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Functional Trait Responses of Macrobenthos to Anthropogenic Pressure in Three Temperate Intertidal Communities
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With the increasing impact of human activities on marine ecosystems, there is a growing need to assess how the components of marine ecosystems (e.g., macrobenthos) respond to these anthropogenic pressures. In this work, the trait-based approach was used to assess the effects of anthropogenic pressures represented by the area of land-based aquaculture pond (Pond Area) and heavy metals on the macrobenthic communities in three intertidal zones[Aoshan Bay (AO), Wenquan River and Daren River (RW), and Xiaodao Bay (XD)] of Laoshan Bay, Shandong Peninsula, China. Compared with RW and XD, AO was under more pressure in terms of the average concentrations of heavy metals and total organic carbon (TOC) in sediments and also in the Pond Area. Fuzzy correspondence analysis (FCA) showed that there were significant differences in the composition of functional traits among the three regions (PERMANOVA; p < 0.05). In the highly polluted area, macrobenthic communities exhibited a combination of traits, such as relatively short life span, weak mobility, feeding on deposits, and more tolerant to organic matter, whereas in a less polluted area, they exhibited a combination of traits, such as relatively long life span, relatively high mobility, and more sensitivity to organic matter. The RDA results showed that the distribution of the trait modalities was significantly affected by heavy metals (Hg and Cd), TOC, Pond Area, and sampled location. Variation partitioning analysis (VPA) indicated that the shared influence of sediment-related pollution factors and Pond Area contributed most to the variance of the functional traits, which implied that human activities directly and/or indirectly lead to changes in functional traits of macrobenthic communities in the intertidal zones.
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INTRODUCTION

The marine macrobenthos community is a critical component and reliable indicator of the biotic integrity of marine ecosystems, especially the intertidal ecosystems (Teixeira et al., 2009; Piló et al., 2016; Llanos et al., 2020). On the one hand, macrobenthos plays a vital role in maintaining ecosystem functions, such as material cycling in sediments and energy flow in food webs. On the other hand, macrobenthos is relatively sedentary and therefore reflects the ambient conditions of sediments, in which many pollutants (e.g., heavy metals and organic enrichment) are ultimately partitioned (Ryu et al., 2011; Desrosiers et al., 2019).

Heavy metal pollution is one of the most common anthropogenic pressures that impact marine ecosystems (e.g., intertidal zones, coastal waters, and estuaries), which has been documented by many studies throughout the world (Boudaya et al., 2019; Izegaegbe et al., 2020; Wang et al., 2020). Heavy metal contaminants can result in adverse toxic effects on benthic organisms (Dewitt et al., 1996; Dabney et al., 2018), leading to the changes in composition, structure, and ecosystem function of macrobenthic communities (Mucha et al., 2003; Piló et al., 2016; Hu et al., 2019; Roe et al., 2020; Dreujou et al., 2021). For example, in Ria de Aveiro coastal lagoon (Portugal), with the increase of mercury contamination, the total abundance and species richness decreased, and tolerant taxa increased (Nunes et al., 2008); in Incheon North Harbor (Korea) and coastal zone south of Sfax (Tunisia), macrobenthic community gradually changed with the pollution levels, and species diversity decreased with decreased distance from the pollution source (Ryu et al., 2011; Mosbahi et al., 2019). However, most of the studies were conducted in the subtidal zones other than intertidal zones, which are more vulnerable to human activities.

Macrobenthos consists of numerous taxa, and different species have a different tolerance to environmental pressures. For example, polychaetes Capitella capitata and Heteromastus filiformis are naturally tolerant to environmental disturbance, which could live well in a highly organic enrichment and/or heavy metal polluted area (Selck et al., 1999; Ryu et al., 2011; Bae et al., 2017), while some taxa (e.g., polychaete Magelona dakini and amphipods Perioculodeslongimanus) are inherently sensitive to environmental disturbance, and could not survive in such highly polluted zones (de-la-Ossa-Carretero et al., 2012; Ellis et al., 2017). It indicates that each species has evolved a unique survival strategy to adapt to different environmental conditions, even though it may be similar in some ways with other species. When facing loads of contaminants, such as metal(loid)s and organic enrichment or other contaminants gradients, macrobenthos have to make some reactions to resist such adverse environmental conditions. Therefore, macrobenthic responses may reflect different types and levels of pollutant impacts (Ryu et al., 2011; Piló et al., 2016).

There are two major approaches to evaluate the responses of macrobenthic communities to the effect of environmental variables and/or anthropogenic disturbances, namely, the taxonomic- and functional-based approach (Bremner et al., 2003; van der Linden et al., 2012; Henseler et al., 2019). The taxonomic-based approach estimates the impacts of environmental variables and/or anthropogenic pressures by comparing macrobenthos species assemblages in different levels of disturbance, whereas, the functional-based approach compares the macrobenthos functional traits assemblages under different disturbance levels. Although the taxonomic-based method is widely accepted and applied around the world, the functional-based approach has attracted more and more attention in recent years (Beauchard et al., 2017; Lam-Gordillo et al., 2020). This is mainly because that the functional-based method can better describe and understand the responses of macrobenthos community structure and function to multiple stressors than the taxonomic-based approach, which does not consider the changes in the structure of functional biological traits of macrobenthic communities (Bremner et al., 2003; Darr et al., 2014; Llanos et al., 2020).

Biological trait analysis (BTA) is the most applied functional-based approach, which is based on the assumption that phylogenetically independent organisms could have evolved into a similar biological adaptation, leading to functional similarity but taxonomic dissimilarity (Usseglio-Polatera et al., 2000; Dolédec and Statzner, 2008). The biological traits exhibited by organisms in a community provide information about how they behave and respond to stressors, thereby indicating the state of the environment (Bremner et al., 2003). Up to the present, macrobenthos functional traits has been successfully applied to assess the impacts of multiple anthropogenic stressors, such as heavy metals, polycyclic aromatic hydrocarbons (PAH), and sewage pollution (Piló et al., 2016; Bae et al., 2017; Dong et al., 2021; Nunes de Souza et al., 2021).

Land-based pond aquaculture in coastal areas is important for seafood production for many countries in the world. However, long-time land-based pond aquaculture could lead to the increase of heavy metal contents and organic enrichment in sediment (Kolarova and Napiórkowski, 2021). This has become a big challenge in those areas with a long aquaculture history. Therefore, pond aquaculture has also been criticized due to its impact on the environment and ecosystem. The effluent from ponds firstly affects the intertidal zone, with possible negative impacts on the intertidal organisms, and lead to the changes of the structures and functions of macrobenthos community. However, the effects of different pond aquaculture pressure levels on the structure and function of macrobenthic communities in the intertidal zone are less clear.

Around Laoshan Bay, Shandong Peninsula, China, numerous land-based aquaculture ponds cover an area of more than 20 km2, and most ponds have been used for aquaculture for more than 10 years. The increase of heavy metal content in Laoshan Bay is mainly due to human activities (Wang et al., 2019). However, studies about the effects of long-time pond aquaculture and heavy metals or organic enrichment on the intertidal macrobenthic community are still limited, especially in China. Previous studies highlighted that the macrobenthos in intertidal zones appeared to be relatively sensitive to metal(loid)s stress than the subtidal zone (e.g., Roe et al., 2020). In addition, in the subtidal zone of Laoshan Bay, the functional approach has revealed that the heavy metals in the sediment resulted in changes in macrobenthos trait composition (Dong et al., 2021). To the best of our knowledge, the composition, structure, function, and drivers of macrobenthic communities in the intertidal zones of Laoshan Bay have not been studied yet. Taking the above situation into consideration, we hypothesized that: (1) the trait composition of macrobenthos communities is different in areas and reflects the strategies that the communities use to cope with the respective environmental stressors; (2) with an increase in anthropogenic pressure, the taxonomic and functional diversity of macrobenthic communities decline; and (3) the pressure of land-based pond aquaculture and sediment contamination (e.g., metal pollution and TOC) are the main drivers of the functional structure of macrobenthic communities.



MATERIALS AND METHODS


Study Area

Laoshan Bay is the second-largest bay in Qingdao, located on the western coast of the Yellow Sea, with a surface area of approximately 188 km2. Although six small rivers flow in this area, these are all seasonal rivers and are dry almost all year round. Even in the rainy season, only a small amount of water flows into Laoshan Bay, which is not enough to affect its salinity (31.80 ± 0.37 PSU) (Wang et al., 2019). Laoshan Bay is a traditional marine culture area, surrounded by many land-based aquaculture ponds. These aquaculture ponds are built not only on the soft bottom coast (mainly on the western and northern side of Laoshan Bay), but also on the hard bottom coast (mainly on the eastern side of Laoshan Bay). Many species, such as crabs, shrimps, and sea cumbers are cultured in these ponds. Long-term mariculture and rapid economic development since 2015 have led to an increase in the environmental pressures and human impacts in this bay (Wang et al., 2019; Dong et al., 2021). In recent years, although many ponds have been removed one after another due to environmental pollution and illegal land use, there are still considerable ponds, both in quantity and area. The impact of long-term pond aquaculture on the surrounding environment is expected to persist for a long time even after removal of the pond. To assess the effects of land-based pond aquaculture on the macrobenthic communities, three intertidal zones of Laoshan Bay representing different levels of pressure were selected (Figure 1). The intertidal zone of Aoshan Bay (AO) in the north of Laoshan Bay is the area under the greatest pressure of pond aquaculture. Within 5 km, there are 17.73 km2 of ponds around AO. The distribution and area of these ponds have changed little since 2006. The intertidal zone of Xiaodao Bay (XD) is located in the west of Laoshan Bay, with 2.86 km2 ponds around it within 5 km. The area and distribution pattern of these ponds have almost remained unchanged since 2012. The third area is located in the intertidal zone of the estuary where Wenquan River and Daren River meet (RW, in the west of Laoshan Bay). When we sampled, the rainy season had not yet arrived, and the two rivers were in a dry state. Within 5 km, there are only 0.20 km2 of ponds around RW since 2012. However, before 2012, there used to be about 7 km2 ponds here.
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FIGURE 1. Study area with sampled sites in three intertidal zones in Laoshan Bay.




Biological Data

Macrobenthic samples were collected from three intertidal zones of Laoshan Bay at 21 stations of seven transects (two transects with six stations for RW and XD, three transects with nine stations for AO) (Figure 1) during low tide at spring tide, in May 2018, using PVC tube (diameter 10 cm, height 15 cm, 5 replicates per station). The five macrobenthic samples for each station were mixed, washed, and sieved using a 0.5 mm mesh, and then the macrobenthic organisms were picked and preserved in a 4% formaldehyde solution. In the laboratory, all benthic organisms were counted and identified to the lowest taxonomic level, as far as possible, according to species identification guides, using a stereomicroscope (Nikon SM2, Nikon Ltd., Japan). Taxon names were crosschecked against the website WoRMS—World Register of Marine Species http://www.marinespecies.org. Finally, the taxa abundance per station was compiled into the “taxa-by-station” matrix (L table, 50 species × 21 stations).



Environmental Data

Sediment samples were collected simultaneously with macrobenthic samples (one sample per station) using PVC tube (diameter 10 cm, height 10 cm), and then stored in the icebox and transported to the laboratory frozen at –20°C until analysis. The total organic carbon (TOC, %) in the sediment was determined using the potassium dichromate–sulfuric acid (K2Cr2O7–H2SO4) oxidization method. Heavy metal (Cr, Pb, Zn, Cd, Cu, and Hg) and metalloid (As) in the sediment were measured following the “Specifications for marine monitoring Part 5: Sediment analysis” (State Bureau of Quality and Technical Supervision of China, 2008). Specifically, 0.5 g freeze-dried sediments were digested with a mixed acid solution (HF–HNO3–HClO4) before measurement. Then, the presence of heavy metals (Cd, Cr, Pb, Cu, Zn) was determined using a graphite furnace atomic absorption spectrometer (Shimadzu AA-6300C, Shimadzu Ltd., Japan), whereas the concentration of Hg and As were determined using an atomic fluorescence spectrometer (AFS-930, Titan Ltd., China). To ensure the accuracy of data quality, the blank and the standard reference material GBW07333 (Chinese national standard reference materials) were measured with the same method and procedure as described above for the sediment samples. The area of land-based aquaculture pond (Pond Area) within 5 km of three intertidal zones was measured in Google Earth. The relative location of sampled sites was divided into three groups: low, medium, and high. The low group was far away from the shore, and the high group was near the shore. The relative location of sampled sites was considered as a proxy of the spatial/natural variable (hereafter, referred to as a spatial variable).



Functional Trait

A total of eight traits (body form, adult size, mobility, position, feeding habit, AMBI groups, living habit, and life span) containing 33 categories (Table 1) for their potential ability to indicate environmental disturbance were selected to describe the important functional attributes of the macrobenthic community in the three intertidal zones studied. The traits of these species were collected from a variety of published sources [e.g., species identification guides, scientific papers, and established online databases, such as BIOTIC—Biology Traits Information Catalogue (MarLIN, 2006) and Polytraits (Polytraits Team, 2020)]. According to the affinity of species to the trait categories, they were scored with 0, 1, 2, and 3 using a fuzzy coding approach (Chevenet et al., 1994), with 0 indicating that the species has no affinity to a trait category and 3 indicating a high affinity to a trait category (van der Linden et al., 2016; Hu et al., 2019; D’Alessandro et al., 2020). If a particular trait data for individuals were not currently available, their scores were inferred from those species in the same genus or the same family, and in extreme cases, all the trait categories were scored to 0 (Marchini et al., 2008; Boyé et al., 2019; Dong et al., 2021). The species and their trait scores were then compiled into the “taxa-by-traits” matrix (Q table, 50 species × 33 categories of eight traits) for subsequent analysis.


TABLE 1. Definition and labels of the 8 traits (33 categories) used to describe macrobenthos.
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Data Analysis and Statistical Tests

Biological traits analysis requires three different matrices: (1) “taxa-by-station” matrix (L table, taxa abundance in each station), (2) “taxa-by-traits” matrix (Q table, fuzzy-coding scores for each trait category of each taxon), and (3) “station-by-traits” matrix (LQ table, 21 station × 33 trait categories), a combination of the L table and Q table. In this study, the value of each trait modality at each station was calculated by multiplying the affinity score for each modality of each species by the relative abundance of the species in each station and then summed over all species (Bremner et al., 2006; Marchini et al., 2008; Paganelli et al., 2012; van der Linden et al., 2012). The formula expresses as follows:

[image: image]

where Pi is the relative abundance of the ith species in a given community, Ti is the score of ith trait modality of species, S is the total number of species in a station. The “station-by-trait” matrix used in this study is an abundance-weighted matrix, which is also called the community-level weighted means of trait values (CWM).

To identify the differences in functional composition among the three intertidal zone in Laoshan Bay, the “station-by-trait” matrix was ordinated based on Euclidean distances between samples by the fuzzy correspondence analysis (FCA), a correspondence analysis method appropriate for fuzzy coded data (Chevenet et al., 1994). Euclidean distances between samples were calculated from the relative frequencies of abundance-weighted traits in each station (Marchini et al., 2008; van der Linden et al., 2012, 2017). In FCA, the contribution of each trait category to total variation was reflected by correlation ratios, which are expressed as the amount of variance explained by each trait category along the first two FCA axes. The values of correlation ratios greater than 10% (RS > 0.1) can be considered as the traits with the most variable distribution (Conti et al., 2014). Therefore, in the two-dimensional FAC plot, samples close to one another have similar patterns of trait structure (Marchini et al., 2008; Paganelli et al., 2012; van der Linden et al., 2017). Subsequently, the cluster analysis based on the Euclidean distance of the taxon coordinates along the first four FCA axes and Ward’s linkage algorithm was applied to define the functional groups of macrobenthos with a similar combination of the trait modalities. To select the optimal number of groups, the “Phenon line” strategy was used following the previous studies (Usseglio-Polatera et al., 2000; Desrosiers et al., 2019). Taxa belonging to different functional groups are listed in Supplementary Table 1.

To test the significance of differences in the trait composition of different intertidal communities, a permutational multivariate analysis of variance (PERMANOVA) test was performed in the “vegan” package (Oksanen et al., 2019). The indicator traits in each community were determined by the indicator value (IndVal) using the function “multipatt” in the “indicspecies” package (De Cáceres and Legendre, 2009), and only when the statistical significance level of IndVal was <0.05, a trait modality was regarded as the indicator trait modality.

To examine relationships between macrobenthos functional traits and environmental factors, a redundancy analysis (RDA) based on “station-by-trait” matrix was performed as recommended by Kleyer et al. (2012), which showed that it is a more efficient method to assess the patterns of distribution of functional traits across environmental gradients. First, before RDA, the “station-by-trait” matrix was Hellinger-transformed, and the quantitative environment factors were log10(x + 1) transformed and the highly correlated environmental variables (Spearman’s r > 0.7) were removed. Since TOC is an important indicator factor of sediment contamination levels and it has a significant relationship with the Pond Area (Table 2), the interaction between them was also considered in this work. Second, the RDA was constructed and its significance was tested using the function “anova” in the “vegan” package (Oksanen et al., 2019). Environmental variables with a variance inflation factor of more than 10 were excluded from the RDA model. In the final RDA model, only the variables presenting significant relationships (p < 0.05) after a stepwise selection were kept. In this work, we divided all the variables into three groups: sediment-related pollution factors [i.e., metal(loid)s and TOC], spatial factors (i.e., sampled locations), and Pond Area (i.e., direct human-induced factor). To explore the relative contribution of different variable groups, variation partitioning analysis (VPA) was performed using the “varpart” function in the “vegan” package (Oksanen et al., 2019). The adjusted R2 of pure and shared contributions of these two data sets was reported because of their impartiality (Peres-Neto et al., 2006). The significance of the pure fraction of each data set was also tested in the “vegan” package using the “anvoa” function (Oksanen et al., 2019).


TABLE 2. Spearman correlation between environmental factors.

[image: Table 2]The taxonomic indices: Shannon-Wiener (H′, log2), Simpson (D), and Pielou (J′) indices were calculated using the “vegan” package (Oksanen et al., 2019) in R software 4.0.2 (R Core Team, 2020). The functional diversity indices: functional richness (FRic), functional evenness (FEve), and functional divergence (FDiv) were calculated using the “FD” package (Laliberté and Legendre, 2010). Functional redundancy index was estimated by the ratio of Rao’s quadratic entropy to Shannon-Wiener diversity (FRed), with an increase in the ratio indicating a decrease in functional redundancy and vice versa (van der Linden et al., 2012).

All statistical analysis was performed using R software 4.0.2 (R Core Team, 2020). The statistical difference in environmental parameters and diversity indices among different intertidal zones was analyzed using one-way ANOVA, followed by a post-hoc comparison with the Tukey HSD method. Spearman correlation tests were performed in the “corrplot” R package (Wei and Simko, 2017). In addition, the “ggplot2” R package (Wickham, 2016) was used. The map of the study area with the sampling sites was drawn using ArcGIS 10.4.2 (Esri, United States).



RESULTS


Community Structure and Diversity

A total of 50 different taxa were identified in the intertidal zone of Laoshan Bay, of which polychaetes were the most abundant, with a total of 23 species, followed by mollusks (14 species) and crustaceans (10 species), and three species belonged to other taxonomic groups (Supplementary Table 1). Among the three subregions, AO had the highest species richness (35 species), followed by XD and RW with 29 and 20 species, respectively. IndVal method showed that the three intertidal zones have different indicator species. Nephtys californiensis, Anthopleura sp., and Sigalion sp. were the indicator species of AO, Macridiscus multifarius and Diogenes sp. were the indicator species of RW, and Glycera subaenea and Astarte borealis were the indicator species of XD. The Shannon-Wiener (H′), Simpson (D), and Pielou (J′) indices in AO were significantly higher than RW, whereas no significant difference between XD and RW or AO was found. There was no significant difference among the three functional diversity indices except for FDiv in RW and AO (RW higher than AO). In terms of FRed, RW has a higher value than AO and XD; however, there was no significant difference among them (Table 3).


TABLE 3. Species and functional diversity indices in three intertidal communities.
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Functional Trait Composition

Most of the sampled macrobenthos have a bivalved body form in three intertidal communities followed by vermiform body form (except for RW) (Figure 2). However, in the remaining three modalities of body form, RW has a relatively higher proportion than XD and AO, which showed that the species in RW has a more diversified body form. Most macrobenthos has a small adult size (Size1–5), whereas, the large adult size (size > 10) accounted for some proportion in AO. Burrower (M-Burr) and crawler (M-Craw) were the top two modalities of mobility. The infauna accounted for more proportion than epifauna across three intertidal communities. The macrobenthos showed a diversified feeding habit; suspension feeders (F-Susp) account for the most, followed by deposit feeders (F-Dept) or carnivores (F-Carn). Across the three intertidal zones, most macrobenthos were sensitive species (EG-I) followed by indifferent species (EG-II) and only a small proportion of species were tolerant (EG-III) or opportunistic species (EG-IV and EG-V). Free-living species (H-Free) and burrower dwelling species (H-Bdwel) were more than the tube- (H-Tube) or cave-dwelling (H-Cave) species in XD and RW, whereas, the cave-dwelling (H-Cave) species in AO were more than that in XD and RW. Macrobenthos was characterized by a long life span (Life > 5 year) in this work area, although they displayed relatively diversified modalities of life span.


[image: image]

FIGURE 2. Boxplot of the CWM (Community Weight Mean) values of each compiled functional trait calculated for each intertidal zone. For full labels of traits modalities, see Table 1.




Environmental Conditions

The mean concentration (±SD) of metal(loid)s and TOC in sediment are shown in Figure 3. In general, the mean values of the environmental factors (except Zn) in AO were higher than that in RW and XD, and the RW was slightly higher than XD. Specifically, Cr and TOC in AO were significantly higher than that in RW and XD, Cu and Hg in AO were significantly higher than that in XD, and Zn in RW was significantly higher than that in XD. No significant differences were found in the remaining environmental factors among the three subregions (AO, RW, and XD). Spearman correlation test showed that some metal(loid)s have a significant correlation with each other or with TOC or Pond Area, such as Cr with Hg, TOC, and Pond Area; Hg with Zn and TOC; as with TOC and Pond Area (Table 2). It indicated that these factors may have a similar source and implied that they may be related to the surrounding aquaculture pond.
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FIGURE 3. Concentrations of heavy metal(loid) and TOC in sediments from three intertidal zones of Laoshan Bay. *p < 0.05; **p < 0.01; ***p < 0.001.




Fuzzy Correspondence Analysis

The results of FCA showed that the first two axes accounted for 63.32% of the total variability with 37.09% explained by axis 1 and 26.23% by axis 2 (Figure 4). PERMANOVA test revealed significant differences in trait composition among the three subregions communities (p < 0.05) (Table 4). The “IndVal” method revealed that three intertidal communities have distinctive indicator trait modalities (Figure 4). The XD was characterized by indicator trait modalities including infauna, borrower (M-Burr), and borrower dwelling (H-Bwel), whereas epifauna, omnivore, and shrimp/crab-liked body form were associated with RW. For AO, medium adult size (size 5–10), non/semimotile and cave-dwelling (H-Cave) were the indicator trait modalities.


[image: image]

FIGURE 4. Two-dimensional FCA plots weighted by abundance showing the distribution of sites in three intertidal zones of Laoshan Bay, and corresponding indicator trait modalities (p < 0.05) of the three subregions. For full labels of traits modalities, see Table 1.



TABLE 4. PERMANOVA test for trait composition of macrobenthic communities in three intertidal zones.

[image: Table 4]The ordination plots for all traits and their modalities as well as the contribution of each trait to overall variability (i.e., correlation ratios) were shown in Figure 5. The trait AMBI groups, living habits, mobility, and position separated more on the first axis of FCA, whereas the trait body form, feeding habit, and life span separated both for the first and second axis of FCA, which indicated that those three traits correlated with both axes.
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FIGURE 5. Results of the fuzzy correspondence analysis (FCA): distribution of the 33 modalities of the eight traits on the factor map. Numbers indicated the correlation ratio with axis 1 (horizontal) and axis 2 (vertical). For full labels of trait modalities, see Table 1.




Functional Groups of Macrobenthos

Macrobenthos sampled from three intertidal zones could be divided into four functional groups, which shared similar trait modalities according to Ward’s method and “Phenon line” strategy (Figure 6A). Functional group 1 (FG1) includes 25 taxa, most of which are polychaetes. FG2 consisted of nine taxa, which share the trait, such as bivalved body form, suspension-feeding habit, long life span, and sensitive to disturbance. FG3 (six taxa) consisted of epifaunal gastropod scavengers, with crawling mobility, free-living habit, long life span, and indifference to disturbance. FG4 included 10 taxa, which share shrimp or crab-liked body form, small adult size, and short life span.
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FIGURE 6. Functional groups of macrobenthos. (A) Distribution of the taxa on the first two axes of FCA, taxa were clustered into four groups; (B) the relative abundance of four functional groups species in three intertidal communities. FGs, functional groups; For full names of species, see Supplementary Table 1.


The relative abundance of species from all the functional groups (FG1 to FG4) varied among three intertidal communities (Figure 6B). In AO, the macrobenthic communities were dominated by species from FG1 (51.39%) and FG2 (35.65%), whereas, in RW, the species from FG2 (56.64%) and FG4 (26.55%) were the most abundant. In XD, species from FG2 (66.12%) were the most abundant, followed by species from FG1 (27.27%), whereas the other functional groups (FG3 and FG4) were poorly represented.



Relationships Between Traits Modalities and Environmental Factors

The RDA model revealed the environmental effects on the trait modalities (Figure 7) and explained 43.25% of the total variation in macrobenthos trait modalities, with the first and second axis of RDA accounting for 21.96 and 13.79% of the total variation, respectively. These trait modalities could be divided into three groups (G1–G3) (Figure 7B), based on the cluster analysis of Euclidean distance of the coordinates of trait modalities along the first two axes of RDA (Figure 7C). Heavy metals (Hg and Cd), TOC, Pond Area, and sampled location had significant effects on the distribution of the trait modalities. G2 was located on the positive part of the second RDA axis including trait modalities, such as deposit-feeding habit (F-Dept), vermiform body form (Vermiform), tolerant and second-order opportunistic AMBI groups (EG-III and EG-IV), and cave- and tube-dwelling living habit (H-Cave and H-Tube) (Figure 7B), which are the characteristics of macrobenthos in relatively high polluted sites. It corresponded well with the highest concentrations of Hg, Cd, and TOC in sediment and also the highest area of aquaculture pond (Pond Area) in sites groups of AO. G1 and G3 located on the negative and positive parts of the first RDA axis matched with the site’s group of XD and RW, respectively, with relatively low anthropogenic pressure (e.g., heavy metals and Pond Area). It indicated that the traits modalities in G1 and G3 are more sensitive to anthropogenic pressures than those trait modalities in G2.
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FIGURE 7. The results of redundancy analysis (RDA) of macrobenthic communities in three intertidal zones in Laoshan Bay. (A) Environmental variables vs. sites, (B) environmental variables vs. trait modalities, groups referred to panel (C), (C) groups of trait modalities based on the cluster analysis of Euclidean distance of the coordinates of trait modalities along the first two axes of RDA. For full labels of traits modalities, see Table 1.




Variation Partitioning Analysis

Variation partitioning analysis indicated that sediment-related pollution factors (7.93%) have higher pure total explained variance than spatial factors (5.7%) and Pond Area (i.e., direct human-induced factor) (1.14%), whereas, the shared influence of sediment-related pollution factors and Pond Area explained 16.65% of the variance (Figure 8). It can therefore be concluded that sediment-related pollution factors and direct human-induced factors had a greater impact on the distribution of the trait modalities than spatial factors.
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FIGURE 8. The results of variation partitioning analysis (VPA) of the distribution of trait modalities.




DISCUSSION

The BTA combined with FCA and variation partitioning technique was used in this study to reveal the structure and function of macrobenthic communities and identify the relationships between environmental (i.e., metals and TOC), spatial (i.e., sampled location), and human-induced (i.e., land-based ponds) predictors structuring benthic meta communities in intertidal systems. The results of this study suggested that the functional-based approach based on the trait-based matrix can efficiently evaluate the effects of anthropogenic pressure, represented by heavy metals and land-based ponds on the intertidal macrobenthic communities in Laoshan Bay, as previously shown in the intertidal zone (Llanos et al., 2020), subtidal zones (Dong et al., 2021), estuary (Piló et al., 2016), and lagoon (Hu et al., 2019). The present results supported our first hypothesis that the trait composition of macrobenthos is not randomly distributed across communities and can reflect their strategies to respond to environmental stressors.


Abiotic Variables

The results of this study showed that metal(loid)s (except Zn) and TOC concentrations in AO were higher than those in RW and XD, suggesting that the sediments in AO are more polluted than those in RW and XD. According to the guild of marine sediment quality standards of China (State Bureau of Quality and Technical Supervision of China, 2008), in the three intertidal zones, the concentration of Cr, Cd, and Hg exceeded the first grade at 28.75, 66.67, and 100% of sites, respectively, and Cd and Hg concentration exceeded the second grade at one (4.76%) and eight (38.10%) sites. In the subtidal zone of Laoshan Bay, these three metals in the sediment were also reported to exceed the first grade at 18.75–87.5% of the sites (Dong et al., 2021). In addition, several metals (e.g., Hg and Pb) in the seawater of Laoshan Bay were reported by previous studies higher than the primary grade of seawater quality standard of China (Wang et al., 2019). These indicated that Laoshan Bay is polluted by heavy metals, and the heavy metal elements mentioned above should attract our attention. In addition, all metal(loid)s elements (except Zn) and TOC showed positive correlations with the area of land-based cultured pond, which implied that metal(loid)s and TOC are probably related to land-based pond aquaculture (Kolarova and Napiórkowski, 2021). The runoff of land-based cultured pond could result in the accumulation of metal(loid)s and enrichment of organic matter in the surrounding and downstream sediments, which has been documented by many studies (e.g., Mendiguchía et al., 2006; Hong et al., 2020; Kolarova and Napiórkowski, 2021). However, there is no evidence of a direct causal relationship between sediment-related factors (i.e., heavy metals and TOC) and land-based pond area in this study. As reported by a previous study, these metals were also probably related to shipping, ship repair, and coal combustion (Wang et al., 2019).



Taxonomic and Functional Indices

The taxonomic and functional indices showed higher values in higher polluted area AO, except for FDiv, which was contrary to our second hypothesis: “higher disturbance and/or pollution associated with a lower taxonomic and functional diversities” Mouillot et al., 2013). This phenomenon not only appears in our work but also has been documented by previous works, such as in estuaries of the northeastern Brazilian coast and Mondego estuary located on the west central Atlantic coast of Portugal (van der Linden et al., 2016; Nunes de Souza et al., 2021). It can be explained by the intermediate disturbance hypothesis, which stated that species richness is assumed to peak for intermediate disturbance levels, indicating an increase in taxonomic and functional indices from no disturbed to moderately disturbed areas (Mouillot et al., 2013). In our work, we observed that the species richness exhibited a positive relationship with taxonomic and functional indices (except FDiv) (Supplementary Figure 1), which is consistent with the intermediate disturbance hypothesis. The relatively high FDiv value in RW indicated a high different combination of traits by the most abundant species here (Mason et al., 2005; van der Linden et al., 2016; Nunes de Souza et al., 2021), implying that the environment in this area may fluctuate greatly, which is supported by previous studies (e.g., Elliott and Quintino, 2007; van der Linden et al., 2012).

Redundancy plays a key role in maintaining the capacity of an ecosystem to respond to disturbances and changes (De Leo and Levin, 1997). The higher value of FRed represents a lower functional redundancy (van der Linden et al., 2012). Therefore, the FRed can also be considered a potential “early warning” indicator of pollution and/or disturbance (van der Linden et al., 2016; Nunes de Souza et al., 2021). As expected, the lowest value of FRed in XD indicated the relative higher functional redundancy, although no significant indifferences were found among the three intertidal zones (p > 0.05). It indicated that there are more species with similar traits to coexist here, and the disappearance of one or more species will not cause shifts in ecosystem functions, implying that the macrobenthic community in XD has a higher ability to resist the impact of disturbance. What we did not expect is that RW has the highest FRed value, that is, the lowest functional redundancy. One possible reason is that the impact of the long-time pond aquaculture on this area has not been completely eliminated, although these aquaculture ponds have been demolished for 6 years. The second probable reason is that RW is located in the estuarine area where environment factors fluctuate greatly, which may filter out some rare organisms, resulting in the decrease of species richness and diversities (Elliott and Quintino, 2007; van der Linden et al., 2012; Mouillot et al., 2013). FRed measures the amount of trait-dissimilarity among “species” and not among “individuals,” that is, all species are equally important. Therefore, when rare species with rare combinations disappear due to increasing disturbance, FRed will increase (van der Linden et al., 2016).



Traits and Trait-Based Functional Groups

The choice of traits and their modalities are affected by many factors, such as taxa, ecosystem types, and data limitation, and up to now, there is no standard reference method for choosing traits and their modalities in the current scientific community (Siddig et al., 2016; Beauchard et al., 2017). Eight traits were selected to define the functional structure of the macrobenthos in the intertidal zones of Laoshan Bay. These traits included life history, feeding strategy, habitat use, locomotion, and ecological preference, which are commonly used to assess the response of macrobenthic communities to anthropogenic pressures, such as heavy metals, oil spills, and aquaculture by previous studies (Piló et al., 2016; Egres et al., 2019; Lacson et al., 2019; Dong et al., 2021), although the modalities for some traits were different among studies. In general, the closer the phylogenetic relationship is for species, the more similar the traits are. In this work, the trait-based taxa functional groups were observed to be quite homogeneous in their taxonomic structure, suggesting that taxa in the same functional groups have closed phylogenetic relationships (Supplementary Table 1), which is consistent with the results obtained from previous works (Usseglio-Polatera et al., 2000; Desrosiers et al., 2019). Some studies implied that the convergence of traits with taxa phylogeny in some functional groups may have some impact on the trait-based methods (Menezes et al., 2010). On the other hand, some studies indicated that these confounding effects can be alleviated, and have only minor impacts on the functional response of macrobenthos disturbances (Statzner and Bêche, 2010). More studies are needed to explore this issue, especially in marine ecosystems.



Relationship Between Traits and Anthropogenic Pressures

Macrobenthos are composed of numerous organisms, displaying many biological traits, which exhibited different responses to different disturbances. The FCA revealed that the patterns in the spatial distribution of the trait modalities and trait-based taxa functional groups (FGs) were associated with each intertidal zone at different disturbance levels. It indicated that traits are not randomly distributed across macrobenthic communities and the macrobenthic responses can reflect anthropogenic pressures [e.g., metal(loid)s contamination and aquaculture] (Piló et al., 2016; D’Alessandro et al., 2020), confirming our first hypothesis.

In our work, the intertidal zone AO was identified as the most affected area. Pollutants that mainly affect this area are Cr, Cd, and Hg, as well as higher TOC and area of the land-based pond. The macrobenthos in this intertidal zone exhibited a combination of traits leaving them less vulnerable to such stressors as reported by previous studies (Piló et al., 2016; Desrosiers et al., 2019; Hu et al., 2019; Dong et al., 2021). For example, they have a very short life span; they feed on deposits and are more tolerant to organic matter; they have more opportunistic species; they have relatively weak mobility and prefer to live in caves or tubes, which provide protection for organisms from direct exposure to sediment commination and improves their survival possibilities (Hu et al., 2019). In a less polluted area, macrobenthos exhibited a combination of traits, such as a relatively long life span and are more sensitive to organic matter. In addition, they live freely and have relatively high mobility (e.g., swimming and crawling), which is beneficial for macrobenthos to expand their range of activities and increase their access to food, and even help them to escape from contaminated sediments quickly.

Nonetheless, not all trait categories responded to the anthropogenic pressures (e.g., metals contamination and aquaculture) as expected. The small and/or very small adult size was commonly considered as the prevalent traits in the higher polluted area (Piló et al., 2016), whereas, in our work, the medium and large adult size were identified as the dominant traits in the relative highly polluted area and, small and/or very small adult size were the dominant traits in the less polluted area. This phenomenon not only appears alone in this work, but also has been reported by many previous studies, such as in the coast of southern Portugal (Lacson et al., 2019), Cotinga sub-estuary of Paranaguá Bay, Brazil (Gusmao et al., 2016), and Swan Lagoon, China (Hu et al., 2019), as well as in the subtidal zone of Laoshan Bay (Dong et al., 2021). One reason is that the high metal polluted areas are usually associated with high organic matter or TOC in the sediments (Ryu et al., 2011; Hu et al., 2019), which is the important food source for deposit-feeders that are the dominant taxa in high contaminated area. The large food resources may increase the potential for growth of these taxa (Ryu et al., 2011). Secondly, the resistance of a species to disturbances (e.g., metal pollution and organic enrichment) is not determined by a single trait, but by the combined effect of multiple traits. The relative mismatch between the modalities of trait adult size and disturbance levels may be related to unexpected trade-offs among traits (Desrosiers et al., 2019).

As expected, the sediment-related pollution factors (e.g., metals and TOC) and the area of land-based pond aquaculture accounted for most variance of trait composition of macrobenthic communities, which confirmed that our third hypothesis, i.e., that they are the main drivers of the functional structure of macrobenthic communities. It also indicated that the macrobenthos is relatively sensitive to pond aquaculture and local heavy metal pollution, especially the contamination in sediment, as reported by previous studies (Ryu et al., 2011; Piló et al., 2016; Hu et al., 2019; Roe et al., 2020; Dong et al., 2021). However, it is difficult to further distinguish which pollution-related factors contributed more to the variance of the functional traits of macrobenthic communities (Piló et al., 2016; Hu et al., 2019; Dong et al., 2021). The accumulation of heavy metals and enrichment of organic matter in sediments commonly co-occurred with intensive land-based pond aquaculture (Kolarova and Napiórkowski, 2021). The intertidal zones are in high-energy environments and are affected by many factors and/or their combination. For more accuracy, at least parts of the trait composition of macrobenthic communities were caused by anthropogenic pressures, such as heavy metals and land-based pond aquaculture.



CONCLUSION

With the increase in the world’s population and the demand for aquatic products, it can be predicted that aquaculture ponds and/or facilities will be intensified in the future (Schubel and Thompson, 2019; Costello et al., 2020). This will further aggravate the impact of human activities on the marine ecosystem. Therefore, knowing the dynamics of the benthic communities subjected to the effect of anthropogenic disturbances is essential to assess the ecological status and protect the ecosystem. In this work, we investigated the effects of the anthropogenic disturbance represented by land-based aquaculture pond area (direct human impact) and sediment-related pollution factors (indirect human impact) on macrobenthic communities by using the trait-based approach in three intertidal zones of Laoshan Bay. The results confirmed that anthropogenic disturbance would lead to the change in functional traits of macrobenthic communities and highlighted that a combined effect of land-based pond area and sediment-related pollution factors on macrobenthic communities. Moreover, a combination of traits (e.g., relatively short life span, feeding on deposits, and more tolerant to organic matter) was identified in a highly disturbed area, which can be used as an early warning indicator of the ecosystem and those under similar disturbances. However, we should note that the intertidal ecosystems are in high-energy environments and are affected by many factors. Although the results of this work indicated that the Pond Area and sediment-related pollution factors, as well as a spatial factor were the drivers of macrobenthic communities, the effects of other factors (e.g., sediment grain size) on macrobenthic communities cannot be excluded. In addition, based on an independent field survey, the results may be biased to more accurately understand the impact of human stress macrobenthic communities, long-term, and multiple sampling surveys are recommended.
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