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Marine benthic ecosystems face well-documented changes as a result of human
activities. Describing these changes is important for predicting ecosystem functioning. In
this context, long-term changes in soft-bottom macrofaunal communities after a quarter
of a century were studied in the south Aegean Sea with the purpose of investigating
whether temporal changes in taxa diversity are accompanied by changes in functional
diversity, and secondly to determine the main mechanisms driving these changes (i.e.,
deterministic versus stochastic processes). To achieve this, a large data set that included
species abundance data collected in 1990 and 2014 from several sampling sites along
a transect line was used. A biological trait analysis (BTA) was conducted to determine
the species functional roles. The results revealed a decline in taxonomic alpha and
beta diversity metrics between 1990 and 2014, a difference that was also reflected in
functional richness, partially in functional redundancy, but not in functional composition.
The stability of functional composition indicated that replacements of functionally similar
taxa may occur, ensuring the resilience of the ecosystem to provide goods and services.
Finally, the comparison of co-occurrence and functional networks for 1990 indicated
a non-differentiation with the null model and, it was not possible to determine if the
benthic community was structured due to stochastic processes (e.g., dispersal, natural
phenomena) or an overlap of deterministic processes (e.g., niche-filtering, competition).
In contrast, the comparison of networks for 2014 pointed out that environmental
conditions have acted as a major filter on species distribution.

Keywords: biological trait analysis (BTA), benthic ecology, macrofauna, temporal beta diversity, ecosystem
functioning, networks comparison, long-term comparison, uniqueness

INTRODUCTION

Human activities are driving rapid changes in the marine environment. In the current times of
global change, marine ecosystems are affected by many anthropogenic activities, and face unique
threats such as ocean acidification and climate change (Halpern et al., 2008). The consequence of
these stressors is a documented change in species richness, and composition (McCauley et al., 2015).
Biodiversity change over time has two facets: temporal alpha diversity, which is an expression of
change in the abundance and structure of assemblages, and temporal beta diversity which tracks
changes attributed to species composition (Legendre, 2019; Magurran et al., 2019). The challenge
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in measuring beta diversity is to capture the ongoing temporal
changes in a way that reflects the ecological processes, and
the ecosystem functions, that are involved (Magurran et al.,
2019). In this context, an increasing interest in the predictability
in the function of marine ecosystems has been raised (Worm
et al., 2006; Gogina et al., 2017). The identity of organisms
in terms of their activity and function are known to influence
both the magnitude, and the variability of ecosystem processes
(Solan et al., 2008).

Considering the functional identity of organisms and
grouping them by ecological equivalency (e.g., physiological,
behavioral aspects) into functional groups is a widespread
approach that has led to a better understanding of the role
of species within a community and the relationship between
ecological function, spatial distribution and environmental
characteristics (Bolam et al., 2017). Trait-based indices provide a
useful tool for the quantitative prediction of ecosystem processes
as biological traits analysis (BTA) can provide a direct link to
certain functional properties related to life history, behavioral
or morphological characteristics of macrofaunal organisms that
drive ecosystem functioning (Bremner, 2008).

Measuring functional diversity allows the assessment of the
contributions of unique species to ecosystem functioning and the
prediction of the impacts of species loss (Micheli and Halpern,
2005; Teichert et al., 2017). The order in which the species are
lost as well as the trait similarity between species, determine the
impact of biodiversity loss on ecosystem functioning (Ricotta
et al., 2016; Teichert et al., 2017). Species with similar biological
traits are functionally redundant and result in a community
where a species loss may cause only minor impact in ecosystem
functioning (Naeem, 1998). In contrast, species with little trait
similarity support high functional diversity and a species loss
may have a more severe impact in ecosystem functioning
(Teichert et al., 2017).

Factors that could potentially induce long-term changes and
shape benthic communities are either deterministic or stochastic
(Connor and Simberloff, 1979; Drake, 1990). Deterministic
factors may include environmental filtering and limiting
similarity processes (i.e., competitive exclusion) (Macarthur and
Levins, 1967; Somerfield et al., 2009; Vallée et al., 2019). In
environmental filtering, environmental conditions act as the filter
on species distribution (Colorado Zuluaga, 2015). A change
in environmental constraints may drive community change.
Environmental constraints or filters act by removing species that
lack specific traits (Belyea and Lancaster, 1999). Thus, traits
are filtered and, with them, species. In competitive exclusion,
species with similar traits are negatively associated. Stochastic
events may interrupt or weaken species interactions and niche
filtering (Colorado Zuluaga, 2015). Under stochastic processes, it
is expected that the distribution of species will not be different
from a random pattern and no directional trends would occur
(Gotelli and McGill, 2006).

One of the difficulties in correlating ecological shifts to driving
factors is the relative absence of long-term time series (Clare
et al., 2017). In the oligotrophic Eastern Mediterranean, long-
term time series monitoring benthic macrofauna composition are
rare (Salen-Picard and Arlhac, 2002). Nevertheless, comparison

of current data with historical data has been already used in
many cases and has been effective in inferring temporal changes
(Cartes et al., 2009; Romero-Ramirez et al., 2016; Bonifácio et al.,
2018; Tsikopoulou et al., 2018) but to the best of our knowledge,
none of them investigate the changes in ecosystem functioning. In
contrast, these studies are more common in the North Sea (Cartes
et al., 2009; Meyer and Kröncke, 2019; Shojaei et al., 2021), the
English Channel (Davoult et al., 1993, 1998; Dauvin and Pezy,
2013) and the Baltic Sea (Salo et al., 2020) and proved significant
for the coastal management and the maintenance of the goods
and services provided by marine ecosystems (Hinz et al., 2021;
Shojaei et al., 2021).

In this context, long-term changes in soft-bottom macrofaunal
communities between 1990 and 2014 were studied in the south
Aegean Sea with the purpose of investigating whether temporal
changes in species diversity are accompanied by changes in
functional diversity. Specifically, the objectives were: (i) to test
for temporal differences in taxonomic diversity and functional
diversity of the benthic communities between 1990 and 2014,
(ii) to estimate functional redundancy in benthic communities
in 1990 and 2014, and (iii) to determine the main mechanisms
that drove the potential differences in benthic communities
between 1990 and 2014 by comparing the congruence between
functional and co-occurrence networks. Our hypotheses were
that: (1) there would be a difference in taxonomic diversity
between 1990 and 2014, and (2) this difference would affect
functional diversity.

MATERIALS AND METHODS

Study Site and Sampling Strategy
The study was conducted along a transect line in Heraklion Bay,
Crete (south Aegean Sea). The continental shelf along the north
coast of Crete forms a relative open bay in front of Heraklion
city and is considered as an oligotrophic environment (Psarra
et al., 2000; Lampadariou and Eleftheriou, 2018). Heraklion
Bay is under slight pressure mainly from winter rain related
discharges of domestic wastes and nutrients from agriculture
(Simboura et al., 2016). The construction of the Heraklion
municipality wastewater treatment plant in 1996 further reduced
the organic enrichment by Heraklion city waste discharges
removing annually >160,000 kg of dry solids (Tsikopoulou
et al., 2018). The annual average for historical and recent
environmental conditions of the study area are presented in
Table 1.

In 1985, a comprehensive program (NATO funded GR-
FISHECO) was initiated by the Institute of Marine Biology of
Crete for the investigation of the structure and dynamics of
benthic communities of the shelf ecosystem in the Cretan Sea.
In 2014, the area was revisited twice (May and November)
and the samples taken were compared to those taken in
1990 (May and November). Sampling took place in 4 sites
at 70, 100, 130, and 160 m depth. Both sampling campaigns
followed identical experimental designs and methodology in
terms of sampling gear, techniques, sampling season and
station coordinates.
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TABLE 1 | Historical and recent data on the environmental conditions prevailed in
the top layer of the sediment during the 1990 and 2014 samplings.

Depth (m) Redox
potential (mV)

Temperature
(oC)

Chl a (µg/g) OC (mg/g)

1990 70 421 16.85 2.27 5.52

100 413 15.40 0.34 3.84

130 407 15.15 0.41 4.74

160 439 14.85 0.15 3.93

2014 70 275 18.60 0.49 0.86

100 357 18.10 0.31 0.88

130 272 18.05 0.14 1.59

160 265 17.25 0.12 1.49

Chl a: concentration of chlorophyll a, OC: concentration of organic carbon. Values
represent the annual mean.

Macrofaunal Analysis
At each site, 7 replicates were collected for macrofaunal analysis
using a 0.1 m2 Smith-McIntyre grab. Benthic samples were sieved
in situ over a 0.5 mm mesh, fixed with 5% buffered formalin,
stained with Rose Bengal and stored for species identification. In
the laboratory, the samples were sorted by hand and specimens
were identified to the species or to the lowest possible taxonomic
level and then counted. To address the issue of differences
in taxonomic resolution between the surveys, and also the
bias caused during the identification procedure and different
taxonomic expertise between sampling periods, all analyses were
performed on data aggregated at the genus level. Following the
“taxonomic sufficiency” approach, aggregating to the genus level
does not result in any loss of information (Mueller et al., 2013;
Bolam et al., 2014; Bonifácio et al., 2018).

A BTA was conducted on the macrofaunal communities
to determine their functional diversity. Ten biological traits
(subdivided into 50 modalities) were chosen for the analysis
reflecting species morphology, life history characteristics and
behavior (Bolam et al., 2017) (Table 2). Individual taxa were
coded for the modalities of each trait using a fuzzy-coding
procedure, which allows assessment of the affinity of a taxon to
multiple categories using a discrete score from 0 (no affinity) to
3 (total affinity). To avoid bias among the different modalities,
the affinity scores for each trait were standardized so that the
sum was equal to 1 (Liu et al., 2019). The taxa were classified
into different functional categories based on information from
a variety of literature sources (e.g., Queirós et al., 2013; Jumars
et al., 2015; Renz et al., 2018; Wrede et al., 2018) and databases1,2.
A table of stations by abundance-weighted traits was produced
for 1990 and 2014. Specifically, trait scores of each taxon were
multiplied by its abundance for every sample and then summed
to provide the overall frequency of each trait modality per sample
for the two sampling periods.

Data Analysis
To describe historical and recent taxonomic and functional
diversity of the benthic communities, biodiversity and functional
diversity indices were calculated for all sites in 1990 and 2014,

1http://www.marlin.ac.uk/biotic/
2http://polytraits.lifewatchgreece.eu/

respectively. These indices were richness (number of taxa per
sample, S), total abundance per sample (N), and functional
richness (FRic) and uniqueness, i.e., the functional contribution
of single taxa to the overall redundancy of the whole assemblage
(Ricotta et al., 2016). A two-way analysis of variance (ANOVA)
was performed to identify significant differences (p < 0.05) in
all indices between 1990 and 2014 for all depths. In cases of
significant interaction between years and depths, simple effects
were assessed (variance between years at each depth). Pairwise
comparisons were performed using the Tukey post hoc test. Prior
to the analysis, all datasets were examined for the assumptions
of normality using the Shapiro-Wilk test and homogeneity of
variance using Levine’s test. Seasonal fluctuations of the diversity
indices were not the aim of this study and as a result, seasonal
variation within each year was not presented here but can be
found in Tsikopoulou et al. (2018).

Changes in functional composition through time were
estimated using the temporal beta-diversity index (TBI)
(Legendre, 2019) (Figure 1). First, TBI was computed using
community trait data for each site, measuring the change in
functional composition between the first (1990) and second
sampling periods (2014). To calculate functional TBI, a Gower
dissimilarity matrix was computed for the trait data (Bello et al.,
2021). A principal coordinate analysis (PCoA) was applied to the
square-rooted Gower dissimilarities and then, all PCoA axes were
used as input matrices for the TBI analysis. Euclidean distance
was the basis for computing the functional TBI (Legendre, 2019).

To better interpret possible changes in functional TBI,
taxonomic TBI was also computed. Bray-Curtis dissimilarity was
performed on log-transformed abundance data and used as input
for computing taxonomic TBI. Taxonomic TBI was decomposed
into β diversity explained by either species temporal losses or
temporal gains. The significance of the processes (losses or
gains) dominating and causing community composition changes
between 1990 and 2014 was tested using parametric paired t-tests
(Legendre, 2019).

The SIMPER analysis (Clarke and Gorley, 2015) was
performed in Primer 7 software to identify the 90% of the
taxa that contributed mostly to dissimilarities in community
composition between 1990 and 2014. Afterward, to determine
the main drivers that influenced the structure of the communities
between 1990 and 2014, the taxa co-occurrence networks (based
on abundances) were compared to the functional networks
(based on traits) for the two periods, following a methodological
approach based on the network theory and modularity concept
described in Legras et al. (2019) (Figure 1). Briefly, the
methodology included three steps: First, the functional and
the taxa co-occurrence networks were defined. The functional
network was derived from Gower dissimilarities computed from
the trait matrix (1 – Gower index). The values of this matrix
were used to weight edges between genera in the functional
network. For the co-occurrence network, the values of Bray-
Curtis similarity matrix (1 – Bray-Curtis dissimilarity index)
were used to weight the edges between taxa. Modularity (using
Louvain’s optimization methodology) was used to define groups
of taxa in the functional and co-occurrence networks (Legras
et al., 2019). In the next step, an index of module diversity was
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TABLE 2 | Description of traits and trait modalities used in the biological trait analysis.

Trait Modalities Code Trait definition

Maximum body size
(length)

MBS# <10 BS.1 <10 mm

MBS#11–20 BS.2 11–20 mm

MBS#21–100 BS.3 21–100 mm

MBS#101–200 BS.4 101–200 mm

MBS#201–500 BS.5 201–500 mm

MBS# >500 BS.6 >500 mm

Morphology BM#soft M.S mainly polychaetes

BM#tunic M.T. tunicates

BM#exoskeleton (chitin) M.CH mainly crustaceans

BM#exoskeleton (CaCO3) M.CA molluscs/echinoderms

BM#Stalked and rigid M.SR brittle

BM#Stalked and flexible M.SF less brittle

BM#Fan-shaped M.FS brittle

Longevity (max) L# <1 L.1 <1 year

L#1–3 L.2 1–3 years

L#3–10 L.3 3–10 years

L# >10 L.4 >10 years

Larval development LD#Pelagic (planktotrophic) LD.PL larvae spend weeks in water column

LD#Pelagic (lecithotrophic) LD.LE larvae spend several days in water column

LD#(Benthic) Direct development LD.D young develop as juveniles

Egg development ED#Asexual/budding ED.A asexual

ED#Sexual and sheds eggs into water
column

ED.SW large number of eggs in water column

ED#Sexual and eggs on seabed ED.SS eggs attached to seabed

ED#Sexual and broods eggs ED.SB eggs develop within parental chamber/burrow

Living habit LH#Tube-dwelling LH.T builds a tube

LH#Burrow-dwelling LH.B builds a burrow, includes mucus-lined burrows

LH#Free-living LH.F freely moves around sediment/water

LH#Inhabits crevices/holes/under stones LH.C Inhabits crevices/holes/under stones

LH#Epiphytic LH.E attached onto other flora/fauna

LH#Attached to substratum LH.A attached to rocks, boulders, etc.

Sediment position SP#Surface P.S surface dwellers

SP#infauna: 0–5cm P.I1 shallow-dwellers

SP#Infauna: 6–10cm P.I2 buried deeper

SP#Infauna: >10 cm P.I3 deep-dwelling

Feeding mode FM#Suspension and filter FM.SF obtains food from water

FM#Surface deposit FM.D including grazers

FM#sub-surface deposit FM.SD sub-surface deposit

FM#Scavenger/opportunist FM.SC feeds upon dead animals

FM#Surface predator FM.PR actively predates upon animals

FM#Subsurface predator FM.SP actively predates upon animals

FM#Parasite FM.P parasites

Mobility Mob#Sessile M.SE immobile, fixed in a place, stalked or not

Mob#Swim M.SW includes those which may stop swimming temporarily

Mob#Crawl/creep/climb M.CR those which move above bed slowly

Mob#Burrower M.BU Infers relatively low mobility

Bioturbation mode BM#Diffusive mixers B.DM vertical and/or horizontal movement of sediment or
particles, organisms with activities that result in a
constant and random local sediment biomixing over
short distances

BM#Surface depositors B.SD deposition of particles at the sediment surface,
species whose activities are restricted to <1–2 cm of
the sediment profile

BM#Upward conveyors B.UC upward movement of particles resulting from
biological activity, head down feeders that actively
transport sediment to the sediment surface

BM#Downward conveyors B.DC downward movement of particles resulting from
biological activity, head up feeders that actively
transport sediment from the sediment surface

BM#None B.NO not considered capable of bioturbation
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FIGURE 1 | Methodological approach (A) comparing temporal taxonomic and functional beta diversity (TBI) for two time periods, 1990 and 2014, (B) assessing the
congruence of the co-occurrence and functional networks to determine the main assembly rules of benthic communities for 1990 and 2014.

calculated for each functional group. This index allows one to
assess if taxa from a specific functional group in the functional
network tend to be also in the same co-occurrence group. In the
final step, the mean of all module diversity indices (DgM) was
compared with DgM obtained from null models. DgM should be
lower than 5% of the null distribution if environmental filtering
dominates and higher than 95% of the null distribution if limiting
similarity and competition is dominant. In contrast, if there is a
dominance of stochastic processes or a mix of both deterministic
and stochastic processes the observed DgM is expected to range
between 5 and 95% of the null distribution.

All the aforementioned statistical analyses were carried out
with “FD” (Laliberté and Legendre, 2010), “gawdis” (Bello et al.,
2021), “adespatial” (Dray et al., 2012), “ade4” (Dray et al., 2007),
“modMax” (Schelling and Hui, 2015) and “ecodist” (Goslee and
Urban, 2007) packages in the R program (version 4.0.2).

RESULTS

Alpha Diversity Differences Between
1990 and 2014
Changes in the univariate biodiversity and functional diversity
indices among the factors, year and depth, and their statistical

significance are shown in Figure 2 and Table 3, respectively.
Specifically, significant decreases in richness (S) and total
abundance (N) were recorded between 1990 and 2014 (Table 3).
Functional richness was also significantly lower in 2014 than in
1990 for all depths (Tukey tests at 70 m q = 10.644, p < 0.01; at
100 m q = 6.034, p < 0.01; at 130 m q = 5.358, p < 0.01) except for
the station at 160 m depth where no differences were recorded.
Uniqueness was significantly different between 1990 and 2014
only for the stations at 100 m (Tukey test; q = 3.402, p = 0.019)
and 130 m (Tukey test; q = 8.461, p < 0.001) depth.

Beta Diversity Differences Between 1990
and 2014
The taxonomic TBI dissimilarities in benthic communities of
Heraklion Bay showed that beta diversity was significantly
different between 1990 and 2014 (mean D = 0.698, p = 0.0001)
(Table 4). Detailed analysis of the species losses and gains from
TBI analysis indicated that the changes mostly consisted of taxa
losses (Table 4 and Figure 3). The SIMPER analysis indicated that
126 taxa contributed to 90% of the dissimilarity between 1990 and
2014. The top 20 genera and their functional characteristics are
presented in Table 5.

In spite of the differences in taxonomic beta diversity, TBI
analysis of trait data revealed that functional beta diversity did
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FIGURE 2 | Temporal change in alpha diversity indices (S: richness, N: total abundance, FRic: Functional richness and Uniqueness) between 1990 and 2014. Black
bars indicate samples collected in 1990 and white bars in 2014. Error bars indicate standard deviation. Asterisks indicate statistically significant differences at
p < 0.05.

TABLE 3 | Two-way ANOVA results for the temporal comparisons of the diversity metrics (S: richness, N: total abundance, FRic: Functional richness and Uniqueness).

S N FRic Uniqueness

df F Sig. F Sig. F Sig. F Sig.

Year 1 63.68 * 82.59 * 72.23 * 10.62 *

Depth 3 71.31 * 62.32 * 41.35 * 35.02 *

Year * Depth 3 1.20 ns 5.33 * 6.33 * 11.06 *

Significant differences at p < 0.05 indicated with “*” and non-significant indicated with “ns”.

not change significantly between 1990 and 2014 (mean D = 0.425,
p > 0.05) (Table 4).

The abundance-weighted means of trait modalities were
plotted to visualize the trait composition of all depths in
1990 and 2014 (Figure 4). Benthic communities at all stations
were dominated mainly by infaunal polychaetes (0–5 cm) with
medium and small body size (11–100 mm) and short longevity

TABLE 4 | TBI results for taxonomic and functional temporal beta diversity
differences and results of the paired t-test of significance of the processes (losses
or gains) dominated and caused taxa composition changes between 1990 and
2014.

Paired t-test (parametric)

1990 vs. 2014 D Losses Gains Stat Significance

Taxonomic 0.698* 0.458 0.240 –9.851 0.0001

Functional 0.425ns – – – –

Significant differences at p < 0.05 indicated with “*” and non-significant
indicated with “ns”.

(1–3 years). The mobility traits free-living, sessile or low mobility
were dominant at all stations, while the most common feeding
mode was surface or subsurface deposit feeding. At 70 m, surface
depositors were dominant in both 1990 and 2014, whereas
diffusive mixing was the most common bioturbation mode at
the deeper stations in both years. Regarding life strategy traits,
at 70 m and 100 m, dominant reproduction mode was sexual and
the reproductive traits included eggs that are released in the water
column and grown to lecithotrophic or planktotrophic larvae. At
the deeper stations, the dominant reproduction mode was also
sexual but species brood eggs with no intermediate larval stages
(direct development). It is also worth noting that differences in
trait composition between 1990 and 2014 for all depths were
rather quantitative than qualitative (Figure 4).

Congruence of Taxa Co-occurrence and
Functional Networks
In order to determine the mechanisms that drove the differences
in benthic communities between 1990 and 2014, the species co-
occurrence networks were compared to the functional networks
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FIGURE 3 | Losses and gains of taxa between the samplings of 1990 and 2014. Gray shades indicate stations depth. The solid line represents the theoretical
positions of samples where gains equal losses. The dashed line parallel to the black line passes through the centroid of all samples. Its position below the solid line
indicates that, on average, taxa losses dominated gains from 1990 to 2014.

for the two periods. In 1990, both the functional and the co-
occurrence networks consisted of 4 groups, while in 2014, taxa
were classified in 6 functional groups and in 3 co-occurrence
groups (Figure 5). In addition, the DgM index in 1990 was 0.74
showing that the distribution of taxa within networks was not
different from a random pattern of distribution (Table 6). In
1990, the observed DgM (p = 0.19) ranged between 5 and 95%
of the null distribution of the DgM indicating that stochastic
processes were the main factors structuring the community or
that there was not a clear dominance of deterministic processes,
i.e., environmental filtering or competition. In contrast, the DgM
index in 2014 was 0.79 and it was slightly lower than 5% of
values obtained with null model (p = 0.047), indicating that
environmental filtering structured the benthic community in
2014 (Table 6).

DISCUSSION

Describing how communities change over time is important
to better understand and predict ecosystem functioning (Dirzo
et al., 2014; Barbier, 2017). Changes in biodiversity usually result
in changes in functional diversity, however, the relationship
between them is not always straightforward (Naeem, 1998;
Hiddink et al., 2009; Clare et al., 2015). The order in which
the taxa are lost, as well as the trait similarity between
them determine the impact of biodiversity loss on ecosystems
functioning. In this study, the impact of temporal changes
in taxonomic diversity on ecosystem functions was assessed

in an oligotrophic environment in the Eastern Mediterranean.
Our working hypothesis that the temporal differences in
taxonomic diversity would affect the functionality of the benthic
communities was partially rejected. Specifically, the results
revealed a decline in taxonomic alpha and beta diversity metrics
of the benthic community in Heraklion Bay between 1990 and
2014. This difference was also reflected in functional richness
but less in uniqueness (i.e., functional redundancy) and none in
functional beta diversity. Trait composition was similar in 1990
and 2014 at all depths. The stability of functional composition
indicated that replacements of functionally similar taxa may
occur, ensuring the resilience of the ecosystem to provide goods
and services (Shojaei et al., 2021).

The decline in taxonomic diversity metrics recorded in 2014
was higher for the shallower stations than the deeper ones.
Shallow stations are more susceptible to disturbance because
they are more exposed to human activities in the coastal zone
(Tsikopoulou et al., 2018), and also to weather and current
driven resuspension events (Labrune et al., 2007). Functional
richness followed the same pattern of variation with richness.
Functional richness was defined as the amount of functional
space occupied by a species assemblage and it is expected to
be higher if the range of traits within a community is high,
and lower if the range is low (Villéger et al., 2008). Maintaining
FRic in ecosystems is important because reduced functional space
occupied by a community could, for instance, allow alien species
to use free niche space formerly occupied by indigenous taxa
(Taupp and Wetzel, 2019).
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TABLE 5 | Average abundance per sample and primary functional characteristics of top 20 taxa contributed most to dissimilarities between 1990 and 2014 according to
the SIMPER analysis.

1990 2014

Genus Taxonomic group Mobility Bioturbation Feeding mode Av. Abund. Av. Abund.

Levinsenia Polychaeta slow, free movement through
sediment matrix

diffusive mixer deposit feeder 15.5 10

Kirkegaardia Polychaeta limited movement surface depositor deposit feeder 9.0 3.4

Onchnesoma Sipuncula limited movement diffusive mixer deposit feeder 5.9 4.4

Sipunculidea Sipuncula slow, free movement through
sediment matrix

diffusive mixer and surface
depositor

deposit feeder and
suspension feeder

5.3 0.6

Hyalinoecia Polychaeta slow, free movement through
sediment matrix

diffusive mixer scavenger 0.0 5.3

Axinulus Bivalvia limited movement surface depositor deposit feeder 4.6 0.1

Paradiopatra Polychaeta slow, free movement through
sediment matrix

surface depositor scavenger 4.8 2.6

Nephasoma Sipuncula slow, free movement through
sediment matrix

Diffusive mixer deposit feeder 0.1 3.55

Harmothoe Polychaeta slow, free movement through
sediment matrix

surface depositor predator or scavenger 4.0 0.0

Aphelochaeta Polychaeta limited movement surface depositor deposit feeder 4.2 2.6

Processa Decapoda free movement via burrow system diffusive mixer predator 3.1 0.2

Rhodine Polychaeta lives in fixed tubes upward conveyor deposit feeder 2.5 1.0

Aricidea Polychaeta slow, free movement through
sediment matrix

surficial modifier deposit feeder 2.9 3.3

Magelona Polychaeta limited movement surficial modifier deposit feeder 2.5 1.1

Euclymene Polychaeta lives in fixed tubes upward/downward
conveyor

deposit feeder 3.2 1.3

Prionospio Polychaeta limited movement upward/downward
conveyor

deposit feeder 3.1 3.0

Ampelisca Amphipoda lives in fixed tubes diffusive mixer and surface
depositor

suspension feeder 0.9 1.8

Hilbigneris Polychaeta slow, free movement through
sediment matrix

diffusive mixer and surface
depositor

scavenger and
predator

1.8 0.6

Amphiura Ophiuroidea slow, free movement through
sediment matrix

diffusive mixer deposit feeder and
suspension feeder

2.0 0.6

Tachytrypane Polychaeta slow, free movement through
sediment matrix

diffusive mixer deposit feeder 1.5 0.9

FIGURE 4 | Abundance-weighted means of trait modalities at different sampling depths (i.e., 70, 100, 130, 160 m) for 1990 (historical data) and 2014 (recent data).
Colors represent different traits; individual bars represent the trait modalities. For trait modalities codes see Table 2.

The temporal differences in taxonomic alpha diversity were
accompanied by temporal differences in community composition
(taxonomic beta diversity). Partitioning of the temporal beta
diversity revealed that taxa loss was the dominant pattern in

most of the sites between 1990 and 2014. The local extinction
and/or population decline of certain taxa, mainly deposit feeders,
with slow or limited movement ability was responsible for
changes in community composition between the sampling years.
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FIGURE 5 | Schematic representation of networks obtained for benthic
communities in 1990 (historical data) and 2014 (recent data). The numbers
inside the circles correspond to the number of taxa composing each node
and the width of edges is proportional to the adjacency between the nodes.
The networks obtained from the trait data (functional networks) are on the left
side and the network obtained from the taxa abundance data (co-occurrence
networks) are on the right side.

TABLE 6 | Modularity of the different networks and module diversity (DgM ) for
1990 and 2014.

1990 Modularity Number of groups DgM p-value

Functional network 0.01 4 0.74 0.190

Co-occurrence network 0.21 4

2014

Functional network 0.04 6 0.79 0.047

Co-occurrence network 0.16 3

The p-values represent the percentage of values of DgM from null model inferior to
the DgM observed in each case. A p-value inferior to 0.05 highlights the presence
of an environmental filter acting on the ecological communities, while a p-value
between 0.05 and 0.95 indicates either stochastic processes or an overlap of
deterministic processes.

In addition, the dominance of the polychaete Hyalinoecia and
the flourishing of sipunculans in 2014 could be indicative of
a reduction in food availability in the study area. Hyalinoecia
species are described both as scavengers and surface deposit
feeders (Jumars et al., 2015) that inhabit nutrient-poor soft
bottoms, while Sipuncula have competitive advantages to obtain
food deeper in the sediment (Karakassis and Eleftheriou, 1997).
The establishment of the wastewater treatment plant that
occurred between the sampling periods and the reduction in the
organic load in the area (Table 1) could be responsible for the
dominance of these taxa (Tsikopoulou et al., 2018).

Besides food availability, temperature is a limiting factor
in structuring macrofaunal communities, by regulating and
setting limits for recruitment and mortality (Hale et al., 2011;

Valentine and Jablonski, 2015). Recurrent water mass exchanges
between the Aegean Sea and the Eastern Mediterranean result
in the appearance of low salinity and temperature, nutrient-
rich water in the Cretan Sea (Kassis et al., 2015). Such an event
was recorded in 1987–1995 (Velaoras et al., 2015) and found
to impact ecological processes in the area (Psarra et al., 2000;
Tselepides et al., 2000). This event was probably responsible for
the lower temperature and higher organic matter recorded at
1990 than 2014 in the study area which in turn, may have caused
the observed temporal variation in community composition.
In addition, Rivetti et al. (2014) reviewed the mass mortality
events of benthic invertebrates in the Mediterranean over the
period 1945–2011 and linked them to positive thermal anomalies
at regional scales highlighting the impact of temperature on
species survivance.

Despite the changes in taxa composition and functional
richness, uniqueness was stable through the years in two of the
four study sites indicating that unique trait combinations were
maintained in the benthic community. Uniqueness is an index
that describes both functional redundancy and vulnerability by
taking into account not only taxa trait dissimilarities but also
abundances (Ricotta et al., 2016). In this context, it could be
concluded that not only rare but also common taxa make unique
contributions to functional diversity (Chapman et al., 2018).

The high functional redundancy of the benthic community
was also indicated by the insignificant change in the functional
temporal beta diversity. Our results are consistent with other
studies that have applied BTA to assess temporal variability
in the functioning of benthic communities and found that,
despite shifts in taxonomic composition, trait composition either
persisted or changed and recovered after a short period (Clare
et al., 2015). For example, Shojaei et al. (2021) showed that
a positive power function explained the relationship between
taxonomic and functional diversity of benthic assemblages in
the North Sea indicating that in species-rich communities,
functional redundancy among the species would allow for only
minor changes in functionality even at considerable variations in
taxonomic diversity.

To detect the mechanisms that determined the taxa
occurrence and community assembly in 1990 and 2014, the
taxa co-occurrence networks were compared to the functional
networks for the two periods. The result of this comparison
showed that in 1990, the distribution of taxa within the networks
was not different from a random pattern of distribution,
indicating either that stochastic processes were the main
factors structuring the community or that there was not a
clear dominance of deterministic processes - environmental
filtering or competition (Legras et al., 2019). The coastal
zone is exposed to changes, natural or human induced.
In such habitats, disturbances may blur assembly patterns
(Cornwell and Ackerly, 2009).

Conversely, in 2014, environmental filtering had the
strongest influence on structuring the benthic community. The
environmental filtering hypothesis assumes that co-existing
species are likely to share most similar ecological and functional
characteristics, as they respond to the same environmental
filters. Thus, when species are facing similar environmental
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constraints, functional diversity is expected to be relatively low
and assemblages are composed of functionally closely related
species, thereby increasing the number of different species that
exhibit similar ecological functions (Mouillot et al., 2007; Craven
et al., 2018; Boet et al., 2020). Although, data availability did not
allow us to determine which environmental constraint played
the leading role in structuring the benthic community in 2014,
it could be assumed that both sediment temperature and food
availability affected benthic community composition.

CONCLUSION

The results of the present study suggest that in slightly
disturbed coastal benthic habitats such this in Heraklion Bay,
where assemblages are experiencing temporal changes in species
composition, a high functional overlap among species would
imply a considerable capacity of the ecosystem to maintain key
processes and functions in response to environmental changes.
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