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Composition, uniqueness and connectivity 
across tropical coastal lagoon habitats 
in the Red Sea
Zahra Alsaffar1,2, João Cúrdia1, Xabier Irigoien1,3,4 and Susana Carvalho1* 

Abstract 

Background: Tropical habitats and their associated environmental characteristics play a critical role in shaping 
macroinvertebrate communities. Assessing patterns of diversity over space and time and investigating the factors 
that control and generate those patterns is critical for conservation efforts. However, these factors are still poorly 
understood in sub-tropical and tropical regions. The present study applied a combination of uni- and multivariate 
techniques to test whether patterns of biodiversity, composition, and structure of macrobenthic assemblages change 
across different lagoon habitats (two mangrove sites; two seagrass meadows with varying levels of vegetation cover; 
and an unvegetated subtidal area) and between seasons and years.

Results: In total, 4771 invertebrates were identified belonging to 272 operational taxonomic units (OTUs). We 
observed that macrobenthic lagoon assemblages are diverse, heterogeneous and that the most evident biological 
pattern was spatial rather than temporal. To investigate whether macrofaunal patterns within the lagoon habitats 
(mangrove, seagrass, unvegetated area) changed through the time, we analysed each habitat separately. The results 
showed high seasonal and inter-annual variability in the macrofaunal patterns. However, the seagrass beds that are 
characterized by variable vegetation cover, through time, showed comparatively higher stability (with the lowest 
values of inter-annual variability and a high number of resident taxa). These results support the theory that seagrass 
habitat complexity promotes diversity and density of macrobenthic assemblages. Despite the structural and func-
tional importance of seagrass beds documented in this study, the results also highlighted the small-scale heterogene-
ity of tropical habitats that may serve as biodiversity repositories.

Conclusions: Comprehensive approaches at the “seascape” level are required for improved ecosystem management 
and to maintain connectivity patterns amongst habitats. This is particularly true along the Saudi Arabian coast of the 
Red Sea, which is currently experiencing rapid coastal development. Also, considering the high temporal variability 
(seasonal and inter-annual) of tropical shallow-water habitats, monitoring and management plans must include tem-
poral scales.

Keywords: Biodiversity, Inter-annual variability, Spatial variability, Macrobenthic communities, Tropical habitats, 
Seascape connectivity, Red Sea
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Background
Coastal lagoons are important transition systems pro-
viding essential socio-economic goods and services (e.g. 
shore protection, fisheries, carbon sequestration) [1–3]. 
Coastal lagoons harbour well-adapted and sometimes 
unique assemblages of species, which play a vital role 
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directly supporting local populations. These ecosystems 
are naturally stressed on daily to annual-time scales [4–8] 
and display high environmental variability (e.g. tempera-
ture, salinity, primary productivity, nutrients, dissolved 
oxygen). Such variability is reflected in the biological 
patterns that alter in response to the new environmental 
conditions. Lagoon ecosystems are also being increas-
ingly affected by human disturbances that can com-
promise their ecological and socio-economic values [5, 
9–12].

Subtropical and tropical coastal lagoons encompass a 
range of essential soft-substrate habitats, such as man-
groves, seagrasses and unvegetated bottoms. These 
habitats are associated with different environmental 
conditions, resulting not only from their location along 
the depth profile but also their structural complex-
ity, and biological assemblages [13–16]. However, while 
these habitats contain a diverse range of organisms spa-
tial distribution patterns and connectivity in subtropical 
and tropical lagoon habitats have mainly been assessed 
using fish and other mobile marine fauna [17–23]. Stud-
ies describing and comparing macrobenthic distribution 
patterns and the strength of connectivity linkages across 
different shallow-water tropical lagoon habitats are par-
ticularly limited compared to temperate systems (e.g. [15, 
24–27]). Spatial differences in the community can pro-
vide information regarding the ecological requirements 
of species. For example, species able to colonize multi-
ple habitats will most likely be less sensitive to environ-
mental changes, whereas those more directly associated 
with a specific habitat may be less tolerant to environ-
mental changes. In general, harsher environmental con-
ditions are observed in the intertidal area, dominated 
by mangrove trees, with conditions being attenuated 
with increasing depth, a pattern that is associated with 
a consistent increase in species richness and abundance 
[28, 29]. Indeed, mangrove habitats are characterized as 
unfavourable environments influenced by high salinity, 
high fluctuation of temperature, desiccation, and poor 
soil condition (depleted oxygen) [30]. On the other hand, 
if undisturbed, seagrass habitats provide comparatively 
more stable environmental conditions through time [31–
33] as well as protection from predators [34].

Furthermore, the knowledge about the role of temporal 
variability in driving macrobenthic patterns is still scarce 
[35–41]. While seasonal changes in tropical regions are 
comparatively less distinct than in temperate regions 
[42], temporal variability in benthic patterns exists [39, 
43, 44]. Investigating temporal variability patterns is 
essential to obtain a deeper knowledge of the dynamics 
and processes regulating lagoon communities. Indeed, 
considering the current scenario of global climate change, 
it is critical to better understand how the distribution 

patterns of organisms in these habitats are changing and 
particularly how they respond to changes in temperature 
and other key environmental drivers [1, 45]. Temporal 
variation patterns in the abundance and composition of 
macrofaunal invertebrates have been intensively studied 
in temperate coastal ecosystems in relation to environ-
mental variables [46–49]. Temporal variability in tem-
perature and food availability, for example, can influence 
recruitment events with consequences for the structure, 
distribution, and abundance of the community [50–52]. 
Similarly, sediment composition, organic matter, and 
vegetation cover, which may vary in time, are also main 
drivers of observed ecological patterns. However, most of 
those studies have been conducted in temperate regions 
and, more recently in polar habitats (e.g. [53–57]). Com-
paratively, less attention has been dedicated to sub-trop-
ical and tropical areas (e.g. [58–61]). This is even more 
striking in regards to the assessment of inter-annual vari-
ability (but see [40, 62, 63]).

Assuming that harsher environmental conditions will 
occur towards the intertidal area (i.e. mangrove habitats), 
we hypothesise (i) a decrease in species richness (i.e. the 
total number of species) and in the number of exclusive 
species from subtidal to intertidal areas, as less resistant 
species are progressively excluded along the the environ-
mental gradient. We also hypothesise that (ii) shallow 
water seagrass meadows will harbour higher numbers of 
species particularly compared with unvegetated bottoms, 
as a result of habitat complexity, protection from preda-
tors and food availability [64–66]. Likewise, we hypoth-
esise (iii) that temporal changes will be less evident in 
subtidal (vegetated and unvegetated) than intertidal habi-
tats [30, 67] and that subtidal seagrasses areas will sup-
port more stable communities through time. Ecologically 
related management decisions require a sound knowl-
edge of the biodiversity of the ecosystem. By assessing 
the variability in spatial and temporal patterns of macro 
benthic organisms we expand on the existing knowledge 
on tropical coastal lagoons which are sensitive as well as 
ecologically and economically valuable.

Results
Macrobenthic community composition: general 
characterization and connectivity among habitats
A total of 4771 invertebrates were identified within 
the different habitats surveyed in the lagoon (Fig.  1a), 
belonging to 272 operational taxonomic units (OTUs) 
distributed among 11 phyla, 16 classes, 40 orders, and 
80 families. Annelida dominated both in abundance and 
number of taxa, contributing to, respectively, 51.0% and 
42.0% of the total values. Sipuncula (15.0%), Arthropoda 
(13.0%), Mollusca (12.0%), and Echinodermata (7.0%) 
also contributed to the overall density. Regarding the 
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number of species, Arthropoda (28.0%) and Mollusca 
(18.0%) were, along with Annelida, the phyla contributing 
the most to the total number of species.

At the species level, the sipunculid Phascolion (Phasco-
lion) strombus strombus (12.2% of the total abundance) 
was the most abundant species, followed by the  poly-
chaetes Simplisetia erythraeensis (5.8%), Eunice indica 

Fig. 1 a Map showing the locations of the habitats in the lagoon. b Annual variability in sea surface temperature in the lagoon during the study 
period. M1 and M2, mangrove; S1 and S2, seagrass; and unvegetated area (Unv.). SU1 and SU2, summer sampling dates 1 and 2; W1 and W2, winter 
sampling dates 1 and 2. The map was produced by the authors using data freely available (http://www.thema ticma pping .org/downl oads/world 
_borde rs.php; https ://www.gadm.org/downl oad_count ry_v3.html, Saudi Arabia)

http://www.thematicmapping.org/downloads/world_borders.php
http://www.thematicmapping.org/downloads/world_borders.php
https://www.gadm.org/download_country_v3.html


Page 4 of 17Alsaffar et al. BMC Ecol           (2020) 20:61 

(4.4%), Ceratocephale sp. (3.3%), Aonides sp. (2.7%), Lum-
brineris sp.1 (2.7%), and Lysidice unicornis (2.6%), the 
amphipod Metaprotella africana (3.3%), and the bivalves 
Barbatia foliata5 (2.7%) and Paphies angusta (2.4%). 
Most of these taxa were found in at least four of the stud-
ied sites, except for Metaprotella africana (exclusive to 
S1) and Barbatia foliata, exclusive to seagrass habitats 
(S1 and S2). All the remaining taxa contributed to less 
than 2% of the total abundance.

Only eight taxa (3% the total number of taxa) spanned 
across the five habitats. Most of them were polychaetes 
(Capitellethus sp., Drillonereis sp., Euclymene spp., 
Lumbrineris sp.1, Lysidice unicornis, Notomastus spp.). 
Nemertea (und.) and the sipunculid Phascolion (Phas-
colion) strombus strombus were also observed across 
the five sites. Simplisetia erythraeensis was absent from 
the unvegetated site. There were 62 taxa shared between 
intertidal and subtidal sites, and only 18 exclusive species 
to the mangrove habitats (as a whole), representing 6.6% 
of the of the gamma diversity (2.2%, M2; 4.4%, M1). On 
the other hand, subtidal habitats showed a rather consist-
ent percentage of exclusive species, ranging from 29.4% 
in S1, 32.3% in S2 and 33.8% in the unvegetated area 
(S1: 12.8%; S2: 18.4%; Unvegetated: 15.1% of the gamma 
diversity, i.e. the total number of taxa observed in the 
lagoon).

Both seagrass habitats showed a higher percentage of 
resident species (i.e. species present in over 85% of the 
sampling dates in a certain habitat) compared to man-
grove and unvegetated areas (Table  2). In terms of the 
number of individuals, those taxa contributed to 45.0% 
and 34.0% for S1 and S2, respectively, of the site’s total 
abundance. S2 showed a more balanced distribution of 
the four habitat preference traits analysed  (i.e. resident, 
frequent, occasional, rare) and relatively stable numbers 
throughout the study period (Table  2). Regardless of 
the habitat, occasional species accounted for more than 
12.6% of the total number of species.

Macrobenthic patterns of variability across the lagoon 
seascape show that the community was structured by 
habitat with limited seascape ecological  connectivity 
across the different habitats (Fig. 2a). The environmental 
data gathered partially explained the multivariate vari-
ability of the biological data with the two first axes of the 
distance-based redundancy analysis (dbRDA) explaining 

more than half of the constrained variability but only 
19.1% of the total variability of the biological communi-
ties. The dbRDA plot reinforces a clear separation of the 
communities inhabiting mangrove areas, S1, and the 
unvegetated habitat, whereas S2 presented affinities (i.e. 
higher connectivity) with either S1 or mangrove stations 
depending on the sampling period (Fig.  2b). Samples 
from the unvegetated habitat were associated with depth 
and percentages of medium and fine sand. Seagrass habi-
tats (particularly S1) were separated based on the higher 
silt and clay (fine particles) content, whereas mangrove 
habitats presented a slightly higher percentage of coarse 
sand. Multivariate patterns suggest that the nature of the 
biotope itself drives the composition and structure of 
macrobenthic communities. The investigation of tempo-
ral variability was undertaken for each habitat separately.

Temporal variability within habitats
The high variability patterns in the seagrass biomass 
along the study period (Fig. 3) was reflected in the bio-
logical changes but was not fully aligned with the tem-
poral pattern in sea water temperature (Fig.  1b). When 
analysing the full dataset and regardless the diversity 
metric considered, S2 consistently presented the highest 
number of taxa (155, observed; 184.8–219.7, estimated), 
whereas M2 was the poorest taxa site. Density was also 
higher at S2 (801.9 ind.m−2) and lowest at the unvege-
tated area (388.8 ind.m−2) (Table 1).

In general, a higher number of OTUs were observed in 
the subtidal habitats than the intertidal mangrove areas 
(Fig. 4a), with M2 showing a consistently depressed num-
ber of taxa across all sampling dates. Abundance was 
also generally higher within seagrass meadows (Fig. 4b). 
M2 also presented the lowest Shannon–Wiener diversity 
whereas, in general, higher values were observed at S2 or 
at the unvegetated habitat (Fig. 4c).

Biological similarity within each habitat was mark-
edly low, ranging from 14% (M2) to 25% (S1) (Table  2). 
Both habitats also showed a higher dominance with 
only four and six species contributing to over 62% of 
the habitat’s abundance, respectively. In the remaining 
habitats, a minimum of 13 taxa was needed to reach the 
same level of abundance (Table 2). Except for S1, where 
none of the dominant taxa was a polychaete, this group 
dominated all the other habitats. S1 was dominated by a 

Fig. 2 Multivariate analysis of the community data. a Ordination (non-metric multivariate dimensional analysis) and classification diagram of the 
sampling habitats based on the Bray–Curtis dissimilarity on non-transformed data. b Distance-based redundancy analysis (dbRDA) plot based on 
a set of environmental variables; salinity, temperature, depth, grain size fractions (coarse sand medium sand, fine sand, fines), organic matter: LOI 
(%) and chlorophyll a on biological data from lagoon habitats; M1 and M2, mangrove; S1 and S2, seagrass; and unvegetated area (Unv). The points 
represented the sampling events (winter 1, winter 2, summer 1, and summer 2) for 2014 and 2015. Coarse sand and fines data are square root 
transformed and LOI  loge transformed. Length and direction of vectors indicate the strength and direction of the relationship

(See figure on next page.)
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sipunculid (Phascolion (Phascolion) strombus strombus), 
two bivalves (Barbatia foliata and Cardiolucina sempe-
riana), one amphipod (Metaprotella africana) and two 
echinoderms (Aquilonastra burtoni and Amphioplus 
cyrtacanthus).

Temporal variation in the structure of macrobenthic 
assemblages within each habitat examined on the basis 
of the Bray–Curtis and Jaccard resemblance measures 
indicated different patterns depending on the habitat in 
analysis. Major differences were not detected between 
metrics and therefore only plots for Bray–Curtis matri-
ces are presented (Fig.  5). The results of the Permuta-
tional Multivariate Analysis of Variance (PERMANOVA) 
confirmed different temporal trajectories in the analysed 
habitats (Table  3). Both resemblance metrics applied to 
M1 and S1 datasets showed a significant interaction of 
the main factors (Year x Season). The pair-wise tests indi-
cated for M1 a significant inter-annual difference both 
in winter and summer. For S1, inter-annual differences 
were only detected in winter. With regard to seasonal 
differences, S1 presented significant variability in both 
years (except in the composition–Jaccard-for 2015) but 
in M1 differences were only detected in 2014 (Table  3). 

Macrobenthic communities at M2 and S2 showed signifi-
cant inter-annual variability (except for S2 with presence/
absence) (Table 3). Finally, the unvegetated area showed 
significant and independent seasonal and inter-annual 
variability (Table 3).

Discussion
This study investigated the distribution patterns of mac-
robenthic communities inhabiting adjacent shallow-
water habitats in a tropical coastal lagoon with particular 
focus on how they are connected and how communities 
within each habitat vary over time. Even though ecologi-
cal  seascape connectivity has been previously demon-
strated particularly for fish, information on the benthic 
dynamics in tropical lagoons is still scarce. The Al Qadi-
mah lagoon, likewise other tropical lagoons, encom-
passes a wide range of habitats including both hard (not 
addressed here) and soft-substrates. Within the latter, 
changes in the vegetation cover result in a mosaic of 
habitats with different sedimentary properties that will 
determine the structure of local macrobenthic communi-
ties [68]. Here, we observed a clear zonation of the ben-
thic communities, driven by habitat-related factors acting 

Fig. 3 Biomass of seagrass plants along the study period (2014–2015) in both seagrass stations. SU1 and SU2, summer sampling dates 1 and 2; W1 
and W2, winter sampling dates 1 and 2. S1 and S2, seagrass sites

Table 1 Total number of  Operational Taxonomic Units (OTUs), estimated number of  taxa based on  Chao, Jacknife (1st 
order) and Bootstrap, and average density (ind.m−2) per habitat. M1 and M2, mangrove; S1 and S2, seagrass

Highest value per metric is presented in italic

Habitat No. OTUs Chao Jacknife Bootstrap Av. Density 
(ind.m-2)

M1 65 113.0 ± 23.80 95.0 ± 12.92 78.0 ± 6.94 634.4

M2 38 151.9 ± 79.76 63.3 ± 8.51 48.1 ± 3.81 434.4

S1 119 177.8 ± 21.07 171.5 ± 18.13 142.5 ± 9.68 722.5

S2 155 212.2 ± 18.19 219.7 ± 18.29 184.8 ± 9.36 801.9

Unvegetated 121 156.2 ± 13.81 163.2 ± 14.94 140.9 ± 8.05 388.8
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at varying spatial scales [69]. The present results also pro-
vided new insights into the temporal variability (seasonal 
and inter-annual) of different lagoon shallow-water habi-
tats in a tropical seascape.

Uniqueness of lagoon habitats within the seascape
A clear pattern of habitat-dependent association was 
observed with the different habitats harbouring distinct 
macrobenthic assemblages. The high spatial variability 

Fig. 4 Alpha-diversity metrics per habitat and over time. a Number of Operation Taxonomic Units (OTUs), b density, and c Shannon–Wiener 
diversity. M1 and M2, mangrove; S1 and S2, seagrass; and unvegetated area (Unv)
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of macrofaunal patterns is most likely linked to the het-
erogeneity of the seascape and to the high contribution 
of rare species to the overall abundance. Recent studies 
showed that biological variability is driven by the relative 
high contribution of rare and common species, with rare 
species playing a major role in the temporal patterns, as 
a result of their vulnerability to fluctuations in environ-
mental conditions (e.g. [70, 71]).

Subtidal habitats harboured 70% of the total number 
of species. Overall, seagrass habitats showed the high-
est number of taxa, which agrees with previous stud-
ies [65, 68, 72–74]. Variability was, however, high and 
significant differences within the subtidal area were 
not detected. The structural complexity provided by 
the seagrass canopy and the developed rhizome and 
root systems that contribute to sediment stability may 
favour the development of diverse communities [70, 
75, 76]. In the tropics, the canopy can play an addi-
tional critical role providing shade that can attenu-
ate the effects of sea water temperature [8] that in the 
study region can reach over 32  °C in the summer. Yet, 

Table 2 Cumulative percentage of  the  taxa (Cum  %) 
contributing to  more than  60% of  each habitat’s total 
abundance

Taxa Tax. Group Cum % HPT

M1–Overall similarity 18%

 Ceratocephale sp. POL 8.9 OCCA 

 Phascolion (Phascolion) strombus 
strombus

SIP 16.7 FRE

 Protodorvillea sp. POL 24.6 RARE

 Eunice indica POL 30.5 FRE

 Diogenes costatus DEC 35.3 FRE

 Lysidice unicornis POL 38.8 OCCA 

 Simplisetia erythraeensis POL 42.4 OCCA 

 Aspidosiphon sp. SIP 45.5 RARE

 Syllis hyllebergi POL 48.7 OCCA 

 Marphysa macintoshi POL 51.7 RES

 Scoletoma sp. POL 54.5 OCCA 

 Thalamita poissonii DEC 57.2 OCCA 

 Linopherus sp. POL 59.6 RARE

 Nemertea NEM 62.0 OCCA 

M2-Overall similarity 14%

 Simplisetia erythraeensis POL 32.1 FRE

 Paphies angusta BIV 48.8 RARE

 Ceratocephale sp. POL 58.0 OCCA 

 Paucibranchia adenensis POL 63.1 OCCA 

S1-Overall similarity 25%

 Phascolion (Phascolion) strombus 
strombus

SIP 28.3 RES

 Metaprotella africana AMP 42.1 RARE

 Barbatia foliata BIV 49.6 RES

 Aquilonastra burtoni AST 56.5 RES

 Amphioplus cyrtacanthus OPH 59.9 FRE

 Cardiolucina semperiana BIV 62.2 RES

S2-Overall similarity 19%

 Phascolion (Phascolion) strombus 
strombus

SIP 12.1 RES

 Eunice indica POL 20.0 RES

 Lumbrineris sp1 POL 27.1 RES

 Aonides sp. POL 33.5 OCCA 

 Lysidice unicornis POL 39.1 FRE

 Amphioplus (Lymanella) hastatus OPH 43.7 RES

 Barbatia foliata BIV 46.9 OCCA 

 Paradoneis lyra POL 49.9 OCCA 

 Euclymene spp. POL 52.8 FRE

 Notomastus sp. POL 55.3 FRE

 Cardiolucina semperiana BIV 57.7 FRE

 Pseudosympodomma persicum CUM 59.8 FRE

 Goniada multidentata POL 61.6 RES

Unvegetated-Overall similarity 16%

 Eunice indica POL 5.5 FRE

 Aonides sp. POL 10.0 SEASONAL

 Lumbrineris sp2 POL 13.7 OCCA 

Table 2 (continued)

Taxa Tax. Group Cum % HPT

 Ampelisca brevicornis AMP 17.2 FRE

 Ancilla sp3 GAS 20.3 OCCA 

 Glycinde bonhourei POL 23.3 OCCA 

 Schizaster gibberulus ECH 26.2 FRE

 Diplocirrus sp. POL 28.9 SEASONAL

 Phascolion (Phascolion) strombus 
strombus

SIP 31.7 OCCA 

 Nemertea NEM 34.1 OCCA 

 Amphioplus cyrtacanthus OPH 36.3 RARE

 Leptochela aculeocaudata DEC 38.6 OCCA 

 Lumbrineris sp1 POL 40.8 OCCA 

 Kirkegaardia sp1 POL 42.9 SEASONAL

 Lumbrineris sp3 POL 45.0 RARE

 Paucibranchia adenensis POL 47.1 OCCA 

 Magelona cincta POL 49.0 OCCA 

 Macrophthalmus graeffei DEC 50.8 SEASONAL

 Amphiodia duplicata OPH 52.4 OCCA 

 Antalis rossati SCA 54.0 OCCA 

 Dentalium bisexangulatum SCA 55.6 OCCA 

 Branchiostoma lanceolatum CEPH 57.1 OCCA 

 Chaetozone setosa POL 58.4 OCCA 

 Euclymene spp POL 59.6 OCCA 

 Streblosoma persica POL 60.9 RARE

For each taxa, it is provided the taxonomic group (Tax. Group) and the Habitat 
Preference Trait (HPT). Pol Polychaeta, SIP Sipuncula, BIV Bivalvia, DEC Decapoda, 
NEM Nemertea, AMP Amphipoda, Cum Cumacea, OPH Ophiuroidea, AST 
Asteroidea, CEPH Cephalochordata, ECH Echinoidea, SCA Scaphopoda, GAS 
Gastropoda, RES resident, FRE frequent, OCCA  occasional, SEASONAL and RARE. 
See text for further explanations
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we found that denser seagrass meadows are not always 
the most favourable habitats for several invertebrates, 
even though this result may be site-dependent [77–80]. 
Indeed, the site displaying the highest variability in 
the cover during the study period, showed the highest 
number of taxa, density of individuals, and exclusive 

number of species (32.3% of the site’s total number of 
species). Dense vegetation can physically obstruct the 
movement of large burrowing macroinvertebrates [68, 
81]. Also, despite the increased aeration within the 
sediment due to the developed root system [82], the 
decomposition of the high amounts of organic matter 

Fig. 5 Non-metric multidimensional scaling (nMDS) based on Bray–Curtis dissimilarity matrices based on untransformed data, for temporal 
variation in the structure of macrobenthic assemblages within each habitat. M1 and M2, mangrove; S1 and S2, seagrass; and unvegetated area (Unv)
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will require increased oxygen consumption and result 
in anoxic regions and accumulation of toxic products 
[83, 84]. Therefore, vegetated areas with comparatlively 
lower cover might harbour higher species numbers as 
a result of species avoiding toxic anoxic conditions in 
densely covered areas [85].

Within mangrove habitats species encounter harsh 
physical environmental conditions (e.g. high salinity, 
hypoxia, desiccation, high concentration of toxins) and 
in general nitrogen limitation (C/N ratio often > 100; 
although mangroves in the Red Sea are carbon limited 
compared to other locations [86]) due to a low nutritional 

Table 3 Two-way PERMANOVA model and  pair-wise tests based on  Bray–Curtis and  Jaccard matrices within  habitats 
among seasons and year (Year and Season interaction; Yr x Se)

M1 and M2, mangrove; S1 and S2, seagrass; and unvegetated area (Unv)

Source Df MS Pseudo-F P(perm) MS Pseudo-F P(perm)

Bray–Curtis Jaccard

M1

 Yr 1 14,075 6.5403 0.001 12,833 4.884 0.001

 Se 1 7999.3 3.7171 0.001 7602.5 2.8934 0.001

 Yr x Se 1 3967.2 1.8434 0.025 4439.2 1.6895 0.012

 Res 12 2152 2627.6

M2

 Yr 1 8802.9 2.4787 0.007 6405 1.6328 0.041

 Se 1 3050.7 0.85902 0.608 4207.3 1.0726 0.36

 Yr x Se 1 3968.6 1.1175 0.362 2779.8 0.70866 0.859

 Res 12 3551.4 3922.6

S1

 Yr 1 6362.4 2.71 0.002 5844.2 1.9678 0.002

 Se 1 3610.6 1.5379 0.086 5086.2 1.7125 0.009

 Yr x Se 1 4735.3 2.0169 0.008 4624.4 1.5571 0.026

 Res 12 2347.8 2970

S2

 Yr 1 5513.2 1.7404 0.038 4583.2 1.3682 0.089

 Se 1 3369.6 1.0637 0.376 4300.4 1.2838 0.149

 Yr x Se 1 3296.2 1.0405 0.36 4002.9 1.195 0.196

 Res 12 3167.9 3349.8

 Unv.

 Yr 1 7397.4 2.7142 0.001 5802.3 1.831 0.003

 Se 1 8791.8 3.2258 0.001 8686.2 2.7411 0.001

 Yr x Se 1 4248.6 1.5589 0.039 4144 1.3077 0.129

 Res 12 2725.5 3168.9

Pair-wise tests

 Term ‘Yr x Se’ for pairs of levels of factor ‘Year’

 Within level ‘Su’ of factor ‘Season’

M1 Groups t P(perm) t P(perm)

2014, 2015 2.2928 0.026 2.0907 0.024

Within level ‘W’ of factor ‘Season’

M1 2014, 2015 1.7421 0.028 1.5051 0.038

S1 2014, 2015 2.0553 0.023 1.5675 0.022

Term ‘Yr x Se’ for pairs of levels of factor ‘Season’

Within level ‘2014′ of factor ‘Year’

M1 Su, W 2.1788 0.03 1.9213 0.029

S1 Su, W 1.2833 0.031 1.4205 0.037

Within level ‘2015’ of factor ‘Year’

S1 Su, W 1.3824 0.029
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value of the main source of organic matter, i.e. leaf litter 
[25]. Under these consitions, populations of a few toler-
ant/opportunistic species dominate the macrobenthic 
communities [25, 87]. In the present study, the deepest 
mangrove area (M2) was dominated by only four species, 
the polychaetes Simplisetia erythraeensis, Ceratocephale 
sp. and Paucibranchia adenensis, and the bivalve Paphies 
angusta contributed to over 60% of the total abundance. 
In the shallowest mangrove area, despite the dominance 
of polychaetes, the sipunculid (Phascolion (Phascolion) 
strombus strombus) and some decapods (Diogenes cos-
tatus and Thalamita poissonii) were also co-dominant. 
Decapods are critical players for the ecosystem function-
ing of these habitats by processing leaf litter and oxy-
genating sediment through their burrows [88, 89] and 
therefore their dominance in the habitat is not surprising. 
As observed elsewhere, mangrove habitats showed the 
lowest number of species compared to nearby seagrass 
and unvegetated substrates, as previously found [90, 91].

Connectedness and stability at the scale of the seascape
In the present study, nearby seagrass meadows differed 
in cover and depth location, which might have resulted 
in limited similarity in faunal communities (both habitats 
shared 35.0% of total number of species). Higher simi-
larities (~ higher seascape connectivity) were detected 
among subtidal habitats than between those and man-
groves (intertidal habitats). Nevertheless, 62 taxa, rep-
resenting 22.8% of the gamma diversity, were shared 
between intertidal and subtidal habitats, suggesting that 
several species may utilize contrasting yet adjacent habi-
tats within the lagoon seascape. Despite the fact that the 
overlap of species across the five habitats is lower (eight 
taxa; 2.9% of the total number of taxa) than previously 
reported [92, 93], the present study suggests the con-
nectivity between intertidal and subtidal areas and the 
need for integrated management measures. The results 
obtained may result from the low hydrodynamic condi-
tions present but information on the hydrographic pat-
terns is non-existent. The effect of tides can result in 
displacement of specimens through water movement [94] 
and depending on their height can also expose organisms 
to desiccation for variable periods of time, which may 
hinder the distribution of most of the species toward the 
intertidal area. Specially, when analysed together, man-
grove habitats contributed to 6.6% (M1, 4.4%; M2, 2.2%) 
of the gamma diversity, contrasting with the unvegetated 
subtidal area and the seagrass meadows that supported, 
respectively, 15.1% and 31.3% (S1, 12.9%; S2, 18.4%).

Mangrove forests can produce relatively large amounts 
of organic matter through the conversion of leaf litter 
into detritus [64], that are later exported to nearby habi-
tats [95–97]. Therefore, the proximity of the mangrove 

stands to shallow water seagrass meadows will most 
likely contribute to the higher biodiversity and, particu-
larly, higher density observed within seagrasses. The pop-
ulations of suspension-feeders, such as Barbatia foliata, 
which was dominant in the seagrass meadow (S1), sup-
ports the idea of higher availability of organic suspended 
particulate matter derived from, among others, nearby 
mangrove canopies and this higher availability will also 
support more resident organisms [68, 99]. Despite the 
high temporal variability observed in all habitats, high-
lighted by the dissimilarity indices, seagrass habitats 
showed a comparatively higher stability, with the low-
est values of inter-annual variability, similar to previous 
studies in temperate areas [8, 98]. These habitats also 
supported the highest number of resident species (i.e. 
those present in over 85% of the sampling periods). At the 
lagoon entrance, the exclusive presence of Schizaster gib-
berulus, a sea urchin previously associated with the near 
shore coastal biotope in the region [16], suggests that the 
unvegetated area may be located along a corridor con-
necting offshore and lagoon communities, with patterns 
likely dependent on the hydrodynamic processes [99]. Its 
position between the lagoon and the open coastal water 
may also explain the high number of species observed 
(121), with a large proportion being exclusively associ-
ated with this habitat (33.9%). It is worth noting that 
given the generally low density observed in the Red Sea 
[16, 100], future studies will require to increase the rep-
lication across multiple spatial scale to fully understand 
the dynamics of benthic macroinvertebrates under low 
nutrient, high temperature, and high salinity conditions. 
Therefore, conclusions related to abundance and diver-
sity should be interpreted with caution.

The present findings reinforce the need for an inte-
grated understanding of shallow-water habitats from a 
seascape perspective, in opposition to a fragmented anal-
ysis of the isolated habitats [21, 101, 102]. Whereas the 
latter may be relevant when looking at particular species, 
the contribution of each habitat to the dynamics of the 
whole macrobenthic assemblages is relevant and should 
not be disregarded by managers when aiming for marine 
biodiversity conservation. Indeed, in tropical regions, 
seagrass beds and mangroves have been reported as key 
nursery areas for several reef fishes such as parrotfishes 
(Labridae, Scarini), grunts (Haemulidae) and snappers 
(Lutjanidae) [103–106] that rely on the macrobenthos 
as food resources. Large-scale migrations (over 30  km) 
by juvenile snappers, between inshore nursery habitats 
and reefs in the central Red Sea have been reported [22]. 
Also, mangrove forests have been linked to enhanced 
biomass and biodiversity of coral reef fishes [18, 21, 104, 
107, 108]. Sustained connectivity of the habitats may 
enhance the resilience of coral populations to recover 



Page 12 of 17Alsaffar et al. BMC Ecol           (2020) 20:61 

after disturbance [107]. Therefore, disturbing the corri-
dors connecting coral reefs with other inshore habitats 
may even have consequences for reef conservation at a 
local scale.

Conclusion
Overall, the present study confirmed a decreasing gra-
dient in the total number of species and number of 
exclusive species towards the mangrove habitats. It also 
supports the role of seagrass habitat complexity in pro-
moting diversity and density of organisms. Neverthe-
less, high and stable seagrass cover does not necessarily 
result in the highest biodiversity levels. But the presence 
of these plants plays an essential role in the biodiversity 
of coastal lagoons. Seagrass habitats in contrast to man-
grove forests and the unvegetated area show lower inter-
annual variability and higher number of resident species, 
suggesting more stable communities.

Current findings highlight habitat-structured patterns 
and persistent patchiness evidenced by a limited number 
of overlapping species (dominance of habitat specialists 
over generalists) within the seascape. This is particu-
larly relevant considering the proximity of the analysed 
habitats but may result from the low dominance levels 
compared to temperate regions [92, 98, 109]. Neverthe-
less, 22.8% of the gamma diversity was represented by 
taxa spanning between subtidal and intertidal habitats. 
Hence, holistic, i.e. interconnected seascape management 
approaches, rather than those focusing on single habitats 
should be prioritized to protect biodiversity and fisheries 
[22, 110, 111].

Methods
Study area and sampling design
The present study was carried out in the Al Qadimah 
lagoon (22° 22′ 39.3″ N, 39° 07′ 47.2″ E) located in the 
central region of the Saudi Arabian Red Sea (Fig. 1a). This 
shallow lagoon (average depth 2.19  m) has an approxi-
mate area of 14 km2 and is not impacted by direct anthro-
pogenic disturbances typical of other coastal lagoons 
(e.g. freshwater or sewage discharges, fisheries, habitat 
destruction from coastal development). It is, however, 
situated between two urbanized areas, which are increas-
ing in size (King Abdullah University of Science and 
Technology, 7000 inhabitants; King Abdullah Economic 
City, currently 5000 inhabitants but it is expected to 
reach 50,000 in the near future) but that are not directly 
connected with the lagoon. Hence, it offers a rare oppor-
tunity to study the natural roles of environmental drivers 
in shaping macrobenthic communities inhabiting such 
critical wetlands.

Scattered along the extent of its margins, well-devel-
oped mangrove stands of Avicennia marina are observed. 

The bottom of the lagoon, particularly in the inner areas 
is characterized by more or less fragmented seagrass 
meadows. To depths of approximately 50 cm, Cymodocea 
rotundata is the dominant species with smaller patches 
of Cymodocea serrulata also being present. Below this 
depth, seagrass meadows are mainly characterized by 
mono-specific stands of Enhalus acoroides down to 2 m 
depth. Towards the sea, unvegetated bottoms with either 
sponges mixed with coral rubble or sand progressively 
replace seagrass meadows.

In the Red Sea, there are two marked seasons (Fig. 1b), 
winter (November–April) and summer (May–October). 
In order to investigate inter-annual and seasonal changes 
in macrobenthic patterns, samples were collected in two 
different periods in winter (January; March) and sum-
mer (June; September) of 2014 and 2015. Five perma-
nent soft-sediment habitats typical of tropical coastal 
lagoons were selected: 1. upper mangrove area (M1); 2. 
deeper mangrove area (M2); 3. shallow seagrass meadow 
(S1, mix meadows of Cymodocea serrulata interspaced 
with Cymodocea rotundata; relatively high cover all year 
round); 4. deeper seagrass meadow (S2, monospecific 
stands of Enhalus acoroides with high variability in the 
vegetation cover throughout the study period); and 5. 
unvegetated soft-sediments (Fig.  1a). The unvegetated 
sandy substrate was located between 8 and 10 m depth. 
Due to the widespread distribution of seagrasses, man-
groves and in order to minimize the direct influence of 
those habitats on the colonization patterns of unveg-
etated areas, the site was located at the entrance of the 
lagoon.

Sampling strategy
At each habitat and sampling period, conductivity, tem-
perature, and depth (CTD) casts were carried out with a 
multiparameter probe (OCEAN SEVEN 316 Plus and 305 
Plus). The CTD casts also recorded oxygen saturation in 
the water column. Water samples for the analysis of chlo-
rophyll a (chl a) were collected using a Niskin  bottle at 
each station (2 L per station). Sediment samples were 
collected using a 0.1  m2 Van Veen grab in the seagrass 
meadows and the unvegetated area (subtidal stations), 
whereas in the mangrove habitats (intertidal), samples 
were collected using hand corers (3 × 10  cm i.d. mak-
ing one replicate; total area per replicate ~ 0.024 m2). In 
2014, two replicates at each site and sampling date were 
taken for the study of macrobenthic communities, with 
additional samples being collected for the study of envi-
ronmental variables (grain particle size distributions and 
organic matter content). In 2015, the same approach was 
followed increasing the number of replicates for the study 
of macrobenthic communities to three. Macrobenthic 



Page 13 of 17Alsaffar et al. BMC Ecol           (2020) 20:61  

samples were sieved through 1  mm mesh screens and 
preserved in 96% ethanol.

Laboratory analyses
In order to estimate the primary production in the sam-
pling area, the concentration of chl a was quantified by 
fluorescence using the EPA method 445.0 [112]. Water 
samples were filtered using GF/F filters as soon as we 
arrived at the laboratory. The filters were then preserved 
at -80  °C until extraction of the pigments. 10 ml of 90% 
acetone were used for each extract and left for 24  h in 
cold and dark conditions to minimize degradation. The 
procedure was undertaken in low light conditions to 
minimize degradation. A Turner  Trilogy® fluorometer 
(Turner Designs) was used to quantify the chl a content 
using an acidic module. The degradation of the chloro-
phyll a to phaeophytin was accomplished by acidifying 
the sample with 60 µl of 0.1 N HCl.

Sediment samples were sorted after all the vegetation 
associated with sediment was removed. Organisms were 
whenever possible identified to the species level. Vegeta-
tion biomass (seagrass leaves, roots, and mangrove mate-
rial) was quantified per replicate.

Grain particle-size distribution was quantified after ini-
tial wet sieving of the samples (63 μm mesh) to separate 
the silt and clay fraction from sandy fractions and gravel. 
The retained fractions were dried at 80  °C for 24–48  h. 
The dried sandy and gravel sample was then mechani-
cally sieved by using a column of sieves to separate the 
sandy fractions and the gravel as follows: < 63  μm, silt–
clay; 63–125  μm, fine sand; 250-500  μm, medium sand; 
1000–2000 μm, coarse sand;  > 2000 μm, gravel.

The organic content of the sediments was determined 
by loss on ignition (LOI). Sediments were dried for 
24–48 h at 60 °C and then the samples were placed in the 
muffle furnace at 450 °C for 4 h. After cooling in a desic-
cator for 30 min, samples were weighed and the LOI was 
calculated using the following equation [113]:

 where: LOI = Organic Matter content (%),  Wi = Ini-
tial weight of the dried sediment subsample;  Wf = Final 
weight after ignition.

Data analysis
General patterns
Macrobenthic patterns were analysed through a combi-
nation of univariate and multivariate techniques. Sev-
eral univariate metrics were calculated including the 
total number of taxa (S, species richness), density (ind. 
 m−2), and Shannon–Wiener (H′). Considering the dif-
ferent sampling methods, and the dependency of species 

LOI = (Wi −Wf)/Wi × 100

richness on sample size [114], estimates of species diver-
sity were also calculated and compared with S. The non-
parametric species richness estimators used: Chao 1, 
Jacknife 1 order and Bootstrap all follow an asymptotic 
approach to estimate the number of undetected species 
richness. These estimators are commonly used in ecolog-
ical studies because they are simple, intuitive, relatively 
easy to use and perform reasonably well [115]. The biased 
corrected form of Chao 1 estimator [114, 116] uses the 
number of singletons and doubletons to estimate the 
lower bound of species richness. The first order Jacknife 
estimator [117] assumes that the number of species that 
are missed equals the ones that were seen once (single-
tons). The Bootstrap estimator is based on the assump-
tion that if the same data is resampled with replacement 
the number of missing species after resampling will be 
similar to those missed originally [117]. All estimators 
were calculated using the open source software R [118] 
using function “specpool” from “vegan” package [119]. 
Abundance data was used for the calculations of all esti-
mators. In order to have a balanced number of replicates, 
the analyses were conducted for two replicates, with 
those collected in 2015 being randomly selected. Prelimi-
nary analysis showed that the same general patterns in 
composition and alpha-diversity were obtained for 2014 
and 2015 datasets.

To visualize multivariate patterns of abundance in mac-
robenthic communities within the seascape, non-metric 
multidimensional scaling (nMDS) was applied based on 
the Bray–Curtis dissimilarities. Given the differences 
among habitats for some dominant species, when com-
paring habitats (i.e. full dataset), Bray–Curtis dissimi-
larities matrices were calculated using untransformed 
abundance data. Separate nMDS plots were generated 
for each one of the sites for a better visualization of the 
temporal variability. These analyses were also based on 
untransformed data. Within each site, significant varia-
bility in the multivariate patterns over time was analysed 
initially according to a three-factor design (Year; Season; 
Date, nested within Season) using Permutational Multi-
variate Analysis of Variance (PERMANOVA). As the fac-
tor “Date” was found not significant, and to increase the 
power of the analysis, a two-factor PERMANOVA was 
applied. Whenever significant differences in the interac-
tion term were detected (i.e. Year × Season), pair-wise 
tests were conducted.

Connectedness within the seascape and stability patterns 
over time
A preliminary investigation of the patterns of variability 
across the seascape was carried out to identify generalist 
versus specialist taxa, i.e. those that span across multiple 
habitats versus those that are particularly associated with 



Page 14 of 17Alsaffar et al. BMC Ecol           (2020) 20:61 

a specific habitat, respectively. We aimed to characterize 
the main differences in the community patterns in terms 
of shared and exclusive species that could determine the 
cause of the connectivity across the lagoon. This analysis 
was conducted based on the whole dataset, disregarding 
the seasonal and annual changes, as our main question 
was related to the constancy of spatial changes in differ-
ent habitats.

Finally, we analysed the frequency of occurrence of 
species in each habitat during the study period. Species 
were classified based on Habitat Preference Trait as fol-
lows: (i) resident, present in over 85% of the sampling 
dates (i.e. eight events); (ii) frequent, observed between 
50% and 85% of the dates; (iii) occasional, presence regis-
tered in between 25% and 50% of the sampling occasions; 
(iv) rare, observed in less than or equal to 25% of the 
sampling dates; (v) seasonal, only observed in one season 
but in both years.

Community stability was also examined over the sam-
pling period within each habitat based on the indices 
Bray–Curtis (community structure) and Jaccard (pres-
ence/absence; composition). Within each habitat, vari-
ability between all pairwise comparisons among terms 
of interest (e.g. within and between seasons; within and 
between years) was analysed. We established that low 
levels of similarity are related to high variability in the 
macrobenthic communities over time, whereas high sim-
ilarity is indicative of more stable communities.

Relationships between environmental variables 
and assemblage structure
Distance-based redundancy analysis (dbRDA) was used 
to assess the relationship between each environmental 
variable and the variation in the community structure 
(given by the direction and length of vectors for each 
variable). The variables used for the analysis were salin-
ity, temperature, depth, grain size fractions, organic mat-
ter content (% LOI), and chl a. Three of the variables 
were transformed to reduce skewness, namely the fines 
and coarse sand fractions of the sediment (square root) 
and organic matter content (natural log). Marginal tests 
are used to show the significance of each variable indi-
vidually to the model and sequential tests show the best 
subset of explanatory variables that explain the biological 
patterns.

Abbreviations
C/N: Carbon to Nitrogen ratio; Chl a: Chlorophyll a; CTD: Conductivity, tem-
perature, and depth casts; dbRDA: Distance-based redundancy analysis; H’: 
Shannon–Wiener; LOI: Loss on ignition; M1: Upper mangrove area; M2: Deeper 
mangrove area; MDS: Non-metric multidimensional scaling; OTUs: Operational 
taxonomic units; PERMANOVA: Permutational Multivariate Analysis of Variance; 
S1: Shallow seagrass meadow; S2: Deeper seagrass meadow; Unv: Unveg-
etated soft-sediments.

Acknowledgements
The authors would like to thank Saskia Kurten, Richard Payumo, Miguel Viegas, 
and Holger Anlauf for their assistance in the field and the laboratory analyses. 
We would also like to thank to Carlos Navarro, Leandro Sampaio, Joana 
Oliveira, and Ascensão Ravara for their help in taxonomic identification. The 
authors are also indebted to the skippers and staff of the Coastal and Marine 
Resources Core Lab for their invaluable support in fieldwork activities. We 
are also grateful to Dr. John Pearman for proofreading this manuscript and 
providing comments that, along with those provided by the reviewers and 
the editor, greatly improved it. This research was partially supported by base-
line funding provided by KAUST to Prof. Xabier Irigoien and SAKMEO - Saudi 
Aramco/KAUST Center for Marine Environmental Observations.

Authors’ contributions
ZA and SC designed the study. ZA, JC, XI and SC, conducted the research, ana-
lysed and interpreted the data. ZA wrote the manuscript with the contribution 
of all the co-authors. All authors read and approved the final manuscript.

Funding
This research was supported by baseline funding provided by KAUST to Prof. 
Xabier Irigoien. SC and JC are funded by the Saudi Aramco/KAUST Center for 
Marine Environmental Observations (SAKMEO).

 Availability of data and materials
The datasets used and/or analysed during the current study are available from 
the corresponding author on reasonable request.

Ethics approval and consent to participate
The conducted research followed the policies as approved by the King Abdul-
lah University of Science and Technology (KAUST).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Red Sea Research Centre, King Abdullah University of Science and Technol-
ogy (KAUST), Thuwal 23955-6900, Saudi Arabia. 2 Chemistry Department, 
College of Science, King Saud University (KSU), Riyadh, P.O. Box 2455, 11451, 
Saudi Arabia. 3 AZTI - Marine Research, Herrera Kaia, Pasaia 20100, Spain. 
4 IKERBASQUE, Basque Foundation for Science, Bilbao 48013, Spain. 

Received: 2 February 2020   Accepted: 11 November 2020

References
 1. Harley CD, Randall Hughes A, Hultgren KM, Miner BG, Sorte CJ, Thorn-

ber CS, et al. The impacts of climate change in coastal marine systems. 
Ecol Lett. 2006;9:228–41.

 2. Waycott M, Duarte CM, Carruthers TJB, Orth RJ, Dennison WC, Olyarnik 
S, et al. Accelerating loss of seagrasses across the globe threatens 
coastal ecosystems. PNAS. 2009;106:12377–81.

 3. Camacho-Valdez V, Ruiz-Luna A, Ghermandi A, Nunes PA. Valuation of 
ecosystem services provided by coastal wetlands in northwest Mexico. 
Ocean Coast Manage. 2013;78:1–11.

 4. Carvalho S, Moura A, Gaspar MB, Pereira P, da Fonseca LC, Falcão M, 
et al. Spatial and inter-annual variability of the macrobenthic communi-
ties within a coastal lagoon (Óbidos lagoon) and its relationship with 
environmental parameters. Acta Oecol. 2005;27:143–59.

 5. Como S, Magni P. Temporal changes of a macrobenthic assemblage in 
harsh lagoon sediments. Estuar Coast Shelf Sci. 2009;83:638–46.

 6. Kennish MJ, Paerl HW. Coastal lagoons: critical habitats of environmen-
tal change. CRC Marine Science: CRC Press; 2010.

 7. Pereira P, de Pablo H, Carvalho S, Vale C, Pacheco M. Daily availability of 
nutrients and metals in a eutrophic meso-tidal coastal lagoon (Óbidos 
lagoon, Portugal). Mar Pollut Bull. 2010;60:1868–72.



Page 15 of 17Alsaffar et al. BMC Ecol           (2020) 20:61  

 8. Tagliapietra D, Pessa G, Cornello M, Zitelli A, Magni P. Temporal distribu-
tion of intertidal macrozoobenthic assemblages in a Nanozostera noltii-
dominated area (Lagoon of Venice). Mar Environ Res. 2016;114:31–9.

 9. Tagliapietra D, Pavan M, Wagner C. Macrobenthic Community Changes 
Related to Eutrophication in Palude della Rosa (Venetian Lagoon, Italy). 
Estuar Coast Shelf Sci. 1998;47:217–26.

 10. Magni P, Micheletti S, Casu D, Floris A, De Falco G, Castelli A. Macrofau-
nal community structure and distribution in a muddy coastal lagoon. 
Chem Ecol. 2004;20:397–409.

 11. Como S, Magni P, Casu D, Floris A, Giordani G, Natale S, et al. Sedi-
ment characteristics and macrofauna distribution along a human-
modified inlet in the Gulf of Oristano (Sardinia, Italy). Mar Pollut Bull. 
2007;54:733–44.

 12. Newton A, Icely J, Cristina S, Brito A, Cardoso AC, Colijn F, et al. An 
overview of ecological status, vulnerability and future perspectives of 
European large shallow, semi-enclosed coastal systems, lagoons and 
transitional waters. Estuar Coast Shelf Sci. 2014;140:95–122.

 13. Nagelkerken I. Evaluation of nursery function of mangroves and 
seagrass beds for tropical decapods and reef fishes: Patterns and 
underlying mechanisms. In: Nagelkerken I, editor. Ecological connectiv-
ity among tropical coastal ecosystems. Dordrecht: Springer; 2009. p. 
357–99.

 14. Pusceddu A, Gambi C, Corinaldesi C, Scopa M, Danovaro R. Relation-
ships between meiofaunal biodiversity and prokaryotic heterotrophic 
production in different tropical habitats and oceanic regions. PLoS ONE. 
2014;9:e91056.

 15. Navarro-Barranco C, Guerra-García JM. Spatial distribution of crus-
taceans associated with shallow soft-bottom habitats in a coral reef 
lagoon. Mar Ecol. 2016;37:77–87.

 16. Alsaffar Z, Cúrdia J, Borja A, Irigoien X, Carvalho S. Consistent variability 
in beta-diversity patterns contrasts with changes in alpha-diversity 
along an onshore to offshore environmental gradient: the case of Red 
Sea soft-bottom macrobenthos. Mar Biodivers. 2019;49:247–62.

 17. Nagelkerken I, Van Der Velde G. Connectivity between coastal habitats 
of two oceanic Caribbean islands as inferred from ontogenetic shifts by 
coral reef fishes. Gulf Caribb Res. 2003;14:43–59.

 18. Mumby PJ, Edwards AJ, Arias-González JE, Lindeman KC, Blackwell PG, 
Gall A, et al. Mangroves enhance the biomass of coral reef fish com-
munities in the Caribbean. Nature. 2004;427:533.

 19. Mumby PJ. Connectivity of reef fish between mangroves and coral 
reefs: algorithms for the design of marine reserves at seascape scales. 
Biol Conserv. 2006;128:215–22.

 20. Dorenbosch M, Verberk W, Nagelkerken I, Van der Velde G. Influence 
of habitat configuration on connectivity between fish assemblages of 
Caribbean seagrass beds, mangroves and coral reefs. Mar Ecol Prog Ser. 
2007;334:103–16.

 21. Berkström C, Gullström M, Lindborg R, Mwandya AW, Yahya SA, Kautsky 
N, Nyström M. Exploring ‘knowns’ and ‘unknowns’ in tropical seascape 
connectivity with insights from East African coral reefs. Estuar Coast 
Shelf Sci. 2012;107:1–21.

 22. McMahon KW, Berumen ML Thorrold SR. Linking habitat mosaics and 
connectivity in a coral reef seascape. PNAS. 2012;38:15372–15376.

 23. Unsworth RK, De León PS, Garrard SL, Jompa J, Smith DJ, Bell JJ. High 
connectivity of Indo-Pacific seagrass fish assemblages with mangrove 
and coral reef habitats. Mar Ecol Prog Ser. 2008;353:213–24.

 24. Sheridan P. Benthos of adjacent mangrove, seagrass and non-veg-
etated habitats in Rookery Bay, Florida, USA. Estuar Coast Shelf Sci. 
1997;44:455–69.

 25. Lee SY. Mangrove macrobenthos: assemblages, services, and linkages. J 
Sea Res. 2008;59:16–29.

 26. Kathiresan K, Alikunhi NM. Tropical coastal ecosystems: rarely explored 
for their interaction. Ecologia. 2011;1:1–22.

 27. Skilleter GA, Loneragan NR, Olds A, Zharikov Y, Cameron B. Connectiv-
ity between seagrass and mangroves influences nekton assemblages 
using nearshore habitats. Mar Ecol Prog Ser. 2017;573:25–43.

 28. Kristensen E, Bouillon S, Dittmar T, Marchand C. Organic carbon dynam-
ics in mangrove ecosystems: a review. Aquat Bot. 2008;89:201–19.

 29. Dissanayake N, Chandrasekara U. Effects of mangrove zonation and the 
physicochemical parameters of soil on the distribution of macroben-
thic fauna in Kadolkele mangrove forest, a tropical mangrove forest in 
Sri Lanka. Adv Ecol. 2014;564056.

 30. Amarasinghe MD. Misconceptions of mangrove ecology and their 
implications on conservation and management. Sri Lanka J Aquat Sci. 
2018;23:29–35.

 31. Short FT, Wyllie-Echeverria S. Natural and human-induced distur-
bance of seagrasses. Environ Conserv. 1996;23:17–27.

 32. Mateo MA, Romero J, Pérez M, Littler MM, Littler DS. Dynamics 
of millenary organic deposits resulting from the growth of the 
Mediterranean seagrass Posidonia oceanica. Estuar Coast Shelf Sci. 
1997;44:103–10.

 33. Reusch TB, Boström C, Stam WT, Olsen JL. An ancient eelgrass clone 
in the Baltic. Mar Ecol Prog Ser. 1999;183:301–4.

 34. Leopardas V, Uy W, Nakaoka M. Benthic macrofaunal assemblages in 
multispecific seagrass meadows of the southern Philippines: varia-
tion among vegetation dominated by different seagrass species. J 
Exp Mar Biol Ecol. 2014;457:71–80.

 35. Paiva PC. Spatial and temporal variation of a nearshore benthic com-
munity in southern Brazil: implications for the design of monitoring 
programs. Estuar Coast Shelf Sci. 2001;52:423–33.

 36. Taddei D, Frouin P. Short-term temporal variability of macrofauna 
reef communities (Reunion Island, Indian Ocean). In: Proceedings of 
10th International Coral Reef Symposium (ICRS). Japanese Coral Reef 
Society, Okinawa, Japan; 2004. p. 52–57.

 37. Bigot L, Conand C, Amouroux JM, Frouin P, Bruggemann H, Grémare 
A. Effects of industrial outfalls on tropical macrobenthic sediment 
communities in Reunion Island (Southwest Indian Ocean). Mar Pollut 
Bull. 2006;52:865–80.

 38. Pech D, Ardisson P-L, Hernández-Guevara NA. Benthic commu-
nity response to habitat variation: a case of study from a natural 
protected area, the Celestun coastal lagoon. Cont Shelf Res. 
2007;27:2523–33.

 39. Lamptey E, Armah AK. Factors affecting macrobenthic fauna in a 
tropical hypersaline coastal lagoon in Ghana West Africa. Estuar Coast. 
2008;31:1006–19.

 40. Magni P, Draredja B, Melouah K, Como S. Patterns of seasonal variation 
in lagoonal macrozoobenthic assemblages (Mellah lagoon, Algeria). 
Mar Environ Res. 2015;109:168–76.

 41. Belal AAM, El-Sawy MA, Dar MA. The effect of water quality on the dis-
tribution of macro-benthic fauna in Western Lagoon and Timsah Lake 
Egypt. I. Egypt J Aquat Res. 2016;42:437–48.

 42. O’Reilly CM. Seasonal dynamics of periphyton in a large tropical lake. 
Hydrobiologia. 2006;553:293–301.

 43. Posey MH, Alphin TD, Banner S, Vose F, Lindberg W. Temporal variability, 
diversity and guild structure of a benthic community in the northeast-
ern Gulf of Mexico. B Mar Sci. 1998;63:143–55.

 44. Rosa LC, Bemvenuti CE. Variabilidad temporal de la macrofauna 
estuarina de la Laguna de los Patos Brasil. Rev Biol Mar Oceanog. 
2006;41:1–9.

 45. Norderhaug KM, Gundersen H, Pedersen A, Moy F, Green N, Walday 
MG, et al. Effects of climate and eutrophication on the diversity of hard 
bottom communities on the Skagerrak coast 1990–2010. Mar Ecol Prog 
Ser. 2015;530:29–46.

 46. Ysebaert T, Herman PM. Spatial and temporal variation in benthic 
macrofauna and relationships with environmental variables in an 
estuarine, intertidal soft-sediment environment. Mar Ecol Prog Ser. 
2002;244:105–24.

 47. Biles CL, Solan M, Isaksson I, Paterson DM, Emes C, Raffaelli DG. Flow 
modifies the effect of biodiversity on ecosystem functioning: an in situ 
study of estuarine sediments. J Exp Mar Biol Ecol. 2003;285:165–77.

 48. Giberto DA, Bremec CS, Acha EM, Mianzan H. Large-scale spatial pat-
terns of benthic assemblages in the SW Atlantic: the Rıo de la Plata 
estuary and adjacent shelf waters. Estuar Coast Shelf Sci. 2004;61:1–13.

 49. Shojaei MG, Gutow L, Dannheim J, Rachor E, Schröder A, Brey T. Com-
mon trends in German Bight benthic macrofaunal communities: assess-
ing temporal variability and the relative importance of environmental 
variables. J Sea Res. 2016;107:25–33.

 50. Desroy N, Retière C. Long-term changes in muddy fine sand com-
munity of the Rance Basin: role of recruitment. J Mar Biol Assoc UK. 
2001;81:553–64.

 51. Reiss H, Kröncke I. Seasonal variability of infaunal community structures 
in three areas of the North Sea under different environmental condi-
tions. Estuar Coast Shelf Sci. 2005;65:253–74.



Page 16 of 17Alsaffar et al. BMC Ecol           (2020) 20:61 

 52. Van Hoey G, Vincx M, Degraer S. Temporal variability in the Abra 
alba community determined by global and local events. J Sea Res. 
2007;58:144–55.

 53. Wlodarska-Kowalczuk M, Pearson TH. Soft-bottom macrobenthic faunal 
associations and factors affecting species distributions in an Arctic 
glacial fjord (Kongsfjord, Spitsbergen). Polar Biol. 2004;27:155–67.

 54. Wlodarska-Kowalczuk M, Pearson TH, Kendall MA. Benthic response 
to chronic natural physical disturbance by glacial sedimentation in an 
Arctic fjord. Mar Ecol Prog Ser. 2005;303:31.

 55. Mincks SL, Smith CR. Recruitment patterns in Antarctic Peninsula shelf 
sediments: evidence of decoupling from seasonal phytodetritus pulses. 
Polar Biol. 2007;30:587–600.

 56. Glover AG, Smith CR, Mincks SL, Sumida PY, Thurber AR. Macrofau-
nal abundance and composition on the West Antarctic Peninsula 
continental shelf: evidence for a sediment ‘food bank’and similarities to 
deep-sea habitats. Deep-Sea Res Pt. 2008;55:2491–501.

 57. Pawłowska J, Włodarska-Kowalczuk M, Zajączkowski M, Nygård H, Berge 
J. Seasonal variability of meio- and macrobenthic standing stocks and 
diversity in an Arctic fjord (Adventfjorden, Spitsbergen). Polar Biol. 
2011;34:833–45.

 58. Rueda JL, Fernández-Casado M, Salas C, Gofas S. Seasonality in a taxo-
coenosis of molluscs from soft bottoms in the Bay of Cádiz (southern 
Spain). J Mar Biol Assoc UK. 2001;81:903–12.

 59. Guzmán-Alvis AI, Lattig P, Ruiz JA. Spatial and temporal characterization 
of soft bottom polychaetes in a shallow tropical bay (Colombian Carib-
bean). Boletin de Investig Mar y Costeras. 2006;35:19–36.

 60. Hernández-Guevara NA, Pech D, Ardisson P-L. Temporal trends in 
benthic macrofauna composition in response to seasonal variation in 
a tropical coastal lagoon, Celestun Gulf of Mexico. Mar Freshwater Res. 
2008;59:772–9.

 61. Kanaya G, Suzuki T, Kikuchi E. Spatio-temporal variations in macro-
zoobenthic assemblage structures in a river-affected lagoon (Idoura 
Lagoon, Sendai Bay, Japan): influences of freshwater inflow. Estuar 
Coast Shelf Sci. 2011;92:169–79.

 62. McCarthy SA, Laws EA, Estabrooks WA, Bailey-Brock JH, Kay EA. Intra-
annual variability in Hawaiian shallow-water, soft-bottom macrobenthic 
communities adjacent to a eutrophic estuary. Estuar Coast Shelf Sci. 
2000;50:245–58.

 63. Nicolaidou A, Petrou K, Kormas KAr, Reizopoulou S. Inter-annual 
variability of soft bottom macrofaunal communities in two Ionian 
Sea lagoons. In: Martens K, Queiroga H, Cunha MR, Cunha A, Moreira 
MH, Quintino V, Rodrigues AM, Serôdio J, Warwick RM, editors. Marine 
biodiversity. Developments in Hydrobiology. Dordrecht: Springer Neth-
erlands; 2006. p. 89–98.

 64. Jackson EL, Rowden AA, Attrill MJ, Bossy SF, Jones MB. Comparison 
of fish and mobile macroinvertebrates associated with seagrass and 
adjacent sand at St. Catherine Bay, Jersey (English Channel): emphasis 
on commercial species. B Mar Sci. 2002;71:1333–1341.

 65. Fredriksen S, Backer AD, Boström C, Christie H. Infauna from Zostera 
marina L. meadows in Norway. Differences in vegetated and unveg-
etated areas. Mar Biol Res. 2010:6:189–200.

 66. Barnes RSK, Barnes MKS. Shore height and differentials between 
macrobenthic assemblages in vegetated and unvegetated areas of an 
intertidal sandflat. Estuar Coast Shelf Sci. 2012;106:112–20.

 67. Daniel PA, Robertson AI. Epibenthos of mangrove waterways and open 
embayments: community structure and the relationship between 
exported mangrove detritus and epifaunal standing stocks. Estuar 
Coast Shelf Sci. 1990;31:599–619.

 68. Sokołowski A, Ziółkowska M, Zgrundo A. Habitat-related patterns of 
soft-bottom macrofaunal assemblages in a brackish, low-diversity 
system (southern Baltic Sea). J Sea Res. 2015;103:93–102.

 69. Pearman JK, Irigoien X, Carvalho S. Extracellular DNA amplicon 
sequencing reveals high levels of benthic eukaryotic diversity in the 
central Red Sea. Mar Gen. 2016;26:29–39.

 70. Ellingsen KE, Hewitt JE, Thrush SF. Rare species, habitat diversity and 
functional redundancy in marine benthos. J Sea Res. 2007;58:291–301.

 71. Benedetti-Cecchi L, Bertocci I, Vaselli S, Maggi E, Bulleri F. Neutrality 
and the response of rare species to environmental variance. PLoS ONE. 
2008;3:e2777.

 72. Edgar GJ. The influence of plant structure on the species richness, 
biomass and secondary production of macrofaunal assemblages 

associated with Western Australian seagrass beds. J Exp Mar Biol Ecol. 
1990;137:215–40.

 73. Nakamura Y, Sano M. Comparison of invertebrate abundance in a 
seagrass bed and adjacent coral and sand areas at Amitori Bay, Iriomote 
Island Japan. Fisheries Sci. 2005;71:543–50.

 74. Włodarska-Kowalczuk M, Jankowska E, Kotwicki L, Balazy P. Evidence of 
season-dependency in vegetation effects on macrofauna in temperate 
seagrass meadows (Baltic Sea). PLoS ONE. 2014;9:e100788.

 75. Hendriks IE, Sintes T, Bouma TJ, Duarte CM. Experimental assessment 
and modeling evaluation of the effects of the seagrass Posidonia ocean-
ica on flow and particle trapping. Mar Ecol Prog Ser. 2008;356:163–73.

 76. Herkül K, Kotta J. Effects of eelgrass (Zostera marina) canopy removal 
and sediment addition on sediment characteristics and benthic com-
munities in the Northern Baltic Sea. Mar Ecol. 2009;30:74–82.

 77. Schneider FI, Mann KH. Species specific relationships of invertebrates to 
vegetation in a seagrass bed. I. Correlational studies. J Exp Mar Biol Ecol. 
1991;145:101–117.

 78. Barberá-Cebrián C, Sánchez-Jerez P, Ramos-Esplá A. Fragmented 
seagrass habitats on the Mediterranean coast, and distribution and 
abundance of mysid assemblages. Mar Biol. 2002;141:405–13.

 79. González-Ortiz V, Egea LG, Jiménez-Ramos R, Moreno-Marín F, Pérez-
Lloréns JL, Bouma TJ, et al. Interactions between seagrass complexity, 
hydrodynamic flow and biomixing alter food availability for associated 
filter-feeding organisms. PLoS ONE. 2014;9:e104949.

 80. McCloskey RM, Unsworth RKF. Decreasing seagrass density negatively 
influences associated fauna. PeerJ. 2015;3:e1053.

 81. Ringold P. Burrowing, root mat density, and the distribution of fiddler 
crabs in the eastern United States. J Exp Mar Biol Ecol. 1979;36:11–21.

 82. Mateo MA, Cebrián J, Dunton K, Mutchler T. Carbon flux in seagrass 
ecosystems. in: Larkum AWD, Orth RJ, Duarte CM, editors. Seagrasses: 
Biology, Ecology and Conservation. Dordrecht: Springer Netherlands; 
2006. p. 159–192.

 83. Santschi P, Höhener P, Benoit G, Buchholtz-ten Brink M. Chemical pro-
cesses at the sediment-water interface. Mar Chem. 1990;30:269–315.

 84. Hyland J, Balthis L, Karakassis I, Magni P, Petrov A, Shine J, et al. Organic 
carbon content of sediments as an indicator of stress in the marine 
benthos. Mar Ecol Prog Ser. 2005;295:91–103.

 85. Pihl L, Svenson A, Moksnes P-O, Wennhage H. Distribution of green 
algal mats throughout shallow soft bottoms of the Swedish Skagerrak 
archipelago in relation to nutrient sources and wave exposure. J Sea 
Res. 1999;41:281–94.

 86. Almahasheer H, Serrano O, Duarte CM, Arias-Ortiz A, Masque P, 
Irigoien X. Low carbon sink capacity of Red Sea mangroves. Sci Rep. 
2017;7:9700.

 87. Ingole B, Sivadas S, Nanajkar M, Sautya S, Nag A. A comparative study of 
macrobenthic community from harbours along the central west coast 
of India. Environ Monit Assess. 2009;154:135.

 88. Geist SJ, Nordhaus I, Hinrichs S. Occurrence of species-rich crab fauna 
in a human-impacted mangrove forest questions the application of 
community analysis as an environmental assessment tool. Estuar Coast 
Shelf Sci. 2012;96:69–80.

 89. Fusi M, Giomi F, Babbini S, Daffonchio D, McQuaid CD, Porri F, Cannicci 
S. Thermal specialization across large geographical scales predicts the 
resilience of mangrove crab populations to global warming. Oikos. 
2015;124:784–95.

 90. Dittmann S. Abundance and distribution of small infauna in man-
groves of Missionary Bay, North Queensland Australia. Rev Biol Trop. 
2001;49:535–44.

 91. Alfaro AC. Benthic macro-invertebrate community composition within 
a mangrove/seagrass estuary in northern New Zealand. Estuar Coast 
Shelf Sci. 2006;66:97–110.

 92. Ludovisi A, Castaldelli G, Fano EA. Multi-scale spatio-temporal patchi-
ness of macrozoobenthos in the Sacca di Goro lagoon (Po River Delta, 
Italy). Transit Water Bull. 2013;7:233–44.

 93. Pante E, Adjeroud M, Dustan P, Penin L, Schrimm M. Spatial patterns of 
benthic invertebrate assemblages within atoll lagoons: importance of 
habitat heterogeneity and considerations for marine protected area 
design in French Polynesia. Aquat Living Resour. 2006;19:207–17.

 94. Norkko A, Cummings VJ, Thrush SF, Hewitt JE, Hume T. Local dispersal 
of juvenile bivalves: implications for sandflat ecology. Mar Ecol Prog Ser. 
2001;212:131–44.



Page 17 of 17Alsaffar et al. BMC Ecol           (2020) 20:61  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your research ?  Choose BMC and benefit from: 

 95. Gong WK, Ong JE, Wong CH, Dhanarajan C. Productivity of mangrove 
trees and its significance in a managed mangrove ecosystem in Malay-
sia. In: Universiti Malaya, Kuala Lumpur (Malaysia). Asian Symposium 
on Mangrove Environment: Research and Management. Kuala Lumpur 
(Malaysia). 25-29 Aug 1980.

 96. Camilleri JC. Leaf-litter processing by invertebrates in a mangrove forest 
in Queensland. Mar Biol. 1992;114:139–45.

 97. Demopoulos AW, Cormier N, Ewel KC, Fry B. Use of multiple chemical 
tracers to define habitat use of Indo-Pacific mangrove crab, Scylla ser-
rata (Decapoda: portunidae). Estuar Coast. 2008;31:371–81.

 98. Mistri M. Persistence of benthic communities: a case study from the 
Valli di Comacchio, a Northern Adriatic lagoonal ecosystem (Italy). ICES 
J Mar Sci. 2002;59:314–22.

 99. Irlandi EA, Ambrose WG Jr, Orlando BA. Landscape ecology and 
the marine environment: how spatial configuration of seagrass 
habitat influences growth and survival of the bay scallop. Oikos. 
1995;72:307–13.

 100. Alsaffar Z, Pearman JK, Curdia J, Calleja MLl, Ruiz-Compean P, Roth F, 
Villalobos R, Jones BH, Ellis J, Móran AX, Carvalho S. The role of seagrass 
vegetation and local environmental conditions in shaping benthic bac-
terial and macroinvertebrate communities in a tropical coastal lagoon. 
Scientific Reports, in press.

 101. Lundberg J, Moberg F. Mobile link organisms and ecosystem function-
ing: implications for ecosystem resilience and management. Ecosys-
tems. 2003;6:87–98.

 102. Tano SA, Eggertsen M, Wikström SA, Berkström C, Buriyo AS, Halling 
C. Tropical seaweed beds as important habitats for juvenile fish. Mar 
Freshwater Res. 2017;68:1921–34.

 103. Nagelkerken I, van der Velde G, Gorissen MW, Meijer GJ, Van’t Hof T, den 
Hartog C. Importance of mangroves, seagrass beds and the shallow 
coral reef as a nursery for important coral reef fishes, using a visual 
census technique. Estuar Coast Shelf Sci. 2000;51:31–44.

 104. Lugendo BR, Pronker A, Cornelissen I, de Groene A, Nagelkerken I, 
Dorenbosch M, et al. Habitat utilisation by juveniles of commercially 
important fish species in a marine embayment in Zanzibar Tanzania. 
Aquat Living Resour. 2005;18:149–58.

 105. Gullström M, Bodin M, Nilsson PG, Öhman MC. Seagrass structural 
complexity and landscape configuration as determinants of tropical 
fish assemblage composition. Mar Ecol Prog Ser. 2008;363:241–55.

 106. Berkström C, Jörgensen TL, Hellström M. Ecological connectivity 
and niche differentiation between two closely related fish species 
in the mangrove-seagrass-coral reef continuum. Mar Ecol Prog Ser. 
2013;477:201–15.

 107. Mumby PJ, Hastings A. The impact of ecosystem connectivity on coral 
reef resilience. J Appl Ecol. 2008;45:854–62.

 108. Saenger P, Gartside D, Funge-Smith S. A review of mangrove and sea-
grass ecosystems and their linkage to fisheries and fisheries manage-
ment. RAP: FAO; 2013.

 109. Khedhri I, Djabou H, Afli A. Trophic and functional organization of the 
benthic macrofauna in the lagoon of Boughrara–Tunisia (SW Mediter-
ranean Sea). J Mar Biol Assoc UK. 2015;95:647–59.

 110. Perry DC, Staveley TA, Gullström M. Habitat connectivity of fish in tem-
perate shallow-water seascapes. Front Mar Sci. 2017;4:440.

 111. Whitfield AK. The role of seagrass meadows, mangrove forests, salt 
marshes and reed beds as nursery areas and food sources for fishes in 
estuaries. Rev Fish Biol Fisher. 2017;27:75–110.

 112. Arar EJ, Collins GB. Method 445.0: In vitro determination of chlorophyll 
a and pheophytin a in marine and freshwater algae by fluorescence. 
United States Environmental Protection Agency, Office of Research and 
Development, National Exposure Research Laboratory Washington, DC, 
USA. 1997.

 113. Heiri O, Lotter AF, Lemcke G. Loss on ignition as a method for estimat-
ing organic and carbonate content in sediments: reproducibility and 
comparability of results. J Paleolimnol. 2001;25:101–10.

 114. Chao A. Estimating the population size for capture-recapture data with 
unequal catchability. Biometrics 1987;783–791.

 115. Gotelli NJ, Colwell RK. Quantifying biodiversity: procedures and pitfalls 
in the measurement and comparison of species richness. Ecol Lett. 
2001;4:379–91.

 116. Chiu C-H, Wang Y-T, Walther BA, Chao A. An improved nonparametric 
lower bound of species richness via a modified good–turing frequency 
formula. Biometrics. 2014;70:671–82.

 117. Smith EP, van Belle G. Nonparametric estimation of species richness. 
Biometrics. 1984;40:119–29.

 118. R Core Team. R: A Language and Environment for Statistical Computing. 
R Foundation for Statistical Computing, Vienna, Austria. 2018.

 119. Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin PR, O’hara RB, 
et al. vegan: Community Ecology Package R package version 2.5-2. 
2018.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Composition, uniqueness and€connectivity across€tropical coastal lagoon habitats in€the€Red Sea
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Macrobenthic community composition: general characterization and€connectivity among€habitats
	Temporal variability within€habitats

	Discussion
	Uniqueness of€lagoon habitats within€the€seascape
	Connectedness and€stability at€the€scale of€the€seascape

	Conclusion
	Methods
	Study area and€sampling design
	Sampling strategy
	Laboratory analyses
	Data analysis
	General patterns
	Connectedness within€the€seascape and€stability patterns over€time
	Relationships between€environmental variables and€assemblage structure


	Acknowledgements
	References




