

[image: image1]
Species Composition and Functional Traits of Macrofauna in Different Mangrove Habitats in the Persian Gulf












	 
	ORIGINAL RESEARCH
published: 25 September 2020
doi: 10.3389/fmars.2020.575480





[image: image]

Species Composition and Functional Traits of Macrofauna in Different Mangrove Habitats in the Persian Gulf

Parima Hajializadeh1, Mohsen Safaie1,2, Reza Naderloo3, Mehdi Ghodrati Shojaei4, Johanna Gammal5,6, Anna Villnäs5,7 and Alf Norkko5,7*

1Department of Fisheries, Faculty of Marine Science and Technology, University of Hormozgan, Bandar Abbas, Iran

2Mangrove Forest Research Center, University of Hormozgan, Bandar Abbas, Iran

3School of Biology, College of Science, University of Tehran, Tehran, Iran

4Department of Marine Biology, Faculty of Natural Resources and Marine Sciences, Tarbiat Modares University, Noor, Iran

5Tvärminne Zoological Station, University of Helsinki, Hanko, Finland

6School of Science, University of Waikato, Hamilton, New Zealand

7Baltic Sea Centre, Stockholm University, Stockholm, Sweden

Edited by:
Heliana Teixeira, University of Aveiro, Portugal

Reviewed by:
Marina Dolbeth, University of Porto, Portugal
Helena Verissimo, University of Coimbra, Portugal

*Correspondence: Alf Norkko, alf.norkko@helsinki.fi

Specialty section: This article was submitted to Marine Ecosystem Ecology, a section of the journal Frontiers in Marine Science

Received: 23 June 2020
Accepted: 03 September 2020
Published: 25 September 2020

Citation: Hajializadeh P, Safaie M, Naderloo R, Shojaei MG, Gammal J, Villnäs A and Norkko A (2020) Species Composition and Functional Traits of Macrofauna in Different Mangrove Habitats in the Persian Gulf. Front. Mar. Sci. 7:575480. doi: 10.3389/fmars.2020.575480

Macrofauna play a key role in the functioning of mangrove ecosystems. Nevertheless, our understanding of the diversity and functional structure of macrofaunal communities across different habitats in the mangrove forests of the Persian Gulf is limited. In this study, we investigated species diversity and biological trait patterns of macrofauna in different mangrove-associated habitats, i.e., encompassing actual mangrove forests, and adjacent Beaches and Creeks, which exhibit different levels of habitat heterogeneity. Samples were collected from the different habitats in five different locations, over four seasons. A total of 122 macrofauna taxa were identified. The diversity of species was higher in summer than in winter. In the Beach habitats, species diversity showed an increasing trend from land toward the mangrove, whereas in Creek habitats diversity decreased from the Creek toward the mangrove. Multivariate community analysis showed differences in the distribution of abundant species and biological traits across all habitats. Deposit-feeding, crawlers, medium-size, and free-living were the dominant trait modalities in all habitats. The similarities within habitats over the four seasons had the same specific pattern of species and biological trait abundance in the Beach and the Creek, increasing from the non-covered habitat into the mangrove trees. Although many species shared similar traits, the abundance-driven differences in trait expression between habitats showed the importance of habitat filtering. The results of this study will be useful in the conservation of mangrove forests and they give a deeper understanding of the ecological patterns and functions of benthic macrofaunal communities in the Persian Gulf.
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INTRODUCTION

Habitat complexity in vegetated areas is a key factor influencing the abundance and distribution patterns of macrofauna (Heck and Orth, 1980; Choat, 1982). Complex habitats provide different kinds of shelter and food resources for organisms (Willis et al., 2005), which facilitate high biodiversity (Kelaher, 2003), functional diversity, and stability in ecosystems. Mangrove forests are good examples of such complex habitats, since they are among the most diverse and productive habitat types in coastal areas (Alongi, 2008; Nagelkerken et al., 2008). The mangrove ecosystems are, however, under increasing threat due to human activities that reduce habitat complexity therefore also erode associated species and functional diversity (Alongi, 2008; Doney et al., 2009).

The mangrove ecosystems are one of the most productive coastal ecosystems globally (Lee, 1999; Kathiresan and Bingham, 2001), and are concentrated in the tropical and subtropical intertidal zones (Giri et al., 2011). These ecosystems experience high salinity, high temperatures, and extreme tides (Kathiresan and Bingham, 2001). Their unique characteristics make them an important provider of many ecosystem services. For example, they function as breeding grounds and nursery sites for many commercial fish and shrimp species (Carugati et al., 2018), provide shelter for many species during their seasonal migration, provide food for many species and thus indirectly affect the feeding of other animals (Samidurai et al., 2011; Thilagavathi et al., 2013). Mangrove ecosystems are very important to humans for aquaculture, forestry, and coastal erosion prevention (Nagelkerken et al., 2008), but are increasingly threatened by over-exploitation and pollution (Alongi, 2002).

Marine benthic invertebrates dominate the soft muddy sediments of the mangrove forests. The three-dimensional habitat results in distinct horizontal and vertical distributions of macrofauna in the mangrove ecosystem (Sivasothi, 2000), as they can live in the surface sediment (infauna) or on the sediment (epifauna; Carvalho et al., 2006), as well as around the pneumatophores and on the trunk of the mangrove trees. The distribution of macrofauna is affected by hydrological properties of the area (tides), water chemistry (e.g., temperature, pH, and salinity), sediment texture, competition, and human activities (Lee, 2008; Sihombing et al., 2017). The macrofauna play an important role in nutrient cycling, they are an important food source for larger organisms, and hence they constitute an important link between primary detritus at the base of the food chain and the consumers at higher trophic levels (Macintosh, 1984). They also enhance organic matter decomposition, by enhancing sediment oxygen penetration and by stimulating the activities of the microbial communities (Constable, 1999; Bremner, 2005). Any changes in the benthic communities would directly affect important ecosystem services provided by the mangrove habitat, such as primary and secondary production, production of commercial fish species and the transfer and cycling of nutrients (Herman et al., 1999; Levin et al., 2001; Austen et al., 2002).

A better understanding of the biological diversity and key functions of benthic invertebrate communities is fundamental for understanding how mangrove ecosystem functions might change due to different pressures. Moving beyond measures of basic taxonomic diversity to also consider the functional trait characteristics of macrofaunal communities is important for evaluations of potential ecosystem functions. Biological traits can describe the functions of an organism in the ecosystem (Shojaei et al., 2015), and biological trait analysis (BTA) thus explores information regarding the life cycle, morphological and behavioral characteristics of species present in a community (Bremner et al., 2006; Petchey and Gaston, 2006; Cadotte et al., 2011; Violle et al., 2014). The trait composition of benthic communities can help to understand community dynamics and their effects on ecosystem functions such as nutrient cycling, primary and secondary production, changes in sediment properties, and also the dynamics and stability of the ecosystem (Norkko et al., 2013; Goswami et al., 2017; Gammal et al., 2019). In recent years, many investigations have utilized a combination of taxonomic and functional trait diversity, which has developed our understanding of ecosystem function and supported efforts for better ecosystem management and conservation (Bremner et al., 2003; Rodil et al., 2013; Villnäs et al., 2019). Many studies on species diversity of macrofaunal communities in mangrove ecosystems have been conducted globally (Morrisey et al., 2003; Pravinkumar et al., 2013; Al-Khayat et al., 2019; Vahidi et al., 2019). There have also been many studies on macrofauna diversity of mangrove forests in the Persian Gulf (Soleimanirad et al., 2011; Keshavarz et al., 2012; Safahieh et al., 2012; Vahidi et al., 2019), as well as on the diversity of Mollusca (Ghasemi et al., 2011; Kabir et al., 2014), and Polychaeta (Soleimanirad et al., 2014). Studies on functional traits of macrofauna in mangrove habitats are, however, scarce (Leung, 2015; Chen et al., 2018), and to date, such studies have not been conducted in the Persian Gulf. Given that mangroves are such an important and diverse coastal habitat, but concurrently threatened by natural and anthropogenic pressures, such studies are needed to further develop our understanding of their biodiversity and functioning. Therefore, our aim was to investigate species diversity and functional traits of macrofaunal communities in a mangrove ecosystem in the Persian Gulf. Specifically, we explored the potential differences between mangrove-associated habitats having different habitat complexity. We sampled sediments in bare areas, areas with pneumatophores and then also areas in the mangrove forests from adjacent Beaches, and Creeks, respectively, to assess potential differences in structural and functional diversity of associated macrofaunal communities. Moreover, due to the potential for seasonal variations in environmental drivers (e.g., primarily temperature and evaporation) affecting both the structure and function of mangrove ecosystems we also sampled our habitats in winter, spring, summer, and fall.



MATERIALS AND METHODS


Study Area

The Persian Gulf is a semi-enclosed sea in the north-western Indian Ocean that is connected to the Oman Sea through the Strait of Hormuz. It is located between the longitudes of 48–57° E and the latitude of 24–30° N (Figure 1). The maximum depth of the Persian Gulf is 100 m in the Strait of Hormuz, while the average depth of the basin is 35 m (Barth and Khan, 2008). Iranian mangrove forests are located between longitude 25° 19′ and 27° 84′, in the northern part of the Persian Gulf and Oman Sea (Zahed et al., 2010). The mangrove forests cover 107 km2 of Iran’s coastal areas, (Danehkar, 1996, 2001). Only two species of mangrove are found in the Persian Gulf, i.e., Avicennia marina and Rhizophora mucronata, of which A. marina is the dominant species in the Iranian mangrove forests. This study was conducted in the Hara Protected Area, which is designed as a Ramsar Site, an Important International Wetland, and a UNESCO Biosphere Reserve, with a total area of 465.81 km2 (Scott, 1995; Mahdavi, 2001). The sampling was performed in two areas, (1) Qeshm Island, which is located between longitude 55° 63′ and 55° 80′ and has a mangrove area of 38.21 km2, and (2) the Khamir area which is located between longitude 55° 51′ and 55° 60′ and has a mangrove area of 10.5 km2.
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FIGURE 1. The geographical locations of the sampling areas (upper map) and photos illustrating the different conditions of the Beach habitats and Creek habitats.


The environmental conditions in the Persian Gulf vary with season, and the weather temperature is higher than 30°C in summer (Behrouzi Rad, 1998; Zahed et al., 2010). Evaporation is typically higher than the annual rainfall in the Iranian coastal zone (annual rainfall is less than 200 mm; Al Mamoon et al., 2016). The salinity within the Persian Gulf mangrove forests is at a maximum of 50 g/l (Salehipour-Milani, 2018) depending on the tidal zone and potential evaporation. The tide is semidiurnal, with tidal ranges from 1 to 3 m at neap tides and 3–4 m at spring tides (Reynolds, 2002).



Sampling Design

In this study, we chose to investigate two sites (Beach and Creek) encompassing six different habitats arranged along transects either from the beach-ward side or from the sea-ward side of the mangrove forests. We focused on three intertidal Beach habitats (Figure 1) that described increasing habitat heterogeneity (based on substrate coverage), going from bare sediments (Beach 1) to sediments with pneumatophores (Beach 2) and into the mangrove trees (Beach 3; Figure 1). Correspondingly, three intertidal Creek habitats were also selected to describe different levels of habitat heterogeneity, from bare sediments with oysters (Creek 1) to sediments with pneumatophores and oysters (Creek 2) and finally mangrove trees (Creek 3; Figure 1). All six habitats were investigated at five different sampling locations and at four different seasons (spring, summer, fall, and winter) to explore seasonal differences throughout 1 year. Hence, replication for each of the six habitats was obtained by sampling across the five different locations within the mangrove region. At each sampling, two to three replicate samples were obtained. The geographical locations of the sampling areas are shown in Figure 1 and Supplementary Table 1.



Data Collection


Biological Data

Macrofauna samples were collected in the intertidal Beach habitats (Beach 1–3) and Creek habitats (Creek 1–3) in the five locations during four seasons at low tide. Two to three sediment samples per habitat were collected using a quadrat of the size 25 cm∗25 cm, with a depth of 25 cm. All the sediment from the quadrat was extracted and subsequently each sample was sieved through a 0.5 mm mesh for retrieving the macrofauna, which thereafter was preserved in 70% ethanol and transported to the laboratory for species identification, counting and weighing. The macrofauna was identified to lowest taxonomic level possible and hence all taxa are referred to as species. To obtain characteristics of the macrofaunal communities within the different habitats, species richness (number of species), abundance (ind. m–2), and biomass (wet weight g wwt m–2) were calculated.



Environmental Data

During the collection of sediment samples, salinity and temperature were measured inside the quadrat by using a HACH Multi-parameter device. Sediment samples were taken from each quadrat for total organic matter (TOM) and grain size. After sampling, all of the sediment was dried. Total organic matter was measured as a loss on ignition (6 h at 550°C). The grain size samples were sieved through a stack of sieves (500, 250, 125, and 63 μm). After sieving, each sediment fraction was dried at 60°C and weighed.



Data Matrices

Four biological traits were selected to describe important functional attributes of the macrofauna community in the mangrove forests. The traits included were morphological (body size) and behavioral characteristics (feeding habit, living habit, and movement), as these are known to influence ecosystem functions (cf. Table 1). Each trait was divided into several modalities, which are shown in Table 1. A fuzzy coding approach was used to classify each species to the different modalities of the functional traits (Chevene et al., 1994). Each trait modality was assigned a value of 0 up to 1 for each species, where no affinity for a modality was coded as 0 and complete affinity was coded as 1. The fuzzy coded trait expressions of individual species were scaled up by correcting each modality for species-and sample-specific abundances, creating an abundance corrected trait matrix. The traits were foremost appointed based on information from trait databases such as MarLIN BIOTIC1, the World Register of Marine Species2, and the polytraits database3.


TABLE 1. The traits and functional modalities included in the study, and the possible links to ecosystem functions and features.
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Data Analysis

Data analyses focused on differences between habitats and seasons. There were six different habitats (Beach 1–3, Creek 1–3), and four different seasons (winter, spring, summer, and fall). The replication for each habitat and season was obtained by sampling across the five different locations within the mangrove region (N = 5), where the average of two to three replicates per habitat represented one sampling occasion.

A two-way ANOVA was used for identifying differences in environmental parameters (salinity and temperature) between habitats and seasons. That assumptions of normality and homogeneity was fulfilled was checked prior to the analyzes (Shapiro–Wilk normality test and the Levene’s Test for homogeneity of variance), while a HSD post hoc analysis (Tukey’s) was used for exploring the interaction between habitat and season, using R (version 4.0.1). Permutational ANOVA (PERMANOVA) was run for identifying differences in sediment organic matter, as the data did not fulfill requirements of ANOVA, although transformed. A principal component analysis (PCA) was run to explore and illustrate the habitat-specific differences in grain size of sediments across all habitats and seasons, using Primer v. 7 (Clarke and Gorley, 2015).

For exploring between habitat and seasonal differences in benthic abundance, biomass and traits, permutational ANOVA (PERMANOVA) was run, after checking that the data fulfilled the criteria of homogeneous dispersion (PERMDISP). As the analyses revealed significant differences in benthic community structure and function foremost between the winter and summer seasons, further temporal comparisons focused on these two seasons. Non-metric multidimensional scaling (nMDS) was used to illustrate the differences in 2-dimensional space, while the SIMPER procedure was used to identify the species and traits that contributed most to the similarities and dissimilarities within and between the different habitats, respectively. Analyses of community composition and functional traits were performed using Primer v. 7 (Clarke and Gorley, 2015) and PERMANOVA+ (Anderson et al., 2008).



RESULTS


Environmental Variation Between Habitats

The environmental data showed that while parameters such as salinity differed both between habitats and seasons. Temperature showed stronger seasonal variation, which were habitat-dependent (Table 2 and Supplementary Table 2). For example, the highest salinity value was observed at Beach 1, while Creek 1 had the lowest salinity (Table 2 and Supplementary Figure 1). The seasonal variation in salinity was lowest at Creek 2 and Creek 3 (Supplementary Figure 1). Temperatures were fairly similar across habitats, whereas there was more variation over the seasons (Supplementary Figure 1), ranging from a minimum of 19.3°C in winter and maximum 35.6°C in summer. The interaction between habitat and season was significant for temperature and salinity (two-way ANOVA; Supplementary Table 2).


TABLE 2. Average (minimum–maximum) of environmental variables (salinity and temperature°C) and sediment characteristics, as represented by sediment total organic matter (TOM%) and grain size classes (>0.5, >0.250, >0.125, >0.063, and <0.063 mm).

[image: Table 2]There were differences in sediment organic matter content between the six habitats (Figure 2 and Supplementary Table 2), but the results showed no difference between seasons, nor interactions between seasons and habitats. (PERMANVOA, Supplementary Table 2 and Figure 2). The highest average values of total sediment organic content were observed in the mangroves in Beach 3 and Creek 3, 12.4 ± 3.6% and 11.4 ± 2.9% (±SD), respectively. According to the pairwise test, these habitats differ from the outer habitats (i.e., B3 vs. B2 and B1 and C3 vs. C2 and C1; p < 0.05). The lowest average organic matter content was observed in Creek 1 (Figure 2) and this habitat was significantly different from the other habitats, except from Creek 2 (PERMANOVA; p < 0.05).
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FIGURE 2. Sediment total organic matter content (TOM%, average ± SD) per habitat and in the different habitats across seasons.


The PCA analysis of sediment grain size showed that Beach 3 and Creek 2 and 3 were similar in terms of grain size (Figure 3). All habitats had muddy sediments, but these three sites (B3, C2, and C3) had an average mud fraction (i.e., <0.063 mm) of >88% (Supplementary Figure 2), whereas the other sites had slightly higher proportions of sand and their mud contents varied between 69 and 78%. The PCA also indicated that the grain size was more similar throughout the year in Beach 3, Creek 2 and 3, since all four data points of each habitat were relatively well clustered.


[image: image]

FIGURE 3. Principal component analysis, explaining 94.8% of the variation in grain size in the six habitats during the four seasons. B1–3 signifies the Beach habitats and C1–3 the Creek habitats. Variation explained by PC1 is 76.2% while PC2 explained 18.6%.




Differences in Structural Biodiversity


Species Diversity

A total of 122 species that belong to 71 families were observed in the six habitats over the four seasons, consisting of crustaceans (14 species of Decapoda, 1 species of Isopoda, 1 species of Stomatopoda, and 1 species of Sessilia), Mollusca (56 species of Gastropoda and 24 species of Bivalvia) and Annelida (24 species of Polychaeta and 1 species of Sipuncula). Each species showed different distribution patterns depending on habitat and season, and some of the species were only observed during one season. The largest contrasts in species diversity were observed between winter and summer (Supplementary Tables 3–5). In winter a total of 56 species, including Crustacea (13 species of Decapoda, 1 species of Isopoda, 1 species of Stomatopoda, and 1 species of Sessilia), Mollusca (16 species of Gastropoda and 4 species of Bivalvia) and Annelida (19 species of Polychaeta and 1 species of Sipuncula) was observed. Whereas, in summer a total of 78 species were recorded, including Crustacea (11 species of Decapoda and 1 species of Sessilia), Mollusca (30 species of Gastropoda and 19 species of Bivalvia), and Annelida (16 species of Polychaeta and 1 species of Sipuncula; Supplementary Table 3). The results showed that the species diversity in summer was higher than in winter except at Beach 1 and Creek 3. During both seasons, Mollusca was the most abundant group in the communities, making up 35.7 and 62.8% of the total abundance in winter and summer, respectively.



Abundance and Biomass

The abundance of species in the six habitats across all seasons was on average, 1119 ± 113 ind. m–2 (avg. ± SE) and the biomass was 180 ± 20 g m–2 (avg. ± SE). Significant differences were found in both benthic abundance and biomass between habitats as well as seasons, but their interaction was non-significant (Table 3 and Supplementary Table 6). When including all seasons, MDS of abundance (Figure 4A) and biomass (Figure 4B) illustrate the differences between the habitats. The habitats Beach 2 and Creek 3 had the highest and lowest abundances and biomass, respectively. Interestingly, when including all seasons, the SIMPER analysis showed that similarities within habitats showed a corresponding pattern when comparing the Beach and the Creek habitats (Table 4). In both the Beach and the Creek, within similarity values increased from the outer sites (Beach 1 and Creek 1) toward the mangrove (i.e., Beach 3 and Creek 3). The highest dissimilarity between habitats was found between Beach 1 and Creek 1 and the lowest dissimilarity between Beach 2 and Beach 3 (Table 4). For abundance, the species Pirenella cingulata consistently contributed the most to within-habitat similarity as well as between-habitat dissimilarities in the Beach habitats. However, in Creek habitat 1, the species Opusia indica contributed the most to within-habitat similarity, while in Creek 2 and 3 Assiminea sp. had the highest contribution to both within-habitat similarity and between-habitat dissimilarities. Overall, these species (P. cingulata, O. indica, and Assiminea sp.) were the ones that contributed the most to differences within and between habitats.


TABLE 3. Two-way PERMANOVA testing differences in benthic community abundance, biomass and traits between the four seasons (n = 5) and the six habitats (n = 5).

[image: Table 3]
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FIGURE 4. nMDS for (A) abundance (B) biomass as well as (C) the abundance-corrected trait expression between habitats during all seasons.



TABLE 4. Based on community abundance data, the SIMPER analyses present similarities within habitats (gray cells) as well as dissimilarities between habitats for benthic community composition during all seasons, winter and summer.

[image: Table 4]As the clearest divergences were observed between winter and summer (PERMANOVA; Table 3 and Supplementary Table 6), we focused on comparing habitat differences during these two seasons. The total abundance of species across the habitats in winter and summer were 817 ± 170 ind. m–2 and 1211 ± 260 ind. m–2, respectively, while the total biomass was 165 ± 47 g m–2 and 177 ± 34 g m–2, respectively.

In winter, different patterns in similarity within the Beach and Creek habitats were observed, as there was a rising trend from Beach 1 to Beach 3, while in the Creek, the gradient was not clear and the lowest similarity values were noted at Creek 3 (Table 4). Regarding the dissimilarity between habitats, the highest value was observed between Beach 1 and Creek 1, while the lowest value was detected between Beach 2 and 3 (Table 4).

In summer, the within-habitat similarity values increased from Creek 1 to 3, while for the Beach, they increased from Beach 1 to 2 but dropped drastically at Beach 3 (Table 4). The highest dissimilarity between habitats was noted between Beach 1 and Creek 2, and the lowest dissimilarity between Beach 3 and Creek 3 (Table 4). Considering the high similarity of species composition in the mangrove trees (B3, C3), these habitats showed a more stable species composition during the seasons. The dominant species across all habitats included the crustaceans O. indica (Alcock, 1900), species of gastropods P. cingulata (Gmelin, 1791) and Assiminea sp., the bivalve Dosinia sp. and polychaetes belonging to Capitellidae and Nereididae (Supplementary Table 4), and differences in similarities and dissimilarities within and between habitats were foremost determined by changes in species abundance and biomass.



Functional Traits in Different Mangrove Habitats


Trait Composition

The combination of traits in different habitats and seasons revealed that trait modalities such as medium size, deposit-feeding, crawler, and free-living dominated. Non-metric multidimensional scaling (nMDS) of the abundance-corrected trait expression (Figure 4C) showed differences between habitats, which were confirmed by PERMANOVA (p = 0.0001; Table 3). However, there were no clear difference in trait composition across seasons (Table 3). In all habitats, the composition of trait modalities for each trait was almost the same, but the percentage contribution differed, which led to the observed differences between habitats. The similarities within habitats in the Beach and the Creek, over the four seasons, had the same specific pattern as noted for abundance, increasing from the non-covered habitat (Beach 1 and Creek 1) to the mangrove trees (Beach 3 and Creek 3; Table 5). The highest dissimilarity between habitats was found between Creek 1 and Beach 1 and the lowest dissimilarity between Creek 1, 2, and 3 (cf. Table 5 and Supplementary Table 6). The main modalities of the traits that contributed similarities and dissimilarities within and between habitats were “medium size,” “free-living,” and “crawler.” Regarding the similarity between habitats during the winter season, the highest value was observed between Creek 3 and 2, and the lowest value between Beach 1 and Creek 1 (Figure 4C and Table 5). In summer, the similarity within habitats increased from Beach 1 to 2, and dropped toward Beach 3, while an increase in similarities was observed from Creek 1 to Creek 3. The highest dissimilarity between habitats was observed between Beach 1 and Creek 1, and the lowest dissimilarity between Beach 3 and Creek 3 (Table 5).


TABLE 5. Based on abundance of traits, the SIMPER analyses present similarities within habitats (gray cells) as well as dissimilarities between habitats for trait composition during all seasons, winter and summer.

[image: Table 5]Of the trait body size, medium and small sizes were highly abundant in all habitats over all seasons. Very small, small, medium, and large modalities showed similar patterns in the Beach habitats, characterized by an increasing trend in size from Beach 1 to 2 while they decreased toward Beach 3 (Figure 5A). The Creek showed a decreasing abundance-directed prevalence of body size modalities from outer to inner habitats (Creek 1 to 3). An exception was observed for large size, which increased toward the inner habitats (Figure 5A). The trait feeding habit was dominated by deposit feeders and scrapers/grazers, which were highly abundant in the Beach habitats over all seasons, whereas the Creek habitats were dominated by deposit feeders and suspension/filter feeders. All feeding modalities expressed the same pattern across the Creek habitats, indicating a decreasing abundance-directed prevalence across the transect into the mangrove forest. In the Beach habitats, suspension/filter feeders were the least abundant at Beach 2, while all the other modalities showed the opposite pattern (Figure 5B). Regarding species movement and living habit, both the Beach and the Creek habitats were dominated by crawlers and free-living organisms (Figures 5C,D). Interestingly, burrowers and sessile and/or attached invertebrates were more dominant in the Creek compared to the Beach (Figure 5C).
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FIGURE 5. Abundance of the trait modalities body size (A), feeding habit (B), movement (C), and living habit (D) per habitat encompassing all seasons.




DISCUSSION

In this study, we explore the biodiversity of macrofauna across different mangrove-associated habitats, i.e., mangrove forests, Beaches and Creeks, and provide the first quantification of functional traits for the mangrove ecosystems in the Persian Gulf. We show habitat-specific differences in community structure and biological traits. We further demonstrate that species and functional diversity remains reasonably consistent between the different habitats but that there are marked changes in environmental variables and biodiversity between summer and winter.


Environmental Variability and Species Community in Different Habitats Across Seasons

Knowledge of environmental conditions is crucial for understanding the ecological processes within ecosystems and for understanding the temporal and spatial distribution of biodiversity of organisms and traits. The ranges of temperature and salinity within this study were similar to other studies in mangrove forests in other areas in the Persian Gulf and Indian Ocean (Table 6). The grain size did not change seasonally, but there was a significant difference between habitats, which was similar to observations in Nayband Bay mangroves (Hamzavi et al., 2012), while in Hara Biosphere Reserve, no spatial changes in the sediment characteristics were reported between stations and habitats (Vahidi et al., 2019). The measured values of organic matter in our study were highest in habitats associated with mangrove trees. Sediments among the mangrove trees and roots (habitats B3 and C3 in this study) had higher organic matter content than habitats without vegetation, which can be due to increased retention of organic matter and, for example, the decomposition of mangrove leaves in the soil, which subsequently increases the organic matter content (Chen and Twilley, 1998). In our study, sediment OM content did not show seasonal differences. In contrast, differences in OM between winter and spring have been reported in the Nayband Bay mangrove forest (Hamzavi et al., 2012).


TABLE 6. A general description of the minimum and maximum temperature and salinity, and species diversity in mangrove forests from the present and other studies.

[image: Table 6]Altogether we identified 122 macrofauna species in the different habitats, and the observed species composition (Supplementary Tables 3, 4) was similar to the one earlier reported from Hara Biosphere Reserve [with Gastropoda dominating (39%), together with Bivalvia (25%), Crustacea (24%), Polychaeta (11%), and Oligochaeta (2%; Vahidi et al., 2019)]. We found that species diversity and abundance in the habitats were clearly different from one another, most likely due to tidal differences and habitat complexity.

The habitat Beach 1 showed the lowest species diversity of all habitats, because it was located at the upper limit of the tide and was most of the time without water. The low immersion time and high evaporation (as evidenced from high salinity) in combination with a lack of mangrove trees and other seagrasses make it a stressful habitat. It has been shown that this habitat is not a good refuge for a number of organisms (Méndez, 2002), if they are not specially adapted to the specific environmental conditions. Crabs, however, were more abundant in places where the immersion time was less. Immersion of mangrove plants in water can reduce the number of associated crabs (Choy and Booth, 1994), which can be one of the reasons why the crabs are more commonly found at the top of the tidal limit in the Beach habitats. The habitat Beach 2 was covered with pneumatophores or seagrass that provided good shelter for many organisms, which resulted in increased species diversity. For example, more species of polychaetes were observed in Beach 2 than in Beach 1. In the habitat Beach 3, the mangrove vegetation structure affected the epifaunal community, as the number of decapod species decreased, while species of bivalves, gastropods, and polychaetes increased. This was the most diverse Beach habitat. The molluscs are a key component of the mangrove food webs and they play an important role in the abundance of sea birds (Al-Sayed et al., 2008). For example, families of Gastropoda, Assimineidae, Potamididae, and Stenothyridae dominate the mangrove forest and occur in high abundances in the Persian Gulf (Rouhipour, 2008; Ghasemi et al., 2011), which is also what we found in our study.

The habitat Creek 1 was, however, the most diverse in terms of species across all seasons. This habitat included the presence of oysters, which facilitated a high diversity of bivalves and gastropods (cf. Lam and Morton, 2004). The substrate of Creek 2 was covered with oysters and pneumatophores. The habitat Creek 3 was located in the upper limit of the tide and the substrate of this habitat was covered with mangrove trees. This provided an important refuge, especially for species belonging to Decapoda, which showed the highest diversity here.

Globally, many studies regarding the diversity of macrofauna species in mangrove environments have been performed, but the reported species diversity vary markedly between studies. One of the reasons behind differing species diversity between different areas might be the varying sampling methods and sampled habitats. The structure of the macrofauna communities was different in this study, compared to other mangrove studies focusing on trees only (Lee, 2008; Leung, 2015), due to the wide range of examined habitats in this study (i.e., among mangrove trees, pneumatophores, oyster banks, and mud across the full tidal range).

The seasonal variation may also affect the biodiversity in mangrove habitats. We showed that during summer, the species diversity was higher than winter, potentially because of the seasonal migration of species into the mangroves (Barletta et al., 2003). However, a study in the Bardestan mangroves reported a higher species diversity in winter than in summer (Vazirizadeh et al., 2011). Studies in Mundra, Kharo, Kachchh, and Gujarat mangroves reported a higher species abundance and richness during summer monsoon periods. Higher levels of abundance and diversity were likely facilitated by the large input of freshwater, which reduced the salinity (Thivakaran and Sawale, 2016). It is clear that different mangroves have different effects on the diversity of macrofauna communities and result in the formation of distinctly different communities that vary seasonally. For example, in Indian mangrove forests, polychaetes were the dominant species, followed by molluscs and crustaceans. Their population density showed seasonal variation, as the maximum densities were recorded in summer and during the pre-monsoon while the minimum was recorded during the monsoon (Samidurai et al., 2011). One of the reasons for the high abundance and diversity of polychaetes among the mangrove trees is the stability of the sediments that are created by the trees and their roots combined with higher levels of organic matter. The mangroves thus provide suitable areas for recruitment and protect the polychaetes from drying out (Divakaran et al., 1981). The predominance of molluscs in the mud habitat can, on the other hand, be attributed to the tidal currents that provide food (Little, 2000).



Trait Composition in Different Habitats

Biodiversity, as well as the trait expression of organisms, are affected by habitat heterogeneity (Hewitt et al., 2008), but sometimes the use of species composition does not show clear results for habitat differentiation. In such cases, trait analysis may reveal habitat differences, as organisms with compatible traits are adapted to certain habitat types and environmental conditions (environmental filtering; Poff, 1997). We found that differences in the structural complexity of the habitats affected the trait expression of the macrofaunal community, as the particular habitats had an impact on the distribution of modalities for each trait.

Feeding habit is one of the most important factors structuring invertebrate communities (Pearson and Rosenberg, 1987). It also demonstrates the adaptation of species to various hydrodynamic conditions with, for example, suspension feeders being more prevalent in high flow environments (Edgar and Moore, 1986) while deposit feeders are more common in depositional environments with lower water flow. In this study, deposit feeders were the dominant feeding group in all habitats. The most abundant deposit feeders were crabs and some species of molluscs, which showed particularly high densities in the Beach habitats. Most of the crabs are solely deposit feeders, whereas the molluscs can exhibit both deposit-feeding and grazing. The Creek habitats were different from the Beach habitats as these habitats had a high abundance of both deposit feeders and suspension feeders, caused by the high presence of bivalves. These are favored due to the high-water flow, which provides a constant supply of food due to the high concentration of suspended substances in the water (Rand et al., 2018). It has also been reported that in areas covered with algal mats and pneumatophores, surface deposit-feeding is often the dominant feeding habit, whereas carnivores are more abundant in mudflat habitats (Leung, 2015). In general, sandy sediments have been shown to be dominated by suspension feeders, whereas muddy sediments are dominated by deposit feeders (Rhoads and Young, 1970; Paganelli et al., 2012).

The observed differences in feeding modalities between habitats suggest that nutrient uptake and energy flow have different pathways. For example, organisms that feed on the sediment surface cause an increase in the exchange of particles between the water column and the sediment surface, thus they play an important role in the nutrient cycle (Sandnes et al., 2000). Nutrient recycling processes and secondary production are typically high in mangrove sediments because of their high sediment organic content and fine grain sizes. Although the carbon, energy, and nutrients in the detritus/sediment of mangrove communities are derived from a variety of sources, the main source is mangrove leaf litter and roots (Alongi, 2014).

The seasonal changes between the wet and dry seasons may change the amount and composition of modalities of traits. This study indicated that the feeding modalities within the Beach habitats were the same in summer and winter, but in the Creek habitats a slight difference was observed between the two seasons, due to variation in the diversity and abundance of Mollusca. In general, the feeding groups have been associated with changes in plant density, coverage and total nitrogen content of the sediment, as well as different food resources in mangrove forests during succession. For example, Chen et al. (2018) showed that phytophages were dominant regardless of mangrove succession stage, but as succession proceeded, omnivores increased because tree density and coverage were suitable for omnivores. Macrofauna uses a wide range of relatively nutrient-rich food sources rather than fresh mangrove leaf litter in mangroves (Lee, 2000). Studies have shown that macrofauna feeds mainly on microphytobenthos in natural mangrove habitats (Nagelkerken et al., 2008), while carnivorous feeding type is more prevalent in the coarser sediment (Oug et al., 2012). Filter-feeding and deposit-feeding prevail when the organic matter in sediment increases (Sivadas et al., 2013).

The trait body size was dominated by small and medium sized species in this study across all habitats, and showed no difference between summer and winter. Body size is one of the most fundamental traits as it correlates with other traits, and their related processes (Norkko et al., 2013), such as food web structure, trophic levels, and energy flow in the ecosystem (Gerlach et al., 1985). Also, body size can be indicative of disturbance, movement of organic matter, and biological interactions in a community. Posey (1987) showed that the maximum body size decreased in the mangrove habitat with an increasing number of pneumatophores, potentially because the dense root structure may inhibit burrowing and feeding activities of the large-sized species, whereas in the mud habitat the maximum body size was larger. In contrast, our results showed that the size patterns were similar in all habitats.

In this study, trait modalities regarding “movement” and “living habit” were related to each other so that the type of movement reflects the living habit (cf. Table 1). The most abundant movement modality in our study was crawler, which was dominant in all habitats, whereas the dominant living habit was free-living. The other modalities differed between habitats, for example, Beach 1 and 3 and Creek 2 were dominated by modalities such as sessile and attached, due to the presence of molluscs, especially bivalves. Beach 2 and Creek 1 and 3 were dominated by burrow dwelling organisms, due to the presence of crabs and polychaetes. The modalities crawler and burrower overlapped one another partly because some species of crabs, worms, and bivalves were classified as both crawler and burrower. In accordance with our results, it has been reported that burrowers often are dominant in all mangrove habitats, but their abundance may decrease in habitats with algal mats, and pneumatophores (Leung, 2015). Surface crawlers are frequently found in habitats with sandy sediments (Kun et al., 2019), bare mud, algal mats, and pneumatophores (Leung, 2015). In this study the habitat Beach 1 was significantly different from the other habitats, which may be due to the stressful conditions associated with the high intertidal, resulting in lower species diversity. In comparison, Wong and Dowd (2015) showed that patterns of taxonomic and functional traits of macrobenthic invertebrates across sea grass habitats differed depending on the site, and that species diversity was lowest in non-covered habitats. They found that species diversity and the composition of species were consistent with patterns in functional trait composition, although habitat segregation was weaker based on functional traits and mainly due to differences in the relative abundance of trait expression (Wong and Dowd, 2015).

In this study, it can be concluded that functional traits were distributed in a similar manner along the Beach and Creek transects, but there were abundance-driven differences in the trait expression between the transects, showing the importance of habitat filtering (cf. Table 5). The filtering effect is supported by the dissimilarities in trait expression between the Beach and the Creek habitats (Table 5), and is also underpinned by observed changes in the number of individuals within trait modalities between habitats (Figure 5). For example, the trait “feeding habit” was dominated by deposit feeders and scrapers/grazers in the Beach habitats over all seasons, whereas the Creek habitats were dominated by deposit feeders and suspension/filter feeders. In addition, burrowers and sessile and/or attached invertebrates were more dominant in the Creek habitats compared to the Beach habitats.

It is known that a range of environmental factors affect the trait diversity of the macrofauna (Park et al., 2008). For example, the functional groups of tube-dwellers/burrowers and deposit feeders are often abundant in silty-sand habitats, whereas sandy sediments often are characterized by motile surface crawlers and carnivores/scavengers (Kun et al., 2019). Water depth often also affects trait distributions, with large-sized, long-lived epifauna being more prevalent in shallow water, whereas in deeper water small-sized, short-lived burrowing infauna is more common (Pacheco et al., 2011). In mangroves, sediment properties are highly correlated with the root structure, which can decrease oxygen penetration into the sediment and affect the distribution of macrofauna and their trait patterns. For example, Leung (2015) showed that modalities such as maximum body size and feeding habit were affected by habitat heterogeneity, so that an increase in habitat heterogeneity led to the predominance of small body size and reduction of carnivores. Indeed, vegetated habitats provide refuge for many organisms, due to a decreased predation pressure, while in non-vegetated habitats the predation pressure often is high.

Importantly, other studies have observed changes in diversity and composition of traits along environmental transects, for example, in the Laptev Sea, shallow and deep habitats were separated based on differing trait expression (Kokarev et al., 2017). Also along the Emilia-Romagna coastline, the trait expression of the community was different closer to the coastline compared to offshore (Paganelli et al., 2012) and similar results have been found in the Baltic Sea (Villnäs et al., 2019). In our case, the similarity within functional traits per habitat could reflect that the functional trait expression is often controlled by species abundance. The dense root structure of mangrove forests could lead to trait convergence (Villéger et al., 2008), and the presence of many functionally similar species in the mangroves indicates that the ecosystem functions can potentially be robust to changes in species richness. Macrofauna communities in estuarine ecosystems have high resilience to environmental variations because the macrofauna has been adapted to a high degree of variability (Dimitriadis et al., 2012). That we could show a difference in the abundance of specific modalities between habitats, shows the potential importance of habitat variation to ecosystem functioning.



CONCLUSION

This study describes the composition and diversity of macrofauna biological traits in different habitats of mangrove forests in the Persian Gulf. The results showed that the patterns of species and traits in Beach and Creek habitats differed. In the Beach habitats, the diversity of species increased when getting closer to the mangrove trees, while in the Creek habitats the diversity decreased toward the mangrove trees, due to the presence of oysters in Creek 1. The dominating body sizes (medium and small), were similar across all habitats, but feeding habit, movement and living habit preferences differed between the Creek and Beach habitats. The differences in species diversity and functional traits were due to differences in habitat heterogeneity, specifically, the habitats that provided more habitat heterogeneity and refuge often promoted the structural and functional diversity of the benthic community. That habitat variation is a driver of functional composition and diversity, shows that habitat heterogeneity should be considered in studies that examine the effect of species loss on ecosystem functioning. Such studies would help us to better understand and manage ecosystems for securing a sustainable future.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation, to any qualified researcher.



AUTHOR CONTRIBUTIONS

MS, RN, MGS, JG, and AN designed the study. PH, RN, and MGS collected the data. PH, JG, and AV analyzed the data and wrote a draft of the manuscript. All authors contributed to the revision of the work.



FUNDING

This study was supported by Hormozgan University, and the Iranian National Science Foundation (INSF), Iran, (Fund No.: 971086212) provided financial support. Funding from the Academy of Finland supported JG and AN (grant number 294853) and AV (grant number 323212).



ACKNOWLEDGMENTS

We would like to thank Hormozgan University for supporting this study. Also, we are very grateful to all those who helped us during the sampling process (Mr. Hossien Hajializadeh, Sina Besharat, Ms. Roya Sahragard, Nastaran Delfan, and Melika Mashhadi Farahani). We also thank Mr. Rashed Abdollahi (Shahid Beheshti University) for help with identification of Mollusca species. Many thanks for the accommodation provided by Mr. Golshani in the Salkh fishing port (Qeshm Island). Our special thanks to Tvärminne Zoological Station and all the staff for providing laboratory facilities.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmars.2020.575480/full#supplementary-material


FOOTNOTES

1
http://www.marlin.ac.uk/biotic/

2
http://www.marinespecies.org/

3
http://polytraits.lifewatchgreece.eu/


REFERENCES

Al Mamoon, A., Noor, S., Rahman, A., and Almasri, S. (2016). “National sea outfall assessment in Qatar: opportunities and challenges,” in Proceedings of the 37th Hydrology & Water Resources Symposium 2016: Water, Infrastructure and the Environment, Barton, 295.

Alcock, A. (1900). Materials for a carcinological fauna of India. No. 6. The Brachyura Catometopa or Grapsoidea. J. Asiat. Soc. Bengal 69, 279–486.

Al-Khayat, J. A., Abdulla, M. A., and Alatalo, J. M. (2019). Diversity of benthic macrofauna and physical parameters of sediments in natural mangroves and in afforested mangroves three decades after compensatory planting. Aquat. Sci. 81:4. doi: 10.1007/s00027-018-0599-7

Al-Khayat, J. A., and Jones, D. A. (1999). A comparison of the macrofauna of natural and replanted mangroves in Qatar. Estuar. Coast. Shelf Sci. 49, 55–63. doi: 10.1016/s0272-7714(99)80009-2

Alongi, D. M. (2002). Present state and future of the world’s mangrove forests. Environ. Conserv. 29, 331–349. doi: 10.1017/s0376892902000231

Alongi, D. M. (2008). Mangrove forests: resilience, protection from tsunamis, and responses to global climate change. Estuar. Coast. Shelf Sci. 76, 1–13. doi: 10.1016/j.ecss.2007.08.024

Alongi, D. M. (2014). Carbon cycling and storage in mangrove forests. Annu. Rev. Mar. Sci. 6, 195–219. doi: 10.1146/annurev-marine-010213-135020

Al-Sayed, H., Naser, H., and Al-Wedaei, K. (2008). Observations on macrobenthic invertebrates and wader bird assemblages in a protected marine Mudflat in Bahrain. Aquat. Ecosyst. Health Manag. 11, 450–456. doi: 10.1080/14634980802515948

Anderson, M. J., Gorley, R. N., and Clarke, K. R. (2008). PERMANOVA+ for PRIMER: Guide to Software and Statistical Methods. Plymouth: PRIMER-E.

Austen, M. C., Lambshead, P. J. D., Hutchings, P. A., Boucher, G., Snelgrove, P. V. R., Heip, C., et al. (2002). Biodiversity links above and below the marine sediment-water interface that may influence community stability. Biodivers. Conserv. 11, 113–136. doi: 10.1669/0883-1351(2001)016<0113:btswia>2.0.co;2

Barletta, M., Bergan, A., Saint-Paul, U., and Hubold, G. (2003). Seasonal changes in density, biomass, and diversity of estuarine fishes in tidal mangrove Creeks of the lower Caeté Estuary (northern Brazilian coast, east Amazon). Mar. Ecol. Prog. Ser. 256, 217–228. doi: 10.3354/meps256217

Barth, H. J., and Khan, N. Y. (2008). “Biogeophysical setting of the Gulf,” in Protecting the Gulf’s Marine Ecosystems from Pollution, eds A. H. Abuzinada, H.-J. Barth, F. Krupp, B. Böer, and T. Z. Al-Abdessalaam (Berlin: Springer), 1–21. doi: 10.1007/978-3-7643-7947-6_1

Behrouzi Rad, B. (1998). The significance and characteristics of important international wetlands on Kolahi and Tiyab estuaries. Environ. Sci. Quart. J. 25, 49–57.

Bremner, J. (2005). Assessing Ecological Functioning in Marine Benthic Communities. Doctoral dissertation, University of Newcastle upon Tyne, Newcastle upon Tyne.

Bremner, J., Rogers, S. I., and Frid, C. L. J. (2003). Assessing functional diversity in marine benthic ecosystems: a comparison of approaches. Mar. Ecol. Prog. Ser. 254, 11–25. doi: 10.3354/meps254011

Bremner, J., Rogers, S. I., and Frid, C. L. J. (2006). Methods for describing ecological functioning of marine benthic assemblages using biological traits analysis (BTA). Ecol. Indic. 6, 609–622. doi: 10.1016/j.ecolind.2005.08.026

Brown, J. H., Gillooly, J. F., Allen, A. P., Savage, V. M., and West, G. B. (2004). Toward a metabolic theory of ecology. Ecology 85, 1771–1789. doi: 10.1890/03-9000

Cadotte, M. W., Carscadden, K., and Mirotchnick, N. (2011). Beyond species: functional diversity and the maintenance of ecological processes and services. J. Appl. Ecol. 48, 1079–1087. doi: 10.1111/j.1365-2664.2011.02048.x

Carugati, L., Gatto, B., Rastelli, E., Martire, M. L., Coral, C., Greco, S., et al. (2018). Impact of mangrove forests degradation on biodiversity and ecosystem functioning. Sci. Rep. 8:13298. doi: 10.1038/s41598-018-31683-0

Carvalho, S., Moura, A., and Sprung, M. (2006). Ecological implications of removing seagrass beds (Zostera noltii) for bivalve aquaculture in southern Portugal. Cah. Biol. Mar. 47, 321–329.

Chen, Q., Zhao, Q., Jian, S., and Chen, P. (2018). Changes in the functional feeding groups of macrobenthic fauna during mangrove forest succession in Zhanjiang, China. Ecol. Res. 33, 959–970. doi: 10.1007/s11284-018-1603-3

Chen, R., and Twilley, R. R. (1998). A gap dynamic model of mangrove forest development along gradients of soil salinity and nutrient resources. J. Ecol. 86, 37–52. doi: 10.1046/j.1365-2745.1998.00233.x

Chevene, F., Doléadec, S., and Chessel, D. (1994). A fuzzy coding approach for the analysis of long-term ecological data. Freshw. Biol. 31, 295–309. doi: 10.1111/j.1365-2427.1994.tb01742.x

Choat, J. H. (1982). Fish feeding and the structure of benthic communities in temperate waters. Annu. Rev. Ecol. Syst. 13, 423–449. doi: 10.1146/annurev.es.13.110182.002231

Choy, S. C., and Booth, W. E. (1994). Prolonged inundation and ecological changes in an Avicennia mangrove: implications for conservation and management. Hydrobiologia 285, 237–247. doi: 10.1007/978-94-011-0958-1_23

Clarke, K. R., and Gorley, R. N. (2015). PRIMER v7: User Manual/Tutorial. Plymouth: PRIMER-E.

Constable, A. J. (1999). Ecology of benthic macro-invertebrates in soft-sediment environments: a review of progress towards quantitative models and predictions. Aust. J. Ecol. 24, 452–476. doi: 10.1046/j.1442-9993.1999.00977.x

Danehkar, A. (1996). Iranian mangrove forests. Environ. Sci. Q. J. 8, 8–22.

Danehkar, A. (2001). Mangroves forests zonation in Gaz and Harra international wetlands. Environ. Sci. Q. J. 34, 43–49.

Dimitriadis, C., Evagelopoulos, A., and Koutsoubas, D. (2012). Functional diversity and redundancy of soft bottom communities in brackish waters areas: local vs regional effects. J. Exp. Mar. Biol. Ecol. 426–427, 53–59. doi: 10.1016/j.jembe.2012.05.016

Divakaran, O., Murugan, T., and Nair, N. B. (1981). Distribution and seasonal variation of the benthic fauna of the Ashtamudi Lake, south-west coast of India. Mahasagar Bull. Natl. Inst. Oceanogr. 14, 167–172.

Doney, S. C., Fabry, V. J., Feely, R. A., and Kleypas, J. A. (2009). Ocean acidification: the other CO2 problem. Annu. Rev. Mar. Sci. 1, 169–192. doi: 10.1146/annurev.marine.010908.163834

Edgar, G. J., and Moore, P. G. (1986). Macro-algae as habitats for motile macrofauna. Monogr. Biol. 4, 255–277.

Gammal, J., Järnstrom, M., Bernard, G., Norkko, J., and Norkko, A. (2019). Environmental context mediates biodiversity–ecosystem functioning relationships in coastal soft sediment habitats. Ecosystems 22, 137–151. doi: 10.1007/s10021-018-0258-9

Gerlach, S. A., Hahn, A. E., and Schrage, M. (1985). Size spectra of benthic biomass and metabolism. Mar. Ecol. Prog. Ser. 26, 161–173. doi: 10.3354/meps026161

Ghasemi, S., Zakaria, M., and Mola Hoveizeh, N. (2011). Abundance of molluscs (gastropods) at mangrove forests of Iran. Am. J. Sci. 7, 660–669.

Giri, C., Ochieng, E., Tieszen, L. L., Zhu, Z., Singh, A., Loveland, T., et al. (2011). Status and distribution of mangrove forests of the world using earth observation satellite data. Glob. Ecol. Biogeogr. 20, 154–159. doi: 10.1111/j.1466-8238.2010.00584.x

Gmelin J. F. (ed.). (1791). “Vermes,” in Caroli a Linnaei Systema Naturae per Regna Tria Naturae, Edn 13, Tome 1(6). Lipsaiae (Leipzig): G. E. Beer, 3021–3910

Goswami, M., Bhattacharyya, P., Mukherjee, I., and Tribedi, P. (2017). Functional diversity: an important measure of ecosystem functioning. Adv. Microbiol. 7, 82–93. doi: 10.4236/aim.2017.71007

Hamzavi, S. F., Kamrani, E., Salarzadeh, A. R., and Salarpouri, A. (2012). The study of seasonal changes of intertidal macrobenthoses in mangrove forests of Basatin Estuary of Nayband Gulf. J. Appl. Environ. Biol. Sci. 2, 348–357.

Heck, K. L., and Orth, R. J. (1980). “Seagrass habitats; the role of habitat complexity, competition and predation in structuring associated fish and mobile macroinvertebrate communities,” in E.W. Uwine Perspectives, ed. V. S. Kennedy (New York, NY: Academic Press), 449–464.

Herman, P. M. J., Middelburg, J. J., Van de Koppel, J., and Heip, C. H. R. (1999). Ecology of estuarine macrobenthos. Adv. Ecol. Res. 29, 195–231. doi: 10.1016/s0065-2504(08)60194-4

Hewitt, J. E., Thrush, S. F., and Dayton, P. D. (2008). Habitat variation, species diversity and ecological functioning in a marine system. J. Exp. Mar. Biol. Ecol. 366, 116–122. doi: 10.1016/j.jembe.2008.07.016

Hinchey, E. K., Schaffner, L. C., Hoar, C. C., Vogt, B. W., and Batte, L. P. (2006). Responses of estuarine benthic invertebrates to sediment burial: the importance of mobility and adaptation. Hydrobiologia 556, 85–98. doi: 10.1007/s10750-005-1029-0

Kabir, M., Abolfathi, M., Hajimoradloo, A., Zahedi, S., Kathiresan, K., and Goli, S. (2014). Effect of mangroves on distribution, diversity and abundance of molluscs in mangrove ecosystem: a review. Aquac. Aquar. Conserv. Legis. 7, 286–300.

Kathiresan, K., and Bingham, B. L. (2001). Biology of mangroves and mangrove ecosystems. Adv. Mar. Biol. 40, 81–251. doi: 10.1016/S0065-2881(01)40003-4

Kelaher, B. P. (2003). Changes in habitat complexity negatively affect diverse gastropod assemblages in coralline algal turf. Oecologia 135, 431–441. doi: 10.1007/s00442-003-1196-5

Keshavarz, M., Kamrani, E., and Dabbagh, A. R. (2012). A Description of higher macrobenthic infaunal taxa of mangrove mud flats at Khamir Port, Iran. Ann. Biol. Res. 3, 1029–1043.

Kokarev, V. N., Vedenin, A. A., Basin, A. B., and Azovsky, A. I. (2017). Taxonomic and functional patterns of macrobenthic communities on a high-arctic shelf: a case study from the Laptev Sea. J. Sea Res. 129, 61–69. doi: 10.1016/j.seares.2017.08.011

Kumar, P. S., and Khan, A. B. (2013). The distribution and diversity of benthic macroinvertebrate fauna in Pondicherry mangroves, India. Aquat. Biosyst. 9:15. doi: 10.1186/2046-9063-9-15

Kun, L., Heshan, L., Xuebao, H., Yaqinb, H., Zhong, L., Junhui, L., et al. (2019). Functional trait com-position and diversity patterns of marine macrobenthos across the Arctic Bering Sea. Ecol. Indic. 102, 673–685. doi: 10.1016/j.ecolind.2019.03.029

Lam, K., and Morton, B. (2004). The oysters of Hong Kong (bivalvia: oysteridae and gryphaeidae). Raffles Bull. Zool. 52, 11–28.

Lee, S. Y. (1999). Tropical mangrove ecology: physical and biotic factors influencing ecosystem structure and function. Aust. J. Ecol. 24, 355–366. doi: 10.1046/j.1442-9993.1999.00984.x

Lee, S. Y. (2000). Carbon dynamics of deep bay, eastern Pearl River Estuary, China. II: trophic relationship based on carbon-and nitrogen-stable isotopes. Mar. Ecol. Prog. Ser. 205, 1–10. doi: 10.3354/meps205001

Lee, S. Y. (2008). Mangrove macrobenthos: assemblages, services, and linkages. J. Sea Res. 59, 16–29. doi: 10.1016/j.seares.2007.05.002

Leung, J. Y. (2015). Habitat heterogeneity affects ecological functions of microbenthic communities in a mangrove: implication for the impact of restoration and afforestation. Glob. Ecol. Conserv. 44, 423–433. doi: 10.1016/j.gecco.2015.08.005

Levin, L. A., Boesch, D. F., Covich, A., Dahm, C., Erseus, C., Ewel, K. C., et al. (2001). The function of marine critical transition zones and the importance of sediment biodiversity. Ecosystems 4, 430–451. doi: 10.1007/s10021-001-0021-4

Little, C. (2000). The Biology of Soft Shores Estuaries, Biology of Habitat, Vol. 17. Oxford: Oxford University Press, 647–654.

Macintosh, D. J. (1984). “Ecology and productivity of Malaysian mangrove crab populations (Decapoda: Brachyura),” in Proceedings of the Asian Symposium on Mangrove Environment Research and Management, Kuala Lumpur, 354–377.

Mahdavi, A. (2001). Investigation on Quantitative and Qualitative Alterations of Mangrove Forests in Gheshm Area by Using of 1967 and 1994 Aerial Photos. Tehran: University of Tehran.

Méndez, N. (2002). Annelid assemblages in soft bottoms subjected to human impact in the Urías estuary (Sinaloa, Mexico). Oceanol. Acta 25, 139–147. doi: 10.1016/S0399-1784(02)01193-3

Morrisey, D. J., Skilleter, G. A., Ellis, J. I., Burns, B. R., Kemp, C. E., and Burt, K. (2003). Differences in benthic fauna and sediment among mangrove (Avicennia marina var. australasica) stands of different ages in New Zealand. Estuar. Coast. Shelf Sci. 56, 581–592. doi: 10.1016/S0272-7714(02)00208-1

Nagelkerken, I., Blaber, S. J. M., Bouillon, S., Green, P., Haywood, M., Kirton, L. G., et al. (2008). The habitat function of mangroves for terrestrial and marine fauna: a review. Aquat. Bot. 89, 155–185. doi: 10.1016/j.aquabot.2007.12.007

Norkko, A., Villnäs, A., Norkko, J., Valanko, S., and Pilditch, C. (2013). Size matters: implications of the loss of large individuals for ecosystem function. Sci. Rep. 3:2646. doi: 10.1038/srep02646

Norling, K., Rosenberg, R., Hulth, S., Gremare, A., and Bondsforff, E. (2007). Importance of functional biodiversity and species-specific traits of benthic fauna for ecosystem functions in marine sediment. Mar. Ecol. Prog. Ser. 332, 11–23. doi: 10.3354/meps332011

Oug, E., Fleddum, A., Rygg, B., and Olsgard, F. (2012). Biological trait analyses in the study of pollution gradients and ecological functioning of marine soft bottom species assemblages in a fjord ecosystem. J. Exp. Mar. Biol. Ecol. 432–433, 94–105. doi: 10.1016/j.jembe.2012.07.019

Pacheco, A. S., González, M. T., Bremner, J., Oliva, M., Heilmayer, O., Laudien, J., et al. (2011). Functional diversity of marine macrobenthic communities from sublittoral soft-sediment habitats off northern Chile. Helgol. Mar. Res. 65, 413–424. doi: 10.1007/s10152-010-0238-8

Paganelli, D., Marchini, A., and Occhipinti-Ambrogi, A. (2012). Functional structure of marine benthic assemblages using biological traits analysis (BTA): a study along the Emilia-Romagna coastline (Italy, North-West Adriatic Sea). Estuar. Coast. Shelf Sci. 96, 245–256. doi: 10.1016/j.ecss.2011.11

Park, Y. S., Lek, S., Chon, T. S., and Verdonschot, P. F. (2008). Evaluation of environmental factors to determine the distribution of functional feeding groups of benthic macroinvertebrates using an artificial neural network. J. Ecol. Environ. 31, 233–241. doi: 10.5141/jefb.2008.31.3.233

Pearson, T. H., and Rosenberg, R. (1987). “Feast and famine: structuring factors in marine benthic communities,” in Organization of Communities Past and Present, eds J. Gee and P. Giller (Oxford: Blackwell Scientific Publications), 373–398.

Petchey, O. L., and Gaston, K. J. (2006). Functional diversity: back to basics and looking forward. Ecol. Lett. 9, 741–758. doi: 10.1111/j.1461-0248.2006.00924.x

Poff, N. L. (1997). Landscape filters and species traits: towards mechanistic understanding and prediction in stream ecology. J. North Am. Benthol. Soc. 16, 391–409. doi: 10.2307/1468026

Posey, M. H. (1987). Influence of relative mobilities on the composition of benthic communities. Mar. Ecol. Prog. Series 39, 99–104.

Pravinkumar, M., Murugesan, P., Krishna Prakash, R., Elumalai, V., Viswanathan, C., and Raffi, S. M. (2013). Benthic biodiversity in the Pichavaram mangroves, Southeast Coast of India. J. Oceanogr. Mar. Sci. 4, 1–11. doi: 10.5897/JOMS12.004

Rand, K., Logerwell, E., Bluhm, B., Chenelot, H., Danielson, S., Iken, K., et al. (2018). Using biological traits and environmental variables to characterize two Arctic epibenthic invertebrate communities in and adjacent to Barrow Canyon. Deep Sea Res. II Top. Stud. Oceanogr. 152, 154–169. doi: 10.1016/j.dsr2.2017.07.015

Reynolds, R. (2002). “Oceanography,” in The Gulf Ecosystem: Health and Sustainability, eds N. Khan, M. Munawar, and A. Price (Leiden: Backhuys Publishers), 55–64.

Rhoads, D. C., and Young, D. K. (1970). The influence of deposit-feeding organisms on sediment stability and community trophic structure. J. Mar. Res. 28, 150–178.

Rodil, I. F., Lohrer, A. M., Hewitt, J. E., Townsend, M., Thrush, S. F., and Carbines, M. (2013). Tracking environmental stress gradients using three biotic integrity indices: advantages of a locally-developed traits-based approach. Ecol. Indic. 34, 560–570. doi: 10.1016/j.ecolind.2013.06.023

Rouhipour, M. (2008). Diversity Gastropoda Biological Mangrove Forest Sirik Conservation Area. MSc thesis, Shahid Beheshti University, Tehran.

Safahieh, A., Nabavi, M. B., Vazirizadeh, A., Ronag, M. T., and Kamalifar, R. (2012). Horizontal zonation in macrofauna community of Bardestan mangrove Creek, Persian Gulf. World J. Fish Mar. Sci. 4, 142–149.

Salehipour-Milani, A. (2018). “Mangrove forests of the Persian gulf and the gulf of Oman,” in Threats to Mangrove Forests. Coastal Research Library, Vol. 25, eds C. Makowski and C. Finkl (Cham: Springer).

Samidurai, K., Saravanakumar, A., and Kathiresan, K. (2011). Spatial and temporal distribution of macrobenthos in different mangrove ecosystems of Tamil Nadu Coast, India. Environ. Monit. Assess. 184, 4079–4096. doi: 10.1007/s10661-011-2245-x

Sandnes, J., Forbes, T., Hansen, R., Sandnes, B., and Rygg, B. (2000). Bioturbation and irrigation in natural sediments, described by animal-community parameters. Mar. Ecol. Prog. Ser. 197, 169–179. doi: 10.3354/meps197169

Saravanakumar, A., Sesh Serebiah, J., Thivakaran, G. A., and Rajkumar, M. (2007). Benthic macrofaunal assemblage in the arid zone mangroves, Gulf of Kachchh–Gujarat. J. Ocean Univ. China 6, 303–309. doi: 10.1007/s11802-007-0303-3

Scott, D. A. (1995). A Directory of Wetlands in the Middle East. Gland: IUCN.

Shojaei, M. G., Gutow, L., Dannheim, J., Pehlke, H., and Brey, T. (2015). “Functional diversity and traits assembly patterns of benthic macrofaunal communities in the southern North Sea,” in Towards an Interdisciplinary Approach in Earth System Science, eds G. Lohmann, H. Meggers, V. Unnithan, D. Wolf-Gladrow, J. Notholt, and A. Bracher (Cham: Springer), 183–195. doi: 10.1007/978-3-319-13865-7_20

Sihombing, V. S., Gunawan, H., and Sawitri, R. (2017). Diversity and community structure of fish, plankton and benthos in Karangsong Mangrove Conservation Areas, Indramayu, West Java, Indonesia. Biodiversitas 18, 601–608. doi: 10.13057/biodiv/d180222

Sivadas, S. K., Ingole, B. S., and Fernandes, C. E. G. (2013). Environmental gradient favours functionally diverse macrobenthic community in a placer rich tropical bay. Sci. World J. 2013:750580. doi: 10.1155/2013/750580

Sivasothi, N. (2000). Niche preferences of tree-climbing crabs in Singapore mangroves. Crustaceana 73, 25–38. doi: 10.1163/156854000504093

Soleimanirad, A., Kamrani, E., Keshavarz, M., Vazirizade, A., and Bahremand, M. (2011). Population ecology of macrobenthos in Gabrik Mangrove Creek Protected Area in Jask City (Oman Sea). J. Oceanogr. 2, 31–37.

Soleimanirad, A., Kamrani, E., Keshavarz, M., Vazirizade, A., and Bahremand, M. (2014). Comparison of diversity and distribution of polychaetes in the western and eastern Jask protected areas in Jask port (Gulf of Oman). J. Oceanogr. 4, 45–53.

Thilagavathi, B., Varadharajan, D., Babu, A., Manoharan, J., Vijayalakshmi, S., and Balasubramanian, T. (2013). Distribution and diversity of macrobenthos in different mangrove ecosystems of Tamil Nadu coast, India. J. Aquacult. Res. Dev. 4:199. doi: 10.4172/2155-9546.1000199

Thivakaran, A., and Sawale, A. K. (2016). Mangrove macrofaunal diversity and community structure in Mundra and Kharo, Kachchh, Gujarat. Indian J. Geomarine Sci. 45, 1584–1592.

Vahidi, F., Fatemi, S. M. R., Danehkar, A., Mashinchian, A., and Musavi Nadushan, R. (2019). Benthic macrofaunal dispersion within different mangrove habitats in Hara Biosphere Reserve, Persian Gulf. Int. J. Environ. Sci. Technol. 17, 1295–1306. doi: 10.1007/s13762-019-02469-2

Vazirizadeh, A., Kamalifar, R., Safahieh, A., Mohammadi, M., Khalifi, A., Namjoo, F., et al. (2011). Macrofauna community structure of Bardestan mangrove swamp, Persian Gulf. World J. Fish Mar. Sci. 3, 323–331.

Villéger, S., Mason, N. W. H., and Mouillot, D. (2008). New multidimensional functional diversity indices for a multifaceted framework in functional ecology. Ecology 89, 2290–2301. doi: 10.1890/07-1206.1

Villnäs, A., Janas, U., Josefson, A., Kendzierska, H., Nygård, H., Norkko, J., et al. (2019). Changes in macrofaunal biological traits across estuarine gradients – implications for the coastal nutrient filter. Mar. Ecol. Prog. Ser. 622, 31–48. doi: 10.3354/meps1300

Violle, C., Reich, P. B., Pacala, S. W., Enquist, B. J., and Kattge, J. (2014). The emergence and promise of functional biogeography. Proc. Natl. Acad. Sci. U.S.A. 111, 13690–13696. doi: 10.1073/pnas.1415442111

Willis, S. C., Winemiller, K. O., and Lopez-Fernandez, H. (2005). Habitat structural complexity and morphological diversity of fish assemblages in a Neotropical floodplain river. Oecologia 142, 284–295. doi: 10.1007/s00442-0041723

Wong, M. C., and Dowd, M. (2015). Patterns in taxonomic and functional diversity of macrobenthic invertebrates across seagrass habitats: a case study in Atlantic Canada. Estuaries 38, 2323–2336. doi: 10.1007/s12237-015-9967-x

Zahed, M. A., Rouhani, F., Mohajeri, S., Bateni, F., and Mohajeri, L. (2010). An overview of Iranian mangrove ecosystems, northern part of the Persian Gulf and Oman Sea. Acta Ecol. Sin. 30, 240–244. doi: 10.1016/j.chnaes.2010.03.013

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Hajializadeh, Safaie, Naderloo, Shojaei, Gammal, Villnäs and Norkko. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fmars-07-575480-t002.jpg
Habitat

Salinity
°C

TOM
0.5
>0.250
> 0.125
>0.063
<0.063

Beach 1

42.6 (36.6 — 50)
28.3 (21.6 — 35)
10.4 (5 — 22.6)
3(0-10)
9.2 (0—18.1)
7.2 (15-19.6)
11 (0.2 — 28)
69.4 (47 — 92.5)

Beach 2

42.3 (39.3 — 50.8)
27.5(19.3 - 33)
10.4 (4.9 — 20.5)
2.2 (0.0-10.8)
7.4 (0.3-22)
4.7 (0.1 -12.3)
10.6 (0.1 — 27.8)
74.9 (52.5 — 96.4)

Beach 3

41.6 (37.4 — 47.8)
28 (21.3 — 33.3)

12.4 (5.2 — 21.6)
0.2 (0-5.6)
2.1(0—13)

2(0.1-7.5)

6.4 (0.7 — 25.8)

88.6 (65.5 — 98)

Creek 1

40.2 (36 — 44)
27.4 (20.4 — 35.6)
8(35—11.1)
1.1 (0—17.1)
1.9 (0.09 - 8.2)
4.9 (0.2 — 22.6)
14 (1 - 35.3)
78 (55.7 — 97.4)

Creek 2

40.7 (37 — 43)
26.6 (21.5 — 34.2)
9.2 (3.9-19.1)

0.03 (0—1.8)
1.2(0-183)
1.4 (0.2 —6.1)
9(12-27.3)
88.1 (71.5 — 97.6)

Creek 3

42.1 (39 — 46)
26.4 (21.3 — 34.4)
1.4 (5.6 — 16.7)

0.4 (0 —2.6)

1.3 (0.1 —5)

8.2 (0.1 — 28)
90.1 (69.1 — 99.6)






OPS/images/fmars-07-575480-t003.jpg
PERMANOVA

Abundance Habitat
Season
Habitat*Season
Res
Total

Biomass Habitat
Season
Habitat*Season
Res
Total

Traits Habitat
Season
Habitat*Season
Res
Total

df

5
3
15
95
118
5
3
15
95
118
5
3
15
95
118

SS

53997.0
20391.0
34165.0
227790.0
336850.0
53997.0
20391.0
34165.0
227790.0
336850.0
46096.0
8263.7
26290.0
204500.0
285430.0

MS

10799
67971
2277.6
2397.8

10799
67971
2277.6
2397.8

9219.1
2754.6
17562.7
2152.6

Pseudo-F

4.504
2.835
0.950

4.504
2.835
0.950

4.283
1.280
0.814

P(perm)

0.0001
0.0001
0.6737

0.0001
0.0001
0.6737

0.0001
0.2046
0.8498

Pairwise comparisons are shown in Supplementary Table 6.





OPS/images/fmars-07-575480-t001.jpg
Traits

Feeding habit

Movement

Living habit

Size

Modalities

Suspension/filter
feeder.
Scraper/grazer.
Predator/scavenger.
Deposit feeder.

Swimmer.
Crawler.
Burrower.
Sessile.

Burrow dweller.

Free-living.
Tubicolous.
Attached.

Very small.
Small.
Medium.
Large.

Definition

Feeding on the suspended matter or
food particles in the water column.

Feeding on leaves or other plant parts.

Feeding on living animals/carcasses.
Feeding on phytoplankton, litters and
organic matter in the sediment and
water column.

Free-swimming organism.

Move on the sediment surface.

Live in burrows within the sediments.
Sessile or very limited movement.
Lives in burrow constructed by other
organisms or themselves.

Free-living in the sediment.

Lives in a tube of its own construction.

Attached on the surface to hard
substrates or on the bodies of other
creatures.

0-0.01g

0.01-0.1 g

01-1g

>1g

Ecosystem functions and features

Feeding types contribute to production
and trophic support, and play a role in

nutrient uptake and re-cycling (Norling

et al., 2007).

Evasion of physical disturbance,
predatory-prey activities or the creation
of biological structures (Hinchey et al.,
2006).

The trait affects habitat complexity and
can influence nutrient recycling and
trophic support (Bremner et al., 2006).

Represents biomass and biovolume,
also affects the activity and function in
the ecosystem (Brown et al., 2004).





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Species Composition and Functional Traits of Macrofauna in Different Mangrove Habitats in the Persian Gulf



		INTRODUCTION



		MATERIALS AND METHODS



		Study Area



		Sampling Design



		Data Collection



		Biological Data



		Environmental Data



		Data Matrices







		Data Analysis







		RESULTS



		Environmental Variation Between Habitats



		Differences in Structural Biodiversity



		Species Diversity



		Abundance and Biomass







		Functional Traits in Different Mangrove Habitats



		Trait Composition











		DISCUSSION



		Environmental Variability and Species Community in Different Habitats Across Seasons



		Trait Composition in Different Habitats







		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/cover.jpg
, frontiers
in Marine Science






OPS/images/fmars-07-575480-g001.jpg
50°0'0"N
f i

40°0'0"N

30°00°N

50°Q0°E

20°0'0'N

X

PersiamGiulf
.‘,’,

GO"q'O"E 70‘0.'0"E BO‘OI'O'E 55°150°E 55°250°E 55°35'0°E 55°45'0°E §5°550°E 56°5'0"E 56°150°E
N n L 1 L 1 L
N
A ;
o
[
Qeshm Island :
eshm Isian

Khamir2-beach glhamirl-beach -
Khangitd creah Khamirl-creck g
8
&
z
4
o
P
Legend &

= Mangrove I
Land g
DR tees . PP 4 ®  Sampling sties ‘?
Gulf of Oman L ) Shoals &

Km 5







OPS/images/fmars-07-575480-g002.jpg
20

TOM (%)
o 2 B b e B

Ty

Beach 1 Beach 2 Beach 3 Creek 1 Creek 2 Creek 3
Habitat

(=)

m All seasons ®Winter ®Spring = Summer ™ Fall






OPS/images/fmars-07-575480-g003.jpg
PC2 (18.6%)

[=]
[

21

Habitat
o B1
% B2
@ B3
oc1
+C2
mC3

PC1 (76.2%)







OPS/images/fmars-07-575480-g004.jpg
A 2D Stress: 0,14

o
o
o
o k3
* 9 o
*o o ©® o
- L 2
Habitat = 'S o
o B1
% B2 o
@ B3
oc1
ecC2 ¢ 0
m C3
B ° 2D Stress: 0,14
o
o o
% * o
* | |
® X *
" * ¢ o
|
L 4
[n]
C 2D Stress: 0,05
°© o o
[ ]
H g o * ,Ek [ ] "
® [n]
u o)
¢ N
o * o







OPS/images/fmars-07-575480-g005.jpg
No. of trait modalities per habitat

No. of trait modalities per habitat

g8 B 3

140
120
100
80
60
4

o

2

o O

c
b1

A
b1 b2 b3 (] c2 c3

b2

= large(>1)

u medium (0.1-1)
msmall (0.01-0.1)
mvery small(0-0.01)

Habitat
m sessile
m burrower
= crawler
| swimmer

b3 ¢l c2 c3

Habitat

e
S &8 888 &

No. of trait modalities per habitat

o

e e )
S 8§ 838 8 8 8

No. of trait modalities per habitat

o

n deposit feeder

= predator/ scavenger

u scraper/grazer

m suspension/ filter feeder

b1 b2 b3 c1 c2 c3

Habitat
m attached
m tubiculous
u free living
m Burrow dweller

b3 cl c2 c3

Habitat

b1 b2





OPS/images/logo.jpg
’ frontiers
in Marine Science





OPS/images/fmars-07-575480-t006.jpg
Environmental data

Species diversity

Area Country Temperature Salinity Species richness Species composition
Basatin Estuary of Nay band Iran 17.6-34.6 38.6-40.1 33 Gastropoda (11)
Gulf (Hamzavi et al., 2012) Polychaeta (9)
Crustacea (7)
Bivalvia (6)
Bardestan mangrove Iran 22-32.7 40-60 44 Gastropoda (20)
(Vazirizadeh et al., 2011) Crustacea (12)
Polychaete (6)
Bivalvia (6)
Mangrove in Qatar (Al-Khayat Qatar 10-36 34-57 44 Crustacea (18)
and Jones, 1999) Gastropoda (12)
Bivalvia (7)
Polychaeta (7)
HaraBiosphere Reserve (Vahidi Iran 22.4-36.1 35.3-44.6 5l Gastropoda (24)
etal., 2019) Bivalvia (9)
Polychaeta (8)
Crustacea (7)
Oligochaeta
Pondicherry Mangrove in India India 19.6-35.9 12.5-356.2 76 Crustacea (32)
(Kumar and Khan, 2013) Gastropoda (21)
Bivalvia (16)
Polychaeta (6)
Oligochaeta (1)
Mangrove ecosystems of Tamil India 18.4-35 25.4-33.9 46 Polychaeta (27)
Nadu Coast, India (Samidurai Gastropoda (8)
etal., 2011) Bivalvia (7)
Crustacea (4)
Arid Zone Mangroves of Gulf India 17-37 34-44 60 Crustacea (18)
Kachchh-Gujarat Gastropoda (17)
(Saravanakumar et al., 2007) Bivalvia (16)
Polychaeta (9)
Natural mangroves and in Qatar 75 Gastropoda (28)
afforested mangroves in Qatar Bivalvia (19)
(Al-Khayat et al., 2019) Crustacea (18)
Polychaeta (10)
Present study Iran 19.3-35.6 36-50.8 122 Gastropoda (56)
Bivalvia (24)
Polychaeta (24)
Crustacea (17)
Sipuncula (1)

Observe that the area and habitats sampled are diverging between the studies.
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