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1.  INTRODUCTION

Soft-sediment seafloors and their biota, which ac -
count for the largest part of shelf sea habitats, are
directly impacted by bottom trawling (BT), pollution,
eutrophication, hypoxia, siltation, and sediment ex -
traction and dumping (Jackson et al. 2001, Halpern
et al. 2008, Tomašových & Kidwell 2017, Breitburg et
al. 2018). Marine basins characterised by dense
coastal settlements and high productivity in the
catchment basin are particularly affected (Rabalais et

al. 2010). The northern Adriatic Sea (NAS), in this
regard, is a prime example. It is surrounded by
touristic and industrial hotspots, and its southwestern
part is strongly influenced by the Po River, whose
catchment area encompasses Italy’s largest agricul-
tural and industrial production area (Degobbis et al.
2000, Spillman et al. 2007, Marini et al. 2008, Correg-
giari et al. 2014, Huntley & Scarponi 2015). The
exploitation of marine resources here reaches far
back into historical times (Lotze et al. 2006, 2011,
Fortibuoni et al. 2017).
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Although time series recording the composition of
living communities are usually limited to a few de -
cades at most (Stachowitsch 1991, Chiantore et al.
2001, Nerlović et al. 2011), palaeoecological data
increasingly document the nature of benthic changes
over decades and centuries (e.g. Aronson et al. 2005,
Dietl et al. 2016, Tyler & Kowalewski 2017, Gilad et
al. 2018, Agiadi & Albano 2020, Powell et al. 2020).
Ecological monitoring surveys suggested that the
original benthic zonation mapped by Vatova (1949)
in the earliest 20th century did not match communi-
ties observed in the late 20th century in the NAS
(Crema et al. 1991, Scardi et al. 1999, Chiantore et al.
2001), indicating major effects of eutrophication and
other anthropogenic impacts, although these com-
parisons were affected by differences in sampling
gear and methods. Subsequently, several core-based
studies demonstrated that many locations in the NAS
were affected by anthropogenic impacts that ex -
ceeded the range of natural variability in community
composition during the past millennia (Kowalewski
et al. 2015, Gallmetzer et al. 2017, Tomašových et al.
2018, 2019), with a major shift in composition of soft-
bottom communities in the mid-20th century (Simonini
et al. 2004, Occhipinti-Ambrogi et al. 2005, Mavric et
al. 2010, Tomašových et al. 2020). However, the spa-
tial heterogeneity of benthic communities in the NAS
is high, owing to a steep eastward decline in primary
productivity and sediment accumulation rates (Zuschin
& Stachowitsch 2009, Mozetič et al. 2012, Alvisi &
Cozzi 2016), and it remains unclear whether anthro-
pogenically induced changes are homogeneous over
the entire basin or unique to each location.

To expand the spatial scale of analyses, we com-
pare surface living (LAs) and death assemblages
(DAs) of molluscs collected with Van Veen grabs
across distinct habitats in the NAS. DAs are a mix-
ture of multiple generations of shells in the upper 10−
15 cm of the sedimentary column (mixed layer), and
are hence time-averaged, i.e. they combine shells of
highly variable post-mortem age (Olszewski 1999,
Kowalewski 2009). On continental shelves, time-
averaging of DAs typically attains several centuries
and even millennia as sediment-accumulation rates
are slow and the mixing depth by burrowing organ-
isms exceeds 10 cm (Kidwell & Tomašových 2013).
DAs are rather inert to recent compositional changes,
as recently dead shells tend to be swamped by older
shells (Kidwell 2008). Thus, they primarily archive
community states prior to anthropogenic impacts that
intensified in the 20th century. If a DA diverges
strongly in structure and taxonomic composition
from the LA collected from the same site, and other

sources of mismatch such as interspecific differences
in preservation, post-mortem transport, or time-aver-
aging effects can be discounted, this suggests that
ecological conditions have changed over time and
now support a different type of community (Alin &
Cohen 2004, Albano & Sabelli 2011, Weber & Zuschin
2013, García-Ramos et al. 2016, Cronin et al. 2018).
Conversely, low mismatch between LA and DA may
indicate similar conditions in the past and at present
and thus a pristine setting with long-lasting ecologi-
cal stability (Kidwell 2007, 2009).

Live−dead (LD) comparisons represent a powerful
method for detecting anthropogenic ecosystem mod-
ification, particularly related to eutrophication, pollu-
tion, deoxygenation and BT (Kidwell 2009, Weber &
Zuschin 2013, Albano et al. 2016, Bürkli & Wilson
2017, Tomašových & Kidwell 2017). By considering
additional aspects of community transition between
DA and LA, such as shifts within subsets of species or
on the functional level, LD comparisons provide
insights into the contribution of individual anthro-
pogenic drivers, as well as the extent and the direc-
tion of ecological turnover (Kidwell 2009). LD studies
can be combined with analyses of biotic indices such
as the AZTI Marine Biotic Index (AMBI), Multivari-
ate AMBI (M-AMBI) and Bentix to trace ecological
status changes over time in anthropogenically im -
pacted habitats to better assess baseline conditions
for adequate restoration and management planning
activities (Dietl et al. 2016, Leshno et al. 2016, Tweit-
mann & Dietl 2018, Caswell et al. 2019). However,
several studies from the NAS showed that these
indices can generate inconsistent results (Simonini et
al. 2009, Munari & Mistri 2010, Nerlović et al. 2011)
because they require a robust assignment of species
to sensitivity groups based on the existence of pris-
tine reference conditions at least somewhere in the
study area. Analyses of LD mismatch can better in -
form such assignments by identifying species sensi-
tivity by their under- or overrepresentation in DAs.
At sites affected by high sedimentation rates, as in
the case of the Po Delta system (Trincardi et al. 2020)
and/or high disintegration of skeletal remains, how-
ever, DAs can be dominated by recent cohorts, and
the signal of historical baselines can be dampened in
LD analyses (Tomašových et al. 2018). This makes
inferences based on LD mismatch alone challenging.
Therefore, an independent assessment of ecological
history derived from core analysis and age dating
can validate the LD approach. In the present paper,
we use results from our previous studies (Gallmetzer
et al. 2017, 2019, Tomašových et al. 2018, 2019) to
relate LD mismatch to time-averaging and to geo-
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graphic gradients in grain size composition, sedi-
mentation rate, and sediment organic content. We
assess (1) whether the degree of mismatch between
LAs and DAs serves as a proxy for the magnitude of
change experienced by mollusc communities in dif-
ferent regions of the NAS; (2) whether the direction
of change on the compositional and functional level
identifies winners and losers of ecological shifts; and
(3) whether the anthropogenic drivers responsible for
the mismatch between LAs and DAs can be detected.
Due to the long history of human impact in the NAS,
we expect to find LD mismatch at all sampling sta-
tions, but to a varying degree and with different
characteristics depending on the type of habitat and
on the amount of time covered by the DA. Further-
more, we hypothesise that stations protected from BT
display a lower level of LD mismatch than their
unprotected counterparts, as documented in studies
where LD mismatch was strongly determined by
trawling (Kidwell 2007). Our study is one of the few
with a basin-wide approach and with the advantage
of transcending the limited temporal scope of most
ecological investigations focusing on recent assem-
blages. Thus, it provides a new, geographically and
temporally comprehensive perspective on the eco-
logical dynamics shaping benthic soft-bottom com-
munities impacted by long-lasting anthropogenic
pressures.

2.  MATERIALS AND METHODS

2.1.  Setting

The NAS, with an average depth of ~35 m (Fig. 1),
is characterised by a high freshwater input in the west-
ern sector, mainly via the Po River and other smaller
Italian rivers such as Adige and Isonzo (Marini et al.
2008). Because the Po River drains the entire north
Italian plain which harbours Italy’s most productive
industrial and agricultural areas, its waters discharge
large amounts of nutrients and sediments into the
basin, making it one of the most productive regions
of the entire Mediterranean Sea (Zavatarelli et al.
1998). The prevalent circulation pattern is cyclonic,
thus large portions of the riverine sediment load are
deposited in the form of a sediment belt along the
Italian coastline (Palinkas & Nittrouer 2007, Zuschin
& Stachowitsch 2009, Tesi et al. 2011). Sedimentation
rates vary from <1 mm yr−1 in sediment-starved cen-
tral and eastern areas, to 10−20 mm yr−1 off the Po
Delta (Palinkas et al. 2005, Tomašových et al. 2018,
Gallmetzer et al. 2019) and ~10 mm yr−1 in the north-

ern parts of the Gulf of Trieste (Covelli et al. 2006,
2012). The NAS ranks among the marine regions
with the highest anthropogenic impact worldwide
that reaches back beyond Roman times (Jackson et
al. 2001, Lotze et al. 2011). Eutrophication, pollution
and anoxic events peaked during the 1980s and 1990s,
and fisheries, particularly BT, experienced exponen-
tial growth rates in the second half of the 20th cen-
tury (Justić 1991, Degobbis et al. 2000, Danovaro et
al. 2009, Fortibuoni 2009, Djakovac et al. 2015).

2.2.  Sampling

Sampling was carried out in summer 2014 using a
Van Veen grab with a ground area of 0.125 m2

(length 36 cm × width 34 cm) and a penetration depth
of ~15 cm. The 8 sampling stations cover various sedi-
ment types, depths, sedimentation regimes, sediment
nutrient concentrations and degrees of exposure to
BT (Fig. 1, Table 1; Table S1 in Supplement 1 at www.
int-res. com/ articles/ suppl/ m671 p045 _ supp1 . pdf).
Stns Po 4 and Piran 1 are located within the peri -
meter of oceanographic buoys, and Stn Brijuni is
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Fig. 1. The 8 sampling stations in the northern Adriatic Sea.
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within the boundaries of a marine protected area
(MPA). At each sampling station, 8 replicates were
taken, thus covering ~1 m2 of seafloor. Except for
Stn D, 1.5 m long sediment cores were collected and
within-core trends in molluscan composition ana-
lysed for Stn Panzano (Gallmetzer et al. 2017,
Tomašových et al. 2017), Stn Brijuni (Schnedl et al.
2018), Stns Piran 1 and Piran 2 (Mautner et al. 2018,
Tomašových et al. 2019), Stns Po 3 and Po 4 (Toma šo -
vých et al. 2018), and Stn Venice (Gallmetzer et al.
2019). Shells of the most common bivalve species in
cores (Varicorbula gibba for the 2 Po stations and for
Stn Panzano, Gouldia minima for the 2 Piran stations,
Timoclea ovata for Stn Brijuni, and Lucinella divari-
cata for Stn Venice) were dated with 14C-calibrated
amino acid racemisation (Gallmetzer et al. 2017,
2019, Tomašových et al. 2017, 2018, Mautner et al.
2018, Schnedl et al. 2018). The interquartile (IQR)
age range, based on post-mortem ages of dated mol-
luscan shells from the uppermost 15 cm (correspond-
ing to the maximum penetration depth of the grab
sampler) characterises the extent of time-averaging
of the DA at each station. From core sediments, a
grain size analysis was performed and average net
sedimentation rates over the last ~100 yr were calcu-
lated by means of 210Pb sediment dating and based
on down-core profiles of 14C-calibrated shell ages.

To account for changes in sediment composition
and organic enrichment over the time span covered
by the DA, measurements for total nitrogen (TN),
total organic carbon (TOC), and percentage of silt (%
silt) were considered down to a core depth whose
mean age (derived from the age distribution of shells
in this layer) corresponded to the upper limit of the
IQR in the surface DA (the mean of an exponential
age distribution is similar in magnitude to the IQR of
that distribution). Means and SDs of these values
were used as indices of sedimentary conditions and

environmental variability, respectively, together with
IQR in a principal component analysis (PCA) to re -
veal the relative influence of these factors on LD
fidelity.

Each grab was sieved through a 1 mm mesh on
the day of sampling, and all living fauna >1 mm
were collected separately and stored in 70%
ethanol. The dried molluscan DA was picked out in
the lab using stereomicroscopes. At stations with
very shell-rich DAs, only part of the grabs was used
for DA analysis: 1 grab for Piran 1, Piran 2, Brijuni,
and Stn D, 2 grabs for Stn Venice, and 3 for Stn
Panzano. For the samples of the 2 Po Delta stations
containing fewer dead shells, 6 and 7 grabs, respec-
tively, were included in the analysis. All living spec-
imens and dead mollusc shells were counted and
identified to species level. For bivalves, only com-
plete valves and fragments with preserved umbo
were considered. Species abundance was calculated
by dividing the number of single valves by 2 and
adding the count of articulated specimens. In gas-
tropods and scaphopods, the presence of the shell
apex was the inclusion criterion. For chitons, the
number of dorsal plates was divided by 6, and the
higher number of either cephalic or anal plates was
added. In order to detect LD mismatch on the func-
tional level, mollusc species were attributed to feed-
ing guilds and categorised according to the type of
substrate relation and vegetation association (Gall-
metzer et al. 2019). In addition, species were cate-
gorised with respect to their sensitivity to BT
 following Kidwell (2009). This category includes all
facultatively or obligately byssate bivalves, and all
epifauna. For the complete dataset with species
abundances and functional categorisation, together
with the list of literature used for ecological species
characterisation, see Dataset S1 in Supplement 2 at
www. int-res. com/ articles/ suppl/ m671 p045 _ supp2 .xls.

48

Stn            Mean    Mean TOC  Mean TN      SD         SD        SD      Q1       Q3      IQR         No. of          Species dated
                 % silt        (% dw)        (% dw)     (% silt)    (TOC)    (TN)     (yr)       (yr)       (yr)     dated shells

Po 3            60.9            1.66             0.138         0.93        0.11     0.008      5          15         10             49          Varicorbula gibba
Po 4            55.0            1.73              0.14          2.59        0.06     0.004      3           7           4               57                  V. gibba
Panzano     51.3            1.57              0.14          1.10        0.05     0.004     15         53         38            107                 V. gibba
Brijuni        44.2            1.48              0.12          3.48        0.15     0.017    118      1578    1460           57             Timoclea ovata
Piran 1       17.8            0.86             0.084         2.84        0.14     0.018    826      2550    1724           88            Gouldia minima
Piran 2       13.9            0.61             0.044         2.36        0.02     0.013    752      2713    1961           87                 G. minima
Venice        0.5             0.13              0.01          0.18        0.05     0.002     88       2257    2169          129        Lucinella divaricata

Table 1. Sediment type (percentage of silt), sediment nutrient concentration (percentage of dry weight) of total organic carbon
(TOC) and total nitrogen (TN), their standard deviation (SD) as proxy for changes of these parameters within uppermost 15 cm
of sediment column, and interquartile range (IQR) of shell ages as proxy for time-averaging for all sampling stations except 

Stn D (values not available). Q1: 25th percentile; Q3: 75th percentile of shell ages

http://www.int-res.com/articles/suppl/m671p045_supp2.xls
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2.3.  Data analyses

Non-marine mollusc shells and specimens not de -
termined to species level were excluded from analy-
ses. Three metrics were used to quantify differences
in composition, richness, and evenness be tween LAs
and DAs: Bray-Curtis dissimilarity (BC), Delta S (ΔS,
rarefied to the sample size of the corresponding LA),
and the probability of interspecific encounter (ΔPIE).
We also assessed LD mismatch with Spearman rank
order correlation (Spearman’s ρ) and Jaccard-Chao
similarity (JC), as these indices have been frequently
used in previous LD studies (see Text S1 and Fig. S1
in Supplement 1).

Non-metric multidimensional scaling (NMDS, cal-
culated for 2 dimensions) was used to analyse gradi-
ents in taxonomic and functional composition be -
tween LAs and DAs. This analysis is performed at 2
spatial scales — on the level of individual and of
pooled grabs for each station, using BC dissimilarity
based on square root-transformed relative abun-
dances. Although the number of specimens per grab
varies considerably, and within-station variability in
composition among grabs is inflated by grabs with a
low number of specimens, the grab-level analysis
still allows us to test for within-station differences
between LAs and DAs. SIMPER was used to identify
species or functional groups contributing the most to
LD mismatch (Clarke 1993). Within-station composi-
tional mismatch between LAs and DAs at the grab
scale for stations with multiple grabs (Po, Panzano)
was assessed with PERMANOVA and with between-
centroid BC dissimilarity (Tomašových & Kidwell
2011). At the station scale, LD mismatch was repre-
sented by simple BC dissimilarity subsampled to the
smallest sample size per station (n = 41). Finally, we
used the Mantel test to assess whether spatial varia-
tion in composition between LAs is comparable to
spatial variation in composition between DAs, i.e.
whether BC dissimilarities between LAs and be tween
DAs are correlated. As sample sizes of DAs exceeded
those of LAs, DAs were resampled without replace-
ment to the mean sample size of LAs at each station.
BC dissimilarities and PERMANOVA test statistics
based on resampled DAs were computed 1000 times.
The results were quantitatively similar to those based
on raw proportional abundances, and we therefore
report the results based on raw data.

We assessed the relationship between time-aver-
aging and LD mismatch (expressed as BC, ΔS, and
ΔPIE) with a Spearman rank correlation. Dissimilari-
ties between local assemblages are biased down-
ward owing to sample size limitation (Lande 1996).

The magnitude of this bias depends on the rank-
abundance distribution of the parent community or
metacommunity that represents the source for the
local samples (He & Legendre 2002). Pairs of local
assemblages drawn from communities with higher
evenness will thus show stronger LD mismatch than
samples derived from an uneven community (Toma -
šo vých & Kidwell 2010). Hence, a natural gradient in
evenness can generate a gradient in LD mismatch
even when other factors affecting LD mismatch do
not vary between stations. Therefore, we computed 2
null models that predict LD mismatch at station scale
in the absence of other effects (e.g. recent ecological
change owing to anthropogenic impacts, differences
in post-mortem biases, or differences in time-averag-
ing). First, we pooled replicates of DAs at the station
scale and randomly selected 2 samples that were
subsampled to the smallest sample size observed in
both LAs and DAs (n = 41). The same procedure was
applied to LAs at the station scale. In both cases,
the mean null-model LD mismatch is represented by
the BC dissimilarity averaged across 1000 pairwise
comparisons. Statistical analyses were performed in
RStudio version 1.2.1335 using the ‘vegan’ package
(Oksanen et al. 2016, RStudio Team 2018).

3.  RESULTS

3.1.  Environmental characterisation of 
sampling stations

The 8 stations can be divided into 2 groups. The
first group, Stns Po 3, Po 4 and Panzano, is influenced
by river deltas (Po River, Isonzo River) and charac-
terised by muddy sediments, moderate to high net
sedimentation rates (up to 2.6 cm yr−1 at Po, Table S1),
elevated concentrations of TOC and TN, and low
time-averaging (IQR from 4 yr at Stn Po 4 to 38 yr at
Stn Panzano, Table 1). Living molluscan assem-
blages at all 3 stations are dominated by the bivalve
Varicorbula gibba. The remaining stations form a
second group and are located either offshore in the
Gulf of Venice (Stns D and Venice) or in the eastern
part of the NAS. Net sedimentation rates (<0.1 cm
yr−1) and concentrations of TOC and TN in sediments
are low, and sediments are more coarse-grained than
in the first group, ranging from sandy muds with
molluscan and bryozoan gravel (Stn Brijuni) to
muddy sands (Piran, Stn D) and siliciclastic sand (Stn
Venice). Time-averaging is consistently high at Stns
Venice, Brijuni and Piran (from ~1500 to 2200 yr,
Table 1).
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3.2.  LD mismatch in richness and evenness

In total, 60 271 mollusc individuals were deter-
mined to species level. Of these, 3.9% were living
and 96.1% dead specimens (Table 2). The DA con-
sisted of 43% gastropods, 56% bivalves, and 1% sca -
pho pods and chitons. In the LA, bivalves amounted
to 92%, while gastropods contributed 7% and sca -
phopods and chitons 1%. The DAs with the highest
number of shells were found at the 2 Piran stations
with >18 000 dead shells 0.125 m−2 and 152 species
each. The live mollusc community was most abun-
dant at Stn Panzano, with 1441 animals m−2, of which
~88% belonged to the bivalve species V. gibba
(Fig. 2a). The overall, regional-scale DA contained
245 mollusc species, more than 4 times the number of
species found in the pooled LA (59 species).

Rarefied species richness of DAs at station scale
(standardised to 1090 individuals) is low at the 3 sta-
tions with high net sedimentation rate (Stns Po 3,
Po 4, and Panzano, 42−64 species) and higher at
the other stations (84−109 species). The relationship
 be tween rarefied richness of DAs and their time-
averaging (IQR) is positive (Spearman r = 0.71, p =
0.08). The correlations between IQR and the species
richness of LAs at the level of observed (Spearman
r = 0.54, p = 0.21) and rarefied numbers (Spearman
r = 0.53, p = 0.23) are positive, but not significant,
although this is probably driven by the small number
of stations.

At Stns Po 3, Po 4, Panzano and Brijuni, 100% of
the species found alive were also found in the DA.
This percentage decreased at the other stations and
reached the lowest value (83%) at Stn D, where 5 of
the 29 live species were restricted to the LA. Four of
these species were tellinoid bivalves (Abra nitida,
Moerella pulchella, Peronaea planata, Gari costu-
lata) characteristic of organic-rich fine-grained sedi-

ments where they live deeply burrowed (up to at
least 20 cm) as detritus feeders (Yonge 1946, Wilson
1979, Gofas et al. 2011). The percentage of dead spe-
cies found alive was highest at the western stations
(31% at Stn Po 4) and smallest (10%) at Stn Brijuni.

At 7 out of 8 stations, the DA is more species-rich
than the LA based on raw and rarefied data (Tables 2
& 3, Fig. 2c,d). The mean rarefied dead:live richness
ratio of the whole mollusc assemblage (all stations
pooled) is ~1.8 (Fig. 2d, Table 3). In accordance with
this, ΔS is positive at most stations (ranging from 0.11
to 0.48, Table 3) and slightly negative only at Stn
Piran 1 (ΔS = −0.04). ΔPIE is positive at 6 stations,
close to zero at Stn Po 4, and negative at Stn Piran 1
(Table 3). The high abundance of Nucula nucleus in
the LA at Stn Brijuni, and the dominance of V. gibba
and N. nucleus in the LA at Stn Po 3 account for the
smaller PIE of LAs at these stations (Table 3). Despite
the higher species richness in both DAs and LAs at
stations with low sedimentation (and, thus, higher
IQR), the relationship between IQR on the one hand
and ΔPIE and ΔS on the other hand is weakly nega-
tive and not significant.

3.3.  LD mismatch in species composition 
and abundance

A comparison of the 5 most abundant species in the
DA and LA at each station reveals a major turnover
in molluscan abundances (Fig. 3). At the 2 Po sta-
tions, V. gibba is the dominant species both in the LA
(Po 3: 41%, Po 4: 26%) and the DA (Po 3: 33%, Po 4:
39%). N. nucleus, a sub-surface detritus feeder
(Yonge 1939), reaches high relative abundances only
in the LA (Po 3: 32%, Po 4: 31%). Conversely, the
invasive bivalve Anadara transversa that was intro-
duced in the NAS in the 1970s (Albano et al. 2018) is
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Stn                               N DA               N LA            Sobs DA         Sobs LA         Srar DA         Srar DA               Srar DA 
                                                                                                                                (min. 41)       (min. 1090)       (LA sample size)

Po 3                             1090                 111                   40                     9                    6.5                 42.0                       16.6
Po 4                             2854                 210                   58                   15                   9.3                 44.4                       27.1
Panzano                       2382               1441                 75                   22                   4.9                 63.9                       65.6
Station D                     4452                 232                 121                   29                  13.2                 86.9                       44.2
Brijuni                         2978                 41                   137                   14                   14                 108.9                      22.9
Piran 1                       22 168                 64                   152                   22                  17.6                 86.3                       20.6
Piran 2                       17 976               166                 152                   26                  13.5                 84.2                       33.6
Venice                         3730                 94                   128                   18                  12.8               107.2                      34.9
Total community       57 912               2359                 245                   59                  11.4               112.5                     130.5

Table 2. Number of mollusc shells found (N), observed number of species (Sobs), and rarefied number of species (Srar), stan-
dardised to 41 (smallest living assemblage [LA] at station scale) and 1090 individuals (smallest death assemblage [DA] at 

station scale) and for DAs to the corresponding LA sample size
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Fig. 2. (a) Abundances of death assemblages (DAs) and living assemblages (LAs) per station and for the total assemblage on a
logarithmic scale. (b) Observed number of species (S) in DAs and LAs per station. (c) Rarefaction at minimum sample size per
station (equivalent to pooled LA sample size per station); boxplot shows distribution of dead:live (D:L) species richness ratio
within stations. Median, interquartile range, minimum and maximum values and an outlier (corresponding to Stn Panzano)
are shown. (d) Scatterplot of live−dead (LD) differences in evenness (probability of interspecific encounter, ΔPIE) and rarefied
species richness (ΔS) between DAs and LAs per station and for the total assemblage. Note distant position of Stn Panzano 

caused by an individual-rich and highly uneven LA due to the dominance of Varicorbula gibba

Stn             % L → D     % D → L    Ratio Sobs D:L   Ratio Srar D:L        ΔS            ΔPIE        Spearman’s ρ         JC           BC

Po 3                100             22.5                 4.44                    1.85              0.267          0.121               0.574             0.608       0.470
Po 4                100             31.3                 3.20                    1.81              0.257        −0.004              0.431             0.707       0.513
Panzano         100             29.3                 3.41                    2.98              0.475          0.659               0.487             0.636       0.569
Station D       82.8             19.8                 4.17                    1.52              0.183          0.025               0.371             0.807       0.555
Brijuni            100             10.2                 9.79                    1.63              0.213          0.142               0.293             0.479       0.698
Piran 1           95.5             13.8                 6.91                    0.94            −0.029       −0.036              0.350             0.699       0.704
Piran 2           88.5             15.1                 5.85                    1.29              0.112          0.054               0.248             0.380       0.750
Venice           94.4             13.3                 7.11                    1.94              0.287          0.081               0.315             0.606       0.648

Table 3. Percentage of living mollusc species also found dead (% L→D), percentage of dead species also found alive (% D→L),
ratios of dead to live species richness for observed (Ratio Sobs D:L) and rarefied number of species (Ratio Srar D:L), and fidelity
measures used for live−dead (LD) analysis: Delta S (ΔS), probability of interspecific encounter (ΔPIE), Spearman’s ρ, Jaccard-

Chao index (JC), and Bray-Curtis dissimilarity (BC)
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Fig. 3. Relative abundances of the 5 most common species in death assemblages (DAs) and living assemblages (LAs) at Stns (a)
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spp., Papillicardium minimum, Parvicardium scabrum, Tritia pygmaeus)
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found frequently in the DA (Po 3: 14%, Po 4: 16%),
but was not found alive. At Stn Panzano, the abun-
dance of V. gibba in the LA is exceptionally high
(88%), whereas the DA is also dominated by V. gibba
but with a lower abundance (27%). Other taxa that
are abundant in the DA are rare in the LA. The LA
and DA at Stns D and Venice share the most abun-
dant species, whose relative abundance, however,
differs markedly (Fig. 3). As in other stations, grazing
species such as Bittium reticulatum, frequent in the
DA, do not occur in the LA. The Piran stations stand
out because their most abundant dead species (Goul-
dia minima, Cerithidium submammillatum, B. latreil-
lii) are rare or absent in the LA, whereas mud-associ-
ated species such as Timoclea ovata or M. distorta
dominate in the LA. In the LA of Stn Brijuni, N.
nucleus, a species with preference for fine nutrient-
rich sediments, and T. ovata increase strongly in their
relative abundance compared to the DA. Papilli-
cardium minimum and the epifaunal bivalve Anomia
ephippium, among the 5 most important members of
the DA, are absent in the LA. In summary, the spe-
cies contributing most to LD mismatch at the station
scale are (1) the bivalves V. gibba, N. nucleus, and T.
ovata, whose proportional abundance increased
strongly in the LA, and (2) several epifaunal gas-
tropods (e.g. C. submammillatum and Bittium spp.)
and bivalves associated with coarser sediments (e.g.
G. minima, Parvicardium scabrum), which are promi-
nent in the DA but absent or reduced in the LA.

Within-station analyses indicate significant differ-
ences in species relative abundances when grabs are
used as replicates and the number of grabs per DA
>2 (F [Stn Po 3] = 14.1, p = 0.003; F [Stn Po 4] = 17, p =
0.001; F [Stn Panzano] = 18, p = 0.01; F [Stn Venice] =
5.8, p = 0.046; F [Stns Piran 1 and 2 pooled] = 6.5, p =
0.018), with no overlap in NMDS (Fig. 4a). DAs are
clearly separated from each other and from their cor-
responding LAs, while LAs from stations with high
time-averaging (Piran, Brijuni and Venice) overlap
and separate from stations with low time-averaging
(Po, Panzano). If grabs are pooled to stations, the 8
LAs also do not overlap with their corresponding
DAs in the NMDS (Fig. 4b, PERMANOVA F = 4.1, p =
0.01). The shift from the DA to its corresponding LA
follows the same direction in the 2-dimensional
space at all stations, and the distance between DAs
and corresponding LAs is larger at stations with
highly time-averaged DAs than at Po and Panzano.

The first NMDS axis captures the overall gradient
in species composition that separates stations with
low net sedimentation rate (low content of silt, TOC
and TN) from those with high net sedimentation rate

(high content of silt, TOC and TN). NMDS axis 1 cor-
relates significantly with TOC for both LAs (Spear-
man r = 0.96, p = 0.003) and DAs (Spearman r = 0.96,
p = 0.007). The Mantel test that contrasts BC dissimi-
larities among LAs with those among DAs shows a
high Pearson correlation (Fig. 5a, Pearson r = 0.83,
p = 0.001). Therefore, in spite of the overall composi-
tional shift between LAs and DAs, both LAs and DAs
are ordered similarly along an environmental gradi-
ent characterised by a decline in net sedimentation
rate, grain size and sediment organic content. Both
grab-scale and station-scale BC dissimilarities are
highest at the Piran stations, as the 4 most abundant
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species of the DA are not present in the LA (Table 3,
Fig. 5). At the other stations with high time-averag-
ing (Brijuni and Venice), dissimilarities are also
higher than at the stations with low time-averaging

(Po and Panzano). Here, V. gibba, Kurtiella bidentata
and N. nucleus are within the 5 most abundant spe-
cies in both DAs and LAs, and hence, dissimilarities
are smaller (Fig. 5).
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3.4.  Gradients in functional composition

The most important functional changes driving LD
mismatch are evident on the level of feeding guilds
(Fig. 6a). Filter-feeding and detritus-feeding increase
strongly in the LAs and become the dominant feed-
ing types at all stations. Conversely, grazers, the sec-
ond most important feeding guild in the DAs of low-
sedimentation stations, are virtually absent in the
LAs, and carnivores, scavengers und herbivores also
decline (Fig. S2 in Supplement 1).

LAs are characterised by a substantial loss of abun-
dance and diversity of epifaunal species. In the DAs,
they constitute ~43% of all individuals and, on aver-
age, ~48 ± 6% of species, and drop to a mere 2.1%
and 17.6 ± 12% in abundance and species, respec-
tively, in the LAs. This massive decline, which is par-
ticularly evident at Stns Piran, Brijuni and Venice, is

compensated by an increase in abundance of infau-
nal species, which make up between 73% and 100%
in the LAs. The ordination of feeding guilds sepa-
rates DAs and LAs along the first axis (Fig. 6b). The
DAs of Stns Panzano, Po 3 and Po 4 are closest to the
LA group, emphasising the functional affinity be -
tween DAs and LAs in muddy habitats. An increase
in abundance of filter- and detritus-feeders (SIMPER:
29% and 28%, respectively) and the absence of graz-
ers (SIMPER: 23%) in the LA contribute ~80% to the
overall functional LD mismatch. Axis 1 of the NMDS
plot thus reflects a gradient of increasing filter/detri-
tus-feeding and decreasing grazing.

3.5.  Relationship between LD mismatch,
 environmental variables, and time-averaging

PCA based on environmental variables shows the
tight covariation of grain size with concentrations of
TOC and TN (Fig. 7) aligning along the first axis,
which explains 56% of environmental, between-
 station variation. BC dissimilarity correlates positively
with time-averaging (IQR, Fig. 5b) at the grab (Fig. 5e,
r = 0.71, p = 0.08) and station scale (r = 0.75, p = 0.07).
The same rank correlations apply to the relationship
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between concentrations of TOC, TN and the silt per-
centage on the one hand, and BC dissimilarity on the
other (r [grabs] = 0.75, p = 0.07; r [stations] = –0.78,
p = 0.04; Fig. 5f). The environmental gradient under-
lying differences in BC dissimilarity is also illustrated
by larger distances between low-sedimentation sta-
tions and higher distances between high-sedimenta-
tion stations in the NMDS (Fig. 4a,b).

However, the null-model LD dissimilarities (based
on both LAs and DAs) also increase towards stations
with low sedimentation rates, paralleling the general
increase in evenness of benthic communities (Fig. 5d).
Therefore, the LD mismatch increase towards sta-
tions with low sedimentation is expected even if other
sources of mismatch would not increase along this
gradient. The correlation between the null-model LD
dissimilarities and IQR is positive for DAs (Fig. 5d, r =
0.82, p = 0.03), and positive but not significant for
LAs (r = 0.5, p = 0.26). Hence, the geographic gradi-
ent in compositional mismatch, with higher LD mis-
match at low-sedimentation stations, is to some degree
determined by a higher evenness of habitat-specific
species pools at sites with low sedimentation rate.
The stratigraphic variability in TOC, TN and silt per-
centage (mainly contributing to the second PCA axis)
does not correlate with the LD BC dissimilarity in any
comparisons.

3.6.  Species sensitive to BT

Relative abundance and richness of BT-sensitive
species is considerably higher in the DAs of all sta-
tions (Fig. 8a,b). At Brijuni, the station with the high-
est level of protection, LD differences in sensitive
species are least pronounced. At Stn Po 4, the LD
mismatch is also pronounced, but in contrast to its
unprotected counterpart Po 3, some sensitive species
are still present in the LA. At the paired Piran sta-
tions, this pattern is reversed, with an in creased rich-
ness of live sensitive species at the unprotected sta-
tion Piran 2 and equal species abundances in both
protected and unprotected LAs.

4.  DISCUSSION

Two main patterns of LD mismatch follow from our
analyses. First, living and dead mollusc assemblages
displayed compositional and functional differences
that showed a similar trend at all stations, in spite of
major differences in grain size, organic enrichment,
and time-averaging between them. These differ-
ences are primarily represented by an abundance
increase of infaunal bi valve species in LAs associated
with muddy, organic-rich sediments, a decline of epi-

56

Re
la

tiv
e 
ab

un
da

nc
e

Abundance of
BT−sensitive species

Briju
ni

Stat
ion

 D

Pa
nz
an

o

Pira
n 1

Pira
n 2Po 3 Po 4

Ve
nic

eRe
la

tiv
e 

sp
ec

ie
s 

ric
hn

es
s Richness of 

BT−sensitive species
DA
LA

Briju
ni

Stat
ion

 D

Pa
nz
an

o

Pira
n 1

Pira
n 2Po 3 Po 4

Ve
nic

e

b)a)

2000 20171975
0

5

C
at

ch
 (1

03  t
)

10

15

20

Venice

NAS
Chioggia

Trieste
SLO

c) Benthic fisheries landings history for the NAS)

0.0

0.2

0.4

0.6

0.8

0.0

0.2

0.4

0.6

0.8

1902 1925 1950

Fig. 8. (a) Proportional abundance of
species sensitive to bottom trawling
(BT) in death assemblages (DAs) and
living assemblages (LAs) per station.
(b) Relative richness of BT-sensitive
species. (c) Time series of official
benthic catches (fish, molluscs, and
crustaceans) for individual Italian
fish markets (Venice, Trieste, and
Chioggia), for Slovenia (SLO), and for
the upper northern Adriatic Sea (NAS;
Italian catches only, regions Friuli-
Venezia-Giulia and Veneto, regions
selected to best match sampling area);
data in (c) compiled from Fortibuoni 

et al. (2017)



Haselmair et al.: Anthropogenic change in benthic mollusc communities

faunal gastropods, and a functional impoverishment
with a strong dominance of filter- and detritus feed-
ers, an almost complete loss of grazers, and a de -
crease of carnivorous and herbivorous species in the
living community. Second, LD mismatch increases to
some degree with increasing grain size, decreasing
organic enrichment, and increasing time-averaging.
However, this gradient is partly determined by natu-
ral geographic gradients in evenness, even in non-
time-averaged LAs. Random subsampling from even
communities generates higher dissimilarities as ran-
dom sampling of less-even communities, indicating
that the stronger LD mismatch at stations with low
sedimentation were not necessarily affected by
stronger anthropogenic impacts. Although LD mis-
match can arise from a true ecological shift in compo-
sition, with LAs reflecting the establishment of a new
community state adapted to new environmental con-
ditions (Kidwell 2007), several other factors can gen-
erate significant LD discordance (Kidwell & Tomaš -
ových 2013, Bürkli & Wilson 2017). These factors
include undersampling of living communities, tapho-
nomic biases generated by inter-specific differences
in species durability, transport from other habitats,
and time-averaging.

4.1.  Undersampling, differences in durability, 
and transport effects

Several lines of evidence indicate that LD mis-
match is not determined by undersampling of LAs.
First, at each station, 8 replicates were taken, adding
up to a total area of ~1 m2 of sampled seafloor, a unit
well within or beyond the range of sample areas used
in comparable studies (e.g. Weber & Zuschin 2013,
Zuschin & Ebner 2015). Second, size-standardised
analyses at both the grab and station scales, with
sample sizes of DAs rarefied to the sample sizes of
LAs at each station, show the same segregation pat-
tern in the ordination space as non-standardised ana -
lyses. Third, dissimilarities based on the null model
where 2 subsamples are either drawn from the single,
station-specific LA or DA are smaller than ob served
in empirical data at the same sample size (Fig. 5d,e).

Post-mortem transport and accumulation of species
from other habitats in the DAs is also unlikely
because all sampling stations except for Brijuni are
located on a relatively uniform and shallow shelf not
affected by transport of faunal elements from coastal
hard bottoms. In addition, stations are located at
water depths largely unaffected by wind-induced
currents and influenced mainly by tidal currents or

the regional circulation system that cannot erode
larger shells from the sediment and achieve cross-
shelf transportation (e.g. Breman 1978). Also, for the
Po and Panzano stations which can be affected by
erosion from storm waves (Lipizer et al. 2012, Tesi et
al. 2012), our previous analyses based on abun-
dances of dated shells of Varicorbula gibba showed
that the 20th century shell record is complete at the
scale of decades (Tomašových et al. 2017, 2018). In
contrast to steep, narrow shelves (Dominici & Zuschin
2005) and to deltaic settings (Trincardi et al. 2020),
the effect of out-of-habitat transport is generally far
less common on wide shelves as in most parts of the
NAS (Collins 1986, Kidwell & Bosence 1991, Kidwell
2008, 2013).

At stations with low sedimentation rates, mollusc
communities feature several species that are moder-
ately or highly abundant alive but rare or completely
missing in the DA. If these species are particularly
fragile, and the species overrepresented in the DA
are more durable, this can be generated by a tapho-
nomic bias, because disintegration rates are ex pected
to be higher in species with small, fragile shells (Kid-
well 2002, Kosnik et al. 2009). Species such as Phaxas
pellucidus, or Hyala vitrea and Cylichna cylindracea,
are highly abundant in the LA and rare or missing in
the respective DA (Fig. 3). Their underrepresentation
in DAs, thus, can be interpreted as a consequence of
low shell durability. On the other hand, species with
robust shells are not overrepresented in the DA but
occur in similar numerical proportions (abundant in
LAs, rare in DAs) as the above-mentioned fragile
species (e.g. Timoclea ovata and Moerella distorta at
Piran, Eulima glabra at Stn Brijuni, Turritellinella tri-
carinata at Stn D, Fig. 3). T. ovata is not only abun-
dant in the DA of Stn Brijuni but also throughout a
sediment core from this location covering the entire
Holocene (Schnedl et al. 2018, Gallmetzer et al.
2019), which indicates that its rarity in the DAs at
Piran is not caused by higher disintegration. Finally,
species overrepresented in DAs, including Gouldia
minima or Cerithidium submammillatum at Piran,
Parvicardium scabrum at Stn D, or Kurtiella biden-
tata at Stn Panzano, possess shell size, thickness and
structural attributes that are comparable to most
other species and thus are not unusually durable.

Therefore, the absence or scarcity of an abundant
live species in the DA, or shifts in rank abundance
between LA and DA, do not reflect undersampling,
interspecific differences in durability or transport
effects, but rather document past ecological shifts in
species and functional community composition in the
wake of environmental change. This inference is fur-
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ther supported by the observation that most species
with high incidence alive and rare in the DA belong
to the same functional category of soft-sediment
infaunal, organic-loving suspension or deposit feed-
ers, while many of the dead-only species are epifau-
nal taxa associated with detritic bottoms or vegeta-
tion. This regionally consistent turnover on the
functional and live-habit level most likely mirrors a
shift in ecological conditions.

4.2.  Time-averaging

With increasing time-averaging, the composition of
DAs is expected to diverge from LAs as within-habi-
tat species fluctuations become more likely, domi-
nant species become less abundant, and rare species
can accumulate. The magnitude of this change de -
pends on the evenness of the regional or habitat-spe-
cific species pool, on the extent of dispersal limitation
between the species pool and local assemblages, and
on temporal habitat variability at local scales (Toma -
š o vých & Kidwell 2009). In our study, the effect of
time-averaging on LD mismatch is indicated by the
significantly positive correlation be tween the IQR
and BC dissimilarity. As IQR covaries negatively with
net sediment accumulation rate and grain size and
positively with organic enrichment (Fig. 7), LD mis-
match also increases towards sites with coarse and
organic-poor substrates. However, the increase in
richness of DAs at more time-averaged stations can
also be a direct consequence of naturally more
diverse habitats with coarse sediments and low sedi-
ment accumulation rate rather than a secondary
effect of time-averaging because the relationship
between LD mismatch in composition and time-aver-
aging observed in our study is predicted by the null
model (Fig. 5d). This model indicates that among-site
variability in LD mismatch is driven by a higher
evenness of the habitat-specific species pool at sites
with low sedimentation rate. These habitats are less
disturbed and less organic-enriched and experi-
enced hypoxia less frequently than sites at the Po
Delta or in the Gulf of Trieste, and can hence support
a higher species diversity. In turn, some variation in
LD mismatch is associated with very limited time-
averaging, i.e. DAs at the Po stations cover only a few
years and thus do not effectively trace pre-anthro-
pogenic community states. At these stations, sedi-
ments deposited during the late 20th century are
found in core depths up to 70−80 cm (Tomašových
et al. 2018). Although some older shells tend to be
moved to the uppermost layers by burrowers, surface

DAs likely underestimate community states that
existed prior to the major eutrophication and pollu-
tion of the shelf in the late 20th century. For example,
baseline communities found below 70−80 cm were
characterised by high abundance of Turritellinella
tricarinata, which is rare in surface DAs. Rather, the
LD mismatch observed at these stations at grab
scales is thus underestimating the magnitude of eco-
logical shift that occurred in this region.

Although time-averaging can disproportionately
increase the relative abundance of rare species in
DAs, the number of species with only 1 or 2 individu-
als in our DAs is not consistently higher at stations
with high time-averaging (e.g. 33 rare species at Stn
Venice [IQR = 2169 yr], 30 at Stn Panzano [IQR = 38
yr], 52 at Stn Brijuni [IQR = 1460 yr]). Furthermore, if
species are abundant in the DA and absent in the LA,
it is unlikely that this LD mismatch is caused by time-
averaging; rather, it indicates that these species were
dominant in the past and are now waning or extir-
pated in the wake of ecological change (Kidwell
2013). This is the case for several species at all sam-
pling stations. Especially at Stns Piran 1 and 2, the
most dominant species of the DA are either dead only
or rare in the LA (Fig. 3; notably, many of these spe-
cies are epifaunal or, if infaunal, associated with
coarser grain size than prevailing at present).

Rarefied species richness of individual stations
(Table 2) does not consistently increase with time-
averaging. DAs at Stn Panzano, characterised by low
time-averaging, feature the highest rarefied species
richness owing to the high number of live specimens
found at this station. Conversely, at Stn Piran 1, rar-
efied species richness of the DA is even smaller than
the number of species collected alive. These results
deviate from an expected relationship between taxo-
nomic richness and time-averaging, and probably
reflect the very small sample sizes of LAs at stations
with low sedimentation.

4.3.  Ecological change

Two main findings from our data strongly advocate
that LD mismatch truly detects past ecological
change: (1) the same direction of compositional
change found at all sampling stations, irrespective of
different environmental conditions: a trend towards
infaunalisation and a decline of epifaunal grazing
species; (2) LD mismatch also at stations with very low
or modest time-averaging. The outlined functional
shift was already apparent in the analysis of molluscan
DAs from sediment cores taken at our sampling sta-
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tions (except for Stn D; Gallmetzer et al. 2017, 2019,
Tomašových et al. 2018, 2019). By comparing the sta-
tions among each other and by incorporating LAs into
the analyses, the present-day dominance of infaunal,
filter-feeding species across stations is further accen-
tuated by the dominance of a few generalistic and op-
portunistic species in the LAs (e.g. V. gibba, Timoclea
ovata, Phaxas pellucidus). These species appear in
high numbers at stations where they were formerly
rare (e.g. T. ovata at the Piran stations), or lead to
highly uneven communities at stations with low time-
averaging (V. gibba at Stn Panzano and the Po sta-
tions). The over-representation of T. ovata in the LAs
is in line with other evidence indicating its recent ex-
pansion in the NAS (Nerlović et al. 2011, 2012) and its
intermediate tolerance to pollution and organic en-
richment reported from other regions (Simboura &
Zenetos 2002, Wilding 2006, D’Alessandro et al.
2016). In the context of benthic ecological-status as-
sessments, these findings suggest that the assignment
of T. ovata to the group of tolerant species in the
Bentix database is more accurate than its categorisa-
tion as a sensitive species in the AMBI database (Borja
et al. 2000). The trend towards infaunalisation is only
partly evident from environmental data measured in
sediment cores (changes in sediment composition and
organic content, e.g. at Stns Brijuni and Piran 1, Table
1, Fig. 7). This shows that ecological drivers that are
difficult to trace geochemically will be underestimated
in their effect, and that insights from the shell record
are indispensable for a comprehensive understanding
of community trajectories (Tomašových & Kidwell
2017). Previous local-scale analyses of sediment cores
suggested that benthic communities in the NAS were
affected by BT (Gallmetzer et al. 2019) and by an in-
creased frequency of seasonal hypoxia mainly driven
by eutrophication (Tomašových et al. 2018, 2020).
 Below, we assess the role of these drivers across all
stations.

4.3.1.  Bottom trawling

BT has been extensively practiced in Adriatic wa-
ters since the 18th century (Krisch 1900, Fortibuoni
2009), with an exponential increase in fishing effort
after the industrialisation of fisheries in the 20th cen-
tury, and steep catch peaks between the 1980s and
the first decade of the 21st century. A sudden drop in
fishing activity and capacity in recent years is related
to a sharp decline in fishable biomass (our Fig. 8a;
UNEP-MAP-RAC/SPA 2014, Damalas et al. 2015).
Most of our stations (except for Brijuni) are located in

areas ranking among the most heavily trawled in the
NAS in recent decades (Santelli et al. 2017, their
Fig. 8). The impacts of BT on benthic habitats are
manifold and include (1) the disturbance of the upper
seabed layers, with a re-suspension of sediment and
re-mineralisation of nutrients (and contaminants); (2)
the direct removal, damage or displacement of epi-
and endobenthic organisms; (3) the alteration of habi-
tat structure (e.g. removal of biogenic frameworks or
seagrass meadows) (Kaiser et al. 2001). Depending
on the stability of the habitat (mud, sand, gravel, bio-
genic structures), the type of fishing gear (hydraulic
dredges, otter trawl, beam trawl), and the intensity of
the disturbance (rare or chronic), BT can have signifi-
cant effects on benthic biota, ranging from shorter-
term negative impacts and faster recovery on muddy
and sandy habitats to the most severe effects suffered
by biogenic habitats, with a drastic reduction in taxon
abundance and only partial or altogether failing re-
covery over years or decades (Pranovi et al. 2000,
Kaiser et al. 2001, 2006, Tillin et al. 2006, Kenchington
et al. 2007). A dramatic example of a permanently al-
tered benthic ecosystem as a result of repeated and
intense bottom-fishing disturbance is represented by
the soft-bottom communities in the area around the
Piran stations, where extensive millennial mussel
banks were eradicated by BT in the first half of the
20th century (Mautner et al. 2018, Gallmetzer et al.
2019, Tomašových et al. 2019).

The impact of BT on mollusc communities can be
directly derived from an LD comparison by focussing
on the functional traits of the constituent species. LD
studies based on datasets from soft bottoms often fail
in detecting a significant correlation between taxo-
nomic composition and LD mismatch (Kidwell 2009),
even in the case of gravel habitats whose communi-
ties are likely the most sensitive to trawling (Kaiser et
al. 2006). If, however, a subset of species highly sen-
sitive to BT is selected (all epifaunal bivalves and
gastropods), the proportional abundance and rich-
ness of these species should vary significantly be -
tween LAs and DAs as a consequence of the impact
of BT (Kidwell 2009). For all 8 sampling stations, this
analysis revealed a marked LD mismatch (Fig. 8b,c).
In the LAs of the Po and Piran stations, BT-sensitive
species strongly decline in relative abundance and in
the number of epifaunal species, indicating that the
communities have undergone a drastic functional
shift mainly characterised by the loss of grazing gas-
tropods. Interestingly, this signal of BT was least pro-
nounced at Stn Brijuni, suggesting that the relatively
long-lasting (since 1983, see Fatović-Ferenčić 2006)
and well-enforced protection from fishing at this
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MPA site might have enabled a recovery of BT-
 sensitive species over the last few de cades. Our
analysis, thus, shows that considering the functional
characteristics of individual species can improve the
analytical power of LD comparisons and help recog-
nise specific anthropogenic drivers of community
shift such as BT that are not evident from species
counts or abundance structures.

4.3.2.  Eutrophication and hypoxia

The NAS is one of the most eutrophic regions in the
Mediterranean Sea, especially the coastal areas in -
fluenced by rivers with densely populated and inten-
sively managed watersheds (Degobbis et al. 2000,
Viaroli et al. 2015). In the second half of the 20th cen-
tury, increasing inputs of nitrogen and phosphorus
from industry, agriculture, livestock and wastewater
via the Po and other rivers have accelerated marine
eutrophication significantly (Talaber et al. 2018),
leading to the formation of algal blooms, mucilage
events and severe oxygen depletion in water depths
below the seasonal thermocline (Druon et al. 2004,
Danovaro et al. 2009, Djakovac et al. 2012, Kralj et al.
2019). Environmental measures eventually led to a
reversal in the eutrophication trend during the early
2000s (Mozetič et al. 2010, Giani et al. 2012, Djako-
vac et al. 2015, Viaroli et al. 2015). During the last
decade, however, this trend seemed to attenuate
(Totti et al. 2019). The frequency of seasonal hypoxic
events remained high near the Po Delta (Alvisi &
Cozzi 2016), and recurrence of bottom-water hypoxia
was observed in the Gulf of Trieste in 2015 and 2016
(Kralj et al. 2019).

LD mismatch showed that Nucula nucleus and V.
gibba are exceptionally abundant in the LAs at Po
and Panzano. Both species are known to tolerate
hypoxia; V. gibba can even survive anoxic conditions
for days (Holmes et al. 2002, Nerlović et al. 2011,
Riedel et al. 2014), and outbreaks of this species are
a common response to anoxia-induced mass mortal-
ity events (Holmes & Miller 2006, Hrs-Brenko 2006,
Tomašových et al. 2018). This signal is enforced by
the scarcity or absence of hypoxia-sensitive species
such as T. tricarinata and pectinids in the LA. These
taxa are present in the DA and dominate the assem-
blages in sediment depths below the mixed layer,
where they mark community states preceding the
high frequency of hypoxic disturbances in the late
20th century. Analyses of sediment cores from the Po
and Panzano stations showed that both proportional
abundance and shell size of V. gibba increased sig-

nificantly in the late 20th century, correlating strongly
with the increased frequency of seasonal hypoxic
events (Gallmetzer et al. 2017, Tomašových et al.
2018, 2020). The proportional abundance of V. gibba
above 50% and its shell size >10 mm as observed in
the late 20th century increments exceed the values
that were typical of V. gibba assemblages in the
entire Holocene successions in the NAS (Scarponi &
Kowalewski 2004, Tomašových et al. 2020). Although
eutrophication can lead to increased sedimentation
rates resulting in benthic changes, core-based esti-
mates showed that sediment accumulation remained
constant during the 20th century at the Po stations
(10−20 mm yr−1) and slightly declined at Panzano rel-
ative to earlier centuries (Tomašových et al. 2017,
2018). The compositional and size turnover with the
unprecedented dominance and size structure of V.
gibba was detected at ~80 cm sediment depth at the
Po stations and at ~15 cm at Stn Panzano. Therefore,
the mismatch observed in the LD comparison is
underestimating the magnitude of the ecological
shift because surface Van Veen grabs do not pene-
trate into older layers that contain assemblages from
the 19th century and earlier.

The bivalves V. gibba, N. nucleus, and T. ovata are
also prominent in the LAs of Brijuni and Piran. High
abundances of these species at stations with differing
grain size and organic enrichment indicate that
eutrophication and hypoxia contribute to restructur-
ing the mollusc assemblages across habitat bound-
aries, forcing a community homogenisation over
large parts of the northern Adriatic basin. While DAs
represent habitat-specific communities with a broad
range of feeding guilds and substrate relations, most
notably epifaunal species associated with vegetation
(Piran) or detritic bottoms (Brijuni), LAs are composi-
tionally similar across stations, as they are dominated
by the same small set of infaunal suspension or detri-
tus feeders typical for soft bottoms with high mud
content (N. nucleus, T. ovata, P. pellucidus, V. gibba,
and M. distorta). These species are primarily respon-
sible for LD mismatch at most stations (Fig. 6). The
siltation of habitats coupled with organic enrichment
of the sediment, particularly evident at Piran and Bri-
juni (Fig. 7), contribute to community shifts that
emerge as a new ecosystem baseline strongly influ-
enced by the impact of BT and eutrophication.

4.4.  Effects of protection

For the 3 protected stations Po 4, Piran 1, and Bri-
juni, no significant effects of protection can be
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deduced from the applied fidelity measures. Mis-
match between LAs and DAs is either very similar to
the unprotected counterparts (Stns Po 3 and Piran 2)
or, in the case of Stn Brijuni, similar to other stations
with comparable DA time-averaging. Oceanographic
buoys, which have a protected perimeter of 50 m, are
removed for maintenance at regular intervals and
then relocated, sometimes not exactly at the same
position; they can also be occasionally moved or
detached by heavy storms (e.g. Ivkić et al. 2019). The
protection they provide, therefore, is not only spa-
tially limited but also temporally restricted to a few
years at most, which might not be sufficient to enable
appreciable recovery (Bastari et al. 2016). This is
reflected in the analysis of BT-sensitive species,
which do not consistently increase in the LA of the
bouy-protected Stns Po 4 and Piran 1. Stn Brijuni, on
the other hand, is a national park, where in contrast
to many MPAs that lack effective protection (Claudet
et al. 2020), strict regulations have been well en -
forced for almost 40 yr (Di Franco et al. 2014). The
high time-averaging of the DA and taphonomic iner-
tia (Kidwell 2007) at this station might conceal the
relatively short-term potential structural changes
from protection. However, abundance and propor-
tional richness of sensitive species are significantly
higher than at all other stations, suggesting that the
absence of trawling enabled some of these species to
recover.

Protective boundaries of buoys or MPAs can re -
duce the impact of fishing, but not exclude the effects
of other stressors such as eutrophication, anoxia, or
siltation. At Stn Brijuni, therefore, the positive effect
of a fishing ban might easily be offset by the impact
of high nutrient and sediment input (Schnedl et al.
2018, Gallmetzer et al. 2019), which enforces the
dominance of infaunal and opportunistic species.

5.  CONCLUSIONS

We found consistent across-shelf LD mismatch in
the NAS in habitats differing in sediment accumula-
tion rate, grain size and organic enrichment, despite
differences in time-averaging observed among sur-
face DAs. This observation indicates that LD mis-
match does not result merely from methodological
constraints, taphonomic processes or time-averaging
but represents a true ecological signal. LD mismatch
reflects a similar trend at all stations; infaunal species
increase in number and abundance in the live com-
munity, while epifaunal species, often prominent in
the DAs, decrease or vanish from LAs. On the func-

tional level, important feeding guilds of DAs such as
grazers, herbivores and carnivores decline or alto-
gether disappear from LAs, where the vast majority
of species are now suspension and detritus feeders.
This basin-wide trend of infaunalisation and commu-
nity homogenisation indicates a substantial change
of soft-bottom environments characterised by a loss
of marine vegetation and bioherm structures (mussel
beds) and the establishment of a new ecological base-
line replacing the former, more heterogeneous habi-
tats. BT, eutrophication and oxygen crises emerged as
the main anthropogenic drivers of this development
on the northern Adriatic shelf.

Small-scale and short-term protection from BT as
in the case of protected perimeters of oceanographic
buoys fails to yield clear evidence for structural
changes of LAs compared to impacted areas. This
suggests that longer-term protection on a larger scale
as provided by MPAs is needed for benthic commu-
nities, to reverse the infaunalisation trend shaping
modern northern Adriatic soft-bottom biota.
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