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ABSTRACT: This paper provides the first assessment of the functional diversity (FD) of the Bar-
ents Sea fish community. FD is recognized as an important driver of ecosystem functions and, thus,
governs the adaptability of ecosystems in the face of disturbance. We integrate ecosystem survey
data with an extensive trait matrix and show that fish FD displayed large spatial variation. The
study period (2004 to 2009) was characterized by increasing water temperatures and decreasing
ice coverage. FD remained stable between years in some areas but showed substantial variation
in other areas. For instance, FD was consistently high in the central-west Barents Sea because of
the high richness of functionally homogeneous species, whereas it varied strongly in northern
areas through time. Such patterns of strong variation were probably driven by the strong warming
trend registered in the study period. The species found in the eastern Barents Sea were more func-
tionally distinct than those found in the west. Even though this pattern indicates that assemblages
in the eastern areas display high adaptability relative to the number of species present, species
loss in these areas will have a higher impact on the FD. Our findings show that FD gives more
information about fish community structure and functioning than traditional biodiversity meas-
ures, and we suggest that such trait-based methods may constitute useful tools for future monitor-
ing and management of marine fish communities.

KEY WORDS: Biodiversity - Functional traits - Functional dispersion - Fish - Monitoring

Resale or republication not permitted without written consent of the publisher

INTRODUCTION

Northern marine ecosystems are experiencing
major ecological alterations driven by environmen-
tal change associated with climate warming and
fisheries (Overland & Stabeno 2004, Brander 2007,
Bundy et al. 2009). To understand ongoing ecolog-
ical change and manage marine ecosystems sus-
tainably, reliable assessments of their functioning
and vulnerability are necessary (Levin & Lub-
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chenco 2008). The vulnerability of ecosystems to
environmental perturbations depends on their
adaptability, i.e. their ability to maintain functions
under changing conditions (IPCC 1996, Walker et
al. 1999). Biodiversity promotes ecosystem adapt-
ability, as the number of functions performed
within an ecosystem increases with the number of
species, as well as its buffering capacity through
functional redundancy (Loreau et al. 2001, Levin &
Lubchenco 2008).
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Different measures of biodiversity have been pro-
posed. In its simplest form, biodiversity has been
defined as species richness (SR), i.e. the number of
species in an ecosystem. Although such a measure of
taxonomic diversity is relatively easy to obtain, it
does not account for the functional variation between
taxonomic units. Species attributes should be taken
into account when studying diversity-functioning
relationships. Phylogenetic diversity (PD) implicitly
accounts for diversity in species attributes by recog-
nizing that phylogenetically distant species con-
tribute more to diversity than closely related species,
reflecting the ‘tree of life’ (Mace et al. 2003). To
account explicitly for diversity of biological attrib-
utes, measures of functional diversity (FD) have
recently been developed (Petchey & Gaston 2006). In
this way, the assumption that all species contribute
equally to biodiversity is moderated. FD is defined as
the range and value of those species and organismal
traits that influence ecosystem functioning (Tilman
2001). Various ways to calculate FD have been pro-
posed; an early approach considered functional group
richness (e.g. Tilman et al. 1997), but continuous
measures have also been introduced (Petchey & Gas-
ton 2002, Villéger et al. 2008, Laliberté & Legendre
2010).

The above FD measures have been applied in plant
community studies in particular, and the results sug-
gest that FD is an indicator of ecosystem resource
dynamics, productivity and stability (Diaz & Cabido
2001). FD measures also allow for the assessment of
functional dispersion in a community, i.e. the degree
of functional traits’ heterogeneity among community
members (Mouillot et al. 2007, Devictor et al. 2010).
Functional dispersion, which can be defined as the
deviations from a model (i.e. the residuals) describ-
ing the relationship between FD (the response) and
SR (the predictor), can be regarded as a measure of
‘net' FD (Devictor et al. 2010). For a given number of
species, assemblages with higher functional trait dis-
persion (i.e. overdispersion) are expected to result in
greater ecosystem adaptability, but they will also
show greater vulnerability since any species loss will
result in the loss of more functions. High functional
dispersion is promoted by ecological processes and
environmental conditions that enhance differentia-
tion among coexisting species, such as interspecific
competition, favoring of niche segregation, or envi-
ronmental heterogeneity, selecting for species adap-
ted to different habitats. FD is now widely accepted
as a key driver of ecosystem functioning (Hooper et
al. 2005). However, measuring the FD in marine
environments is a challenging task because of the

cost of collecting data and the lack of information on
functional traits. Thus, only a few studies have
focused on FD in marine fish communities (e.g.
Halpern & Floeter 2008, Stelzenmiiller et al. 2009,
Martins et al. 2012).

Based on ecosystem survey fish data (Johannesen
et al. 2012a) and an extensive functional trait matrix,
we provide the first estimates of FD for the fish com-
munity of the Barents Sea. This paper has 3 objec-
tives: (1) to assess the spatio-temporal variation in
Barents Sea fish FD, (2) to interpret the observed
variation in the FD on the basis of biological and
environmental explanatory factors, and (3) to assess
potential implications of the observed FD patterns for
adaptability and vulnerability of the fish community.

MATERIALS AND METHODS
Study area

The Barents Sea is a relatively shallow (average
depth 230 m) shelf sea area in the northeastern
Atlantic delimited by the Norwegian and Russian
coasts in the south, Novaya Zemlya in the east, the
shelf break to the Atlantic Ocean in the west and the
shelf break to the Arctic Ocean in the north (Fig. 1).
The climate in the Barents Sea is to a large degree
governed by the inflow of Atlantic water masses
(Loeng 1991). Two currents, the Norwegian Coastal
Current (NWCC) and the Norwegian Atlantic Cur-
rent (NWAC), flow northward along the Norwegian
coast. While the NWCC continues eastward towards
Russian waters, where it is renamed the Murman
Coastal Current, the NWAC continues northward
along the shelf break and bifurcates into the north-
ward-flowing West Spitsbergen Current and the
eastward-flowing North Cape Current.

The Barents Sea is a highly productive area where
typical annual fisheries yields vary between 0.5 and
4.5 million tons (Nakken 1998). Of the ~200 fish spe-
cies known to occur in the Barents Sea, about 100 are
commonly observed during research surveys.

Fish distribution data

Fish were sampled on board Norwegian (Institute
of Marine Research) and Russian (Knipovich Polar
Research Institute of Marine Fisheries and Oceanog-
raphy) vessels in August-September 2004 to 2009.
The gear used was the Campelen 1800 shrimp trawl,
and the standard trawling time was 15 min at 3 knots
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Fig. 1. Barents Sea. Arrows indicate direction of surface currents. Domi-
nant currents in the area are the Norwegian Atlantic Current (NWAC), the
Norwegian Coastal Current (NWCC), the North Cape Current (NCC), the
West Spitsbergen Current (WSC) and the Murman Coastal Current
{(MCC). Dotted line (* ¢ *) is the mean position of the polar front. Depths

are given in meters

(0.75 nautical mile). The joint Norwegian-Russian
ecosystem surveys are described by Wienerroither et
al. (2011). All stations deeper than 500 m and shal-
lower than 50 m were removed from the analyses. A
total of 1901 stations were retained for final analyses.
In total, 98 fish species were caught from 2004 to
2009. Although the number of trawled stations varied
between years (between 319 in 2009 and 546 in
2005), the total number of species (SR) found each
year in the Barents Sea did not vary much (between
66 in 2005 and 73 in both 2008 and 2009). Species
that were absent in more than 2 yr or only caught off
the chosen depth range (50 to 500 m) were removed
from the analyses (n = 21). Because of uncertainties
regarding species identification, a few species were
identified only to genus level (n = 3). The final spe-
cies list included 77 fish taxa. SR per station varied
between 1 and 21. We define the ‘fish community' as
all fish found in the Barents Sea, whereas we define
‘fish assemblage' as the pool of species found at each
specific station.

Functional traits
The functional traits used in this study were care-

fully chosen to mirror relevant aspects of ecosystem
functioning (Table 1). Ecosystem functioning is here

mainly related to the flow of energy and
material (e.g. organic matter). Examples of
functional interpretations for each trait are
provided in the ‘Ecosystem function' col-
umn (Table 1), but the list is not exhaus-
tive, as each functional trait can be inter-
preted in terms of several ecosystem
functions. The traits matrix consisted of 27
functional traits belonging to 7 trait cate-
gories. Species traits were obtained from a
comprehensive literature survey (see Sup-
plement 1, Table S1 for the full trait matrix
and Table S2 for citations, and Supplement
2 for references to the trait matrix do-
cumentation, available at www.int-res.com/
articles/suppl/m495p205_supp/). In cases
where trait information was lacking in the
literature (n = 23), values were inferred
based on knowledge about closely related
species.

Species diet (benthivorous, planktivo-
rous and/or piscivorous) provides informa-
tion about feeding links and thereby food
web structure. The diet also reflects the
degree of omnivory in a given species
assemblage, thereby reflecting its capacity to adapt
and restructure in the face of disturbance. Species
habitat relates to the coupling between habitat types,
indicating what type of production a species preys
upon (pelagic and/or benthic/demersal). Such cou-
pling is important for the flow of energy and material
between various habitats at a given location. Al-
though some species appear to thrive both in the
pelagic and demersal zones, many species are either
pelagic or demersal.

The location of newly spawned eggs or larvae
(demersal, planktonic or ovoviviparous/freely swim-
ming) relates to paths of energy and material flow.
Eggs and larvae transfer energy to higher or lower
trophic levels if they are eaten, and they use the
energy for growth, determining the type of new pro-
duction that is transferred towards higher trophic
levels.

Also, fecundity (mean number of offspring female™
yr'!) and eggs or larvae size (large [>8 mm), medium
[2-8 mm] or small [<2 mm]) are related to the flow
and allocation of energy and material, as well as pro-
duction rates in the system. For instance, a combina-
tion of these 4 traits describes the degree of eggs and
larvae dispersal and thereby the degree to which
they are locally retained. Eggs and larvae sizes are
here referred to as the size in millimeters at the
moment they are released from the parent (egg dia-
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Table 1. Overview of functional traits included in the analyses. Variables were binary except fecundity and asymptotic length,

which were continuous

Tolerance range

Trait category Ecosystem function Trait
Diet Food web structure, energy and material flow Benthivorous
between species Planktivorous
Piscivorous
Habitat Benthic-pelagic coupling Pelagic
Demersal
Offspring behaviour Paths of energy and material flow Demersal
Planktonic
Ovoviviparous; freely swimming
Fecundity and Production rate and energy allocation Fecundity
offspring size in the ecosystem Large offspring
Medium offspring
Small offspring
Fish size Food web structuring. Storage and accumulation Asymptotic length
of energy. Turnover rates
Body shape Sediment resuspension and release of material. Flat
Paths of energy and material flow. Energy allocation Eel-like
Normal
Elongated
Short/deep

Combination of tolerance range and body shape
influences the availability of imported energy

Highly temperature tolerant
Moderately temperature tolerant
Not temperature tolerant

Highly salt tolerant

Moderately salt tolerant

Not salt tolerant

Highly depth tolerant
Moderately depth tolerant

Not depth tolerant

meter, capsule length or larvae length). The fecun-
dity data were log-transformed.

Fish asymptotic length (cm) is a measure of how
large an individual of a given species is expected to
become. Fish length is related to numerous ecosys-
tem functions such as food web structuring (size
affects prey-predator relationships) and energy stor-
age and accumulation (larger organisms store and
require more energy). In cases where the asymptotic
length (L.) was not available, maximum lengths
described in the literature (L,5x) were used. Although
they may differ, L., and Lp,, are usually strongly cor-
related (Froese & Binohlan 2000). The fish length
data were log-transformed.

Body shape data were obtained from www.fish-
base.org (Froese & Pauly 2011) and divided into
5 categories: normal, flat, eel-like, elongated and
short/deep. Body shape reflects many functionally
relevant aspects of the ecology of an organism
(Wainwright 1994). For instance, the body shape
sets restrictions as to what type of habitat a
species will likely utilize as well as its migration
capability.

The species' environmental ranges (tolerance
range in temperature, salinity and depth) were calcu-
lated based on the ecosystem survey data, and they
describe the species’ potential to import energy and
material from areas that differ in terms of these envi-
ronmental factors. The tolerance range for each envi-
ronmental factor was divided into 3 categories based
on tolerance ranges in absolute values, independent
of the species' actual depth preferences (Table S1). A
combination of body size, body shape and environ-
ment tolerance can be related to migration capability
and thereby energy and material transfer, e.g. how
far the species in the community travel and the prob-
ability that they will remain in (or return to) the area
despite disturbance. Also, strongly migratory species
are able to travel far to import new energy and mate-
rial, whereas weakly migratory species can be better
at exploiting local resources. To account for the fact
that some traits were related (thereby entailing
unequal weighting between trait types), each trait
category was equally weighted, and this weight was
shared equally by all traits within that specific trait
category.
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Measuring functional diversity

We calculated FD according to the dendrogram-
based approach developed by Petchey & Gaston
(2002, 2006). Measuring FD in space involved a
4-step process (Fig. 2). (1) We constructed the data-
bases on functional traits (trait matrix based on liter-
ature survey) and on spatial distribution (a presence/
absence matrix based on ecosystem survey data).
The presence of species provides information about
the capacity of the fish community to perform a cer-
tain diversity of functions and thereby the potential
of the community to adapt. Therefore, we have cho-
sen to apply the ecosystem survey data by means of
presence/absence. (2) A distance method was used to
calculate the interspecies dissimilarities in trait
space. Because the trait matrix consisted of mixed
variables (binary and continuous), the Gower dis-
tance measure (Gower 1971) was chosen. (3) The
species were clustered into a dendrogram based on
their dissimilarities in trait space (Fig. 3) by the
unweighted pair group method using arithmetic
averages, a recommended clustering method (Podani
& Schmera 2006) that, when compared with several
alternatives, performed best on our data with regard
to cophenetic correlation, a measure of how well the
original dissimilarity structure is reflected by the
dendrogram (Blackburn et al. 2005, Podani &
Schmera 2006). Given the resulting dendrogram, the
total branch length of the dendrogram was calcu-
lated and used as a measure of FD of the regional
species pool. (4) Based on the dendrogram, we calcu-
lated the branch length needed to connect all species
found at each station. In this way, we measured sta-
tion-level FD, excluding stations with less than 2 spe-
cies, for which FD measures cannot be obtained.

Sensitivity analyses were carried out to assess the
impact of individual species and traits on FD esti-
mates. In the former case, the FD for all assemblages
(n = 1901), dropping one species at the time, was
computed using the original dendrogram. In the lat-
ter case, different ways of coding and analyzing sub-
sets of the trait matrix were investigated, each gener-
ating different dendrograms.

Relationship between functional diverstiy,
species richness and phylogenetic diversity

The relationship between FD and SR was ex-
plored by linear regression. Because of the limited
number of traits, a non-linear relationship between
FD and SR could be expected (Petchey & Gaston
2006). To investigate if such a non-linear relation-
ship existed, we used a generalized additive model
(GAM). The relationship was weakly non-linear.
Since a linear regression accounted for nearly the
same amount of variation as the non-linear relation-
ship (R%jnear = 0.861 vs. R%ynpinear = 0.868), linear
regression was used for subsequent analyses. We
also estimated PD (Faith 1992, Clarke & Warwick
1998), defined as the total length of all phylogenetic
branches required to span a given set of taxa on the
phylogenetic tree (Faith 1992). PD was based on
6 taxonomic ranks: species, genus, family, order,
class and superclass. We calculated functional dis-
persion as the residuals from the regression
between FD and SR. The FD residuals were further
regressed on the PD residuals against SR to assess
the relationship between functional dispersion and
phylogenetic dispersion, having corrected for SR. To
analyze the influence on FD of the potential drivers

year, temperature, depth and SR, we
3) used a general linear model correcting

1) 2)
Traits
g
& > &
Species
Functional trait matrix Distance matrix

for spatial dependences by introducing
geographical coordinates and associ-
ated polynomial terms.

Spatial modelling

Species

Presence/ Y
absence

Stations

Survey data

FD at statior;s

To visualize variables such as FD,
PD and SR on the Barents Sea map,
we used universal kriging (Cressie
1993) based on a Gaussian variogram
model. Spatial predictions were bin-
ned into a 50 x 50 km grid system,

Fig. 2. Procedure for calculating functional diversity (FD). See main text for

further details

leading to estimated means and stan-
dard deviations.
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Null model

To investigate whether Barents Sea fish assem-
blages have higher FD than expected from a random
assembly of species, we compared the observed FD
with those of fish assemblages generated by a null
model. Under the null model, compositional data
were generated by random sampling of species from
the Barents Sea fish species pool. The SR of randomly
generated fish assemblages ranged between 2 and
21 (the maximum SR observed in our data). For a
given number of species, 1000 random assemblages
were generated and their FD was calculated, result-
ing in a total of 20000 FD values. To test for differ-
ences in FD between the data and the null model,
we used a general linear model of FD as a function of
the null model versus observed data, with SR as a
covariate.

All analyses and simulations were performed using
R software, version 2.15.1 (R Development Core
Team 2012), and the packages vegan for FD and PD
estimation (Oksanen et al. 2011), mgcv for GAM esti-
mation (Wood 2000), gstat for spatial modelling
(Pebesma & Wesseling 1998) and maptools (Lewin-
Koh & Bivand 2012) and fields (Furrer et al. 2012) for

mapping.

RESULTS
Functional diversity in space and time

Throughout the study period, regions of high FD
were observed in central areas and off the Norwe-
gian coast in the southwestern Barents Sea (Figs. 4
& 5A,B), whereas a low-FD area was identified in
the southeast. Some areas showed clear interannual
variation in FD, particularly the northeasternmost
parts of the Barents Sea as well as a transition zone
between the central and southeasternmost regions.
We also identified a transition zone between the far
southwest and central-west where FD was low
throughout the study period; this transition zone
broadened in warm years. Also, the extent of the
central high-FD area showed major interannual
variation, expanding to the south in 2005, to the
north in 2008 and in both directions in 2007 and
2009.

Average patterns in FD, PD and SR showed
the highest values in the central areas and the lowest
in the southeast (Fig. 5A,C,E). They also showed
the greatest between-year variation in the north
and northeast, as well as in the transition zone

between the central and southeasternmost regions
(Fig. 5B,D,F).

Functional dispersion

FD was higher in the Barents Sea data than in the
null model (p < 0.0001). This implies that the Bar-
ents Sea fish assemblages had a higher overall func-
tional dispersion (FD corrected for SR) than
expected under a random assembly of species.
Functional dispersion was consistently high in the
cold central-east and low in the warm western slope
areas south of the polar front (Fig. 6). Functional
dispersion was also relatively low in the north, also
in those years when FD increased in that area. The
model of functional dispersion in terms of tempera-
ture, depth and spatial position (coded as a third-
degree polynomial) explained 20% of the variance.
Although temperature has a highly significant bi-
variate correlation with functional dispersion (r =
-0.273, p = 0.000), its effect is diminished in the
model when including the spatial covariates (esti-
mated marginal effect of 0.01 reduction in functional
dispersion per 1° increase in temperature, standard-
ized regression coefficient = -0.074, p = 0.064).
Also, functional dispersion increased significantly
with water depth (estimated marginal effect of 0.02
increase in functional dispersion per 100 m increase
in depth, standardized regression coefficient =
0.084, p = 0.003). A systematic reduction in func-
tional dispersion was observed from 2004 until
2008, whereas a weak increase was observed from
2008 to 2009. Functional dispersion was significantly
lower in every year from 2006 to 2009 than in 2004
(p < 0.05 in all cases).

FD (Fig. 5A) and PD (Fig. 5C) displayed similar
spatial patterns. After correcting for the influence of
SR, there was a positive relationship between func-
tional and phylogenetic dispersion (r = 0.786).

DISCUSSION
Functional diversity in space and time

The most prominent and persistent spatial patterns
in the Barents Sea fish FD are associated with envi-
ronmental features known to influence biodiversity.
For instance, the high FD in the central-western area
is associated with mixed water just south of the polar
front, an area with high productivity (Dolgov et al.
2010), whereas the low FD in the southeast could be
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Fig. 4. Functional diversity (FD) of the Barents Sea fish community, 2004 to 2009. Circle sizes indicate FD at survey stations
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Fig. 5. Mean and standard deviation of functional diversity (FD), phylogenetic diversity (PD) and species richness (SR) in the
Barents Sea fish community, 2004 to 2009
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dispersion (FD is higher than predicted from SR); blue colors indicate negative dispersion (FD is lower than predicted from SR)
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expected from the low SR there and from the proxim-
ity to the species-poor Arctic waters in the adjacent
Kara Sea further east (Zeller et al. 2011, Johannesen
et al. 2012a). Among the spatial FD patterns under-
going interannual change, 3 were particularly out-
standing: the extent of the central high-FD area, the
extent of the southeastern low-FD area and the vari-
ation in the north-northeast. In a long-term perspec-
tive, the entire study period, 2004 to 2009, was char-
acterized by warm water, but within this period, the
water was coldest in 2004 to 2005 and warmest in
2007 to 2008 (Johannesen et al. 2012b). In the first
2 yr (2004 to 2005), the central high-FD area was lim-
ited in size, whereas the FD in the north was low. In
the warmer years, 2007 to 2008, when the sea ice
extent was at its lowest (Wadhams 2012) and the ice-
free seasons were among the longest ever recorded
(Rodrigues 2009), the central high-FD area was much
larger, extending in both northern and southern
directions and leading to relatively high FD in the
northernmost areas. These extensions of the central
high-FD area appeared to coincide with extensions
of the southeastern low-FD area and vice versa,
which are probably reflections of the variation in
strength and direction of inflowing Atlantic water
masses (Loeng 1991 and citations therein). Northern
extensions of the high-FD area can thereby probably
be related to changes in temperature and ice cover
conditions. A steady increase in Atlantic and mixed
water masses at the expense of Arctic water masses
occurred during the last decade in the Barents Sea
(Johannesen et al. 2012b). Furthermore, given recent
trends in sea ice distribution, ice-free summers in the
Arctic within the next 30 yr are predicted (Wang &
Overland 2009). These conditions entail that spatial
FD patterns similar to those seen in 2007 to 2008 are
likely to occur more commonly in the years ahead.

There are major fisheries activities in the Barents
Sea, and some of the most important fishing grounds
are found in the west (Olsen et al. 2007), where we
also find the FD to be persistently high. Thus, assum-
ing that FD promotes ecosystem adaptability (Levin
& Lubchenco 2008), the fish assemblages in this area
appear to maintain high levels of adaptability despite
continual disturbance. This may be explained by the
relatively high primary production in the rather per-
sistent polar front area, as well as the proximity to the
Norwegian Sea. On the contrary, the FD as well as
the PD was very low in southeastern areas far from
the Norwegian Sea, a pattern that was expected, as
recent investigations showed that the fish assem-
blages in this area mainly consist of only 5 species
(Johannesen et al. 2012a).

Functional diversity, phytogenetic diversity
and species richness

A large proportion of the observed variation in FD
was accounted for by SR. Spatial patterns of fish
diversity in the Barents Sea were described by
Johannesen et al. (2012a). In general, central and
western areas show high species diversity; south-
eastern areas show lower diversity, whereas north-
ern parts display greater variation. The relationships
between FD, PD and SR are emphasized by our maps
of interannual mean and standard deviation (Fig. 5).
Indeed, FD, PD and SR are complementary biodiver-
sity metrics (Flynn et al. 2009, Devictor et al. 2010).
For instance, the close correlation between FD and
PD indicates that these 2 measures carry similar
information. Yet, we also observed discrepancies
between spatial patterns of FD and SR that stress the
importance played by functional dispersion in deter-
mining spatial variation in the Barents Sea fish FD. In
other systems, the correlation between FD and SR
ranged from 0.06 to 0.71 (Blackburn et al. 2005,
Micheli & Halpern 2005, Devictor et al. 2010), pla-
cing our case at the upper limit of this range. The
strong relationship between FD and SR in our study
is partly because of the low fish SR of the Barents
Sea, which determines a strong influence on FD of
each additional species found. Yet, despite our exten-
sive review of the literature and of all the resources
available, most of the documented traits are ex-
pressed in relatively simple, low-detailed units be-
cause of a lack of quantitative information. This is
particularly true for the Arctic species. There is gen-
erally a clear need for further systematic studies of
behavioral, life history and morphological traits of
fish to improve measures of FD.

The close overall relationship between FD and SR
could be used as an argument for the use of SR or
another traditional diversity metric rather than FD
when studying fish communities. Simple measures of
diversity are easier to obtain, and they are not
affected by methodological issues such as trait selec-
tion and the choice of FD algorithms. Also, explicit
links between FD and certain ecosystem processes,
such as those demonstrated in vegetation studies
(e.g. Tilman et al. 1997), appear to be more challeng-
ing to identify in large marine systems. However, a
recent study comprising 25 marine fish communities
showed that the removal of even a small number of
species by harvesting would lead to substantial FD
loss (Martins et al. 2012). Likewise, the FD was
shown to be highest close to a marine protected area
in the northwestern Mediterranean (Stelzenmiiller et
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al. 2009). More importantly, as we demonstrate in
this paper, the joint use of SR and FD allows for
extraction of functional dispersion, which is the com-
ponent of FD that is independent from the number of
species and allows for refined ecological interpreta-
tion of FD patterns. Similar findings have been made
in terrestrial systems (Devictor et al. 2010) that high-
light the importance of not being restricted to one
single aspect of biodiversity.

Functional dispersion and contribution
of species to functional diversity

Assessing functional dispersion provides further
information on the functional characteristics of local
assemblages. Assemblages may functionally be
either overdispersed or underdispersed. In an over-
dispersed assemblage, the FD is higher than pre-
dicted from the number of species present. We can
thus expect that an overdispersed assemblage will
have relatively high adaptability because of the rela-
tively high number of functions represented, but it
will also be sensitive to species loss since each spe-
cies likely has a high impact on FD. Overdispersion
may call for special caution in the ecosystem man-
agement of such areas, especially if the FD is already
low. Conversely, an underdispersed assemblage will
have comparatively low adaptability considering the
number of species present, but it will also be ex-
pected to be relatively insensitive to species loss
since several species in such assemblages play simi-
lar functional roles in the ecosystem. In the face of
disturbance, an underdispersed assemblage with a
high FD can thus be expected to be both adaptable
and insensitive to species loss.

The eastern Barents Sea consistently showed func-
tional overdispersion, whereas the western Barents
Sea showed functional underdispersion. This means
that with regard to the functional traits considered,
species were more different from each other in the
east than in the west. Underdispersion is often re-
lated to environmental adversity (e.g. abiotic stress),
whereas overdispersion is associated with competi-
tion (Weiher & Keddy 1995). For instance, under
strongly selective environments, the species present
may be required to have some common functional
features to survive (thereby causing underdisper-
sion), whereas competing species cannot co-exist if
they are too similar (thereby leading to overdisper-
sion). This suggests that fish species composition
could be most influenced by environmental stress in
the west and by competition in the east. Most of

the western areas, where underdispersion was ob-
served, are characterized by inflowing Atlantic water
masses. In contrast, the eastern area, where overdis-
persion was observed, is a transition zone consisting
of 3 different water masses: warm Atlantic water,
transformed Barents Sea water and cold Novaya
Zemlya coastal water (Ozhigin et al. 2011). There-
fore, a likely cause of overdispersion in the east could
be a strong environmental heterogeneity rather than
competition promoted by a more stable environment.
Typical species found in the eastern area were
capelin Mallotus villosus, Atlantic poacher Leptago-
nus decagonus and thorny skate Amblyraja radiata,
species that are very different from each other in
terms of functional traits. Because of the functional
overdispersion, the FD remains rather high although
SR is low.

The functional dispersion is persistently low and
the FD is generally high in the deep slope of the cen-
tral-west. This area is close to the warmer Norwegian
Sea and is thereby regularly influenced by function-
ally similar Atlantic water species, especially in
warm years (Dolgov et al. 2011). This results in high
SR but low functional dispersion. For instance, many
of the species found in the west, exemplified by the
Atlantic herring Clupea harengus and the ribbon
barracudina Arctozenus risso, are pelagic, feed on
zooplankton, and are strong migrators. Thus, each
contributes little to functional dispersion.

A given species may be of minor importance for
local functional dispersion but still have a major
impact on the global FD (i.e. for the entire Barents
Sea). In this study, the capelin had the highest impact
on the global FD, whereas the tolerance range traits
had the strongest influence on FD estimates. The
capelin shares many traits and to some degree over-
laps spatially with species such as the herring and
the ribbon barracudina. But because the capelin is
distributed nearly throughout the Barents Sea, its
global contribution to FD is more important than that
of similar species with more restricted distributions.

SUMMARY AND CONCLUSIONS

This study shows that there is substantial spatial
variation in FD of fish assemblages in the Barents
Sea, partly associated with hydrographic characteris-
tics known to influence fish community structure.
Although persistent spatial patterns were identified,
such as high FD in the central-west and low FD in the
southeast, in some regions, such as the northern
reaches of the sampled area, there was clear varia-
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tion between years. In the warmer years, 2007 to
2008, the FD increased in northern areas and
decreased in the southeast, and we hypothesize that
these FD patterns may become more common in
years to come as a consequence of the predicted
global environmental change. The functional disper-
sion revealed that species in the east rather persist-
ently showed higher dissimilarities than species in
the west. In terms of community functioning, high
functional dispersion may compensate for a low SR,
but it also implies that a local species loss would have
a substantial impact on FD. We hypothesize that the
observed patterns in FD reflect spatial variation in
the ecosystems’ way of functioning. To shed further
light on marine ecosystem functioning and pro-
cesses, we encourage future research programs to
gather behavioral, life history and morphological
traits with clear functional interpretation. We suggest
that trait-based methods such as FD may constitute
informative tools for future monitoring and manage-
ment of marine fish communities.
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