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Abstract The relation of macrobenthic species
turnover (beta diversity) and species plylogenetic
variation with functional diversity patterns, across an
environmental gradient induced by an aquaculture
unit, in a coastal area of the island of Lesvos (NE
Aegean) has been investigated in this study. The
contribution of rare species response and species
dispersal ability in the variation of functional diversity
patterns along the environmental gradient, on a spatio-
temporal scale, has been also examined. Our results
revealed that benthic functional diversity was decreas-
ing monotonically with increasing species turnover
rate and hence with increasing spatial variability along
the environmental gradient. Increased environmental
stress which was detected in the immediate vicinity of
the fish cages resulted to low species functional
redundancy, since different species didn’t perform the
same functional role at the most disturbed part of the
established gradient. Functional diversity patterns
were found to be correlated with species population
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size, whereas a strong linear relationship was also
detected with phylogenetic diversity patterns, thus
supporting the claim that wider local taxonomic trees
can support a wider range of species functions even in
small spatial scales. Rare species loss seemed to be
one of the dominant factors ruling functional diversity
variation. Species with the minimum possible dis-
persal ability, which were mostly rare, tend to
diminish both in species number and population size
faster than species with wider dispersal ability towards
the most disturbed areas. The aforementioned results
indicate that rare species variation and endemic
species loss are critical factors in determining func-
tional diversity loss across a human-induced environ-
mental gradient in soft bottom benthic communities.

Keywords Functional diversity - Beta diversity -
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Introduction

Biodiversity, as a multi-facet concept, can be distin-
guished in various sub-concepts such as beta or
turnover diversity and functional diversity (Ricotta,
2007). Beta diversity represents the rate of species
identities shift and measures species turnover rate
along a given spatial scale (Whittaker, 1960, 1972)
thus capturing differences in species composition
either between two or more local assemblages or
between local and regional assemblages (Koleff
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et al.,, 2003). Despite the fact that it provides a
fundamental tool in spatial diversity patterns decod-
ing (Wilson & Shmida, 1984), it has received limited
attention especially in the marine biome (Gray, 2000;
Becking et al., 2006). However, a large variety of
beta diversity indices have been proposed and used in
the ecological literature, mainly concerning species
presence/absence data rather than species abundance
(Chao et al., 2005), while the original Whittaker’s
measure has been the most frequently employed
(Koleff et al., 2003).

There is growing evidence that ecosystem func-
tioning is primarily governed by species-specific
functional traits rather than species richness per se
(Loreau et al., 2001; Bolam et al., 2002; Giller et al.,
2004; Hooper et al., 2005). The importance of species
biological traits related to ecosystems functions have
been highlighted in many biodiversity-function
experiments, especially on small spatio-temporal
scales, in a wide range of ecosystems (Cardinale
et al., 2004). The value and range of species traits that
influence ecosystem functioning in a given system
have been used by Tilman (2001) in order to describe
functional diversity. Species traits have been also
used in several other definitions of functional diver-
sity (e.g. Diaz & Cabido, 2001; Tesfaye et al., 2003;
Petchey & Gaston, 2006). Therefore, functional
diversity has progressively been used as a tool in
exploring ecosystem mechanisms, such as resource
use complementarity and facilitation (Diaz & Cabido,
2001; Petchey & Gaston, 2006), as well as in
predicting functional consequences of human-
induced pressure on the biota (Loreau et al., 2002).
Since threats resulting to marine ecosystems degra-
dation are rapidly increasing nowadays there is a
great need to assess the impacts of man-made stress
on marine ecosystems functioning (Gaston, 2000;
Olsen et al., 2002; Pandolfi et al., 2003; Bremner
2008) and many indices that take into account
functional differences between species have been
proposed and reviewed in several studies (e.g.
Petchey et al., 2004; Ricotta, 2005; Bremner et al.,
2006; Petchey & Gaston, 2006; Podani & Schmera,
2006; Walker et al., 2008). However, investigation of
functional diversity has been mostly focused in
terrestrial ecosystems, while coastal areas have
attracted less attention (e.g. Covich et al.,, 2004;
Gessner et al., 2004). Furthermore, functional diversity
patterns of benthic invertebrates and macroalgae in
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aquatic habitats have been examined in rather few
studies (e.g. Emmerson & Raffaelli, 2000; Emmerson
et al., 2001; Biles et al., 2003; Raffaelli et al., 2003;
Mermillod-Blondin et al., 2005; Griffin et al., 2009),
while response of benthic invertebrates’ functional
diversity in coastal areas along a human-induced distur-
bance gradient is even less examined (Papageorgiou
et al., 2009).

The present study aims to address marine benthic
functional diversity levels, on a small spatial scale,
along an environmental gradient caused by the
presence of an aquaculture unit in a coastal area of
the NE Mediterranean. In addition, we present the
relation of species turnover (beta diversity) and
species plylogenetic variation with functional diver-
sity patterns across this gradient. Finally, we exam-
ined the hypothesis whether a decline in rare species
number and species geographic range size contributes
in the variation of functional diversity patterns along
the environmental gradient.

Materials and methods
Study area

The study area is located at NE Aegean Sea (Eastern
Mediterranean Sea) and particularly at the entrance of
the semi-enclosed Bay of Gera in Lesvos Island
(Fig. 1). The presence of an aquaculture unit (with an
average annual production of 150 tones of sea-bream
and sea-bass) in the study area has proven to cause a
series of modifications in the environmental condi-
tions across a gradient (stations N, M, F—Fig. 1)
which subsequently have an effect on the structure
and dynamics of benthic fauna (Dimitriadis &
Koutsoubas, 2008).

Data analysis

The Molluscan taxocoenosis data set (Dimitriadis &
Koutsoubas, 2008) has been used in the analysis of
the present study. This analysis involved the calcu-
lation of beta and functional diversity along the
environmental transect (Fig. 1) and between the
different sampling seasons. Beta diversity measure-
ment involved the use of two quantitative and two
qualitative indices based on species presence—
absence and species abundance data correspondingly.
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Fig. 1 Study area and sampling design for macrofauna samples (aft

Considering the qualitative beta diversity measures
Whittaker’s (1960) index fy, of species continuity
and index f4 (Lennon et al., 2001), which is specially
designed for species richness gradients (Koleff et al.,
2003), have been used. Quantitative beta diversity
CJE and CSE indices involved the use of the
modified Jaccard and Sgrensen indices correspond-
ingly for species abundance data (Chao et al., 2005).
The later have been also corrected for the effect of
unseen shared species (i.e. species that are likely to
be present in a theoretical larger sample of the
assemblage, but that are missing from actual sample
data) (Chao et al., 2005). According to Chao et al.
(2005), higher values of CJE and CSE index corre-
spond to lower beta diversity levels, whereas lower
values of CJE and CSE correspond to higher beta
diversity levels. Beta diversity indices were calcu-
lated between adjacent pairs of sampling sites along
the sampling transect as it is proposed and discussed
by Wilson & Shmida (1984). Quantitative beta
diversity indices have been calculated by means of
the ESTIMATES v8 software package (Colwell,
2005).

er Dimitriadis & Koutsoubas, 2008, slightly modified)

Considering species functional traits nine different
functional characteristics of benthic molluscs related
to resource use requirements (i.e. detritus feeders,
suspension feeders, deposit feeders, herbivores, par-
asitic), life mode (positioning in the sediment—i.e.,
sub-surface infauna, epifauna) and movement in the
sediment (i.e. mobile, sessile) (Norling et al., 2007;
Papageorgiou et al., 2009) have been incorporated in
the analysis. Functional diversity was calculated
based on functional attribute diversity index (FAD)
which reflects the sum of the pair-wise functional
dissimilarities of species (Walker et al., 1999). The
properties and performance of FAD index are
discussed by Ricotta (2005) and Schmera et al.
(2009). According to Walker et al. (2008), FAD is
probably more appropriate index in revealing the
resilience of a community in the face of an environ-
mental change and this has been the reason to select
this index instead of other functional diversity indices
(see Petchey & Gaston, 2006). All pair-wise distances
between species in functional trait space were
calculated with the use of Euclidean distance in
SPSS v12 (SPSS, 2002).
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Correlation of functional diversity with species
richness, total taxonomic distinctness sA™, variation
of taxonomic distinctness At (Warwick & Clarke,
2001), species abundance and rare species number
was carried out with the use of Spearman’s correla-
tion index (p) provided by SPSS v12 software. A
regression model was also used in order to describe
the relationship between the aforementioned vari-
ables. Finally, significant differences among mea-
surements were detected with the non-parametric
Mann—Whitney test (Zar, 1984).

Results
Species turnover

Calculation of beta diversity indices f, and g based
on species presence/absence data revealed a pattern
of gradual decrease in species turnover towards the
environmental gradient with decreasing disturbance
levels. Maximum species turnover rate was detected
close to the areas of the immediate vicinity of the
fish-cages during summer and autumn, while mini-
mum rate was noticed at the less impacted sampling
sites further away from the fish-cages during spring.
However, significant alterations in beta diversity
levels were noticed only between the pairs of stations
N-M and F-Ref (Mann—Whitney test results, P <
0.05), indicating that the area located at the middle of
the environmental gradient consists a transitional
point in species turnover (Fig. 2). An alteration in
species turnover rate was also detected from the

quantitative indices CJE and CSE along the environ-
mental gradient. Hence, maxima of species turnover
(minimum values of CJE and CSE index) were
recorded to the pair of stations close to the cages
while minima (maximum values of CJE and CSE
index) were obtained further away. Significant mod-
ifications in the values of CJE and CSE indices were
obtained for the pairs of stations N-M and F-Ref
between all sampling seasons denoting an important
shift in species turnover rate therein (Mann—Whitney
test results, P < 0.05; Fig. 3). Increased turnover
rates between the most impacted sites were found to
be driven by both quantitative and qualitative
changes in species composition since those areas
were only sharing a few species, whereas common
species populations were roughly decreasing from
intermediate to highly impacted sites. In addition,
rare species number seemed to strongly affect beta
diversity levels rather than the fluctuations of com-
mon species abundance. On the contrary, seasonal
modifications of beta diversity were not statistically
significant for the pooled abundance data in the study
area (Mann—Whitney test results, P > 0.05) implying
that seasonal variation was not a major factor
governing species turnover rate.

Functional diversity

Regarding functional diversity, maxima were
recorded to the area of low environmental stress
(station SpF) during spring sampling period, while
minima were obtained to the area of the immediate
vicinity of the fish cages during summer (station SN).
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variation according to a fi : —~eii— : g
index and b f, index along
the environmental gradient 1.0 1.8
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mean) S 06 | g
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Functional diversity presented a linear decrease
(R*> = 0.61, P < 0.05) with increasing environmental
stress across the sampling transect revealing a pattern
of seriation in functional diversity variation (Fig. 4),
since functional diversity was gradually decreasing
towards the most disturbed end of the gradient.
Significant modifications of FAD index values were
obvious between the group of areas of high and
moderate disturbance effects with the rest of the
study area where higher functional diversity values
were present during all sampling seasons (Mann—
Whitney test results, P < 0.05). Though, in seasonal
basis, FAD values didn’t show any significant
alterations in functional diversity levels between the
three sampling seasons (Mann—Whitney test results,
P > 0.05) a fact that should be mainly attributed to
the effect of the increased functional diversity levels
during spring throughout the whole length of the
sampling transect. Correlation of functional diversity
with species richness of benthic molluscs revealed a
strong linear relationship between them (Spearman’s
p = 0.876, P < 0.05) suggesting that increasing
species diversity leads to species assemblages of
higher functional complexity along the environmental
gradient towards the undisturbed areas. In addition, a
positive linear relationship was also detected when
functional diversity index FAD and taxonomic dis-
tinctness index sA™ are considered (Spearman’s p =
0.867, P < 0.05).

The latter denotes that wider phylogenetic trees
can support a greater number of species functions. On
the other hand, variation of taxonomic distinctness
L+ seemed to be more or less constant with

increasing values of functional attribute diversity
index. Correlation of functional diversity with species
abundance across the environmental gradient showed
a hump-shaped relationship between these two vari-
ables (Fig. 4). A hump-shaped relationship was also
detected in the correlation of species richness and
species abundance. Functional diversity was highly
correlated with rare species number variation along
the environmental gradient. Thus, loss of rare species
seemed to be linearly correlated with functional
diversity loss across the environmental gradient
(R* = 0.92, P < 0.05; Fig. 5).

Discussion

According to the P-R (Pearson—Rosenberg) model
(Pearson & Rosenberg, 1978), marine benthic com-
munity succeeds in several progressive stages
towards a disturbance gradient in space and time
from diverse community fauna to a transitional
community structure where opportunistic species
are proliferating in terms of abundance and species
number and eventually to an azoic area at the most
disturbed end of the gradient. Changes in benthic
species composition, species diversity patterns
(Pearson & Rosenberg, 1978; Gray, 1981), life
history traits (Diaz & Rosenberg, 1995; Cheung
et al., 2008), feeding guilds (Pagliosa, 2005;
Dimitriadis & Koutsoubas, 2008) and species range
size representation (Dimitriadis & Koutsoubas, 2008)
along environmental gradients are well documented
in contrast with benthic functional diversity patterns
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which are not widely understood yet along gradients
(e.g. Norling et al., 2007; Papageorgiou et al., 2009).
The results of the present study revealed that benthic
functional diversity was decreasing monotonically
with increasing species turnover rate and hence with
increasing spatial variability of macrofauna along the
established environmental gradient. Furthermore,
beta diversity patterns were strongly governed by
the loss rate of rare species across the environmental
gradient, a fact which has also been reported in
several studies for other major taxonomic groups (e.g.
Gaston, 1994). Functional diversity was strongly
correlated to rare species number denoting that the
loss of rare species leads to the gradual loss of
functional complexity of benthic communities across
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the environmental gradient. It was also evident that
increased environmental stress resulted to low species
functional redundancy (Lawton & Brown, 1993;
Loreau, 2004) since different species didn’t perform
the same functional role across the gradient. Low
functional redundancy across the environmental gra-
dient can be possibly attributed to the fact that the
smothering of the habitats towards the disturbance
source acts as selective mechanism resulting in the
reduction of species with similar functional traits.
Hence, the gradual loss of certain species’ functional
traits with increasing environmental stress led to a
strong and successive decline in benthic functional
diversity suggesting that species diversity (i.e. species
richness) changes can trigger shifts in benthic
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community functional stability. The latter has also
been reported in several studies which have also
shown a strong correlation between species diver-
sity and functional diversity in marine sediments
(Papageorgiou et al., 2009). However, low functional
redundancy levels which were observed in the study
area do not necessarily imply that functional redun-
dancy were not present among some of the species
since, for example, the bivalve Nucula nitidosa was
replaced by the functionally similar bivalve Nuculana
pella at the area of the immediate vicinity of the fish
cages. Similar results have also been recorded when
species functional redundancy was investigated
within functional groups (Loreau et al., 2001).

Benthic functional diversity patterns across the
environmental gradient were found to be strongly
correlated with species population size. The hump-
shaped relation between functional diversity and
species abundance denotes that functional diversity
increases when low and intermediate levels of species
abundance are involved. However, when species
abundance is reaching its maximum values, func-
tional diversity is decreasing. This pattern was also
the case for species richness and species abundance
correlation which was also described from a hump-
shaped relationship. Hence, species richness was
decreasing when abundance was reaching intermedi-
ate and maximum values in species communities.
These results suggest that the most populated com-
munities do not necessarily encompass increased
functional complexity since there was an upper limit
in species abundance from which functional diversity
was starting to decline.

A strong linear relationship was detected between
functional and phylogenetic diversity patterns thus
supporting the claim that wider local taxonomic trees
can support a wider range of species functions even in
small spatial scales. However, the proliferation of
disturbance regimes results to narrower taxonomic
trees with a smaller range of species functions. This
narrow range of species functions is maintained by
certain species which were also present in the wider
taxonomic trees. Therefore, the results of this study
confirm the hypothesis that some species are more
important than other in ecosystem functioning (Tilman
etal., 1997). Rare species loss seemed to be one of the
dominant factors ruling functional diversity variation
at different disturbance levels in space since it is well
known that these species are characterized by high

600

400 7

AD

Y- 200 -

=] 10 15 20
Number of rare species

Fig. 5 Functional attribute diversity index plotted against rare
species number in the study area (linear regression, R* = 0.92,
P < 0.05)

niche differentiation and are usually intolerant in
disturbance regimes (Smith & Knapp, 2003). There-
fore, it seems that rare species are important in
maintaining the stability of ecosystem functioning in
changing environments (Walker et al., 1999; Loreau
et al., 2001). Rare species included a broad range of
functional traits which were comparable to the ones
noticed for the total species pool, a fact which was also
observed by Ellingsen et al. (2007) for soft bottom
macrofauna. According to Naeem & Li (1997) and
Ellingsen et al. (2007), the latter pattern demonstrates
that species with restricted geographic dispersal ability
can have an impact on stability and resilience of soft
bottom communities. Earlier publications concerning
species geographic range size in the study area
revealed that endemic species (i.e. species with the
minimum possible dispersal ability) which were
mostly rare tend to diminish their species number and
population size faster than species with wider dispersal
ability with increasing environmental stress (Dimitri-
adis & Koutsoubas, 2008). Hence, benthic rare species
do not invest in functional resilience but they can still
have an important influence in community and eco-
system functioning (Ellingsen et al., 2007). Although it
is widely acknowledged that species dispersal ability
consist a primary factor governing biodiversity distri-
bution patterns in nature (Tilman, 1999), relatively less
attention has been paid in the influence of species
dispersal ability on the variation of functional diversity
(Giller et al., 2004; France & Duffy, 2006) and
especially in cases of environmental gradients.
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Conclusions

Understanding the relationship between benthic
diversity loss and functional diversity modifications
can increase our knowledge in predicting the func-
tional consequences of human induced pressure on
the marine environment. From the above, it was
evident that human activities such as fish farming can
modify benthic biodiversity which in return can alter
functional diversity of sediment communities and
affect ecosystem functioning in coastal areas. How-
ever, functional diversity loss was restricted to the
immediate vicinity of the fish cages, a fact that
clearly demonstrates that impacts of aquaculture on
benthic communities functioning had a strictly local
character. The results from the present study have
also revealed that species dispersal ability increment
(i.e. loss of species with narrow geographic range
size—endemic species) and rare species number
decrement influenced the magnitude of functional
diversity loss with increasing levels of stress on soft
bottom benthic communities.
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