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A B S T R A C T

Few organisms can live in harsh transitional waters due to highly variable and rapid changeable physico-
chemical conditions. Fortunately, connecting the community structure of such fauna to specific environmental
parameters can be used in tracing past and recent environmental changes. Herein, we analyzed the benthic
communities in the Manzala lagoon (Nile–Delta), a region very impacted by the construction of the High–Dam at
Aswan, along the inshore-offshore gradient. Approx. 3000 specimens belonging to 31 species sampled in 54
sampling sites were identified. The environmental and biological data were subjected to multivariate data
analyses. Hierarchical clustering and non–metric multidimensional scaling identified three biotopes along a
gradient of water salinity and sediment grain–size. The epifaunal/infaunal ratio was negatively correlated with
salinity (R2= – 0.72, p < 0.01). The low salinity–stations with a high content of silt and clay sediments were
dominated by deposit-feeders, opportunistic gastropods. In contrast, the suspension–feeding bivalves dominated
the more saline water and sand-sized sediments (R=0.83, p < 0.001) near the Mediterranean outlets. The
general low diversity and high dominance in the lagoon indicate high environmental stress and biodiversity loss
as the background freshwater species have declined and only a few opportunistic taxa have flourished. In ad-
dition, a specific salinity-range was estimated at both species and community level. The results confirm that
salinity and substrate type are major determinants for the structure of the molluscan community (feeding habit
and life–mode) in marginal marine environments. Consequently, the feeding habit and life–mode of the mol-
lusks, which have a continuous and very complete fossil record, can be used as a robust indicator for paleosa-
linity and paleo-hydrodynamics.

1. Introduction

In transitional waters, the salinity is fluctuating daily, seasonally, or
even sporadically as a result of sea level changes or river flow-rate
(Nobuoka and Mimura, 2008). In addition, most coastal areas are
highly-influenced by anthropogenic activities. Therefore, these mar-
ginal areas are highly stressed and few but specialized species can
survive resulting in a general low species richness and higher dom-
inance of few guilds (Therriault, 2002; Kennish et al., 2004; Nobuoka
and Mimura, 2008).

The Nile traverses over 6,800 km on its course from Lake Victoria to
the Mediterranean Sea and has long been a vital and sustaining resource
for humans (Dumont, 2009). The annual flooding of the world longest
river has been a source of life (e.g., delivery of nutrients strengthening

agriculture) since the earliest days of human civilization in the Nile
valley. The construction of the High Dam at Aswan in the 1960s pro-
vided much-needed flood control, irrigation for agriculture, and reli-
able hydroelectricity. This allowed for the large-scale industrialization
of Egypt in the context of a fast-growing human population. In addition
to the advantages provided by the dam, there have been negative im-
pacts upon ecosystems and humans.

The dam and its reservoir, Lake Nasser, effectively serve as a new
barrier and impound river–transported sediments, cutting off the sedi-
ment supply and freshwater delivery downstream (Hamza, 2009; Gu
et al., 2011). In addition, reduced hydrodynamics due to the con-
struction of the High–Dam increased the muddy areas and prevented
flushing into the sea and hence heavy metals and other pollutants have
been accumulated (Gu et al., 2011). Moreover, coastal erosion and the
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lack of riverine sediments influx have resulted in coastal retreat (Bakr
et al., 2010; Gu et al., 2011). Intensive agricultural runoff in the past
decades has resulted in general desalinization of the Nile–delta lagoons,
where consistent muddy freshwater influx has stopped the seawater
invasion (for details see Reinhardt et al., 2000).

Minor environmental variations may be reflected in the benthic
fauna in different ways such as morphological/behavioral changes at
the species level (Abdelhady, 2016; Márquez et al., 2011, 2017;
Abdelhady et al., 2018, 2019) or function (e.g. feeding habit, life-mode,
and mobility) and structure (species composition) changes at the
community level. These changes include but are not limited to changes
in presence/absence of specific taxon, dominant taxa may vanish or be
replaced, diversity may be lowered, and opportunistic species may
dominate and equilibrium ones decrease (Borja et al., 2000; Simboura
and Zenetos, 2002; Rosenberg et al., 2004). These changes can be as-
sessed through sets of structural indices such as Species richness,
Dominance, Abundance, Shannon, Simpson, and Evenness (see
Abdelhady and Fürsich, 2014; Stephansen et al., 2014; Kalantzi et al.,
2014) in addition to functional parameters (e.g., epifauna/infauna
ratio, suspension/deposit-feeders, mobile/sessile ratio, for details see
Abdelhady and Fürsich, 2014; Abdelhady and Mohamed, 2017).

The marginal marine environments such as the Nile–Delta lagoons
have many gradients of biological and physicochemical factors (e.g.,
hydrodynamics, faunal composition; sediment type, pH, salinity),
which co-occur within a small geographical area (Levin et al., 2000;
Lasinio et al., 2017). Benthic mollusks, including bivalves and gastro-
pods, occur in great abundance in shallow marine and lagoonal eco-
systems (Bernasconi and Stanley, 1994). Macrobenthic fauna are con-
sidered a good bioindicator for the environmental changes of any
aquatic ecosystems and have been occasionally used to describe the
ecological status of transitional water ecosystems (see Lasinio et al.,
2017). Although in the fossil record this is a frequent assumption
(Fürsich, 1981; Kidwell, 1986, 2013; Abdelhady and Fürsich, 2014;
Abdelhady and Mohamed, 2017), it needs strong evidence from the
current ecosystems. Therefore, the correspondence between the physi-
cochemical traits and the functional/structural composition of the
molluscan fauna are analyzed here and the following hypotheses tested;

• Is there a correspondence between the community structure and
water salinity and/or substrate type;

• Does the diversity of the benthic community vary according to
specific abiotic traits;

• Is there a specific range of salinity for molluscan species or mol-
luscan communities?

2. Materials and methods

2.1. Study area

Sampling was carried out between January and April 2016 on the
Manzala lagoon, which is the largest of the Nile-Delta lagoons. It lo-
cated in the northeast of Nile Delta about 170 km from Cairo and 15 km
west of Port Said (Fig. 1). There are several outlets to the Mediterranean
Sea (El–Gamil 1, El–Gamil 2, and New El–Boughas) and the Suez Canal
(El–Qabouti Canal; Fig. 1). In addition, there is intensive agriculture
discharge into the lagoon through many drains to the south of the la-
goon (e.g., Bahr–El–Baqr, Hadus, Ramses, Mandesi, El–Sherw, and
El–Inaniya). The water depths vary from 4m to< 0.5m. The pH values
vary from 7.8 to more than 12 near the industrial drains in El–Qabouty
Canal (Table 1, station 1).

Several decades ago the surface area of Lake Manzala was
1698 km2, however, by 1988 it was reduced to 770 km2 (see Saeed and
Shaker, 2008). Lake Manzala is brackish, eutrophic, elongated, and
shallow water (El–Kholy et al., 2012). Since Aswan High–Dam was
completed, the hydrodynamics and turbidity of the lakes have greatly
decreased (Gu et al., 2011). The sediment is polluted by many metals,

especially Mn, Pb, Zn, and Cd, due to direct human input from neigh-
boring megacities, where the petrochemical industry is thought to be a
major source (Gu et al., 2011). Aridity and low precipitation clogged
flushing out of these heavy metals (Gu et al., 2013).

Fig. 1. Location of Manzala lagoon and the sampling stations. B) Eichhornia
dominated stagnant and low–saline waters at station 4 near Bahr El–Baqr Drain.
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2.2. Field and faunal data

The benthic macrofauna were sampled along the inshore-offshore
gradient (Table 1) from February to April 2016 at 54 sampling sites
representing transects in different orientations (i.e. parallel, inclined,
and perpendicular to the shoreline) (Fig. 1). Samples were obtained by
a 20*20 cm Ekman grab penetrating 10 cm deep into the sediment
(According to Gu et al., 2013, the top 10–15 cm of the lake sediments
are of post–Aswan High–Dam time). Three replicates were taken at
every sampling site. Each sample was placed in a plastic bag to prevent
loss during ascent. The distances between the sampling stations are
usually 2 km or less when possible (very shallower depths prevent

sampling at a fixed distance).
Sediment samples were sieved (0.5 mm) and the shells were sepa-

rated under a binocular microscope. The specimens were identified to
the species level (based mainly on Barash and Danin, 1982; Galil, 2004;
Bößneck, 2011; Lotfy and Lotfy, 2015) and their feeding habit and
life–mode was recognized (Mainly from the Paleobiology Database
(http://paleobiodb.org; Appendix A). The main metrics of the mol-
luscan fauna were species richness (number of species), abundance
(number of individuals/species, single bivalve valves were counted by
dividing total numbers by 2), the Shannon–Wiener index (Shannon and
Weaver, 1963), the evenness (Pielou, 1966), the epifaunal/infaunal
ratio, and the suspension/deposit feeders ratio (supplementary online

Table 1
Location and physicochemical data of the stations including the EC, TDS, pH, water depth and grain-size distribution.

Sampling sites Lat Long Grain size (%) Water chemistry Species
number

Gravel
(> 2mm)

course sand medium
sand (gm.)

Fine
sand
(gm.)

Total sand
(2–.125)

Silt Clay C (μS/cm) TDS pH water
depth
(m)

1 31°13′59.32″ 32°17′3.08″ 12.8 17.6 15.8 34.1 80.3 9.5 10.2 20654.0 1.18 12.2 0.5 0
2 31°14′33.39″ 32°16′6.96″ 11.8 17.6 13.6 29.5 72.5 14.6 12.9 10248.0 0.58 10.2 1.3 0
3 31°12′22.56″ 32°16′35.76″ 13.7 15.3 11.6 22.0 62.6 21.8 15.7 35903.0 2.05 8.1 2.1 0
4 31°12′41.41″ 32°14′59.49″ 19.4 13.9 9.9 16.3 59.5 24.0 16.5 31692.0 1.81 8.2 2 0
5 31°14′20.45″ 32°14′23.41″ 16.2 21.6 21.6 27.0 86.5 10.8 2.7 10160.0 0.58 9.8 2.4 8
6 31°13′18.25″ 32°13′27.01″ 21.7 13.5 20.1 41.8 97.1 0.2 2.7 8125.0 0.46 7.8 2.9 7
7 31°13′30.42″ 32°12′35.03″ 5.9 17.1 11.7 29.1 63.8 14.5 21.7 9143.0 0.52 8.3 3.3 11
8 31°14′0.91″ 32°11′48.59″ 14.6 18.5 14.0 43.1 90.3 7.6 2.1 11792.0 0.67 8.9 2.8 3
9 31°14′42.92″ 32°11′39.50″ 5.9 17.1 11.7 29.1 63.8 14.5 21.7 14512.0 0.83 8.52 2.3 7
10 31°15′5.02″ 32°11′22.89″ 11.0 21.5 10.6 4.2 47.3 36.2 16.5 17723.0 1.01 8.59 2.5 5
11 31°15′29.93″ 32°11′32.44″ 31.3 2.2 10.0 4.2 47.7 36.1 16.3 33482.0 1.91 8.65 2.9 7
12 31°15′43.69″ 32°11′55.48″ 34.3 9.9 3.3 1.0 48.5 25.5 26.0 7616.0 0.43 8.46 2.6 6
13 31°15′50.69″ 32°12′17.64″ 46.0 9.9 3.3 5.0 64.2 6.5 29.3 21917.0 1.25 8.57 2.8 5
14 31°16′7.56″ 32°12′37.57″ 58.9 24.5 2.3 12.6 98.3 1.4 0.4 40343.0 2.3 8.9 2.4 3
15 31°15′56.39″ 32°11′18.08″ 35.0 18.2 6.5 26.0 85.8 13.3 1.0 42852.0 2.44 8.61 2.3 5
16 31°16′19.96″ 32°11′56.21″ 58.8 24.5 2.3 12.6 98.2 1.3 0.6 44133.0 2.52 8.63 2.7 6
17 31°16′24.50″ 32°12′45.59″ 48.0 9.2 12.5 26.0 95.8 3.3 1.0 31762.0 1.81 8.64 2.7 7
18 31°16′55.91″ 32°12′54.27″ 59.1 24.4 2.4 3.5 89.4 6.4 4.2 38974.0 2.22 8.63 2.5 8
19 31°16′47.72″ 32°12′8.24″ 58.0 13.3 3.5 18.0 92.9 1.4 5.7 57487.0 3.28 8.66 2.7 3
20 31°16′33.19″ 32°11′20.49″ 58.7 24.5 2.3 12.6 98.1 1.0 0.9 32095.0 1.83 8.68 4.1 3
21 31°16′46.93″ 32°10′52.99″ 58.0 24.2 2.6 4.0 88.8 6.8 4.4 42852.0 2.44 8.9 3.2 4
22 31°17′6.89″ 32°10′29.78″ 58.8 24.6 2.2 4.7 90.3 5.9 3.8 37307.0 2.13 8.8 3.2 5
23 31°17′15.45″ 32° 9′59.52″ 55.7 26.8 0.0 14.9 97.4 2.1 0.5 37412.0 2.13 8.3 3.5 4
24 31°17′34.65″ 32° 9′16.53″ 60.4 25.1 1.8 4.5 91.7 5.2 3.1 35447.0 2.02 9 3.4 6
25 31°18′30.08″ 32° 7′16.73″ 58.8 24.0 2.4 12.5 97.7 2.3 0.0 42115.0 2.4 9 2.4 4
26 31°19′3.43″ 32° 5′55.21″ 27.0 9.9 36.5 23.0 96.5 3.3 0.3 40343.0 2.3 9.1 2.5 5
27 31°20′50.11″ 32° 3′11.73″ 87.0 11.0 0.5 0.0 98.5 1.2 0.3 42852.0 2.44 8.9 2.4 4
28 31°21′4.77″ 31°58′36.87″ 58.8 24.5 1.1 12.3 96.8 2.2 1.0 44133.0 2.52 8.7 2.9 7
29 31°13′1.24″ 32°14′6.40″ 43.7 17.0 1.7 19.1 81.5 4.5 14.0 4545.0 0.26 7.9 1.8 9
30 31°12′30.62″ 32°13′21.74″ 9.8 47.8 1.7 9.1 68.4 9.5 22.1 4071.0 0.23 7.8 1.9 12
31 31°12′5.49″ 32°12′49.08″ 37.5 11.1 13.1 12.7 74.4 12.8 12.8 4299.0 0.25 8.1 1.5 10
32 31°11′19.89″ 32°12′13.19″ 11.0 21.5 2.6 14.2 49.3 26.2 24.5 14231.0 0.81 7.93 1.6 4
33 31°11′33.70″ 32°10′51.12″ 10.4 34.6 2.2 11.7 58.9 17.8 23.3 4299.0 0.25 7.94 1.7 0
34 31°11′14.15″ 32° 9′31.97″ 23.9 22.9 7.6 12.2 66.6 15.3 18.1 3685.0 0.21 7.99 1.8 0
35 31°11′12.66″ 32° 7′46.67″ 17.5 22.2 5.1 13.2 58.0 20.7 21.3 7616.0 0.43 7.96 2.7 0
36 31°11′10.67″ 32° 6′4.79″ 13.9 28.4 3.7 12.4 58.4 19.3 22.3 3159.0 0.18 7.96 2.7 0
37 31° 9′9.68″ 32° 5′45.05″ 11.0 21.5 10.6 24.2 67.3 16.2 16.5 6142.0 0.35 7.97 2.8 2
38 31° 7′29.38″ 32° 4′36.53″ 16.9 26.3 5.8 13.7 62.7 17.2 20.1 4738.0 0.27 7.96 2.8 0
39 31°11′1.73″ 32° 3′31.93″ 15.0 23.3 9.4 22.1 69.7 13.8 16.5 10178.0 0.58 7.97 2.3 2
40 31°11′3.18″ 32° 2′12.33″ 13.0 23.5 9.5 22.5 68.5 12.0 19.6 15284.0 0.87 7.97 2.3 11
41 31°14′7.42″ 31°58′32.73″ 8.0 3.3 19.8 14.0 45.1 32.2 22.7 20321.0 1.16 7.97 2.8 10
42 31°13′54.18″ 32° 1′1.53″ 12.0 2.8 10.0 23.0 47.7 32.2 20.2 22321.0 1.27 7.97 2.7 9
43 31°15′4.75″ 32° 1′39.99″ 6.0 23.0 9.0 26.7 64.7 19.0 16.3 24567.0 1.4 7.97 2.6 5
44 31°14′53.82″ 32° 3′22.05″ 14.0 23.2 9.7 22.6 69.4 14.1 16.4 27515.0 1.57 7.97 2.6
45 31°13′22.74″ 32° 6′1.41″ 18.0 23.1 9.8 22.7 73.6 10.1 16.3 29639.0 1.69 7.97 2.5 6
46 31°14′25.08″ 32° 7′36.07″ 24.0 23.1 2.8 22.7 72.6 11.0 16.4 26568.0 1.51 7.97 1.2 4
47 31°15′2.67″ 32° 9′15.63″ 34.0 13.0 9.8 17.7 74.6 9.1 16.3 30674.0 1.75 8.43 1.6 3
48 31°15′30.27″ 32° 9′41.23″ 49.0 17.8 4.5 7.8 79.2 1.7 19.1 25567.0 1.46 8.13 2.4 3
49 31°15′55.08″ 32°10′19.65″ 40.0 17.8 4.5 2.8 65.2 21.7 13.1 31060.0 1.77 8.05 2.4 6
50 31°16′12.90″ 32°10′56.84″ 56.0 7.8 4.5 2.8 71.2 17.7 11.1 31218.0 1.78 7.9 2 8
94 31°16′19.22″ 32°13′17.36″ 17.8 14.3 11.6 21.8 65.5 19.2 15.3 53697.0 3.06 8.8 2.9 8
95 31°17′11.32″ 32°13′1.72″ 51.0 26.0 6.5 13.3 96.8 2.2 1.0 62471.0 3.56 8.3 1 0
96 31°11′6.18″ 32°13′49.82″ 12.8 16.8 13.7 28.5 71.8 15.3 12.9 3334.0 0.19 8.2 0.4 4
97 31°13′59.03″ 32°17′41.19″ 14.8 17.2 14.5 25.8 72.3 16.1 11.6 14565.0 0.83 7.9 0.5 0
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material, Appendix A). Ratios were used instead of a percentage to
minimize the effect of the rare taxa.

2.3. Environmental data

Electric conductivity (EC), hydrogen level (pH) and water depth
were measured in each site during sampling using Xplorer GLX –
PS–2002 (Table 1). The total dissolved solids (TDS) were obtained from
the EC values at average surface water temperature using the formula
(EC/10001.0878∗0.4365; Table 1) and was used as an approximation for
the water salinity herein. In the laboratory, sediment grain–size ana-
lysis was done following Quintino et al. (1989). Sieving was done using
an electric shaker for 100 g of the sediments (sieves openings are 2, 1,
0.5, 0.25, 0.125, and 0.063mm). The percentages of the different size
classes were calculated. The coarse grain sediments (i.e. > 0.25mm)
were grouped to represent a sand percentage. Percentage of fine sedi-
ments (silt and clay) were obtained by wet sieving through a 0.125 and
0.063mm sieve and expressed as a percentage of the total sediment
(Table 1). The measured physicochemical measurements were added to
the macrobenthos database (Table 1). The collection has been deposited
and apportioned between the Geology Department, Faculty of Science,

Minia University, Egypt and the Institute of Geology and Geophysics,
Chinese Academy of Science (Beijing, China).

2.4. Data analysis

The abundance sample–species matrix was constructed. The abun-
dance matrixes were square–root transformed to down-weight the ef-
fect of the abundant taxa and for sampling bias (abundant species being
oversampled in contrast to rare ones; see Field et al., 1982) in PRIMER
version 6. To test our assumptions (e.g. the faunal distribution is con-
trolled by the water salinity), the samples were grouped into four ca-
tegories based on water salinities (Table 1 and Appendix A), following
the classification by Por (1972), namely oligohaline (0.05:0.5), meso-
haline (0.5:1.8), polyhaline (1.8:3.0), and euhaline (30:4.0).

Bray–Curtis dissimilarity matrix, which is the most appropriate for
community ecology analyses based on sample/species matrix (see
Abdelhady and Fürsich, 2015a), was obtained in PRIMER 6, on which
all multivariate analyses were done. Cluster Analysis was used to
classify the stations according to their species composition into homo-
geneous groups. The cophenetic correlation coefficient (a measure of
how a dendrogram preserves the pairwise distances between the ori-
ginal data points) was implemented to assess the cluster–based models
(Sokal and Rohlf, 1962; Abdelhady and Fürsich, 2014, 2015a). NMDS
was used to ordinate these stations in a reduced space together with
their species composition to identify the main species contributing to
the identified groups (Legendre and Legendre, 1984). The NMDS dia-
grams are accompanied by a stress value which quantifies the mismatch
between the distances among data points in the similarity matrix and in
the ordination diagram. Diagrams with stress value below 0.10 are
considered to represent very accurately the original distance matrix
(Clarke and Warwick, 2001).

Simple linear regression and Spearman rank correlations were used
to identify the main environmental factors controlling the faunal dis-
tribution along the ordination axes. In addition, the relationship be-
tween the biotic and abiotic factors was assessed by the simple linear
regression and Spearman rank correlations. Clustering and ordination
analyses were performed with PRIMER v6 (Clarke and Gorley, 2006),
Diversity, regression, and correlations were performed in PAST v2.17c.
Contouring was carried out in Surfer v10.156.

3. Results

3.1. Environmental traits

The lagoon water showed a gradient spatial pattern of the physi-
cochemical parameters. The salinity of the lagoon is gradually changed
from nearly freshwater to the south as a result of the agricultural dis-
charge drains (e.g., Bahr El Baqr, Ramses, Hadous; Fig. 2A). The
abundance of the perennial aquatic plants in the southern parts of the
lagoon (Fig. 1B), which is a marker for freshwater bodies in Egypt,
indicate strong desalinization of the lagoon. Northwards, the salinity
increases gradually and reaches a maximum at El–Gamil outlets (3.2).
The salinity of the western areas is also low, which may have resulted
from the agricultural discharge drains (e.g., Fariskur and Sirow
pumping stations in addition to the Inaniya Canal). Moreover, there are
no connections to the sea on the west (Baraka et al., 2012). Sediment
grain–size also revealed a gradient from the fine deposition of silt and
clay at the south (land) to more coarse grain sediment to the north (sea;
Fig. 3A). The sand content varies greatly from<45% to the south near
the freshwater drains to> 98% to the north near the marine outlets
from the Mediterranean Sea (Fig. 3A, Table 1).

3.2. Biotope structure

Thirty–one species were identified from fifty–four sampling sites in
Manzala lagoon. Diversity (species richness) is slightly higher in less

Fig. 2. 2D contour plots showing the salinity gradient (A) and diversity gra-
dient (B) in Manzala lagoon. Note the landward–seaward trending.
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saline water at the southern parts of the lagoon than in more saline
water near the sea to the north (Fig. 3A). Almost half of the specimens
identified (49%) are well–known brackish species including Fulvia fra-
gilis (Forsskål in Niebuhr), Pirenella conica (Blainville), Heleobia stag-
norum (Gmelin), and Corbicula fluminalis(Müller) (Fig. 3B), while 22%
are of marine origin. The freshwater taxa represent 29% of the speci-
mens belonging to sixteen species (see Fig. 3B and the online supple-
mentary material Appendix A). Pirenella conica was the single most
abundant species, representing 28% of all counted individuals. Fulvia
fragilis and Melanoides tuberculata (Müller) represent 14 and 13% re-
spectively of the total counted individuals. These three dominant taxa
representing together> 57% of the total fauna of the Manzala lagoon.
Gastropods represent> 73% of the fauna, bivalves represent 27%. The
suspension–feeders are dominating seaward and showed a significant
decrease with decreasing salinity landward (Fig. 4A). In contrast, the
epifauna showed significantly higher values in a landward direction
away from the sea. The results indicate also that there is no trend in
either Shannon diversity or dominance (Fig. 4B).

Cluster analysis identified only three groups (from the four cate-
gories based on water salinity) of stations on the basis of their faunal
affinities (Fig. 5). These faunal associations (biotopes) were named after
the most dominant species. These areMelanoides tuberculata (include 26
samples from oligohaline to mesohaline water salinity), Fulvia fragilis,
(20 stations from polyhaline water), and Donax trunculus (Linnaeus)/
Anadara inaequivalvis (Bruguière), (2 stations from euhaline water). The

first cluster includes all stations from both oligohaline and mesohaline
water (in contrast to our primary classifications).

NMDS ordinations retain a clear separation between the three
identified categories by clustering without or with very little overlap
(Fig. 6). The three faunal associations are clearly-separated along both
NMDS axes. The structure of the three identified associations (biotopes)
is summarized in Table 2 and discussed in detail below.

3.2.1. Melanoides tuberculata association
This association consists of 26 taxa and 1910 individuals belonging

to 26 samples (Fig. 7). Although this association include 26 species,
only five species form the trophic nucleus (> 80% of the total speci-
mens of the association), namely Melanoides tuberculata (43%; Fig. 7),
Biomphalaria alexandrina ((Ehrenberg) (20%), Corbicula fluminalis
(3.3%), Theba pisana (Müller) (7%) and Ceratoderma glaucum (Bru-
guière) (6%; Fig. 7). Many taxa within this association are euryhaline,
which can tolerate a wide range of water salinity. Gastropods are the
commonest group (86%), while bivalves are subordinate (14%). Epi-
faunal bivalve taxa are six times more abundant than infaunal bivalves.
Burrowing infaunal organisms are less abundant in contrast to epifauna.
With respect to feeding habit, deposit–feeder or grazer predominate,
followed by carnivores. Although there are high levels of nutrients in
the lagoon water, suspension–feeders are less abundant. The rarity of
infauna may result from a hard substrate that prevents the mobility of
such taxa (Grădinaru and Bărbulescu, 1994). However, dysoxia at the
sediment/water interface as result of drain flow, which inputs high
organic matter which may prevent the colonization of the infaunal taxa
(Abdelhady and Fürsich, 2014; Abdelhady and Mohamed, 2017). The
muddy stagnant water, large amounts of dead fishes, and the abun-
dance of Eichhornia confirm (Fig. 1), all point to a lower oxygen-level,
occasionally at the southern parts of the lagoon (see Abdelhady et al.,
2018, 2019). Freshwater taxa represent more than 45%. The high
amount of fine grain mud in many samples (Table 1), indicate a low
hydrodynamic regime.

The dominating taxa have well-known adaptation strategies for
stressful environments. The ability of Melanoides tuberculata to tolerate
variations in environmental conditions is noteworthy (see Farani et al.,
2015). Corbicula fluminalis is one of the most invasive species in
freshwater aquatic ecosystems (Mcmahon, 2002), and the inland water
suspension-feeder Corbicula fluminalis can tolerate the aerial exposure
for weeks and can be found in oligotrophic or even eutrophic rivers and
lakes in addition to irrigation and drainage cuts. It was noticed also that
this taxon can tolerate temperature variations from 2 to 34 °C and
salinities from 5% to 30% seawater (Mcmahon, 2002). This association
occurs mainly in the southern portion of the lagoon. The water is oligo/
mesohaline with salinity from 0.2 to 1.7 and the occurrence of terres-
trial taxa (e.g. Theba pisana) may result from the abundance of many
aquatic plants at the southern parts of the lagoon.

3.2.2. Fulvia fragilis association
Fulvia fragilis constitutes most of this association (Fig. 7). It com-

prises 620 individuals of 18 species. The infaunal suspension feeding
bivalve, Fulvia fragilis, accounts for 62.5% of this paucispecific asso-
ciation, while both Mactra lelacea and Corbicula fluminalis represent
about 7%. Bivalves are very common (87%), while gastropods are less
abundant (13%). The dominance of infaunal taxa indicates oxic con-
ditions below the sediment-water interface. This association is centred
on the middle parts of the lagoon, slightly away from the freshwater
drains to the south. However, both Corbicula and Mactra can adapt to
low oxygen environments. All the samples contain a high amount of
fine-grained silt with minor mud fraction. The fine-grained sediment
and the low abundance of epifaunal species (14.8%) point to low–-
energy hydrodynamic conditions. The diversity of this association is
also less than theMelanoides tuberculata association and most of the taxa
are marine or brackish, while Freshwater taxa are less abundant. The
water is polyhaline with salinity from 1.8 to 2.5. Fulvia fragilis is

Fig. 3. Sediment grain–size proportion at each sampling site ordered according
to salinity from low to high (A) and relative abundances of marine, brackish and
freshwater species through the lagoon along the same salinity gradient (B).
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typical of low-energy muddy habitats and is strongly adaptive to var-
iation in salinities (Vardala-Theodorou, 1999).

3.2.3. Donax trunculus/Anadara inaequivalvis association
This association is characterized by very low diversity and very high

dominance, which could be the result of a high–stress. This assemblage
comprises four species with 433 individuals. However, only two species
represent the trophic nucleus and they are the edible infaunal bivalve
Donax trunculus (60%) and the semi–infaunal Anadara inaequivalvis
(32%; Fig. 7.). Bivalves are the most common group (99%), suspension
feeders strongly predominant (99.7%). The rarity of the depos-
it–feeders, which predominate solely in nutrient-rich environments
suggests nutrient-poor substrate (Abdelhady and Fürsich, 2015b;
Abdelhady and Mohamed, 2017). The latter is supported by the sandy
nature of the sediments with less mud/silt content in contrast to the

Fig. 4. Diversity and dominance (A) in addition to feeding habit and life–mode (B) of the mollusk fauna along a salinity gradient in Manzala Lake.

Fig. 5. Bray–Curtis dendrogram resulting from Cluster Analysis showing the
groups of the station. Groups as follows; 1 Mesohaline, 2 Oligohaline, 3
Polyhaline, 4 Euhaline. At similarity 20 only three groups can be recognized
(i.e. 1 and 2 merged; see text).

Fig. 6. NMDS–ordination plot of the square–root, abundance data of Manzala
lagoon based on Bray–Curtis similarity matrix. Groups as in Fig. 5.

Table 2
Mean characteristics of the three identified faunal associations.

Benthic
association

Oligo/mesohaline Polyhaline Euhaline

TDS 0.2: < 1.8 1.8: < 3.0 3.0: < 3.5
Salinity regime Oligo/mesohaline Polyhaline Euhaline
Samples 26 14 2
Species 26 18 4
Individuals 1910 620 433
Epifauna % 85.4 14.8 0.2
Suspension-

feeders %
13.5 100 99.7

Bivalve % 14 87 99
Sand/shale 2.1 16.9 18.7
Water-energy Very low Low Moderate
Substrate-type Mud Silt Sand
Freshwater taxa

%
45.5 11.8 0

Dominated taxon Melanoides tuberculata Fulvia fragile Donax trunculus/
Anadara inaequivalvis
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previously describes associations. The course grain nature of the sedi-
ment refers to higher hydrodynamic conditions, which also redistribute
the nutrients in the water column for the suspension–feeder taxa. This
association is restricted to the northernmost parts of the lagoon. The
water is euhaline with salinity from 32 to 35.

The opportunistic Anadara inaequivalvis is an invasive eurytherm,
euryhaline species that showed resistance to a broad range of extreme
conditions (Rinaldi, 1994).

3.3. Species salinity range

Collectively and based on both qualitative and quantitative ob-
servations on the Manzala lagoon fauna, the benthic associations and
their included taxa can be related to certain salinity ranges, with the
Donax trunculus/Anadara inaequivalvis association representing the
highest salinity values and the Melanoides tuberculata association the
lower salinity value. The faunal distribution along a salinity gradient
Fig. 8 shows that most of the low–salinity species are very euryhaline. A
clear maximum of the eurytopic taxa are found within the polyhaline
‘Fulvia fragilis’ association, In contrast, the euhaline taxa have a very
narrow salinity range.

3.4. Biotic–abiotic interactions

To reveal the role of specific environmental factors in the faunal
distribution and the community structure of the mollusks, a series of
simple linear regressions was applied. The results are summarized in
Fig. 9. Water salinity was positively correlated with the percentage of
suspension–feeders within the sampling sites (Fig. 9A), while the epi-
faunal percentage is negatively correlated (Fig. 9B). The species rich-
ness is weakly and negatively correlated with salinity (R=−0.35;
P < 0.01; Fig. 9E). The species richness of the low salinity areas of the
lagoon (southeast parts) was much higher (26/18 in the brackish vs 4 in
the marine area). However, there is a high variation among the dif-
ferent sampling stations (range between 0 and 27 species; see Appendix
A).

A strong positive correlation was found between the percentage of
the suspension–feeders and the total dissolved solids (salinity).
However, the last relationship may be indirect as the saline water

dominated the lagoon areas near the sea outlets, and therefore is
characterized by slightly agitated water. Consequently, the wave energy
concentrates the nutrients in the water column, which will be available
to the suspension–feeders. In addition and as most of the suspension–-
feeders are infauna, the wave energy mixes the waters and increases its
oxygen content. It inhibits the anoxia associated with the stagnant
freshwater as in the southern area of the lagoon, which contains no or
very rare suspension–feeding taxa.

No or very weak negative correlation was found between the TDS
and species richness (R=- 0.35, p < 0.01; Fig. 9F). Similarly, the total
sand percentage and the species richness are not correlated (R=- 0.12,
p < 0.01; Fig. 9C). In contrast, the epifaunal percentage has a very
strong negative correlation with both sand percentage (R=- 0.79;
Fig. 9D) and TDS (R= - 0.72; Fig. 9B). Although neither grain size nor
salinity has a significant relation with the diversity (expressed herein as
species richness; Fig. 9F), some biotic traits show comparable patterns
to the abiotic ones. The suspension–feeders are dominant in the high
salinity areas and showed a significant decrease with decreasing sali-
nity (see also Fig. 4A). Deposit feeders showed significantly higher
values in the oligohaline and mesohaline zone as compared with the
euhaline zone.

To test the role of the environmental parameters on the faunal
pattern obtained by the ordination, the first coordinate of the NMDS of
the sample–species matrix in Fig. 6 was correlated to the salinity values
of the samples. The regression plot and correlation show a strong ne-
gative correlation (R=− 0.82, p < 0.001; Fig. 10)). In addition,
simple linear regression model between the NMDS coordinate 2 and the
total sand percentage (grain–size > 0.25mm) show a significant (but
moderate) negative correlation (R=- 0.55, p < 0.01).

4. Discussion

4.1. Salinity–fauna relationship

The multivariate analyses showed a strong relationship between the
faunal composition and the predominant environmental gradients in
the Manzala lagoon. The most important environmental factor governs
the faunal distribution was salinity, where it has distributed the sam-
pling sites along the first axis of the NMDS. The latter agrees with our

Fig. 7. Composition and percentage of the trophic nucleus (80% of the total species of an association) of the identified associations. The three species are paucis-
pecific (few species with higher densities), which denotes a stressful environment (see text).
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expectation based on previous ecological analyses in similar aquatic
environments (Schröder et al., 2015; Josefson, 2016). Salinity was
continuously found to be one of the most significant factors affecting
macrobenthic community structure (Fürsich, 1981; Piller and
Harzhauser, 2005; Abdelhady and Fürsich, 2014).

In the Manzala lagoon, there is extreme spatial variability in salinity
ranging from 0.2 near the agricultural drains in a landward direction to
normal euhaline conditions near the sea outlets (3.2). Therefore, the
freshwater fauna is replaced gradually by the brackish (euryhaline)
ones northwards and replaced completely by marine taxa at the open
sea (Fig. 3B). The current increase in the salinity gradient may be at-
tributed to the agriculture runoff at the southern parts of the lagoon.

The results of all multivariate analyses retain similar topologies and
all suggest merging of the mesohaline and oligohaline samples into a
single group. The similar faunal composition of both groups may in-
dicate a poikilohaline water salinities (i.e. oscillating water salinity; see
Por, 1972). Within such conditions, the waters tend to vary in salinity
range seasonally or even daily as a result of saline water mixing during
high tide and increasing freshwater supply during the winter interval.

Although there was no significant correlation between salinity and
the species richness (Fig. 9F), the high salinity zone in a seaward di-
rection near the Mediterranean outlets shows the lowest diversity and
the highest dominance values. The latter contrasting the result of
Therriault (2002), who found that increasing salinity was resulted in
diversity increase due to the intrusion of new marine taxa. However,
Therriault (2002) did his analyses within a short timespan (one year),
where the original freshwater taxa may be still not affected). Our results
agree with that of Anton–Pardo and Armengol (2012), who found an
increase in abundance and decrease in species diversity of the

zooplankton as result of increasing salinity in coastal Mediterranean
ponds.

4.2. Sediment–fauna relationship

Both NMDS and regression models have also indicated that the se-
diment grain–size, which reflects also the hydrodynamic conditions
(see Rueda and Salas, 2003; Abdelhady and Fürsich, 2014), is a second
important physical parameter controlling the distribution of the fauna.
The sediments show a comparable grain–size gradient in the same di-
rection as the salinity where coarse grain sand increasing northwards
(Fig. 3A). The increasing of the sand and gravel content seaward may
result from the higher hydrodynamics as a consequence of the wave
action near the Mediterranean outlets. In contrast, silt and clay in-
creased landward (Fig. 3A) as a consequence of intensive agricultural
runoff (see Fig. 1). Consequently, biotope structures have the same
trend of the physical (sediment grain–size) and chemical (salinity)
characteristics of the water (Figs. 2–4).

A strong positive correlation was found between the percentage of
the suspension feeders and the sand content of the samples (R=0.83,
p < 0.01; Fig. 9E). Suspension–feed taxa are dominating the sandy
habitats in a seaward direction. The latter follows a well–known sedi-
ment–fauna relationship and the dominance of the suspension feeders
in the sandy habitats from both recent (e.g., Sanders, 1958) and past
times (Abdelhady and Fürsich, 2014, 2015b). The sand/mud ratio,
which also gives an indication of nutrient availability, has a major role
in benthic faunal distribution (see Abdelhady and Fürsich, 2014) and
the epifauna needs a hard or firm substrate to colonize, which is not
provided in sandy agitated bottoms.

Fig. 8. Salinity range of the faunal associations of the manzala lagoon. Shaded area rearrests the euryhaline taxa.
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4.3. Diversity-stability relationship

The general low–diversity of and the paucispecific nature of the
three identified associations are indicating environmental stress
(Abdelhady and Fürsich, 2014; Abdelhady and Mohamed, 2017). The

high dominance of Pirenella conica, Fulvia fragilis, and Melanoides tu-
berculate (57% of the total fauna of the Manzala lagoon) in addition to
their occurrence in more than twenty sampling sites indicate that all
can adapt to a wide range of water salinity. Similarly, the high abun-
dance of the gastropods in contrast to bivalves indicate the superiority

Fig. 9. The link between the biotic and abiotic traits; linear regression plot between TDS and percentage of suspension–feeders (A), TDS and epifaunal percentage (B),
species richness and total sand percentage (C), Epifaunal and total sand percentage (D), sand and suspension–feeder percentage (E), TDS and species richness (F).
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of the gastropods in case of high–stressed environments. Although
many authors indicated a positive correlation between diversity (spe-
cies richness and abundance) and salinity (Hyland et al., 2004; Kennish
et al., 2004; Dethier and Schoch, 2005), no or a very weak negative
correlation was found in the current study. The diversity at the southern
landward portion of the lagoon is slightly higher than in seaward di-
rection.

Variable salinities or rapid salinity change at the southern part of
the lagoon provide different habitats (regarding the water chemistry)
and hence beta diversity slightly increases (see Hofmann et al., 2013;
Abdelhady and Fürsich, 2014). It is likely that there is no fixed salinity
at any station as they are varying seasonally and sporadically over time
(harsh stressed environment). The occurrence of some saline taxa in the
freshwater stations may result from a salt wedge estuarine setting. As
the freshwater input from the agricultural drains may have exceeded
that of marine outlets, the lighter freshwater may float above the sea-
water resulting in a low salinity wedge. In contrast, the denser marine
water moves landward along the bottom, forming a temporary suitable
habitat for the taxa of high salinity water. In addition, during high tide,
few shells may be re-located by the storm waves landward to the
southern parts of the lagoon.

For decades, paleontologists used some salinity marker taxa to
identify past environments. For example, Fürsich et al. (2012) used the
bivalve Corbulomima to indicate low-salinity environment. Based on the
result obtained herein, we can summarize that in case of absence of the
well-known salinity indicator taxa, functional composition of the
benthic communities can be used to interpret water salinity and hy-
drodynamics in ancient environments.

5. Conclusions

Based on shells and sediments, the ecosystem of Manzala lagoon
was analyzed. 31 species identified from 54 stations in the Manzala
lagoon were subdivided into three salinity controlled associations based
on hierarchical clustering and ordinations. The Melanoides tuberculata
association is dominating the low–salinity, muddy dominated sub-
strates, while the Donax trunculus/Anadara inaequivalvis association is
associated with high–salinity, sandy–dominated areas. The Fulvia fra-
gilis association was found in silt–dominated area of the lagoon with
polyhaline salinity. All of the benthic associations are paucispecific and
hence denoting environmental stress, we conclude the following:

1. Salinity gradient was the most influential factor on the community
structure (feeding habit and life–mode) of the molluscan fauna. The
benthic associations can be related to certain salinity ranges, where
most of the low–salinity, occasionally polyhaline ones, are very

euryhaline, while euhaline taxa have a very narrow salinity range.
Sediment grain–size is a second limiting factor. Sandy sediments are
occupied by infaunal suspension–feeders, while firm muddy ones
dominated by epifaunal grazers or deposit–feeders. Water depth and
pH have no or minor role.

2. Most of the dominated taxa show different adaptive strategies and
are of opportunistic nature such as Corbicula fluminalis and
Melanoides tuberculata. The latter was interpreted to be a negative
consequence of the environmental stress within the lagoon.

3. As salinity and substrate type are major determinants for the current
structure of the molluscan community (feeding habit and life–mode)
in marginal marine environments, feeding habit, and life–mode of
the fossil mollusks can be used to reconstruct the paleosalinity and
paleo–hydrodynamics for ancient marginal marine areas.
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