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INTRODUCTION

The presence and survival of the species in a com-
munity depend on their capacities to maximize their
fitness in a given environment (Drake 1990). Study-
ing the processes that control the survival and co-
existence of species within a community, termed
‘assembly rules’, is a focal point of community eco -
logy (Weiher & Keddy 1995, Pavoine & Bonsall 2011).
The assembly rules follow various mechanisms and
processes primarily related to biotic or abiotic pro-
cesses (McGill et al. 2006). Biotic control, also known

as ‘limiting similarity’, refers to interspecific competi-
tion, which prevents species with similar ecological
niches from co-occurring (MacArthur & Levins 1967).
Under strong biotic control, the resulting trait diver-
sity of the community will be high, with the most
abundant and co-occurring species having different
traits (Mouillot et al. 2007a). In the case of strong
 abiotic control, known as ‘environmental filtering’,
species that co-exist in the community are likely to
share similar ecological traits that enable them to sur-
vive in the local environment (Keddy 1992, Violle et
al. 2007). Thus, the resulting trait diversity of the
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community will be low (Mouillot et al. 2007a). Unlike
these deterministic processes, ‘neutral assembly’ oc -
curs when community composition follows a stochas-
tic process or when limiting similarity and niche
 filtering processes act in synergy and cannot be dis-
tinguished from each other (Hubbell 2001).

To determine the assembly rules acting on commu-
nity composition, ecological similarities of co-occur-
ring species are often investigated (Pavoine et al.
2004, Mason et al. 2013). The ecological similarity
between species can be evaluated from a number of
traits, which refers to any measurable morphological,
physiological or phenological feature that affects in -
dividual performance, e.g. growth, reproduction and
survival (Violle et al. 2007, Mouchet et al. 2013,
Mouillot et al. 2013). Therefore, each species can be
described by a set of traits that determine its eco -
logical niche. Trait-based indices summarize the trait
ranges and values of all the species present in a com-
munity and therefore take into account the ecological
niches of the species (Petchey & Gaston 2002, 2006).
Trait values are likely to change in relation to envi-
ronmental gradients or disturbance (McGill et al.
2006, Violle et al. 2012, Mouillot et al. 2013). Studies
on assembly rules and trait diversity in the marine
environment have primarily been conducted in estu-
aries (Mouillot et al. 2007a, Mouchet et al. 2013).
Under such strong environmental gradients, abiotic
control is the dominant process shaping community
composition (Laugh lin et al. 2011, Venn et al. 2011,
Mason et al. 2013). Furthermore, environmental
 filtering is the most im portant driver
of community composition at large
spatial scales (Mouchet et al. 2013).
However, biotic control on local com-
munity composition, through intra -
specific com petition, can become pre-
ponderant at smaller spatial scales
(Jackson & Harvey 1989).

The Baltic Sea is a large, semi-en -
clo sed sea that receives only limited
input of saline and oxygen rich bottom
water from the neighbouring North
Sea (see Fig. 1). Consequently, the
Baltic Sea is characterized by a pro-
nounced environmental gradient illus-
trated by marked changes in tempera-
ture, salinity and oxygen conditions
from the Kattegat to the northern
Baltic proper (Leppäranta & Myrberg
2009). This environmental gradient is
known to influence species distribu-
tion, as only a few marine species are

able to reproduce and survive in the cold brackish
conditions (Nissling 2002, Ojaveer et al. 2010).
Hence, the Baltic Sea is a species-poor ecosystem
(Bonsdorff 2006) with a pronounced decrease in rich-
ness along the environmental gradient, as shown for
benthic macrofauna (Törnroos et al. 2015). Because
of this pronounced environmental gradient, the Ba -
ltic Sea serves as an ideal marine case study to inves-
tigate the underlying processes shaping community
assembly and patterns of species richness and trait
diversity. In this study, we investigated the trait com-
position of demersal (bottom-living) fish communities
along the Baltic Sea gradient using quantitative
scien tific trawl survey data and an extensive fish trait
database. By comparing spatial patterns of species
richness, functional richness and ecological similarity
we shed light on the underlying drivers and mecha-
nisms shaping community assembly in one of the
large marine ecosystems of the world (Sherman &
Hempel 2008).

MATERIALS AND METHODS

The Baltic International Trawl Survey (BITS)

The demersal fish dataset used in this study was
extracted from the Baltic International Trawl Survey
Database (DATRAS: www.datras.ices.dk). This trawl
survey data covers an area from the Kattegat to the
northern Baltic proper (Fig. 1). In this area, standard-
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Fig. 1. Baltic Sea and its position relative to northern Europe. Colours and
contour lines: pronounced bottom salinity gradient from the Kattegat to the 

northern Baltic proper
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ized trawl surveys have been conducted annually in
February or March since 1991. However, our ana -
lyses were restricted to the contemporary period
(2003 to 2014) in order to avoid potential biases due
to different sampling methods. At each station, all
species present were sorted and recorded, and their
lengths measured. When taxonomic recording was
not systematically specified to species level, genus
level was used. As our focus was on offshore fish
communities, hauls sampled at depths <20 m were
excluded from the dataset to avoid inclusion of
coastal fish species. This resulted in a large database
comprising approximately 3000 hauls across 70 ICES
squares (1° longitude × 0.5° latitude; a standard spa-
tial grid used for fisheries management). We de -
termined the presence, absence and mean catch-per-
unit-effort (CPUE) of species per haul and per ICES
square. In order to avoid bias due to sampling effort,
squares with fewer than 10 hauls were excluded
from further calculation, which resulted in a total of
55 ICES squares (see Fig. S1 in the Supplement at
www.int-res.com/articles/suppl/m546p239_ supp. pdf).
To avoid biases due to sporadically occurring spe-
cies, we only included species that were present in at
least one-third of all years, and present in at least 10

hauls. Using this selection criterion we retained 52
species, of which 10 were predominately pelagic.
Since the catchability and abundance of pelagic spe-
cies might be underrepresented in the bottom trawl
survey, the analyses were conducted on the 42 de -
mersal species only (see Table S1 in the Supplement).

Trait data

Information on 6 different traits characterizing diet,
habitat and reproduction were gathered for all spe-
cies included in the study. These traits are comple-
mentary as they describe different ecological aspects
of the species (Table 1). For morphometric traits, pic-
tures of each species were examined and species
were assigned to different categories with respect to
‘body shape’ and ‘caudal fin shape’. Information on
diet, fecundity and age at maturity were primarily
extracted from FishBase (Froese & Pauly 2012), but
also verified with other sources of information
(Table S1). The trait ‘mean length’ was calculated as
the mean total length of all the individuals of a spe-
cies recorded in the survey, averaged over all age
classes. For the quantitative traits fecundity and age
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Trait                    Categories           Description                                    Relevance                               Sources

Diet                    Piscivorous         Main taxonomic group                Information on food               FishBase and literature
                           Benthivorous      eaten by the species                   web structure and               
                           Planktivorous                                                            ecological niche                   
                           Generalist                                                                  occupation                            

Age                    Continuous         Age at which 50%                       Relates to lifespan                 Literature
at maturity                                    of the population is                    and generation time             

                                                        mature                                                                                          

Mean                 Continuous         Average number                          Relates to productivity          FishBase and literature
fecundity                                      of eggs per adult female           of the species                        

                                                        during 1 spawning season                                                         

Mean length      Continuous         Mean total length of                    A proxy for many key           Mean length record 
                                                        the species in the Baltic Sea     traits, often considered       of the species in the BITS 
                                                        demersal survey                         most important trait             survey
                                                                                                               in the ocean biosphere.       
                                                                                                               Information on food web     
                                                                                                               structure                                

Caudal fin         Rounded              The shape of the caudal fin,       Relates to activity and           Pictures
shape               Truncated           similar to the caudal                  habitat                                   

                           Emarginated       aspect ratio but categorical                                                       
                           Forked                                                                                                                        
                           Continuous                                                                                                                 

Body shape        Gadoid-like         The shape of the body,                Relates to habitat and           Pictures
                           Flat                      similar to the body depth/         position in the water            
                           Elongated           total length ratio but                  column                                  
                           Eel-like                categorical                                                                                   

Table 1. Traits used to define the ecological niche of the species

http://www.int-res.com/articles/suppl/m546p239_supp.pdf


Mar Ecol Prog Ser 546: 239–248, 2016

at maturity, values were collected primarily from the
Baltic Sea, but when absent, these data were gath-
ered from neighbouring areas. For some species, trait
information was not available; in these cases the data
were derived from related species (Table S1).

Diversity indices

Species richness (SR) and functional richness (FRic)
indices were calculated and mapped for each ICES
square. SR is the number of unique species present,
while FRic represents the portion of the trait space oc-
cupied by the community, defined as the convex hull
volume that contains all traits present in the community
(Villéger et al. 2008). FRic is based on presence−
absence data, and was calculated using the FD pack-
age in R, allowing for standardization by the range of
traits (Laliberté et al. 2014). Two other facets of trait di-
versity, namely functional evenness and functional di-
vergence (Villéger et al. 2008), were also calculated us-
ing the same package (see Fig. S4 in the Supplement).

FRic vs. null model

Comparing the FRic of the Baltic Sea communities
to values obtained from a null model can help disen-
tangle the relative importance of the assembly rules
(Mouillot et al. 2007a). The null model was construc -
ted by calculating a mean FRic for each ICES square,
obtained from a randomization process whereby spe-
cies were randomly drawn from the entire species
pool. The randomization matrix was obtained by con-
trolling for both row sums (sites; i.e. ICES squares)
and column sums (species) using the ‘permatswap()’
function in the ‘vegan’ package in R (Oksanen 2010).
This operation was iterated 999 times. The observed
FRic values were then compared to the null model
and its 50 and 95% distribution. This comparison
enabled a visualization of the continuum and the
shifting importance of assembly rules ranging from
purely environmental filtering to purely limiting sim-
ilarity. We considered that observed values within
the interquartile range correspond to communities
where neither of the assembly rules dominated, thus
indicating neutral assembly. On the other hand, ob -
served values below or above the 25- and 75%-quar-
tile, respectively, indicated communities predomi-
nately structured through environmental filtering or
limiting similarity. Finally, we considered that com-
munities with observed values below or above the
95% confidence intervals correspond to communities

structured purely through environmental filtering or
limiting similarity, respectively.

Weighted functional dissimilarity index

Assembly rules are generally investigated based
on presence−absence data alone (Bellwood &
Hughes 2001, Guillemot et al. 2011). However, this
approach disregards important information on the
relative abundance of the species considered, since
species are given equal weights in the FRic calcula-
tion (Götzenberger et al. 2012). Furthermore, the lim-
iting similarity and environmental filtering processes
can also impact the abundances (May 1975, Mouillot
et al. 2007b), since trait similarity may affect the
degree of inter-specific competition and lead to gen-
erally lower or higher abundances under limiting
similarity and environmental filtering, respectively.
Therefore, we considered the abundance distribution
within each community by taking into account both
the relative abundance and the functional dissimilar-
ity between each pair of species. We refer to this in -
dex as the weighted functional dissimilarity (wFDiss).
To obtain a finer resolution, we calculated this index
per haul instead of per ICES square. This index is
similar to the Rao Q index (Rao 1982, Fig. S5 in the
Supplement), but represents the mean value of the
functional dissimilarity between 2 randomly selected
species in the community instead of 2 randomly
selected individuals. The wFDiss index is defined as:

wFDiss = (1)

with (S
2) ij unique combinations, pij is the relative

abundance shared by the pair of species i and j com-
pared to the sum of the total community abundance ,
dij represents the functional dissimilarity between 2
species (i and j) and was assessed using a Gower dis-
tance-based analysis on the species × trait matrix
(Podani 1999). The wFDiss index ranges between 0
and 1. Each pair of species can thus be characterized
as having similar (dij < 0.5) or different (dij > 0.5) trait
attributes. This approach is complementary to the
FRic index, as it permits us to visualize if the pattern
observed using presence only is also reflected when
considering species abundances.

Abiotic data

To determine which environmental variables best
explain the observed diversity patterns, bottom salin-

d p
i j

S
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S

ij ij∑∑
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ity, temperature and oxygen data were collected for
all ICES squares studied from CTD data. In addition,
habitat type, habitat dominance and mean bottom
depth were included as habitat-related explanatory
variables and extracted from the HELCOM database
(seabed sediment from the BALANCE project at
http:// maps.helcom.fi). Habitat type was divided into
5 categories (bedrock, hard complex, hard clay, mud
and sand) and defined as the category with highest
spatial coverage in each ICES square. Habitat domi-
nance was calculated as the standard deviation of the
spatial coverage of the categories in each ICES
square (i.e. the higher, the less diverse is the habitat).

Statistical modelling

FRic and SR were modelled using generalized ad -
ditive models (GAMs), which allow for potential non-
linearities between response and explanatory vari-
ables, e.g. in case of an environmental optimum or
saturation. The model equation is given by:

(2)

where F is the response variable FRic or SR, α is the
intercept, s is the smoothing spline function (Wood
2006), Vi→n are a priori selected environmental ex -
planatory variables and ε the Gaussian error term.
We applied a stepwise backward selection routine
based on minimizing the generalized cross validation
(GCV) and likelihood ratio tests to select the most
parsimonious set of predictors for each model. The
s term was constrained to 3 degrees of freedom (k =
3), which allowed for second degree relationships,
but restricted flexibility during model fitting. The
residuals were normally distributed and spatially
uncorrelated (Table S3 in the Supplement).

RESULTS

Spatial pattern of fish diversity

SR was characterized by a pronounced decrease
from Kattegat (>30 species) to the northern Baltic
proper (<10 species) (Fig. 2a). Rather than a gradual
transition, SR showed abrupt declines at 12 and 15°E.
This spatial pattern was driven by the abiotic envi-∑ ( )α + + ε~F s Vi

i

n

i i
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Fig. 2. Spatial patterns of fish (a) species richness and (b) functional richness and (c,d) their corresponding relationships with 
salinity. In (c,d): Black lines: fitted generalized additive mo del (GAM); grey shaded areas: SE
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ronment, especially by the pronounced salinity gra-
dient which alone explained 84.7% of the variability
(Table 2). SR displayed a positive linear response at
low salinity levels until a salinity of approximately 20;
thereafter the slope decreased but remained positive
(Fig. 2c). Habitat dominance and oxygen showed sig-
nificant negative and positive relationships, respec-
tively, and together with salinity explained 92.5% of
the variability.

FRic followed a similar decreasing pattern as SR,
but remained high until 15 to 16° E despite a pro-

nounced decrease in SR (Fig. 2b). Salinity was
the best explanatory variable, explaining 53.8%
of the variability. The relationship between FRic
and salinity was characterized by an asymptotic
relationship (Fig. 2d). Similar to SR, FRic dis-
played a positive linear response until a salinity
level of 20, but unlike SR it reached an asymptote
at salinity levels of 25. FRic had a wider confi-
dence interval, hence a weaker relationship with
salinity. Habitat dominance exhibited a signifi-
cant negative relationship and together with
salinity explained 63.1% of the variability.

FRic vs. null model

FRic and SR showed a saturating relationship,
where by after a certain level of SR (about 20 spe-
cies), an increase in SR did not further increase
FRic. The observed relationship saturated earlier

than the null model and reached a lower asymp-
tote (Fig. 3a). For low SR (<15 species), the observed
FRic values were primarily distributed within the
inter quartile range of the null distribution. However,
several communities had observed values in the
upper quartile or even above the 97.5th percentile. At
higher levels of SR (>25 species), FRic was largely
distributed in the lower quartiles or below the 2.5th

percentile of the null distribution. The observed com-
munities with high SR but low FRic were primarily
found in the western part of the study area (Katte-
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Best models and individual parameters Sign edf DEV (%)

Species richness
Best model: salinity + oxygen + habitat 92.5
Salinity*** + 1.91
Oxygen*** + 0.94
Habitat*** − 0.94

Best single variable model: salinity 84.7
Salinity*** + 1.88

Functional richness
Best model: salinity + habitat 63.1
Salinity*** + 1.72
Habitat*** − 0.87

Best single-variable model: salinity 53.8
Salinity*** + 1.81

Table 2. Variables and parameters of the final generalized addi-
tive models (GAMs). Sign: whether the fitted relationships are
predominately positive or negative; edf: estimated degrees of
freedom for the model smooth terms (edf > 1 indicates a nonlinear
relationship); DEV: degree of explained variance; ***p < 0.001

Fig. 3. (a) Observed (red dots) and simulated functional richness (FRic) values based on a null model. Bold black line: mean of
999 random permutations; areas shaded in dark and light grey: 50th and 95th percentiles, respectively, smoothed using a gen-
eralized additive model (GAM) function; red line: smooth (GAM) of the observed FRic. (b) Map of the differences (residuals)
between observed and simulated FRic, in which values within the interquartile range are represented as ‘neutral’ assembly
rules (white), while values below the 25% and above the 75% distribution are represented as ‘environmental filtering’ (blue)
and ‘limiting similarity’ (orange) assembly rules, respectively. Black crosses: communities significantly different from the null
model (outside the 95% range), where environmental filtering or limiting similarity alone impact community composition
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gat), while east of 14° E (Baltic proper), communities
had low SR but comparatively high FRic (Fig. 3b).

Weighted functional dissimilarities of local
 communities

The wFDiss index demonstrates a clear spatial
structure (Fig. 4). Communities with low wFDiss (i.e.
with abundant species sharing similar traits) were
primarily present in the western part of the region.
Communities with wFDiss close to a neutral value
(0.45 to 0.55) and therefore containing species hav-
ing neither similar nor dissimilar trait at tributes, were
mainly located east of 15°E. Although wFDiss demon-
strated a similar west−east pattern, it differed from
the spatial patterns of FRic as its values re mained low
in several areas, even east of 14° E.

DISCUSSION

Environmental filtering has been shown to shape
community composition along environmental gradi-
ents in terrestrial (Diaz et al. 1998, Lebrija-Trejos et
al. 2010) and estuarine ecosystems (Mouillot et al.
2007a, Mouchet et al. 2013). Here, we show that
environmental filtering is also the primary factor in -
fluencing fish community assembly in one of the

world’s large marine ecosystems, the Baltic Sea. The
key underlying driver was a pronounced salinity
gradient along which spatial patterns in fish com-
munity composition are structured. This is clearly
illustrated by a pronounced decline in SR and FRic
from maximum values in the Kattegat to minimum
values in the eastern Baltic proper. This pattern is in
accordance with previous studies on zoobenthos
(Bonsdorff 2006, Törnroos et al. 2015) and complies
with the so-called Remane’s curve, which postulates
species richness to be highest at salinities around
35, decreasing sharply until reaching a minimum at
salinities of 6 to 8, where growth and survival of
both freshwater and marine species are compro-
mised (Remane 1934). While the salinity gradient
explained most of the spatial patterns, especially in
terms of SR, habitat dominance and oxygen ac -
counted for some of the remaining variance. This
means that in addition to salinity, a higher degree of
bottom complexity and favourable oxygen condi-
tions may allow for higher SR by creating more
niches in terms of habitat and benthic food avail-
ability (Törnroos et al. 2013). However, a relatively
high degree of variance in FRic remained unex-
plained (~35%), suggesting that other environmen-
tal variables not included in this study might affect
the trait composition of fish communities in the
Baltic Sea. Identifying these additional drivers mer-
its further attention.
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Fig. 4. Spatial patterns of
weighted functional dissimi-
larity (wFDiss) when pairwise
species abundances are con-
sidered on a per haul basis
(black points), smoothed us-
ing a thin plate spline regres-
sion. Communities with low
wFDiss are represented in
blue; communities with com-
paratively higher wFDiss are
represented in red. Note that
the colour scheme represents
only the qualitative distribu-
tion of the wFDiss values and
does not imply significance
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The observed relationship between FRic and SR
saturated for lower SR levels than the null model.
This relationship can be explained by the recur-
rence of particular species’ traits that can be largely
at tributed to a number of species (e.g. Solea solea,
Sco ph thalmus rhombus, Melanogrammus aeglefinus,
Tri so pterus minutus) present only in the western
 species-rich region. These primarily flatfish and ga -
do id species share similar traits in terms of morphol-
ogy, fecundity and diet preferences. The high number
of functionally similar species may therefore explain
why the western communities had lower FRic values
than would be expected at random. How ever, com-
munity composition in the eastern part of the area
was characterized by a lower number of species with
largely different trait characteristics. Hence, FRic val-
ues were similar or higher than ex pected by chance,
indicating that biotic interactions may also shape
community composition in these areas. Similar spatial
patterns in assembly rules were also evident when
using the abundance weighted wFDiss index.

The clear distinction between environmental filter-
ing acting in the western Baltic Sea and neutral or
limiting similarity acting in the east could potentially
be explained by the hydrographic characteristics of
the region. The western area is characterized by an
unstable environment in which salinity decreases
from fully marine to brackish conditions within a very
short distance (approximately 400 km), whereas in
the eastern part, salinity levels are low but compara-
tively stable, ranging from 14 in the deeper parts to 6
in shallower areas. The steep salinity gradient in the
western part of the Baltic may therefore act as a filter,
which would allow only species with similar key traits
to survive. In the east, species poorly adapted to low
salinity levels would be filtered out and the abio tic
pressure would be lower, which in turn would give
more room for biotic processes to impact community
composition. Hence, in this area the community com-
position mainly follows a neutral or a limiting similar-
ity assembly rule, possibly with both environmental
filtering and limiting similarities at work.

In both areas, a few abundant and commercially ex-
ploited species (e.g. Gadus morhua, Limanda li -
manda, Merlangius merlangius, Platichthys flesus
and Pleuronectes platessa) constitute most of the de -
mersal fish abundance. Due to the commercial value
of the species, fisheries could potentially impact their
local abundances, and thus affect the observed pat-
terns in wFDiss. However, fishing likely has little or
no impact on the observed patterns of FRic, as the lat-
ter is based on presence−absence data only. The close
resemblance between spatial patterns of as sembly

rules derived from both metrics, excluding (FRic) or
including (wFDiss) abundances, suggest that the
overall patterns are fairly robust to fishing. Neverthe-
less, systematic differences between the 2 indices,
when accounting for the different spatial scales at
which they are calculated (i.e. ICES squares vs. per
hauls), may shed light on potential fishing effects.

Distinguishing which assembly rule controls com-
munity composition can provide knowledge about
the biotic or abiotic drivers impacting communities,
as well as provide important insight into the vulnera-
bility of the communities to environmental changes
(Keddy 1992, Mouillot et al. 2013). Functional trait
 diversity has a positive impact on the health and
functioning of an ecosystem (Diaz & Cabido 2001,
Cadotte et al. 2011, Mora et al. 2011). The study of
community composition along the structuring salinity
gradient of the Baltic Sea can be used to estimate
how functional richness and species richness will ad-
just due to the predicted changes in abiotic variables
under climate change. In the Baltic proper, salinity is
projected to decrease by 0.5 to 5 psu, depending on
the climate model scenario followed (Meier 2006).
The consequences of a salinity de crease on fish com-
munities can hence be visualized as a shift in the ob-
served pattern with fewer marine species entering
the Baltic proper. Salinity changes will likely have
different impacts on SR and FRic. Due to an almost
linear relationship with salinity, SR can be forecasted
to change proportionally to the salinity decrease,
while FRic might show only a minor decrease due to
its asymptotic relationship. Nonetheless, we have
shown that functional richness is already lower than
expected from a null model, hence only a slight de-
crease could have severe consequences for the func-
tioning and health of the ecosystem. The Baltic Sea is
a complex socio-ecological system. Being bordered
by 9 countries, it is subject to high anthropogenic
pressures. Therefore, in an al ready highly impacted
ecosystem, understanding the processes that struc-
ture community composition and the main abiotic
drivers is of key concern for eco system management
efforts striving to maintain a healthy and productive
system, now and in the future.
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