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stages encompassing both benthic and pelagic habitats and through a mutual dependency on primary producers as a food source. Many zooplankton taxa contribute
to the sedimentary system as benthic eggs. Our main aim was to investigate the nature of the population level biotic interactions between and within these two seemingly independent communities, both dependent on the pelagic primary production,
while simultaneously accounting for environmental drivers (salinity, temperature,
and oxygen conditions). To this end, we applied multivariate autoregressive state-
space models to long (1966–2007) time series of annual abundance data, comparing
models with and without interspecific interactions, and models with and without environmental variables included. We were not able to detect any direct coupling between sediment-dwelling benthic taxa and pelagic copepods and cladocerans on the
annual scale, but the most parsimonious model indicated that interactions within the
benthic community are important. There were also positive residual correlations between the copepods and cladocerans potentially reflecting the availability of a shared
resource or similar seasonal dependence, whereas both groups tended to correlate
negatively with the zoobenthic taxa. The most notable single interaction within the
benthic community was a tendency for a negative effect of Limecola balthica on the
amphipods Monoporeia affinis and Pontoporeia femorata which can help explain the
observed decrease in amphipods due to increased competitive interference.
KEYWORDS

Baltic Sea, benthic–pelagic coupling, density dependence, interactions, population dynamics,
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1 | I NTRO D U C TI O N

Bruno, 2010; Kabel et al., 2012; Thompson et al., 2015). Whereas

Marine ecosystems and communities are influenced by climate

uncertain and insufficiently quantified, eutrophication and hy-

change through precipitation-
driven salinity decrease in mar-

poxia are known to have a detrimental effect on, for example,

ginal seas, warming, and hypoxia or anoxia (Hoegh-
Guldberg &

bioturbation, and hence, nutrient and oxygen fluxes to and from

some biological processes related to benthic–pelagic coupling are
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the sediment (Karlson et al., 2007; Norkko et al., 2012; Griffiths

interactions have been conducted in the northern Baltic Sea (but

et al., 2017). When considering long-term effects of such extrinsic

see Griffiths et al., 2016, Torres et al., 2017), and none connecting

variables, both population-and community level processes are im-

zoobenthos and zooplankton.

portant to account for, as they together explain the functioning of

Trends in the major benthic taxa have been previously inves-

the community (Salo et al., 2019). This calls for joint investigation of

tigated by Rousi et al. (2013), who noted a marked shift in the

biotic interactions and extrinsic variables in forming and maintaining

benthic community during the early 1990s in a coastal area in the

community dynamics (Walther, 2010 and references therein). This

Gulf of Finland, coinciding with regime shifts in other areas of the

is particularly important in systems with few species, where a sin-

Baltic Sea (Möllmann et al., 2005). The period was characterized

gle species can substantially influence the carbon cycling, such as

by the introduction of the non-native sediment-d welling poly-

the bivalve Limecola balthica in the Baltic Sea (Ehrnsten et al., 2019;

chaete genus Marenzelleria spp. to the system, and by the gradual

Elmgren, 1984; Elmgren & Hill, 1997).

decline and eventual disappearance of the amphipod Pontoporeia

Community composition and interactions influence the energy

femorata, substantial decline of the amphipod Monoporeia affinis,

fluxes in the food webs (Andersson et al., 2015; Karlson et al., 2010),

and the simultaneous dramatic increase in the bivalve Limecola

and many benthic taxa depend on sedimentary matter as their pri-

balthica. The present study was conducted in the coastal region

mary food source (Eriksson Wiklund & Andersson, 2014). The ben-

of the western Gulf of Finland, which has experienced a 2°C tem-

thic zone is also an important source of energy for higher trophic

perature increase since the 1980s (Humborg et al., 2019), while

levels (Kiljunen et al., 2020). How these organic matter fluxes are af-

the salinity has decreased during the 1980 and later stabilized

fected by mesozooplankton in natural systems is not well quantified,

(Rousi et al., 2013). There has also been a slight decrease in ox-

but high numbers of pelagic grazers have the potential to reduce

ygen in the near-b ottom waters since 1979 (Rousi et al., 2013).

the sedimentation of primary production (Tamelander et al., 2017).

Long-term studies have indicated that zooplankton is influenced

The seafloor is also important for survival of several zooplankton

by changes in both salinity and temperature (Mäkinen et al., 2017;

taxa due to the production of benthic eggs and their dormancy in

Suikkanen et al., 2013), and the survival of benthic taxa is tied to

the sediments over harsh winter times, especially in shallow coastal

the prevailing oxygen conditions as their tolerances to low oxygen

areas (Katajisto et al., 1998; Viitasalo, 1992). The zoobenthic and

conditions vary (Villnäs et al., 2012).

zooplanktonic species are not only linked through their depen-

The present study focuses on identifying and quantifying the bi-

dency of primary production as a food source, but also because

otic relationships between benthic and pelagic invertebrate taxa in

many benthic taxa have planktonic larval stages. In addition, many

a coastal area in the western Gulf of Finland using multivariate time-

planktonic taxa spend part of their life cycle as benthic eggs in the

series analysis, jointly modelling how biotic interactions and extrinsic

sediment (Katajisto et al., 1998). Some benthic species, such as the

variables are shaping the instantaneous population growth rates of

amphipods Monoporeia affinis and the bivalve Limecola balthica, have

the studied taxa. As many taxa have been shown to affect zooplank-

been shown to feed on copepod eggs (L. balthica) and thereby neg-

ton benthic eggs in an experimental setting (Viitasalo, 2007), we

atively influence the emergence of copepods (Karlson & Viitasalo-

expected the zoobenthic taxa to influence the annual abundances

Frösen, 2009; Viitasalo et al., 2007). M. affinis has been shown to

of both cladocerans and copepods. We especially expect amphi-

reduce the hatching of Eurytemora affinis by 60%–70% (Albertsson &

pods and the bivalve L. balthica to negatively affect copepods and

Leonardsson, 2001). However, significant negative interactions are

cladocerans due to their potential effect on emergence and hatch-

reported between these and other zoobenthic species (Ejdung et al.,

ing of nauplii from the sediment (Albertsson & Leonardsson, 2001;

2000; Ejdung & Elmgren, 2001), illustrating the complexity of inter-

Viitasalo, 2007). We also consider extrinsic drivers and expect that

actions both between the benthic taxa and between the pelagic and

oxygen will be the dominant extrinsic variable primarily influencing

the benthic realm.

the benthic taxa, whereas temperature and salinity are assumed to

Multivariate autoregressive models have been used to inves-

be the most important ones for cladocerans and copepods. Finally,

tigate temporal changes in abundance together with environ-

we investigate whether biotic interactions can be separated from

mental effects and biotic interaction of pelagic and lake systems

abiotic effects on several taxa at community level.

(Barraquand et al., 2018; Francis et al., 2012, 2014; Griffiths
et al., 2016; Ives et al., 2003). These models are especially convenient when the number of species is relatively small and potential causes and directions of biotic interaction effects are well
known, as high numbers of species easily lead to high numbers

2 | M ATE R I A L A N D M E TH O DS
2.1 | Study area and time series

of parameters to estimate and false positive effects can occur
(Barraquand et al., 2019; Ives et al., 2003). In that regard, the

2.1.1 | Biotic data

Baltic Sea with its long history of marine research is an ideal study
system with a relatively small number of species due to its short

The zooplankton data have been gathered at Storfjärden in the

geological history and brackish environment (Elmgren & Hill, 1997;

western Gulf of Finland (59°50′N 23°15′E). The sampling was

Reusch et al., 2018). Few studies using similar models considering

carried out using a 150 µm Hensen net hauled from 25 m to the

|
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surface, usually three times per month during 1966–1984 (Viitasalo
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2.2 | Statistical analyses

et al., 1995), and once a month during 1993–2007 (newer data not
available at the time). No comparable sampling was carried out

Several previous studies have used multivariate autoregressive

between 1985 and 1993. The diameter of the net decreased from

models (MAR-
m odels) for quantifying interactions in plankton

0.72 m to 0.35 m between the two time periods, but the aim of the

communities, simultaneously investigating the impact of extrinsic

monitoring remained the same. All data have been enumerated in

variables using time-s eries data (Barraquand et al., 2018; Francis

a similar fashion; each sample was split using a Folsom splitter into

et al., 2012; Hampton et al., 2006; Ives et al., 2003). By utilizing

subsamples depending on the density of the sample (max 1/1024),

time series of population abundances on the ln-s cale, these mod-

and one to two subsamples per sample were counted. The number

els correspond to a multispecies generalization of the Gompertz

−3

of individuals m

was calculated using the area of the net and the

population model. We extend the MAR-m odel, which includes

haul depth. Thus, the number of individuals is standardized to the

process error only, to a multivariate state-space model (SSM),

size of the net, but caution should still be applied as the net area can

which simultaneously accounts for both observation and process

affect capture efficiency. We restricted this study to the dominant

error (Durbin & Koopman, 2012). This is crucial as ignoring obser-

calanoid copepods (hereafter copepods) and cladocerans in the area.

vation error in data severely biases (overestimates) the strength

The copepods include Acartia spp. and Eurytemora affinis, and the

of negative density dependence (Knape & de Valpine, 2012) and

cladocerans mainly include Bosmina spp., as well as smaller numbers

is also known to bias interspecific interactions (Ives et al., 2003),

of Chydorus spp., and Daphnia spp. The copepod data include both

both being of crucial interest in this study. Apart from the obser-

adult and copepodite stages. We used zooplankton data from July,

vation model, our model is similar to the log-linear MAR-m odels

August, and September, as these months correspond to the timing of

applied earlier, with a first order autoregressive relationship and a

the benthic sampling. The chosen seasonal window also represents

range of covariates.

the period with highest abundances for the focal zooplankton taxa
(Viitasalo et al., 1995).

The models were fit using the MARSS package, and all analyses
were done in the R-environment version 3.6.3 (Holmes et al., 2012;

The benthic data were gathered from August to October in the

R Core Team, 2020). The abundances of the taxa are modelled as six

same area (59°85′N 23°27′E) as the zooplankton from a depth of

underlying state variables in the process model (Equations 1 and 2)

35 m using a Van Veen grab (1,115 cm2) (Rousi et al., 2013). The sam-

(L. balthica, polychaetes, Marenzelleria spp., amphipods, copepods,

ples were sieved through a 1 mm mesh and subsequently counted

and cladocerans), arranged for each time step t in a vector (xt). Each

and standardized to individuals m−2. Generally, there were triplicate

underlying state is influenced by nine (zooplankton) or three (ben-

grab-samples each year, apart from two years with only one sample

thos) ln-transformed and mean centered observation time series

and five years with no sampling. The benthic taxa included in the

(y t; in total 30 time series) in the observation model (Equations 3 and

analysis are Marenzelleria spp., other polychaetes (Bylgides sarsi and

4). As the benthic time series included zeroes, we added one to all

Hediste diversicolor), the bivalve Limecola (prev. Macoma) balthica,

values in the benthic time series prior to taking the natural logarithm.

and amphipods (Pontoporeia femorata and Monoporeia affinis). These
species generally constitute the bulk of the zoobenthic assemblages
in the area (Rousi et al., 2013).

2.1.2 | Abiotic data
The environmental variables of interest are water temperature, sa-

x t = Bx t−1 + Cc t + w t

(1)

wt ∼ N6 ( 0, Q )

(2)

y t = a + Zx t + v t

(3)

vt ∼ N30 ( 0, R )

(4)

linity, and oxygen. Salinity and temperature data were provided by
Tvärminne Zoological Station, University of Helsinki, (Finland) and

The states in the process model interact with each other as spec-

the Finnish Meteorological Institute, and were primarily measured

ified in the B matrix (6-by-6), where the diagonal contains the autore-

at discrete depths (0, 5, 10, 15, 20, and 30 m), with some additional

gressive coefficients (the density dependence), and the off-diagonal

CTD data used to supplement missing data. We used mean salin-

elements (Bij; i ≠ j) specify the effects of species’ j abundance on

ity and temperature values from 0 to 30 m to calculate time series

species’ i per capita growth rates. C is a 6-by-k matrix of environmen-

of annual anomalies using a generalized additive mixed model with

tal effect coefficients, and ct is a column vector with the k covariate

a cyclic spline for Julian day and a random intercept for each year

values for time t (i.e., annual values of the environmental variables).

(mgcv package in R; Wood, 2017). The oxygen level (O2 mg/L) was

The process error w t is assumed to have a multivariate normal dis-

measured close to the sampling site (59°85′N, 23°26′E) from the

tribution, with a full variance–covariance matrix Q whose elements

bottom water layer at a depth of 33–34 m. We investigated linear

were freely estimated (Equation 2) and represents the unexplained

trends in both the constructed anomalies and in the oxygen variable

process variance, which is typically interpreted as unexplained en-

applying linear regression against year with AR (1) residuals, utilizing

vironmental effects. The investigated state variables (Equation

generalized least squares in the nlme package in R.

1) are linked to the observation times series (Equation 3) through

4038
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the Z matrix (30-by-6) and scaled with vector a. As the zooplank-

including competition, and predation (Table 1). To estimate the bi-

ton abundance levels were expected to vary during the different

otic interactions between the taxa we use the species interaction

months, a enabled different intercepts. For the benthic taxa, a was

matrix (B) for defining our four scenarios, fixing predefined elements

set to 0. Also, the observation error (v t) is assumed to have a multi-

to zero (Figure S1). As Marenzelleria spp. appeared in the samples for

variate normal distribution, but with a diagonal variance–covariance

the first time in 1991, its interactions with other taxa were set to

matrix R. Each benthic state has its own estimated observation error

zero prior to this time. Also, the environmental covariates were con-

term, except for the zooplankton that have their observation error

sidered from 1990 for Marenzelleria spp. by setting all coefficients in

variances fixed at R13,13 to R 22,22 = 0.259 for the copepods and R 23,23

row three (corresponding to the covariate effects on Marenzelleria

to R30,30 = 0.413 for the cladocerans (Equation 4). The initial values

spp.) of C to zero prior to the species’ establishment in the area.

of the state variables (x1) were estimates as parameters in the model.

All community models were additionally investigated including

Since the zooplankton time series has no replicates (single hauls

or excluding environmental covariates, leading to a total of eight

were used throughout the sampling period, as is the standard in

models (four interaction scenarios with or without environmen-

pelagic sampling: HELCOM 2014), we used data from a field study

tal covariates). Additionally, all models always included year as a

conducted in 2016 to estimate the zooplankton observation error

covariate to account for long-
term population change. To avoid

variances. Estimating and fixing the observation error a priori will fa-

over-parameterization, environmental covariates were included in

cilitate the estimation of the process error in our community model

taxon-specific full models based on preliminary analyses. For this

for taxa with an unreplicated time series, as the observation and pro-

purpose, we used the above mentioned SSM approach but for one

cess errors are notoriously difficult to partition (Dennis et al., 2010).

taxon at a time. The models in both the preliminary and main anal-

Planktonic samples for the observation error study were collected

ysis were compared using model selection with Akaike information

at three nearby locations in June and August 2016 in triplicate,

criterion corrected for small sample size (AICc). The models included

resulting in 30 net tows (detailed description in the Appendix S1).

either no covariates as a null model, only a trend or a trend and one

Using the field study that provided replicated data we estimated

environmental covariate. All covariates were standardized to zero

the error variance separately for copepods and cladocerans using

mean and divided by their standard deviation (z-scored). The environ-

linear models (extracting the estimated residual variance), with the

mental variables considered are annual mean salinity and tempera-

ln-abundance as response, and sampling month, station, and their

ture anomalies and late summer bottom water oxygen. We identified

interaction as explanatory variables. The estimated residual vari-

the model with the lowest AICc score for each taxon and included its

ances from the copepod and cladoceran linear models were 0.259

covariates in the community SSM for the respective taxon (Figure 1).

and 0.413, respectively.

For Marenzelleria spp., the other polychaetes and the cladocerans,

To investigate the community interactions and to find out

salinity was selected as the environmental covariate (in addition to

whether we can detect benthic–pelagic interactions on interannual

the trend), whereas copepods, included temperature, and Limecola

scale, we consider four alternative scenarios for the community

balthica and the amphipods included only the temporal trend.

interactions: one full model including plausible interspecific inter-

The model is flexible with regard to certain nonstationary prop-

actions, a simplified version considering only the benthic–pelagic

erties. First, as year is included as a covariate, the model assumes

interactions (BPC only), one considering no benthic–pelagic interac-

a trend-stationary process on the log-scale, that is, the process is

tions and only interactions within the benthic taxa (no BPC), and one

stationary apart from a log-linear trend. Secondly, estimation of the

with no interactions whatsoever (no interactions). The interactions in

initial values of the state variables allows for transient dynamics.

the full model were based on species interactions found in literature,

Hence, the model can describe, for example, a newly established

TA B L E 1

A summary of the interspecific interactions between the studied taxa as outlined in literature from the Baltic Sea

Taxon

Affected taxa

Interaction type

Expected
effect

Reference

L. balthica

Amphipoda

Resource competition

−

Karlson et al. (2010, 2015)

Cladocerans, Copepods

Predation on benthic eggs

−

Karlson and Viitasalo-
Frösen (2009)

Polychaeta (H. diversicolor
& B. sarsi)

L. balthica larvae,
Amphipoda

Predation

−

Rönn et al. (1988),
Sarvala (1971)

Marenzelleria spp.

Cladocerans, Copepods

No effect on eggs through
bioturbation

0

Viitasalo (2007)

Amphipoda

L. balthica

Predation on larvae, competition

−

Elmgren et al. (1986)

Cladocerans, Copepods

Reduced hatching of eggs

−

Viitasalo et al. (2007),
Viitasalo (2007)

Note: The table details the effects of each relevant taxon (Taxon) on other taxa (Affected taxa), the nature of the relationship (Interaction type), the
expected sign of the interaction coefficient (Expected effect; positive +, negative −, or neutral 0), and references to the literature (Reference).

|
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F I G U R E 1 Comparison of differences
in AICc (ΔAICc) compared with the
most parsimonious model for the four
univariate candidate SSMs used for
choosing environmental covariates.
The horizontal line indicates an AICc
difference of 2. The null model includes
no trend, whereas all other models do in
addition to the environmental covariate

F I G U R E 2 Estimated mean centered
state variables (black line) with 95% CI
(grey area) for the most parsimonious
community models with no BPC but
including environmental variables. Black
points are raw data. For the cladocerans
and copepods, the raw data have
been adjusted according to the scaling
parameter a in the observation model
(Equation 4)

population (e.g., Marenzelleria spp.) growing from low abundance,
before reaching a level where it starts to fluctuate in a stationary
manner.
All models were fit using the EM algorithm (Holmes, 2013).
Standard errors (SE) and confidence intervals (CI) for the parameter

TA B L E 2 The eight investigated community models (n = 841
for all) together with the number of estimated parameters (k), log
likelihood (LogLik), Akaike information criterion corrected for small
sample size (AICc), and difference in AICc compared with the most
parsimonious model (ΔAICc)

estimates for the most parsimonious model were estimated using

Model

k

LogLik

AICc

parametric bootstrap with 1,000 resampling events. We consider

No BPC + Env.

55

−1,682.8

3,483.5

95% and 90% CI of covariate estimates and community interactions
that do not cross zero to indicate statistically significant effects and
tendencies, respectively. Model checking was conducted by visually
inspecting quantile–quantile plots of the residuals and graphs of
residuals regressed against fitted values from both the observation
and process model, as well as graphs of the autocorrelation functions of the process residuals.

3 | R E S U LT S

ΔAICc
0

No interactions + Env.

51

−1,691.2

3,491.2

7.7

All interactions + Env.

61

−1,680.0

3,491.8

8.2

No BPC

51

−1,692.2

3,493.1

9.5

Only BPC + Env.

57

−1,687.8

3,498.0

14.5

No interactions

47

−1,700.7

3,501.2

17.6

All interactions

57

−1,689.4

3,501.3

17.7

Only BPC

53

−1,697.2

3,507.8

24.2

Note: The models are presented in ascending order according to ΔAICc,
starting with the most parsimonious one. BPC indicates benthic–pelagic
coupling and Env. models where environmental variables are included.

Based on the estimated underlying states, there was a sudden increase in L. balthica corresponding to the timing of the introduction

pattern, reaching its maximum values, approximately 6.7 in the late

of Marenzelleria spp. in the early 1990s, while the amphipods display

1970s. The overall linear annual trend, however, was slightly nega-

a more gradual decline over the whole period (Figure 2). The clad-

tive: 0.009 (SE 0.004). The oxygen in the bottom water decreased by

ocerans and copepods fluctuate around a steady state, whereas the

0.047 mg/L (SE 0.020) annually over the study period.

other polychaetes (H. diversicolor and B. sarsi) displayed somewhat

In the model comparison between the four interaction scenarios,

cyclic patterns. Long-term changes were also prevalent in the abi-

the best performing model included interactions between only the

otic data (Figure S2). There was an upward trend in the annual water

benthic species. Hence, contrary to our expectations, it included no

temperature (0–30 m), with a linear annual increase of 0.04°C (SE

interactions between the benthic and pelagic taxa (Table 2 and Figure

0.010). The annual salinity (0–30 m) displayed a more complicated

S3). Among the interactions between the benthic taxa included in the

4040
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All estimated model parameters for the most parsimonious

confidence interval excluding zero (Figure 3). There was a negative

model are presented in Table S1. Marenzelleria spp. had the highest

effect of L. balthica on amphipods, which was in accordance with

estimated process error (Q3,3 = 2.17: Table S2). The residual correla-

our expectation. Notably, also the estimated reciprocal effect of

tions (Q matrix) between taxa were relatively weak except for the

amphipods on L. balthica was negative (indicating competition), and

correlation of 0.69 between cladocerans and copepods, which was

almost twice as large, but it also had larger uncertainty and the 90%

the only correlation where the 95% CI did not cross zero (Table S3).

CI included zero. For all other estimated interspecific interactions,

The correlations were calculated using the process error covariance

the 90% CI included zero (Table 2). Density dependence was present

matrix and the CI from that matrix is used to also indicate significance

(diagonal of B < 1) in all investigated taxa, and the magnitude within

for the correlations (Table S2). The environmental correlation within

each taxon was consistent between all investigated models. The val-

the zoobenthos taxa generally had positive signs (0.09 to 0.43), and

ues range from 0.164 to 0.608 in the most parsimonious model. Both

the correlation between zoobenthos and zooplankton generally had

the graphs of the process-and observation model residuals looked

negative signs (−0.42 to −0.05), with the exception of the correlation

reasonable (Figures S5–S7). The models that included environmental

between Marenzelleria spp. and copepods (0.17).

covariates always performed better (ca 10 units AICc) compared with
their counterpart without environmental covariates, and the direction of the biotic interactions remained the same (Figure S3, Table 2).
Contrary to our expectation, oxygen was not included in any of
the most parsimonious models. In the most parsimonious commu-

4 | D I S CU S S I O N
4.1 | Detecting no coupling

nity model, salinity was included for Marenzelleria spp., other polychaetes, and for cladocerans, but the 95% CI did not include zero

Contrary to our expectations the most parsimonious model did

only for cladocerans. Temperature was only included for the cope-

not include interactions between benthic and planktonic taxa. This

pods and influenced them positively. Both copepods and amphipods

is unexpected, as laboratory studies have suggested that benthic

had a negative partial trend (Figure 4). The estimates of the environ-

taxa can exert substantial predation pressure on benthic eggs of

mental effects in the community model correspond well with the re-

both copepods and cladocerans (Karlson & Viitasalo-Frösen, 2009;

sults of the preliminary taxon-wise covariate investigation, but with

Viitasalo, 2007). It is possible that the zooplankton population is

higher uncertainty in the estimates (Figure 4 and Figure S4).

more limited by the availability of resources in the area than by regulation from the benthos on their recruitment from benthic eggs. The
amounts of zooplankton eggs in the surface of the sediment have
been shown to vary over the season and the development time of
the eggs is affected by prevailing temperature (Katajisto et al., 1998);
hence, predation effects on eggs would likely be challenging to detect in the pelagic population. Biotic interactions between zooplankton and benthic taxa might thus be better detectable on shorter time
scale or during a specific seasonal window.

F I G U R E 3 Community interactions in the most parsimonious
model including the environmental covariates and no benthic–
pelagic coupling. The matrix is interpreted as the effect of the
taxa in the columns on the taxa in the rows. Bolded values off
the diagonal indicate interactions where the 90% CI exclude 0.
As the single estimated interactions often crossed 0, we applied
90% confidence intervals, to highlight which interactions were
contributing most likely to the dynamics of the system. The
strength of the species interaction is indicated by the color
and squares with no value were not considered. To make the
interpretation of the density dependence on the diagonal
comparable to the off-diagonal interaction terms, the identity
matrix was subtracted from the matrix

F I G U R E 4 The effects of the environmental covariates and
their 95% CI in the most parsimonious community model with no
benthic–pelagic coupling
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The observed high correlation between copepods and cladocer-

Finland (Kiljunen et al., 2020). L. balthica is known to show high plas-

ans in the Q matrix indicates that there was unexplained correlated

ticity in its feeding behavior (Olafsson, 1986; Törnroos et al., 2015),

variation between these taxa. This correlation among competitors

explaining the low trophic position in this system. The amphipod M.

can arise from a correlated environment (Ripa & Ives, 2003, 2007),

affinis is also known to directly prey on L. balthica larval stages influ-

and as phytoplankton was not included in the study it could well

encing recruitment of young individuals to the sediment (Elmgren

reflect food availability. Egg production of the main copepod taxon

et al., 1986). Whereas we did not investigate the biomass of the taxa,

Acartia bifilosa is known to be influenced by food availability (Koski

Rousi et al. (2013) reported an increase in individual biomass of L.

& Kuosa, 1999). None of the benthic taxa had as strong positive re-

balthica. It is possible that the decrease in numbers of amphipods,

sidual correlations as the zooplankton (Table S3), even though M.

has led to decreased competitive interference between the groups,

affinis is known to depend on fresh sedimentary material (Eriksson

enabling bigger size for L. balthica. Elmgren et al. (1986) suggested

Wiklund & Andersson, 2014). Benthic taxa are more dependent on

that the presence of M. affinis decreases the growth rate of L. balth-

material sedimentated during the spring bloom (Elmgren, 1978; Uitto

ica by small nonlethal disturbances such as bioturbation and Karlson

& Sarvala, 1991), and the investigated zooplankton abundances in

et al. (2010), Karlson et al. (2011) have experimentally shown com-

the present study were all measured during late summers. Another

petitive interference. Thus, the decline in amphipods can also have

explanation for the correlation between the zooplankton groups is

affected growth rates. Whereas our results clearly indicate that the

predation, as the zooplankton community experiences heavy preda-

model including the interactions was the superior one in the investi-

tion in late summer (Hansson et al., 1990), and as also a shared pred-

gated subset, it is not possible to conclusively state the direction of

ator can give rise to temporal synchrony (Huber & Gaedke, 2006).

the effect, considering the broad CI.

Overall, the process correlations between zooplankton and zooben-

When investigating environmental effects on food webs, not ac-

thos were uncertain but with negative signs, which suggest that the

counting for environmental correlation between taxa can confound

two benthic and pelagic taxa are inversely affected by the environ-

the identification of species interactions (Ripa & Ives, 2003, 2007). It

ment and it can for example reflect within season competition on

was clear that the models including the environment were more par-

resources, as more efficient pelagic processes lead to decreased

simonious, compared with their non-environment counterparts, but

sedimentation and thus less organic matter for benthos (Tamelander

the interaction strengths and directions were similar in both groups

et al., 2017). Whenever the goal is to investigate only the interac-

of models. The effects of the environmental variables were more

tions between benthic and pelagic species, simplifying the model to

distinguishable in the zooplankton groups. The negative salinity ef-

a two-state model can be a fruitful option.

fect seems reasonable as the taxa are documented to benefit from

All taxa displayed relatively strong density dependence, which

lower salinity (Kuosa et al., 2017). The positive temperature effect

traditionally would suggest a high level of intraspecific competition.

on the copepods is also in line with tolerances of the most abundant

Some studies have indeed concluded that benthic taxa such as L.

species, Acartia bifilosa, which has a broad temperature tolerance,

balthica and Marenzelleria arctia experience intraspecific density de-

with suboptimal temperatures above 24°C (Koski & Kuosa, 1999).

pendence as a result of competition for space and food limitation

Based on the results of the present study, an increase in temperature

(Ehrnsten et al., 2019; Karlson et al., 2011; Kauppi et al., 2018), which

could benefit copepods in terms of abundance.

may in fact override the direct links between the different compo-

The fact that none of the best performing single-species mod-

nents, that is, the benthic and pelagic assemblages. For shorter lived

els for the benthic species included oxygen, likely has more to do

taxa like zooplankton, it is more likely that the density dependence is

with the suitability of the variable. The measurements were taken

a statistical property of the time series, whereas for the more long-

from the water close to the bottom and not from the sediment.

lived benthos the effects could reflect ecological effects. Some ben-

Additionally, a snapshot with oxygen measurements for late summer

thic taxa like L. balthica can live up to 30 years (Segerstråle, 1960).

only might not reflect the overall oxygen conditions for the entire

Whereas competition for food resources is likely a fact in both

year well enough, as oxygen conditions can vary considerably, both

zones, relevant competition for space is likely to occur only for the

seasonally and spatially (Virtanen et al., 2019). Also, a temporary

benthic taxa.

drop in the oxygen level can be detrimental for sensitive taxa, such
as M. affinis that feed less in hypoxic conditions (Ejdung et al., 2008).

4.2 | Biotic and abiotic drivers
The detected links in the benthic community observed between L.
balthica and the amphipods are well supported by the literature and

In contrast, both L. balthica and Marenzelleria spp. are more tolerant
to hypoxia (Norkko et al., 2012; Villnäs et al., 2012).

4.3 | Potential shifts in interactions

early field investigations by Segerstråle (1962, 1978) noted an inverse relationship between L. balthica and M. affinis. More recent

Interactions within communities can vary and change over time be-

studies suggest that the taxa utilize similar resources because their

cause of temporally variable climate effects (Francis et al., 2012). In

isotopic niches overlap (Karlson et al., 2015), although L. balthica is

extreme cases, if a tipping point is reached, long-term changes in

at a lower trophic level compared with the amphipods in the Gulf of

one direction can lead to ecological regime shifts (Casini et al., 2009;
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Collie et al., 2004). Studies have shown that biotic interactions can

C O N FL I C T O F I N T E R E S T

fluctuate with changing environmental conditions and species com-
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position (Francis et al., 2012, 2014). Previous work suggests that
Marenzelleria spp., which at the station presumably is M. arctia, has

AU T H O R C O N T R I B U T I O N

colonized an empty niche (Karlson et al., 2015; Norkko et al., 2012).

Louise Forsblom: Conceptualization (equal); Data curation (equal);

Regardless, it is apparent that a substantial shift occurred in the

Formal analysis (lead); Funding acquisition (equal); Investigation (equal);

community during the 1990s (Rousi et al., 2013). This type of shifts,

Methodology (equal); Validation (lead); Visualization (lead); Writing-

whether due to changes in community composition or abiotic fac-

original draft (lead); Writing-review & editing (equal). Andreas Lindén:

tors, can also induce changes in biotic interactions. The interactions

Conceptualization (equal); Formal analysis (supporting); Funding ac-

and environmental impacts reported in this study are averages over

quisition (equal); Methodology (equal); Supervision (equal); Validation

the entire period, so potential shifts in interactions would be aver-

(supporting); Visualization (supporting); Writing-original draft (sup-

aged out. Ideally, we would have compared the situation before and

porting); Writing-
review & editing (equal). Jonna Engström-Öst:

after the introduction of Marenzelleria spp., but due to the unfortu-

Conceptualization (equal); Funding acquisition (equal); Investigation

nate fact that it coincides with a gap in the zooplankton time series,

(equal); Resources (lead); Supervision (equal); Visualization (sup-

this approach was not possible. Changes in phenology are also sug-

porting); Writing-
original draft (supporting); Writing-
review & ed-

gested to influence the strength of food web interactions (Francis

iting (equal). Maiju Lehtiniemi: Conceptualization (equal); Data

et al., 2014), for example, through the induction of a within season

curation (equal); Methodology (supporting); Resources (supporting);

temporal mismatch between taxa (Cushing, 1969, 1990). There are

Visualization (supporting); Writing-original draft (supporting); Writing-

indications of changes in the timing of both the phytoplankton

review & editing (equal). Erik Bonsdorff: Conceptualization (equal);

spring bloom and zooplankton emergence in the Baltic Sea (Hjerne

Funding acquisition (equal); Methodology (supporting); Supervision

et al., 2019; Klais et al., 2017). Both the averaging of the biotic inter-

(equal); Visualization (supporting); Writing-original draft (supporting);

actions and the potential phenology changes could have contributed

Writing-review & editing (equal).

to the fact that the CIs were so broad.
DATA AVA I L A B I L I T Y S TAT E M E N T

5 | CO N C LU S I O N S

The field data from 2016 and the input for the community model:
https://doi.org/10.5061/dryad.4b8gthtbs.

Time series are crucial for investigating long-
term population

ORCID

changes. Although we were not able to detect any benthic–pelagic

Louise Forsblom

https://orcid.org/0000-0001-6583-176X

coupling in the form of clear interactions between zoobenthos and

Andreas Lindén

https://orcid.org/0000-0002-5548-2671

zooplankton, the most parsimonious model indicated that biotic in-

Jonna Engström-Öst

teractions within the benthic community are important. The shorter

Maiju Lehtiniemi

generation time of zooplankton compared with benthic taxa po-

Erik Bonsdorff

https://orcid.org/0000-0003-1792-7702
https://orcid.org/0000-0003-4782-4958

https://orcid.org/0000-0001-5070-4880

tentially contributed to the fact that we were unable to detect interactions between zooplankters and benthic species at the focal

REFERENCES

time-scale. The competitive interference tendency of L. balthica on

Albertsson, J., & Leonardsson, K. (2001). Deposit-feeding amphipods
(Monoporeia affnis) reduce the recruitment of copepod nauplii from
benthic resting eggs in the northern Baltic Sea. Marine Biology, 138,
793–8 01.
Andersson, A., Meier, H. E. M., Ripszam, M., Rowe, O., Wikner, J.,
Haglund, P., Eilola, K., Legrand, C., Figueroa, D., Paczkowska, J.,
Lindehoff, E., Tysklind, M., & Elmgren, R. (2015). Projected future climate change and Baltic Sea ecosystem management. Ambio, 44(S3),
345–356. https://doi.org/10.1007/s13280 -015-0654-8
Barraquand, F., Picoche, C., Detto, M., & Hartig, F. (2019). Inferring species interactions using Granger causality and convergent cross mapping. arXiv:1909.00731 [q-bio, stat].
Barraquand, F., Picoche, C., Maurer, D., Carassou, L., & Auby, I. (2018).
Coastal phytoplankton community dynamics and coexistence driven
by intragroup density-dependence, light and hydrodynamics. Oikos,
127(12), 1834–1852.
Casini, M., Hjelm, J., Molinero, J.-C ., Lovgren, J., Cardinale, M.,
Bartolino, V., Belgrano, A., & Kornilovs, G. (2009). Trophic cascades promote threshold-like shifts in pelagic marine ecosystems.
Proceedings of the National Academy of Sciences of the United States
of America, 106(1), 197–202. https://doi.org/10.1073/pnas.08066
49105

amphipods has likely contributed to the observed decrease in amphipods over time. We also detected positive within season correlations between copepods and cladocerans, which are most likely a
reflection of the availability of phytoplankton.
AC K N OW L E D G M E N T S
We want to thank the Finnish Meteorological Institute, the Finnish
Environment Institute, and Tvärminne Zoological Station for their
efforts in the time-
series collection. We also thank Tvärminne
Zoological Station for use of their research facilities, Siru Tasala for
her help with the zooplankton data, Heta Rousi for retrieving the
benthos and oxygen data, and the reviewers for their helpful comments. Louise Forsblom was funded by Onni Talaan säätiö and the
FunMarBio network at Åbo Akademi University. The study utilized SYKE Marine Ecological Research Laboratory and Tvärminne
Zoological Station infrastructures as a part of the national FINMARI
RI consortium.

FORSBLOM et al.

Collie, J. S., Richardson, K., & Steele, J. H. (2004). Regime shifts: Can ecological theory illuminate the mechanisms? Progress in Oceanography,
60(2–4), 281–3 02. https://doi.org/10.1016/j.pocean.2004.02.013
Cushing, D. H. (1990). Plankton production and year-class strength in fish
populations: An update of the match/mismatch hypothesis. Advances
in Marine Biology, 26, 249–293.
Cushing, D. H. (1969). The regularity of the spawning season of some
fishes. ICES Journal of Marine Science, 33(1), 81–92.
Dennis, B., Ponciano, J. M., & Taper, M. L. (2010). Replicated sampling
increases efficiency in monitoring biological populations. Ecology,
91(2), 610–620. https://doi.org/10.1890/08-1095.1
Durbin, J., & Koopman, S. J. (2012). Time series analysis by state space
methods. Oxford university press.
Ehrnsten, E., Norkko, A., Timmermann, K., & Gustafsson, B. G. (2019).
Benthic-pelagic coupling in coastal seas –Modelling macrofaunal
biomass and carbon processing in response to organic matter supply. Journal of Marine Systems, 196, 36–47. https://doi.org/10.1016/j.
jmarsys.2019.04.003
Elmgren, R. (1978). Structure and dynamics of Baltic benthos communities, with particular reference to the relationship between macro-
and meiofauna. Kieler Meeresforsch Sonderheft, 4, 1–22.
Elmgren, R. (1984). Trophic dynamics in the enclosed, brackish
Baltic Sea. In Rapp. P. V. Réun. Cons. Int. Explor. Mer. (vol. 183, pp.
152–169).
Elmgren, R., Ankar, S., Marteleur, B., & Ejdung, G. (1986). Adult Interference
with Postlarvae in Soft Sediments: The Pontoporeia-Macoma
Example. Ecology, 67(4), 827–836. https://doi.org/10.2307/1939805
Elmgren, R., & Hill, C. (1997). Ecosystem function at low biodiversity -the
Baltic example. In R. F. G. Ormond, J. D. Gage, & M. V. Angel (Eds.),
Marine biodiversity: Patterns and processes (pp. 319–336). Cambridge
University Press.
Eriksson Wiklund, A.-K ., & Andersson, A. (2014). Benthic competition
and population dynamics of Monoporeia affinis and Marenzelleria sp.
in the northern Baltic Sea. Estuarine, Coastal and Shelf Science, 144,
46–53. https://doi.org/10.1016/j.ecss.2014.04.008
Ejdung, G., & Elmgren, R. (2001). Predation by the benthic isopod
Saduria entomon on two Baltic Sea deposit-feeders, the amphipod
Monoporeia affinis and the bivalve Macoma balthica. Journal of
Experimental Marine Biology and Ecology, 266(2), 165–179.
Ejdung, G., Byrén, L., & Elmgren, R. (2000). Benthic predator–prey interactions: evidence that adult Monoporeia affinis (Amphipoda) eat
postlarval Macoma balthica (Bivalvia). Journal of experimental marine
biology and ecology, 253(2), 243–251.
Ejdung, G., Byrén, L., Wiklund, A. K. E., & Sundelin, B. (2008). Uptake of
diatoms in Baltic Sea macrozoobenthos during short-term exposure
to severe and moderate hypoxia. Aquatic Biology, 3(1), 89–99.
Francis, T. B., Scheuerell, M. D., Brodeur, R. D., Levin, P. S., Ruzicka, J. J.,
Tolimieri, N., & Peterson, W. T. (2012). Climate shifts the interaction
web of a marine plankton community. Global Change Biology, 18(8),
2498–2508. https://doi.org/10.1111/j.1365-2486.2012.02702.x
Francis, T. B., Wolkovich, E. M., Scheuerell, M. D., Katz, S. L., Holmes,
E. E., & Hampton, S. E. (2014). Shifting regimes and changing interactions in the lake Washington, U.S.A., plankton community from
1962–1994. PLoS One, 9(10), e110363.
Griffiths, J. R., Hajdu, S., Downing, A. S., Hjerne, O., Larsson, U., &
Winder, M. (2016). Phytoplankton community interactions and environmental sensitivity in coastal and offshore habitats. Oikos, 125(8),
1134–1143. https://doi.org/10.1111/oik.02405
Griffiths, J. R., Kadin, M., Nascimento, F. J. A., Tamelander, T., Törnroos,
A., Bonaglia, S., Bonsdorff, E., Brüchert, V., Gårdmark, A., Järnström,
M., Kotta, J., Lindegren, M., Nordström, M. C., Norkko, A., Olsson,
J., Weigel, B., Žydelis, R., Blenckner, T., Niiranen, S., & Winder, M.
(2017). The importance of benthic-pelagic coupling for marine ecosystem functioning in a changing world. Global Change Biology, 23(6),
2179–2196. https://doi.org/10.1111/gcb.13642

|

4043

Hampton, S. E., Scheuerell, M. D., & Schindler, D. E. (2006). Coalescence
in the Lake Washington story: Interaction strengths in a planktonic
food web. Limnology and Oceanography, 51(5), 2042–2051. https://
doi.org/10.4319/lo.2006.51.5.2042
HELCOM (2014). Annex C-
7 Mesozooplankton. In: Manual for Marine
Monitoring in the COMBINE Programme (Last updated: January 2014.
Internet page visited on 28.1.2020): https://helcom.fi/media/publi
catio n s/Manua l -f or-M arin e -M onit o ring -i n-t he-C OMBI N E-P rogr
amme-of-HELCOM.pdf
Hjerne, O., Hajdu, S., Larsson, U., Downing, A. S., & Winder, M. (2019).
Climate driven changes in timing, composition and magnitude of the
Baltic Sea phytoplankton spring bloom. Frontiers in Marine Science, 6,
482. https://doi.org/10.3389/fmars.2019.00482
Hoegh-Guldberg, O., & Bruno, J. F. (2010). The impact of climate change
on the World’s Marine Ecosystems. Science, 328(5985), 1523–1528.
Holmes, E. E., Ward, E. J., & Wills, K. (2012). MARSS: Multivariate autoregressive state-space models for analyzing time-series data. The R
Journal, 4, 11–19. https://doi.org/10.32614/R J-2012-0 02
Huber, V., & Gaedke, U. (2006). The role of predation for seasonal variability patterns among phytoplankton and ciliates. Oikos, 114(2),
265–276. https://doi.org/10.1111/j.2006.0030-1299.14753.x
Humborg, C., Geibel, M. C., Sun, X., McCrackin, M., Mörth, C.-M.,
Stranne, C., Jakobsson, M., Gustafsson, B. O., Sokolov, A., Norkko,
A., & Norkko, J. (2019). High emissions of carbon dioxide and
methane from the Coastal Baltic Sea at the End of a Summer Heat
Wave. Frontiers in Marine Science, 6, 493. https://doi.org/10.3389/
fmars.2019.00493
Holmes, E. E. (2013). Derivation of an EM algorithm for constrained and
unconstrained multivariate autoregressive state-space (MARSS)
models. arXiv preprint, –arXiv:1302.3919.
Hansson, S., Larsson, U., & Johansson, S. (1990). Selective predation by
herring and mysids, and zooplankton community structure in a Baltic
Sea coastal area. Journal of Plankton Research, 12(5), 1099–1116.
Ives, A. R., Dennis, B., Cottingham, K. L., & Carpenter, S. R. (2003).
Estimating community stability and ecological interactions from
time-series data. Ecological Monographs, 73(2), 301–330. https://doi.
org/10.1890/0012-9615(2003)073[0301:ECSAEI]2.0.CO;2
Kabel, K., Moros, M., Porsche, C., Neumann, T., Adolphi, F., Andersen, T.
J., Siegel, H., Gerth, M., Leipe, T., Jansen, E., & Sinninghe Damsté, J.
S. (2012). Impact of climate change on the Baltic Sea ecosystem over
the past 1,000 years. Nature Climate Change, 2(12), 871–874. https://
doi.org/10.1038/nclimate1595
Karlson, A. M. L., Gorokhova, E., & Elmgren, R. (2015). Do deposit-feeders
compete? Isotopic niche analysis of an invasion in a species-poor system. Scientific Reports, 5(9715). https://doi.org/10.1038/srep09715
Karlson, A. M. L., Nascimento, F. J. A., Näslund, J., & Elmgren, R.
(2010). Higher diversity of deposit-feeding macrofauna enhances
phytodetritus processing. Ecology, 91(5), 1414–
1423. https://doi.
org/10.1890/09-0660.1
Karlson, A. M. L., Näslund, J., Rydén, S. B., & Elmgren, R. (2011).
Polychaete invader enhances resource utilization in a species-poor
system. Oecologia, 166(4), 1055–1065. https://doi.org/10.1007/
s00442-011-1936-x
Karlson, A. M. L., & Viitasalo-Frösen, S. (2009). Assimilation of 14C-
labelled zooplankton benthic eggs by macrobenthos. Journal of
Plankton Research, 31(4), 459–463. https://doi.org/10.1093/plankt /
fbn131
Karlson, K., Bonsdorff, E., & Rosenberg, R. (2007). The impact of
benthic macrofauna for nutrient fluxes from Baltic Sea sediments. Ambio, 36(2), 161–167. https://doi.org/10.1579/0044-
7447(2007)36[161:TIOBMF ]2.0.CO;2
Katajisto, T., Viitasalo, M., & Koski, M. (1998). Seasonal occurrence
and hatching of calanoid eggs in sediments of the northern Baltic
Sea. Marine Ecology Progress Series, 163, 133–
143. https://doi.
org/10.3354/meps163133

4044

|

Kauppi, L., Norkko, A., & Norkko, J. (2018). Seasonal population dynamics of the invasive polychaete genus Marenzelleria spp. in contrasting
soft-sediment habitats. Journal of Sea Research, 131, 46–60. https://
doi.org/10.1016/j.seares.2017.10.005
Kiljunen, M., Peltonen, H., Lehtiniemi, M., Uusitalo, L., Sinisalo, T.,
Norkko, J., Kunnasranta, M., Torniainen, J., Rissanen, A. J., &
Karjalainen, J. (2020). Benthic-p elagic coupling and trophic relationships in northern Baltic Sea food webs. Limnology and
Oceanography, 65(8), 1706–1722. https://doi.org/10.1002/
lno.11413
Klais, R., Otto, S. A., Teder, M., Simm, M., & Ojaveer, H. (2017). Winter–
spring climate effects on small-sized copepods in the coastal Baltic
Sea. ICES Journal of Marine Science, 74(7), 1855–1864. https://doi.
org/10.1093/icesjms/fsx036
Koski, M., & Kuosa, H. (1999). The effect of temperature, food concentration and female size on the egg production of the planktonic copepod Acartia bifilosa. Journal of Plankton Research, 21(9), 1779–1789.
Kuosa, H., Fleming-Lehtinen, V., Lehtinen, S., Lehtiniemi, M., Nygård,
H., Raateoja, M., Raitaniemi, J., Tuimala, J., Uusitalo, L., & Suikkanen,
S. (2017). A retrospective view of the development of the Gulf of
Bothnia ecosystem. Journal of Marine Systems, 167, 78–92. https://
doi.org/10.1016/j.jmarsys.2016.11.020
Knape, J., & de Valpine, P. (2012). Are patterns of density dependence
in the Global Population Dynamics Database driven by uncertainty
about population abundance?. Ecology letters, 15(1), 17–23.
Mäkinen, K., Vuorinen, I., & Hänninen, J. (2017). Climate-induced hydrography change favours small-
bodied zooplankton in a coastal
ecosystem. Hydrobiologia, 792(1), 83–96. https://doi.org/10.1007/
s10750 -016-3 046-6
Möllmann, C., Kornilovs, G., Fetter, M., & Koster, F. (2005). Climate, zooplankton, and pelagic fish growth in the central Baltic Sea. ICES Journal
of Marine Science, 62(7), 1270–1280. https://doi.org/10.1016/j.icesj
ms.2005.04.021
Norkko, J., Reed, D. C., Timmermann, K., Norkko, A., Gustafsson, B. G.,
Bonsdorff, E., Slomp, C. P., Carstensen, J., & Conley, D. J. (2012). A
welcome can of worms? Hypoxia mitigation by an invasive species.
Global Change Biology, 18(2), 422–434.
Olafsson, E. B. (1986). Density dependence in suspension-feeding and
deposit-feeding populations of the bivalve Macoma balthica: A field
experiment. The Journal of Animal Ecology, 55(2), 517. https://doi.
org/10.2307/4735
R Core Team (2020). R: A language and environment for statistical computing. R Foundation for Statistical Computing. https://www.R-proje
ct.org
Reusch, T. B. H., Dierking, J., Andersson, H. C., Bonsdorff, E., Carstensen,
J., Casini, M., Czajkowski, M., Hasler, B., Hinsby, K., Hyytiäinen, K.,
Johannesson, K., Jomaa, S., Jormalainen, V., Kuosa, H., Kurland, S.,
Laikre, L., MacKenzie, B. R., Margonski, P., Melzner, F., … Zandersen,
M. (2018). The Baltic Sea as a time machine for the future coastal
ocean. Science Advances, 4, eaar8195. https://doi.org/10.1126/
sciadv.aar8195
Ripa, J., & Ives, A. R. (2003). Food web dynamics in correlated and autocorrelated environments. Theoretical Population Biology, 64(3), 369–
384. https://doi.org/10.1016/S0040-5809(03)00089-3
Ripa, J., & Ives, A. R. (2007). Interaction assessments in correlated and autocorrelated environments. In David A. Vasseur & Kevin S. McCann
(Eds.), The impact of environmental variability on ecological systems (pp.
111–131). Dordrecht: Springer.
Rönn, C., Bonsdorff, E., & Nelson, G. W. (1988). Predation as a mechanism of interference within infauna in shallow brackish water soft
bottoms; experiments with an infauna predator, Nereis diversicolor
O.F. Müller. Journal of Experimental Marine Biology and Ecology, 116(2),
143–157. https://doi.org/10.1016/0022-0981(88)90052- 4
Rousi, H., Laine, A. O., Peltonen, H., Kangas, P., Andersin, A.-B., Rissanen,
J., Sandberg-Kilpi, E., & Bonsdorff, E. (2013). Long-term changes in

FORSBLOM et al.

coastal zoobenthos in the northern Baltic Sea: The role of abiotic environmental factors. ICES Journal of Marine Science, 70(2), 440–451.
https://doi.org/10.1093/icesjms/fss197
Salo, T., Mattila, J., & Eklöf, J. (2019). Long-term warming affects ecosystem functioning through species turnover and intraspecific trait
variation. Oikos, 129(2), 283–295. https://doi.org/10.1111/oik.06698
Sarvala, J. (1971). Ecology of Harmothoe sarsi (Malmgren) (Polychaeta,
Polynoidae) in the northern Baltic area. Annales Zoologici Fennici, 8(2),
231–3 09.
Segerstråle, S. G. (1962). Investigations on Baltic populations of the bivalve Macoma balthica (L.). II. What are the reasons for the periodic
failure of recruitment and the scarcity of Macoma in the deeper waters of the inner Baltic? Societas Scientiarum Fennica, 24, 1–26.
Segerstråle, S. G. (1978). The negative correlation between the abundance of the amphipod Pontoporeia and the bivalve Macoma in
Baltic waters, and the factors involved. Annales Zoologici Fennici, 15,
143–145.
Suikkanen, S., Pulina, S., Engström-Öst, J., Lehtiniemi, M., Lehtinen, S.,
& Brutemark, A. (2013). Climate change and eutrophication induced
shifts in northern summer plankton communities. PLoS One, 8(6),
e66475.–https://doi.org/10.1371/journal.pone.0066475
Segerstråle, S. (1960). Investigations on Baltic Populations of the Bivalve
Macoma Baltica (L): Part 1; Introduction; Studies on Recruitment and
Its Relation to Depth in Finnish Coastal Waters During the Period.
Age and Growth. Societas scientiarum Fennica, 1922–1959.
Tamelander, T., Spilling, K., & Winder, M. (2017). Organic matter export to the seafloor in the Baltic Sea: Drivers of change and future
projections. Ambio, 46(8), 842–851. https://doi.org/10.1007/s1328
0-017-0930-x
Thompson, P. A., O’Brien, T. D., Paerl, H. W., Peierls, B. L., Harrison, P. J.,
& Robb, M. (2015). Precipitation as a driver of phytoplankton ecology
in coastal waters: A climatic perspective. Estuarine, Coastal and Shelf
Science, 162, 119–129.
Törnroos, A., Bonsdorff, E., Bremner, J., Blomqvist, M., Josefson, A. B.,
Garcia, C., & Warzocha, J. (2015). Marine benthic ecological functioning over decreasing taxonomic richness. Journal of Sea Research,
98, 49–56. https://doi.org/10.1016/j.seares.2014.04.010
Torres, M. A., Casini, M., Huss, M., Otto, S. A., Kadin, M., & Gårdmark,
A. (2017). Food-
web indicators accounting for species interactions respond to multiple pressures. Ecological Indicators, 77,
67–79.
Uitto, A., & Sarvala, J. (1991). Seasonal growth of the benthic amphipods
Pontoporeia affinis and P. femorata in a Baltic archipelago in relation to
environmental factors. Marine Biology, 111(2), 237–246.
Viitasalo, M. (1992). Calanoid resting eggs in the Baltic Sea: Implications
for the population dynamics of Acartia bifilosa (Copepoda). Marine
Biology, 114(3), 397–4 05. https://doi.org/10.1007/BF00350030
Viitasalo, M., Vuorinen, I., & Saesmaa, S. (1995). Mesozooplankton dynamics in the northern Baltic Sea: Implications of variations in hydrography and climate. Journal of Plankton Research, 17(10), 1857–
1878. https://doi.org/10.1093/plankt/17.10.1857
Viitasalo, S. (2007). Effects of bioturbation by three macrozoobenthic
species and predation by necto-benthic mysids on cladoceran benthic eggs. Marine Ecology Progress Series, 336, 131–140. https://doi.
org/10.3354/meps336131
Viitasalo, S., Katajisto, T., & Viitasalo, M. (2007). Bioturbation changes
the patterns of benthic emergence in zooplankton. Limnology
and Oceanography, 52(6), 2325–2339. https://doi.org/10.4319/
lo.2007.52.6.2325
Villnäs, A., Norkko, J., Lukkari, K., Hewitt, J., & Norkko, A. (2012).
Consequences of increasing hypoxic disturbance on benthic communities and ecosystem functioning. PLoS One, 7(10), e44920. https://
doi.org/10.1371/journal.pone.0044920
Virtanen, E. A., Norkko, A., Nyström Sandman, A., & Viitasalo, M. (2019).
Identifying areas prone to coastal hypoxia –the role of topography.

|

FORSBLOM et al.

Biogeosciences, 16(16), 3183–3195. https://doi.org/10.5194/
bg-16-3183-2019
Walther, G.-R . (2010). Community and ecosystem responses to recent
climate change. Philosophical Transactions of the Royal Society B:
Biological Sciences, 365(1549), 2019–2024.
Wood, S. (2017). Generalized Additive Models: An Introduction with R
(2nd ed.). Chapman and Hall CRC.

S U P P O R T I N G I N FO R M AT I O N
Additional supporting information may be found online in the
Supporting Information section.

4045

How to cite this article: Forsblom L, Lindén A, Engström-Öst J,
Lehtiniemi M, Bonsdorff E. Identifying biotic drivers of
population dynamics in a benthic–pelagic community. Ecol Evol.
2021;11:4035–4045. https://doi.org/10.1002/ece3.7298

