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sampled individuals, resulting in 203 (sampled area)−206 
(number of individuals) (SM), 170–163 (CS) and 144–130 
(BP) taxa. The rarified alpha diversity in relation to the 
sampled area revealed decreasing values toward the deeper 
biotopes. However, similar rarified alpha diversities were 
found in all the biotopes in relation to the number of sam-
pled individuals. Water depth, sediment grain size mode, 
 CaCO3%, and clay% were jointly correlated with faunal 
composition; water depth provided the single strongest 
correlate.

Keywords Mediterranean · Levantine Basin · Deep Sea · 
Infauna · Soft Substrata

Introduction

The Mediterranean deep sea is characterized by unique 
environmental conditions in comparison to the adjacent 
eastern Atlantic. Its water temperatures below ~300 m are 
homogenous and high (~13–14 °C), its salinity is high, 
and its primary production is relatively low. These param-
eters vary from the west to the east through the Mediterra-
nean, reaching their extremes in the Levantine Basin (LB), 
where the highest temperature and salinity and the lowest 
primary production occur (Sardà et  al. 2004; Danovaro 
et al. 2010). Oligotrophy was identified by Pusceddu et al. 
(2010) and Baldrighi et  al. (2014) as the major determi-
nant of the decreasing abundance and biomass of benthic 
fauna along the Mediterranean west–east axis, with the LB 
as an extremely low-nutrient, low-chlorophyll, and ultra-
oligotrophic environment (Kress and Herut 2001; Siokou-
Frangou et  al. 2010). Understanding the Mediterranean 
ecology and its shaping factors requires, among other stud-
ies, the elucidation of the poorly investigated ecology of the 

Abstract The present study sought to quantify the infauna 
and environmental characteristics of the deep SE Levantine 
Basin, Mediterranean Sea (33.4–31.7 N, 31.3–34.9E; 100–
1900 m water depth). Box corer samples were collected at 
50 sites in June–July 2013. The infauna (>250  μm) were 
enumerated and identified to the lowest possible taxonomic 
level (~37 % to the species level). Three faunal assemblages 
were identified, inhabiting three biotopes, the shelf mar-
gin (SM), the continental slope (CS) and the bathyal plain 
(BP). The within-biotope heterogeneity was evaluated by 
the average Chao-Sørensen similarity index and the beta 
diversity (exp(gamma diversity)—exp(alpha diversity)), 
revealing values of 0.64–0.7 and 1.73–2.77, respectively, 
upon applying the pooled bathyal plain samples. The cor-
responding non-pooled samples revealed higher heteroge-
neity, with values of 0.26 and 6.27, respectively, likely due 
to insufficient sampling. The infaunal density in the vari-
ous biotopes (geometric mean 59–2220  ind  m− 2) exhib-
ited a logarithmic decline with water depth. The estimated 
number of taxa per biotope was calculated by rarefaction 
analysis in relation to the sampled area and the number of 

Responsible Editor: J. Grassle.

Reviewed by undisclosed experts.

Electronic supplementary material The online version of this 
article (doi:10.1007/s00227-016-3061-1) contains supplementary 
material, which is available to authorized users.

 * Hadas Lubinevsky 
 hadas@ocean.org.il

1 Israel Oceanographic and Limnological Research, P.O.B 
8030, Haifa 31080, Israel

2 Geological Survey of Israel, Jerusalem 95501, Israel

http://crossmark.crossref.org/dialog/?doi=10.1007/s00227-016-3061-1&domain=pdf
http://dx.doi.org/10.1007/s00227-016-3061-1


 Mar Biol (2017) 164:36

1 3

36 Page 2 of 12

southeastern LB, the easternmost point of these biotic and 
oceanographic gradients.

The deep-sea infauna of the southeast corner of the LB 
off the Israeli coast has been qualitatively reported previ-
ously, including its zoogeographic relationships with the 
western Mediterranean and the eastern Atlantic (Galil 2004 
and literature therein). However, the quantitative charac-
terization of this province in terms of its infaunal density, 
diversity, and composition in relation to environmental 
variation has only been partially performed (Kröncke et al. 
2003; Baldrighi et  al. 2014). Kröncke et  al. (2003) sam-
pled the entire LB from Crete to Israel and from Egypt to 
Cyprus, and Baldrighi et  al. (2014) studied the deep sea 
south of Crete as part of a wider Mediterranean survey. 
Tselepides et  al. (2000) studied the comparable environ-
ment of the adjacent deep Aegean Sea. The latter authors 
included detailed determinations of faunal assemblages 
from the shelf, continental slope, and bathyal plain, with 
data on faunal density and diversity and a variety of envi-
ronmental parameters. Here, we aim to provide a compa-
rable quantitative assessment of the infaunal benthos of the 
LB based on a particularly extensive broad-scale survey of 
the region.

Materials and methods

Surveyed area and sampling design

The area covered by the present study encompasses 
approximately 23,000 km2 of the southeastern LB. It was 
recently mapped (Hall et al. 2015), enabling the distinction 
of a variety of bottom terrain features (supplementary Fig. 
S1), and providing insight into the studied area geological 
evolution (Gvirtzman et  al. 2015). The continental shelf 
margin (SM) and its continuation on the continental slope 
(CS) are located between 100 and 1000  m water depths 
and contains diverse terrain, including a steep canyon area 
in the north and the prominent Dor and Palmahim gravi-
tational sediment slumps in the center of the coast, with a 
moderately inclined CS between them, marked with numer-
ous smaller sediment slides (Katz et al. 2015). The bathyal 
plain (BP), located between 1000 and 1900 m water depths, 
is generally flatter than the CS but is crossed by southeast-
northwest channels, frequent ridges and trenches.

Seabed sediments were sampled at 50 sites (Fig.  1 
and supplementary Fig. S1) from the RV Shikmona 
(Israel Oceanographic and Limnological Research). Off-
shore transects on the SM and the CS crossed the canyon 
area in the north and the Palmahim gravitational slump 
in the south. Other transects were located in the rela-
tively featureless CS. BP samples were collected along 
approximate continuations of these transects. Details 

of the sampling operations are given in supplementary 
Table  S1. A total of 150 box core sediment samples, 
three at each site, were collected with a 0.0625-m2 box 
corer (Ocean Instruments BX 700 AL) during June–July 
2013. A 5.4-cm diameter sub-sample core was taken from 
each box corer sample for the measurement of the sedi-
ment chemical and sedimentological characteristics. The 
fauna from the remaining box corer content were sorted 
(0.0602 m2).

Environmental parameters

The 0–1 cm sediment horizons of the three sub-samples 
at each site were mixed, dried and used for all required 
sediment-related measurements. A Mastersizer (Malvern, 
UK) was used to characterize the grain size distribution 
following the protocol of Crouvi et al. (2008). The sam-
ples were characterized by their grain size mode and their 
clay (<8 μm), silt (8–63 μm), and sand (>63 μm) volume 
proportions. The upper clay limit (<8  μm) was set fol-
lowing Konert and Vandenberghe (1997). The sediment 
total organic carbon (TOC) weight percentage was meas-
ured from the 0–1  cm sediment horizon by dichromate 
digestion and potentiometric titration according to Gaud-
ette et  al. (1974) with a detection threshold of 0.02 %. 
The sediment  CaCO3 weight percentage was evaluated 
by reaction with concentrated HCl (Jones and Kaiteris 
1983). The water temperatures at three depth ranges, 
100–200, 200–1000 and 1000–1900  m were estimated 
from a large dataset collected from 1980 present off the 
Mediterranean coast of Israel (http://isramar.ocean.org.il/
isramar2009/).

Faunal sampling and processing

Previous experience at water depths of 40–1900 m off the 
Israeli coast suggested the effective absence of live infauna 
below a sediment depth of 7 cm (Hadas Lubinevsky, per-
scomm); hence, only the 0–10  cm sediment horizon was 
sampled in the present study. The samples were processed 
on a 250-µm mesh size sieve, and the resultant residue was 
preserved in 99 % ethanol on board. In the laboratory, the 
samples were stained in an ethanol/rose bengal solution of 
~1 mg/ml and left for at least 24 h prior to further process-
ing. The stained specimens were sorted under a stereoscope 
and identified to the lowest possible taxonomic rank with 
the assistance of a group of taxonomists (see Acknowl-
edgements). All identified infaunal taxa were included 
in the subsequent analyses regardless of their status as 
macrofauna or meiofauna or the Linnaean rank of their 
identification.

http://isramar.ocean.org.il/isramar2009/
http://isramar.ocean.org.il/isramar2009/
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Statistical methods

Very low specimen counts per sample initially led us to 
pool the three replicates from each site, corresponding 
to a sampled site area of 0.18 m2. However, in the case 
of the BP site data, the specimen counts remained rather 
low. Consequently, the samples from the 35 deep sites 
were pooled into groups of seven sites in depth order to 
yield five “pooled samples”, each having a sampled area 
of 1.26 m2 (Fig. 1 and supplementary Table S1). Follow-
ing these manipulations, the average specimen counts 
per site were 403 and 138 individuals, respectively, for 
the SM and the CS and 99 individuals per pooled sample 
from the BP.

Differences among univariate sets of faunal and abiotic 
parameters were tested by ANOVA followed by post hoc 
pairwise t tests (Excel, Microsoft) or by the non-parametric 
Kruskal–Wallis rank sum test with Bonferroni’s P value 
adjustment, followed by the post hoc pairwise Wilcoxon 
rank sum test with Bonferroni’s P value adjustment, using 
the R software environment. Spearman’s rank correlation 

was used to test the correlation between two univariate var-
iables (R Core Team 2016).

Faunal assemblages were determined by cluster analysis 
of the quantitative sample data (specimen counts normal-
ized to the area sampled). Both non-transformed (NT) and 
square root (SR)-transformed sample profiles were sub-
jected to the PRIMER-v7 (Clarke et  al. 2014; Clarke and 
Gorley 2015) and PERMANOVA+ (Anderson et al. 2008) 
software packages. The Bray–Curtis similarity measure was 
applied to both the NT- and SR-transformed data matri-
ces. Sample clusters were visualized using a dendrogram 
that was created by applying the group average clustering 
method and relative differences among samples were visu-
alized by the nMDS ordination. The resultant clusters were 
tested by pairwise PERMANOVA (applying a maximum 
of 10,000 permutations and using the Monte Carlo correc-
tion) to test for significant differences among the identified 
assemblages. The bottom area encompassing a significantly 
different faunal assemblage was termed a biotope.

The Chao–Sørensen similarity index between samples 
at a scale of 0 (no similarity) to 1 (complete identity) 

Fig. 1  Sampling locations and 
biotopes identified. The red dot-
ted line designates the division 
added by the clustering of the 
NT data. The blue lines delimit 
the areas of the pooled samples 
and PBP1-5 are the designations 
of the pooled samples. SM shelf 
margin, US upper continental 
slope, LS lower continental 
slope, CS continental slope, BP 
bathyal plain
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(Chao et al. 2005) was calculated by the EstimateS 9.1.0 
software package (Colwell 2013), evaluating the homo-
geneity of the faunal assemblages of each biotope by 
averaging the Chao–Sørensen similarity values obtained 
for each pair of compared samples. The entropy Shannon 
“number equivalents” (exp(gamma diversity) – exp(alpha 
diversity)) were calculated to evaluate the beta diversity 
values in different biotopes following the approach of 
Jost (2007; equations 17a–c), also a measure of heteroge-
neity within each biotope.

The EstimateS 9.1.0 software was used also to evalu-
ate the relationships between alpha diversity and the 
sampled area or the number of sampled individuals using 
rarefaction analysis. The estimated series of alpha diver-
sity values enables diversity comparisons between bio-
topes based on a common number of sampled individuals 
or number of samples. The sample size or the number of 
samples which is related to an asymptotic value of alpha 
diversity signifies a sufficient sampling effort to represent 
the examined biotope. Rarefaction was also used to deter-
mine the maximal estimated number of taxa in each bio-
tope (Colwell et al. 2012).

A matrix of the abiotic parameters sampled at each 
site was constructed: water depth, TOC%,  CaCO3%, 
grain size mode, clay%, and clay + silt%. These vari-
ables were rescaled prior to assessing their potential 
correlations with faunal composition (SR-transformed 
data) using the BIOENV program (Clarke and Ains-
worth 1993; PRIMER v7). The analyses were based on 

the Bray–Curtis similarity of faunal composition and on 
Euclidean distance measures for the abiotic variables.

Results

Faunal variation

A total of 232 taxa were identified; 92 were identified to the 
species level, 86 to the genus level, 37 to the family level, 
and 17 to higher taxonomic levels. Three assemblages were 
identified by the analysis of the SR-transformed faunal 
composition (Fig. 2a): the shelf margin (SM), the continen-
tal slope (CS), and the bathyal plain (BP). Analysis of the 
NT data divided the CS into two units, the upper (US) and 
the lower slope (LS) (Fig. 2b). The nMDS presentation of 
the similarity among samples is presented in Fig. 3. Sup-
plementary Table S2 provides primary data on the infauna 
of each assemblage, and average biotope-specific biotic 
characteristics are presented in Table 1.

The relationship between faunal density and water depth 
at each sampled site is presented in Fig.  4, described by 
a log-linear function. Significant variation in the infaunal 
density was detected among all of the biotopes (ANOVA, 
post hoc multiple t tests, log-transformed data, Table 1).

The maximal numbers of taxa per biotope and their 
95 % confidence limits were estimated using two rarefac-
tion analyses in relation to the number of samples and the 
number of sampled individuals. The results are presented 
in Fig.  5a, b. As not all the sampled individuals were 

Fig. 2  Cluster analysis of a SR-
transformed, and b non-trans-
formed sample profiles based 
on Bray-Curtis similarity index 
and group average clustering. 
The black dots label roots of 
statistically significant clusters 
(in a, pairwise PERMANOVA, 
t statistic(7–9) = 1.86–2.53, 
P(MC) = 0.0019 − 0.0011; b 
pairwise PERMANOVA, t 
statistic(7–13) = 1.83–2.74, 
P(MC) = 0.0005–0.003). SM 
shelf margin, US upper conti-
nental slope, LS lower continen-
tal slope, CS continental slope, 
BP bathyal plain. Depth ranges 
of the assembled samples are 
depicted in the vertical framed 
rectangles
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identified to the species level, the obtained maximal num-
bers of taxa represent a minimum number of species. The 
alpha diversity values calculated by both rarefaction meth-
ods within the range of the actual samples or number of 
sampled individuals are presented in Fig. 6.

Two approaches were followed to evaluate the heteroge-
neity within each biotope, the average Chao–Sørensen sim-
ilarity index and the beta diversity, presented in Table 1.

Environmental variation

Table 2 presents the average values for the available envi-
ronmental parameters in each of the identified biotopes and 
general biotope characteristics, size, depth and multiannual 
temperature regime which were at the LB minimum for the 
CS and the BP. The BP values of the  CaCO3% and the sedi-
ment mode were significantly different from their values in 
the other two biotopes. Other parameters revealed minor 
differences or no differences at all.

Two parameters, water depth and grain size mode, were 
significantly correlated with faunal composition (Table 3). 
No such correlation was observed for the other four param-
eters, tested individually, but certain tests of these latter 
parameters in concert with other ones, revealed significant 
correlations. Water depth revealed the strongest rank cor-
relation of a single parameter with sample faunal compo-
sition (Rho of 0.78). Water depth,  CaCO3%, and clay% 
revealed the strongest rank correlation of multiple param-
eters (Rho of 0.81).
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Fig. 3  nMDS analysis of a non-transformed, and b SR-transformed 
sample profiles. The ellipses label roots of statistically significant 
clusters (see Fig.  2). SM shelf margin, US upper continental slope, 
LS lower continental slope, CS continental slope, PBP bathyal plain, 
pooled samples

Table 1  Characteristics of the faunal assemblages in the three biotopes

SM shelf margin, CS -continental slope, BP - Bathyal plain, PBP - pooled bathyal plain samples
a Values designated by asterisk are significantly different from all others (one way ANOVA of log-transformed values, F = 87.8, df = 2, 
P = 1.34 × 10− 16 followed by a post-hoc Pairwise t tests with P < 0.0011)
b Values designated by asterisk are significantly different from all others (Kruskal–Wallis rank sum test with the Bonferroni P value adjustment, 
chi-squared = 125.66, df = 3, P value < 2.2e−16 × 10− 16 followed by a post-hoc pairwise Wilcoxon rank sum tests with P < 0.0015)
c Calculated according to Jost (2007; equations 17a–c)

Biotope Depth range [m] Number of pooled 
or non-pooled 
samples

Number of 
sampled indi-
viduals

Density [geometric 
mean of the num-
ber of individuals 
/m2]a

Number of 
biotope-specific 
taxa

Chao–Søren-
sensimilarity 
 indexb

The “number 
equivalents” of 
the Beta diversity 
[entropy Shannon 
 index]c

SM 105–198 4 1611 2220* 57 0.7 ± 0.15 1.73
CS 303–1128 11 1521 610* 37 0.64 ± 0.17 2.77
BP 874–1901 35 494 59* 29 0.26 ± 0.23* 6.27
PBP 874–1901 5 494 59* 29 0.7 ± 0.15 1.96
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Discussion

General

This study is the first to comprehensively sample the ben-
thic infauna of the LB in the southeastern Mediterranean 
and to examine the correlations between three defined bio-
topes and environmental parameters. The Levantine Basin 
is the warmest, saltiest, and least productive area in the 
Mediterranean. It should be noted that the studied area did 
not encompass the deepest part of the LB (>2000 m) and 
is characterized by a relatively shallow CS in comparison 
to many other Mediterranean CSs. The density in the stud-
ied area is low and logarithmically decreases with depth. 
The Shannon diversity index rarified according to the larg-
est mutually sampled area unit (4 samples) also decreased 
with increasing depth, assumedly due to the decreasing 
density. However, almost no change in the Shannon index 
was observed among the biotopes rarified to the unit of 
sampled individuals (494 ind). The biotopes identified are 
clearly water depth-related, but their distributions are likely 
governed by a suite of depth-related factors rather than 
exclusively water depth per se. These parameters include 
the characteristics of the fine sediment grain fraction and 
the sediment  CaCO3 percentage but are hypothesized also 
to include local bottom terrain variables and the quantity 
and quality of food sources.

Faunal assemblages

Three significantly different faunal assemblages were iden-
tified here using the SR-transformed abundance profile of 
the various samples. Repeating the analysis with the NT 
data enabled the division of the CS assemblage into two 
depth-related ones, likely due to the different densities of 
several taxa between the two parts of the CS and slight 

differences in the faunal composition. The CS assemblage 
was demonstrated to be more heterogeneous than the SM 
and the BP by its relatively high beta diversity (Table  1) 
and by the larger differences among its samples as demon-
strated by the nMDS presentation distances, both indicat-
ing the potential existence of more than one assemblage 
(Fig. 2; NT data). The differences among the faunal com-
positions in the various biotopes are also demonstrated by 
the high number of biotope-specific taxa, 53% of the total 
number. A study by Tselepides et al. (2000) along the north 
coast of Crete was conducted considering a bottom terrain 
and depth range that were similar to those of the present 
studied area. Their study revealed similar biotopes to those 
of the present one, located at similar depths, 100–200  m 
(comparable to the present shelf margin), 540–940 m (con-
tinental slope) and 1570 m (bathyal plain).

The present assessment of faunal assemblages was based 
on data of variable taxonomic resolution and that crossed 
the traditional boundaries of meio- and macrobenthos. The 
representation of faunistic groups containing individu-
als that cross the sieving threshold distorts the abundance 
profile of certain taxa but on the other hand is assumed 
to enhance the power of distinction among biotopes, pro-
viding more comprehensive data. The identification of 
fauna to the species level was not always achieved, and it 
was assumed that identification to higher taxonomic lev-
els reduces the distinctions among faunal assemblages but 
would not introduce any false distinctions. Bett and Naraya-
naswamy (2014) previously assessed the influence of taxo-
nomic level on the ecological assessment of deep-sea mac-
robenthos, noting that genus-level alpha and beta diversity 
measures were highly correlated to and are good predictors 
of their species-level equivalents. They further argued that 
given the complexity of the West Shetland slope environ-
ment, it may be reasonable to expect these conclusions to 
hold for other deep-sea environments. We suggest that the 
ecological coherence of our results generally support this 
approach. Nevertheless, the need to improve taxonomic 
accuracy in ecological studies using both conventional and 
genetic approaches is evident.

Faunal density

The infaunal density logarithmically declined with water 
depth (Fig. 4). Table 4 presents density data from the pre-
sent study along with those from three previous studies in 
the eastern Mediterranean (Tselepides et al. 2000; Kröncke 
et  al. 2003; Baldrighi et  al. 2014). Comparisons among 
these studies are hampered by the different years of sam-
pling, low sample numbers, and different sieve mesh sizes, 
permitting only general conclusions: (a) a well-established 
exponential decline in faunal density with water depth 
(Fig.  4 and Tselepides et  al. (2000)); (b) relatively low 
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densities (100–1000 s ind m− 2 on the continental slope and 
10–100  s  ind  m− 2 on the bathyal plain); (c) consistently 
higher values observed by Kröncke et  al. (2003) in com-
parison to those found in the present study and those of 
Baldrighi et al. (2014) may reflect temporal changes; (d) no 
obvious west–east faunal density reduction in the LB was 
observed, applicable at the scale of the entire Mediterra-
nean (Sardà et al. 2004; Baldrighi et al. 2014).

It has been indicated on a global scale that specific 
biotic groups display different density proportions along 
an increasing depth gradient accompanied by a smaller size 

and lower biomass of individuals, namely, the larger mega-
fauna and macrofauna are replaced by smaller meiofaunal 
species. This leads to a faunal change into denser com-
munities containing taxa that are smaller-sized but more 
adaptable to shortages in available food and its differential 
availability to different biotic groups (Rex et al. 2006; Wei 
et  al. 2010). The global-scale findings are also supported 
by the foraminiferal density demonstrated in the framework 
of the present sampling effort, showing only minor density 
changes in the various biotopes (Orit Hyams-Kaphzan and 
Ahuva Almogi-Labin, unpubl data).
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Primary production in the eastern Mediterranean is 
rather low, e.g., 59  g  C  m−2  year−1 recorded in the Cre-
tan Sea (Siokou-Frangou et  al. 2010), with export flux 
through the water column likely declining exponentially 
with water depth (Marsay et  al. 2015). Hence, Dano-
varo et  al. (1999) reported for the Cretan Sea flux values 
of 1–2  g  C  m− 2  year− 1 at 1540  m water depth. This lat-
ter study evaluated a 10 % contribution of vertically trans-
ported labile carbon to the deep water in the western Medi-
terranean compared to 2–3 % in the Cretan trough. The 
low rate of vertical sedimentation described in the LB sup-
ports the low vertical supply of particulate organic matter 
from the euphotic zone. Van Santvoort et al. (1996) dem-
onstrated for the deep eastern Mediterranean, >2000  m 
depth, 3 cm k year− 1 , converted to 0.0021 g cm− 2 year− 1 
using a conversion factor of 0.7 g cm− 3 (Basso et al. 2004). 
The preliminary results of Schirone et  al. (2014) in the 
present study area showed a vertical sedimentation rate 
of 0.08 ± 0.01  g  cm− 2  year− 1 in the Israeli CS and even 
a much lower, non-significant level for its BP. Hence, the 
above indications of low vertical flux to the LB deep waters 
may explain at least partially the sharp density decline with 
depth of the > 250 μm infauna. The comparable character-
istics of the smaller meiofauna in the studied area are still 
missing.
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Table 2  Abiotic characteristics of the three biotopes

a SM shelf margin, CS continental slope, BP Bathyal plain
b The multiannual average temperature in each habitat was calculated from 67,717, 270,022 and 90,644 temperature measurements taken off the 
Israeli coast of the Mediterranean roughly within the MS, CS and BP depth ranges, respectively, between 1980 and present
c Values designated by asterisk are significantly different from all others. Values which are designated by superscript numbers are significantly 
different from each other. (Kruskal–Wallis rank sum tests with Bonferroni P adjustment, P < 0.01 followed by post-hoc pairwise Wilcoxon rank 
sum tests with P < 0.01)

Biotopea Depth range 
[m]

Number 
of sam-
ples

Biotope area 
 [km2]

Temperature 
[°C]b

TOC [%]c CaCO3 [%]c Sediment 
mode [μm]c

Sediment 
clay fraction 
[%]c

Sediment 
clay + silt 
fraction [%]c

SM 105–198 4 650 16.5 ± 0.7 0.99 ± 0.22 7.79 ± 0.63 7.53 ± 0.46 47.3 ± 1.2 a 95.6 ± 2.1
CS 303–1128 11 2500 13.9 ± 0.4 0.81 ± 0.181 7.93 ± 1.15 6.44 ± 0.63 60.4 ± 6. 3 98.6 ± 2
BP 875–1901 35 19,400 13.6 ± 0.1 0.75 ± 0.111 23.54 ± 10.29* 4.89 ± 0.55* 66.1 ± 4. 5 a 96. 8 ± 2.8

Table 3  Spearman’s 
rank correlations between 
combinations of abiotic 
parameters and faunal 
assemblages (BIOENV analysis, 
PRIMER-v7)

Significant Rho value Rho > 0.526

Abiotic parameter Significant Rho tested alone Maximal Rho value in concert 
with other parameters

Depth [m] 0.784 0.811—with  CaCO3 and Clay
Grain Size mode [μm] 0.631 0.761—with  CaCO3 and Clay
CaCO3 [%] Rho < 0.526 0.759—with Clay
Clay [%] Rho < 0.526 0.759—with  CaCO3

Clay + silt [%] Rho < 0.526 Always reduces Rho when added
Total Organic carbon [%] Rho < 0.526 0.537—with Clay
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Lateral transport from terrestrial or shelf sources across 
the CS may partially explain the density gradient towards 
the BP. A phenomenon termed “downwelling” of downhill 
wintertime currents was reported by Rosentraub and Bren-
ner (2007) and Rosentraub et  al. (2010) flowing from the 
Israeli shelf to the slope down to the 500-m depth contour. 
In addition, a turbidity current across the CS was indicated 
to be created by dense water development along continen-
tal margins of the LB (Oszoy et  al. 1989; Chronis et  al. 
2000). Transport from the Nile delta by the general coun-
ter-clockwise Mediterranean current (Schattner et al. 2015) 
is another assumed mechanism of lateral transport. Chem-
osynthetic bacterial mats were recently found on the CS, 
estimated to cover 3 % of the CS bottom (Rubin-Blum et al. 
2014), and may also be considered a potential food source.

The distributions of TOC concentrations on the sedi-
ment surface here are quite uniform, and although their 
small changes are correlated with depth (Table 5), they are 

unlikely to explain the huge differences in biotope densi-
ties. This difference is likely caused by labile carbon and 
its availability to different biotic groups, which should be 
evaluated in the future. The TOC percentages found in this 
study are in agreement with previously presented levels, 
which are twice those found on the western side of the LB 
(Romankevich 1984).

Faunal diversity

Assumed faunal assemblage uniformity within each of the 
biotopes underlies the comparison of a variety of ecologi-
cal aspects among them. The area required to fully repre-
sent a biotope’s fauna depends on the faunal density. How-
ever, within-biotope variation at different spatial scales 
may also exist, increasing the required representative area. 
The pooling of the BP samples demonstrates the effect of 
density. The increased representative area reduced the het-
erogeneity of the pooled samples, as demonstrated by the 
increased Chao–Sørensen and decreased beta diversity 
indices (Table  1). Higher within-biotope heterogeneity in 
the CS in comparison to other biotopes is indicated by its 
higher beta diversity and by the larger area for CS in the 
nMDS representation (Fig.  3), leading also to the separa-
tion of the CS into two biotopes when using the NT data. 
Within-biotope heterogeneity is a well-documented phe-
nomenon even in communities with much higher popula-
tion densities than the present one (Grassle and Maciolek 
1992). The existence of natural patchiness resulting from 
the presence of a variety of micro-habitats in an apparently 

Table 4  Selected comparable parameters related to faunal assemblages in the Eastern Mediterranean

a Pairs of samples highlighted by the same background are comparable, sampled at adjacent sites
b ~Values estimated from a graph

Citation Sampling year Sampling site desig-
nation in the article

Depth [m] Lower threshold 
mesh size [μm]

Density [Ind/m2] Number of taxa

West to Israel
 Present  studya 2013 A4 1128 250 221 26
 Kröncke et al. (2003) 1993 35 1024 500 1240 29
 Present study 2013 A5 1453 250 111 11
 Kröncke et al. (2003) 1993 36 1522 500 324 3
 Present study 2013 A26 1678 250 28 5
 Kröncke et al. (2003) 1993 37 1875 500 162 6

South to Crete
 Baldrighi et al. (2014) 2008 EM1 1237 300 199 18
 Kröncke et al. (2003) 1993 18 1431 500 582 15
 Baldrighi et al. (2014) 2008 EM2 1907 300 37 4

North of Crete
 Tselepides et al. (2000a) 1995 A-E2 200 500 ~800 b ~ 33
 Tselepides et al. (2000a) 1995 A-E5 700 500 ~ 500 ~ 22
 Tselepides et al. (2000a) 1995 A-E7 1570 500 191 ~ 10

Table 5  Spearman’s rank correlations of abiotic parameters with 
depth [m]

Abiotic parameter Spearman’s Rho in rela-
tion with depth

P value

Grain size mode [μm] −0.806 2.2E−16
CaCO3 [%] 0.796 2.2E−16
Total Organic carbon [%] −0.606 5.14E−06
Clay [%] 0.396 4.72E−3
Clay + silt [%] −0.374 7.47E−3
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uniform muddy bottom is well established in the deep-sea 
literature (Grassle and Morse-Porteous 1987; Grassle and 
Maciolek 1992; Snelgrove et al. 1992; Gage 2004 and lit-
erature therein).

The relationships between alpha diversity and the num-
ber of sampled individuals indicates high alpha diversity 
similarity across biotopes, as the three biotope-specific 
curves overlap and reach a mutual asymptote at least for the 
SM and the CS and partially for the BP (Fig.  6B). How-
ever, a different sampling area is required in each biotope 
to approach this asymptotic level (Fig.  6a), likely due to 
the lower densities in deeper waters. However, this analysis 
needs to be interpreted with caution, as the ranges of both 
the sampling area and the number of sampled individuals 
are incomplete in the rarified alpha diversity curves. Hence, 
it is not known if all curves of the sample-dependent alpha 
diversity would reach a common asymptote similar to the 
one of the number of individuals-dependent alpha diversity 
of the CS and SM curves. It is also doubtful that the rarified 
alpha diversity level in the number of individuals-depend-
ent BP curve would maintain its overlap with the curves of 
the SM and the CS at higher numbers of sampled individu-
als. This doubt is supported by the different estimated max-
imal numbers of taxa in the various biotopes (Fig. 5), which 
may lead to different asymptotic alpha diversity values.

Tselepides et  al. (2000) presented taxa accumula-
tion curves for their various sampled depth ranges. Their 
23 samples did not reach an asymptote, and the expected 
number of taxa reached ~160 taxa in the SM, ~100–130 in 
the CS and ~60 in the BP, revealing a similar trend to that 
observed in the present study, showing a decreasing num-
ber of species with increasing depth. The alpha diversity in 
the study by Tselepides et al. (2000) declined with depth, 
similar to the present observed results; these results are 
compatible with the general trend in Mediterranean alpha 
diversity with depth (Danovaro et al. 2010). However, the 
study by Tselepides et  al. (2000) lacks the evaluation of 
estimated alpha diversity, with its above-indicated simi-
larity when rarified to the number of sampled individuals. 
The limited sampling effort of both Kröncke et al. (2003) 
and Baldrighi et al. (2014) at the relevant sites (Table 4), in 
addition to the other above-mentioned differences in identi-
fication accuracy, size threshold and sampling date, permits 
only a general statement claiming a roughly similar number 
of sampled taxa.

Ecology of the region

Two approaches were applied to examine the potential cor-
relations between abiotic parameters and changes in the 
composition of the fauna: sample-wise (Table 3) and bio-
tope-wise (Table  2). The sample-wise approach revealed 
water depth as the major correlated parameter, which is also 

evident from observing the depth-related distribution of the 
biotopes (Figs. 1, 2). However, it is likely not water depth 
per se (hydrostatic pressure) that is responsible for this cor-
relation but a number of underlying parameters that co-vary 
with depth. Sediment is widely recognized to be a strong 
driver of infaunal ecology, both generally (Gray 1974) and 
in the deep sea (Etter and Grassle 1992), although it may 
be a complex relationship (Snelgrove and Butman 1994). In 
the present study, in addition to water depth, the grain size 
mode showed significant correlation with the sample biotic 
profiles. Percentage clay and  CaCO3% in concert increased 
the rank correlation of both water depth and grain size 
mode with the faunal composition (Table 3). Table 5 pro-
vides the Spearman’s rank correlation between all the abi-
otic parameters and depth. Although all five examined abi-
otic parameters demonstrated a significant rank correlation 
with depth, only the grain size mode, the  CaCO3% and the 
TOC% revealed strong correlations with depth. The impor-
tance of the effect of the TOC percentage on biotope densi-
ties is discussed above. The higher percentage of  CaCO3 in 
the BP results from the higher biogenic content of plank-
tonic foraminifera and pteropod shells (Elyashiv et  al. 
2014). The siliciclastic and less biogenic, closer-to-shore 
sediment originated from the sediment province formed by 
the Nile sediment transportation (Maldonado and Stanley 
1976).

The three biotopes are related to three different bottom 
terrains; this strong affiliation is supported by several pre-
liminary sedimentological indications that led us to put 
forward a working hypothesis for future studies suggesting 
that bottom sediment stability is a determining factor of 
faunal composition, with a much less stable CS in compari-
son to the SM and the BP. Sediment stability is generally a 
result of its fluidity, mixing processes, bottom inclination 
and overlying currents. Preliminary results reported higher 
sediment water content in the slope region of the studied 
area in comparison to both the shelf margin and the bathyal 
plain (Barak Herut, unpubl data).

Barsanti et al. (2011) studied and reviewed the sediment 
mixing processes in the Mediterranean deep sea (>2000 m) 
and in the LB, they found mixing processes mainly in the 
upper 2  cm caused by bioturbation. Bottom mixing was 
preliminarily examined in the SM, CS and BP of the pre-
sent studied area by Schirone et al. (2014) using the 210Pb 
and 137Cs radionuclide and metal contaminant depth pro-
files. The present studied bottom area is much shallower 
than the bottom examined in Barsanti et al. (2011) and the 
results demonstrated a 2- and 4-cm mixed layer in the SM 
and the BP, respectively, and a much thicker mixed hori-
zon in the CS. The intensively mixed, and hence less stable, 
CS bottom is assumed to result from the stronger inclina-
tion of the CS in comparison to its neighboring provinces 
coupled with the downhill currents and gravitational slides 
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described and discussed above. Interestingly, one of the LB 
sites examined by Barsanti et al. (2011) in the much deeper 
mid-slope near Rhodes revealed a 6-cm mixed layer indi-
cated to result from physical factors rather than bioturba-
tion, similar to our interpretation of the results of Schirone 
et al. (2014) from the Israeli CS.

Future research directions

The present study comprehensively characterized the biotic 
parameters of the >250 μm benthic fauna of the southeast-
ern corner of the LB and their assumedly shaping abiotic 
factors. This is the first detailed study of the benthic ecol-
ogy of this region, the eastern edge of the Mediterranean 
west–east axis. Future studies in this area should techni-
cally include more accurate faunistics and more intensive 
sampling in view of the low infaunal density. Scientifically, 
the characterization of other benthic faunal communities, 
mainly those of smaller meiofauna and bacteria are needed, 
as well as a better characterization of the sediment features 
that potentially affect the faunal composition and density.
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