and morphology, which
modify their stoichiometric traits. Moreover, faunal C : N : P
content ratios showed similar seasonal patterns at both species
and community level, as a response to changes in resources.
Hence, long-term shifts in nutrient availability will most likely
affect the tissue composition of these consumers. For instance,
eutrophication and global warming have caused spring
blooms to start earlier and changed the phytoplankton com-
munity composition, which in turn may alter the stoichiome-
try of the sinking organic matter and thus the food sources for

Fig. 7. Average community tissue carbon (C) content (mg m�2 � SD) over the sampling occasions, and the contribution of the main taxonomic groups
to the total biomass (shells included). The nitrogen and phosphorous pool followed the same trend as carbon. Without the shells, the contribution of
Limecola balthica to the total biomass decreased with ca. 25%.
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the benthic consumers (Spilling et al. 2014, 2018; Lipsewers
et al. 2020; Fig. 5).

Our results emphasize that the tissues of benthic con-
sumers contain a significant amount of carbon and nutrients
compared to the surrounding environment; and therefore,
benthic biomass functions as an important carbon and nutri-
ent pool in soft-sediment coastal habitats. Moreover,
according to recent models, the benthic macrofauna may use
up to 80% of the sinking organic carbon as food and mineral-
ize 40% (Ehrnsten et al. 2019); and hence, they play a sub-
stantial role in maintaining the carbon cycles in the northern
Baltic Sea. This is especially the case in low diversity habitats,
where the loss of faunal abundance or biomass directly reflects
to the system’s capacity to cycle carbon and nutrients (Vanni
et al. 2002; Schmitz et al. 2018). Still, models of carbon and
nutrient cycling often fail to consider the effects of these ben-
thic consumers, even though their contribution can be sub-
stantial (Middelburg 2018; Schmitz et al. 2018; Snelgrove
et al. 2018). Hence, further knowledge regarding species ability
to adapt to imbalances in resources is critical for understand-
ing their role in maintaining ecosystem processes.
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