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Coastal ecosystems are vulnerable to anthropogenic disturbances which can cause loss of benthic macrofauna and their ecosystem functioning. Despite the importance of functional assessments for conservation and management, knowledge gaps persist on the generality of how the diversity and functional traits of benthic communities influence ecosystem functioning. We investigated eight sites in three different habitats across ~1,260 km of coastline, to evaluate patterns between taxonomic and functional diversity of benthic macrofauna, and the relationship between benthic macrofauna, functional traits and environmental conditions. A total of 74 benthic macrofauna taxa were identified. Significant differences across sites and season were found for metrics based on taxonomic and functional traits. Multivariate analysis revealed spatial-temporal differences, which were more evident based on taxa than functional traits. Functional diversity also showed spatial and temporal differences and was positively correlated with the number of taxa. The dominant functional traits modalities were deposit feeders, with large (>20 mm) body size, burrowers, bioirrigators, deeper than 3 cm in sediments, and irregular morphology. Novel Generalized Linear Latent Variable Models (GLLVM) uncovered several site-dependent relationships between taxa, traits and environmental conditions. Functional redundancy was lowest in a highly modified lagoon, and highest in a more pristine embayment. The outcomes from this study showed site-dependent patterns of benthic communities based on either taxonomic or functional metrics, highlighting that both perspectives are complementary to obtain a holistic understanding of the functioning in marine sediments under environmental change.

Keywords: Australia, functional traits, ecosystem functioning, macroinvertebrates, GLLVM


INTRODUCTION

Benthic macrofauna are major providers of ecosystem functioning in marine habitats. They modify soft-sediment habitats through biological processes such as ingestion, digestion, excretion, and bioturbation, which facilitates microbial recycling of nutrients, detoxification of pollutants, and organic matter remineralization (Snelgrove et al., 2014; Shojaei et al., 2015; Caswell et al., 2018; Wyness et al., 2021). Benthic macrofauna also represent a connection between benthic and pelagic ecosystems, and plays an important role in energy transfer to different trophic levels (Pearson and Rosenberg, 1978; Kristensen et al., 2014; Murillo et al., 2020). Furthermore, benthic macro-organisms are often used as bioindicators to assess ecosystem “health” due to their sensitivity to natural and anthropogenic disturbances (Borja et al., 2000; Tweedley et al., 2015).

Descriptive and experimental approaches have highlighted that benthic communities are structured by environmental factors (e.g., temperature, water depth, salinity, sediment type, habitat complexity), biological processes (e.g., competition, predation, bioturbation), and ecosystem engineering by benthic macrofauna (e.g., Reise, 1985; Honkoop et al., 2006; Meadows et al., 2012). These traditional taxonomic-based studies laid the base for functional assessments of benthic fauna (Snelgrove, 1997; Thrush et al., 2006; Snelgrove et al., 2014), which allow the understanding of how changes in benthic biodiversity influence the functioning of an ecosystem. Functional approaches have been increasingly explored to comprehensively understand effects of the alarming loss of biodiversity in terrestrial and marine ecosystems (de Juan et al., 2015; Degen et al., 2018; Gammal et al., 2019; van der Plas, 2019). For benthic communities, the use of functional approaches is a powerful tool to investigate Biodiversity and Ecosystem Functioning relationships (BEF), and how these relationships vary spatially and temporally, or under specific environmental conditions (Baldrighi et al., 2017; Beauchard et al., 2017).

Ecosystem functioning, defined as the combined effects of all natural processes that sustain an ecosystem (Reiss et al., 2009; Gladstone-Gallagher et al., 2017; Degen et al., 2018), is commonly analyzed by using Functional Diversity (FD) measurements. Functional Diversity considers the variation of functional traits occurring across ecological communities of a given ecosystem based on the activities of organisms (e.g., movement, behavior, feeding and reproduction; Díaz and Cabido, 2001; Reiss et al., 2009; Beauchard et al., 2017; Degen et al., 2018). Several indices have been used to quantify functional diversity, however, there is a lack of consensus on which index is the most appropriate (Mason et al., 2005; Villeger et al., 2008; Mouchet et al., 2010; Lam-Gordillo et al., 2020a).

Functional diversity is usually split into at least three components: functional richness, evenness, and divergence (Mason et al., 2005; Villeger et al., 2008), with several other components recently added (e.g., functional dispersion and functional redundancy) (Laliberté and Legendre, 2010; van der Linden et al., 2012; Gammal et al., 2020). Functional diversity, and all its main components, are based on the analysis of functional traits and their modalities (e.g., bioturbation, body size, feeding mode, morphology, living habit, sediment position), where species are clustered into groups with shared physiological and morphological attributes (Bremner et al., 2003, 2006). The functional traits and their modalities studied can be selected in accordance with the processes of interest, the ecosystem type, and the spatial and temporal scale of study (Hooper et al., 2005; Wright et al., 2006; Bremner, 2008; Beauchard et al., 2017).

Functional metrics, which are based on functional traits, can be more important to explain ecological processes and ecosystem functioning than taxonomic metrics (Belley and Snelgrove, 2016; Mestdagh et al., 2020). Yet, considering both approaches can provide a more robust and holistic knowledge about the structure of benthic communities and functioning of ecosystems. Recent investigations have applied a combination of taxonomic and functional approaches to understand the influence of benthic macrofauna on ecosystem functioning and support management and conservation efforts (e.g., Hajializadeh et al., 2020; Delfan et al., 2021; Nunes de Souza et al., 2021; Shojaei et al., 2021). Results from taxonomic and functional approaches have been similar (e.g., van der Linden et al., 2012; Wong and Dowd, 2015; Hajializadeh et al., 2020), but distinct patterns based on either taxonomic or functional diversity emerged as well (e.g., Emmerson et al., 2001; Kraan et al., 2013; Frid and Caswell, 2015; Gladstone-Gallagher et al., 2017). These different patterns could result from highly variable relationships between taxonomic and functional diversity subject to the environmental context (Gladstone-Gallagher et al., 2017; Thrush et al., 2017; Gammal et al., 2019), and from presence of key benthic macrofauna functional groups, that is often more important than species diversity per se (Norkko et al., 2013; Thomas et al., 2020).

Despite the importance of functional assessments for conservation strategies (Miatta et al., 2021) and to inform policy and management to ensure healthy coastal ecosystems, several uncertainties still persist in the interpretation and potential use of the outcomes from trait-based and functional approaches in future scenarios of biodiversity loss in coastal ecosystems. Such uncertainties can be reduced with greater understanding of how taxonomic diversity and functional traits present in benthic communities influence ecosystem functioning across different habitats. For example, low functional redundancy can be used to indicate habitats vulnerable to functional loss.

To contribute to the knowledge on patterns of taxonomic and functional diversity and their links with ecosystem functioning (e.g., Gammal et al., 2019; Taupp and Wetzel, 2019; Shojaei et al., 2021), this study investigated benthic communities in soft sediments along the southern temperate coast of South Australia, where traits of benthic fauna have been recently compiled (Lam-Gordillo et al., 2020b), which enabled a comparative assessment of taxonomic and functional perspectives. The aims of this field study were to (i) assess the taxonomic and functional diversity of benthic communities across contrasting habitats (coastal embayment, gulfs, and lagoon), each representing a typical habitat of the southern temperate Australian coastline, and (ii) evaluate the relationships between benthic macrofauna, functional traits and environmental conditions across these habitats. Over two seasons, benthic macrofauna, their functional traits and environmental conditions were assessed in each habitat to provide a comprehensive analysis on their patterns and relationships. It was predicted that (1) taxonomic and functional patterns are distinct across the studied habitats, (2) functional diversity is greater within habitats with a greater number of taxa, and (3) the relationships between taxa, traits and environmental conditions are habitat-specific.



MATERIALS AND METHODS


Study Area

The southern Australian coast is the longest east-west temperate coastline in the southern hemisphere, and harbors diverse sedimentary habitats (Short, 2020). The benthic sampling was conducted across eight sites in South Australia, covering three contrasting habitats of this coastline: a coastal embayment (Coffin Bay: Long Beach—LB, Kellidie Bay—KB), gulfs (Spencer Gulf: Port Germein—PG, Fisherman Bay—FB, Gulf St Vincent: Port Parham—PPa, Middle Beach—MB), and lagoon (Coorong: Pelican Point—PP, Noonameena—N) (Figure 1; Table 1).


[image: Figure 1]
FIGURE 1. Map of the study area showing the eight sites across South Australia from where benthic macrofauna samples were collected. The dark blue lines indicate depths at 20 and 100 m, and the light blue lines indicate the rivers.



Table 1. Main habitat characteristics of the eight sampling sites across southern Australia.
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Data Collection and Laboratory Procedures

Benthic samples were collected in July 2019 (Austral winter) and January 2020 (Austral summer) at the eight tidal flat sites. South Australia has a Mediterranean climate, with dry summers and winter rain. January is the warmest month of the year with an average air maximum temperature of 29.6°C, while the coldest month is July with a minimum temperature average of 7.6°C (Bureau of Meteorology, 2021). All sampling occurred at low tide when tidal flats were exposed and accessible from shore. Tides in South Australia are of a unique mixed tidal pattern with tidal range varying from micro-tidal (Coffin Bay, Coorong) to mesotidal (gulfs). The samples for benthic macrofauna were taken using a handheld PVC corer (83.32 cm2 surface area), pushed it into the sediment up to 20 cm depth, with 15 replicates haphazardly taken per site. All sediment samples were sieved through 500 μm mesh size in the field and preserved in 70% ethanol until further processing. In the laboratory, samples were sorted and all benthic macrofauna were identified to the lowest possible taxonomic level (i.e., 66.2% to Species, 4.1% to Genus, 28.4% to Family, and 1.4% to Order), and counted.

At each sampling site, environmental conditions known for influencing the abundance, composition and distribution of benthic communities were measured (Hillebrand and Matthiessen, 2009; Dutertre et al., 2013; Dittmann et al., 2015; Shojaei et al., 2015). Water temperature (°C), salinity, and pH were recorded in the water overlying the mudflat, using a Hannah HI98194 multiparameter meter. Sediment samples were taken for analyzing Chlorophyll-a (g/m3), total organic matter content (OM%) and sediment grain size. In addition, sediment pore water was collected for analyzing nutrients (Nitrate, Nitrite, Ammonium and Phosphate). Fifteen replicate samples for each environmental parameter were taken at each site within the same area where the sediment samples for benthic fauna were collected.

Chlorophyll-a (g/m3) was determined using a spectrophotometer (Thermo Scientific, Spectronic 200) following the protocols described by Ritchie (2008). The organic matter (OM%) content in sediment was determined by loss on ignition, first drying the sediment to constant weight, followed by burning in a furnace at 450°C for 5 h. Grain size was determined by laser diffraction using a particle size analyser (Malvern Mastersizer 2000). Average values for grain size fractions for each site were entered into the GRADISTAT program v8.0 (Blott and Pye, 2001) to obtain the median (D50 μm) and coefficient (sorting σG). Nutrient concentrations (mg/L) of Nitrate (NO3-), Nitrite (NO2-), Ammonium (NH3) and Phosphate ([image: image]-) were determined using a Skalar SAN ++ SFA segmented flow analyser.



Data Analysis
 
Environmental Data Analysis

Environmental data were square root transformed as needed to approximate normality (except OM, pH and salinity), and then normalized prior to multivariate analysis (Clarke et al., 2014). Spearman correlation (Supplementary Figure 1) and variance inflation factors with a cut-off <3 (VIF) (Supplementary Table 1) were analyzed for collinearity among variables and, as no redundant environmental variable was identified, all were included in the analyses. To test for differences between sites and season, univariate PERMutational ANalysis Of VAriance (PERMANOVA) and multiple pair-wise tests were conducted, using Euclidean distance for the single variables in PRIMER v7 with PERMANOVA+ add on software (Anderson et al., 2008). Principal Component Analyses (PCA) were performed separately for summer and winter data to explore spatial and temporal patterns. R software (R Core Team, 2017) and the packages “corrplot” (Wei and Simko, 2017), “fmsb” (Nakazawa, 2019), “vegan” (Oksanen et al., 2019), were used for conducting the analyses.



Selection of Traits and Trait Information

A suite of six functional traits and 29 trait-modalities (Table 2) were selected. The functional traits selected describe behavioral, morphological, and physiological attributes of benthic macrofauna, and are considered as effects traits as they are directly or indirectly related to several ecosystem functions including nutrient cycling and sediment transport (Lam-Gordillo et al., 2020a). Trait information was obtained from the South Australia Macrobenthic Trait (SAMT) database (Lam-Gordillo et al., 2020b). The SAMT database applied a fuzzy coding procedure assigning scores from 0 to 1, with 0 being no affinity and 1 being high affinity to a trait (for details see Lam-Gordillo et al., 2020b). This resulted in the compilation of three data matrices (1) “taxa abundance by site matrix,” in this case the data collected from our surveys; (2) “taxa by traits matrix,” obtained from the SAMT database; and (3) the combinations of the previous two: “traits by site matrix” (Bremner et al., 2006; Bremner, 2008).


Table 2. Traits and traits-modalities selected.
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Taxonomic and Functional Analysis

The benthic macrofauna was analyzed for traditional diversity metrics, including the analysis of taxonomic richness (S), Shannon index (H'; log e) and Pielou's evenness (J') for each site and season using the package “vegan” (Oksanen et al., 2019). For the functional diversity (FD) analyses, the benthic abundance data (taxa abundance by site matrix) were log (1 + x) transformed to reduce the influence of dominant taxa without losing the abundance effect. To compare the FD across sites and seasons, the following functional metrics were calculated as a proxy of FD. (i) Functional Richness (FRic), provides the amount of functional space occupied by a community (Mason et al., 2005), i.e., the quantity of traits that are expressed in a habitat. (ii) Functional Evenness (FEve), describes how consistently the taxa abundance is distributed across the expressed traits (Mason et al., 2005). (iii) Functional Redundancy (FR), describes the ratio between FD and H', when the ratio decreases, FR increases and vice versa (van der Linden et al., 2012), providing information on how common the expressed traits are within a habitat. In addition, community-level weighted means of trait values (CWM) were calculated to compare trait expression across the sites and seasons. Functional metrics and CWM were calculated using the package “FD” (Laliberté et al., 2014) in R software (R Core Team, 2017).



Statistical Analysis

To elucidate spatial (sites) and temporal (seasons) patterns for each taxonomic (e.g., S, abundance, H', J'), functional metric (FRic, FEve, Fdis, FR) and CWM, univariate PERMANOVA were used with Euclidean distance for the single variables, permutation of residuals under a reduced model, sums of squares type III and 9999 permutations (Anderson et al., 2008). In addition, multiple pair-wise tests were conducted if fixed factors (sites, seasons) or interactions (sites x season) were significant to identify which groupings contributed to differences from PERMANOVA main tests. To assess community structure differences between sites and seasons, Principal Coordinates Ordination (PCO) were performed for the taxonomic and trait data. Species density (taxa abundance) was fourth root transformed, and in both taxa and trait data, a Bray-Curtis similarity resemblance was applied. To assess the relationship between functional metrics and environmental conditions, non-parametric multiple regressions were performed with the DISTLM routine, using Euclidean distances and 9999 permutations (McArdle and Anderson, 2001). PERMANOVA, pair-wise tests, PCO and DISTLM analysis were carried out using PRIMER v7 with PERMANOVA add on. To elucidate the direction of the relationships, multiple Spearman correlation analyses were performed using the R package “ggpubr” (Kassambara, 2020).

For assessing the response of benthic taxa and functional traits to the environmental predictor variables (fourth corner analysis), several generalized linear latent variable models (GLLVMs) were performed with the R package “gllvm” (Niku et al., 2020). GLLVM extends the basic GLM, handles overdispersion data, includes latent variables to capture the correlation between species, and considers fourth-corner terms to account for species-traits- environment- interactions (Niku et al., 2020, 2021). Further, the fourth-corner approach includes regression of the multivariate abundance against the function of the trait and environment association (Niku et al., 2019). GLLVMs were constructed for fitting multivariate data using a negative binomial distribution as the best fit model (lowest Akaike information criterion—AIC; Supplementary Table 2) (Niku et al., 2019). Level plots were performed for visualizing the interactions between taxa-traits and environmental variables obtained with the GLLVMs using the R package “lattice” (Sarkar, 2008).





RESULTS


Environmental Conditions

The environmental conditions varied across sites and seasons (PERMANOVA p < 0.01, Supplementary Figure 2; Supplementary Table 3). In general, hypersaline conditions were recorded at the gulfs (PG, FB) and lagoon (N) habitats in summer. Sediment grain size (D50 and sorting) was mostly characterized by fine sand at the coastal embayment (LB, KB) and lagoon (N), while the gulfs (FB, MB) had medium to coarse sand. The PCA analyses showed spatial and temporal variation (summer: 40.9%, winter: 47.81% of variability explained by the first two axes) (Figure 2). In summer, porewater nutrients separated the lagoon habitat located in the Coorong (N, PP) based on Nitrate and Nitrite, and LB and PG based on Ammonium and Phosphate. MB had larger sediment grain size (D50, sorting) and higher sediment organic matter (Figure 2A). In winter, higher porewater nutrient concentrations also separated sites from the Coorong (PP, N due to nitrous oxides), and MB was separated again by sediment grain size (D50, Sorting) and organic matter (Figure 2B).


[image: Figure 2]
FIGURE 2. Principal Component Analysis (PCA) on the environmental conditions measured at the eight sites across South Australia, in the seasons: (A) Summer, and (B) Winter.




Abundance of Benthic Macrofauna

The average abundance recorded was 18,255 (±1,676 SE) ind.m−2 across the sampling sites in South Australia. Annelida was the phylum with the greatest abundance overall (44%), followed by Mollusca (41%) and Arthropoda (15%) (Supplementary Table 4). The most abundant polychaete families were Capitellidae (mean: 5,588 ind.m−2 ± 1,091 SE) and Nereididae (mostly Simplisetia aequisetis mean: 1,340 ind.m−2 ±291 SE). Arthritica semen (mean: 3,104 ind.m−2 ± 628 SE) and Salinator fragilis (mean: 2,205 ind.m−2 ±288 SE) contributed most to the abundance of Mollusca, while the most abundant arthropods were amphipods (1,536 ind.m−2 ± 466 SE). The total individual densities were significantly different across sites and seasons (PERMANOVA p = 0.0001; Table 3), with significantly higher individual densities at the Coorong lagoon (PP and N), compared to the other six sites (p < 0.01; Supplementary Table 4; Supplementary Figure 3B).


Table 3. Test results from univariate one-way fixed factor PERMANOVA to compare number of taxa (richness), abundance, Shannon diversity index (H'), Pielou's evenness index (J'), Functional: Richness, Evenness, and Redundancy across sites and seasons.
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Taxonomic and Functional Assessment of Benthic Macrofauna

In total, 74 taxa were found across eight sites in South Australia, belonging to six different phyla. Mollusca was the phylum with the highest number of taxa (42%, 31 taxa), followed by Arthropoda (31%, 23 taxa), and Annelida (23%, 17 taxa), while Cnidaria, Echinodermata and Nemertea were represented by only one taxon each (1.4%) (Supplementary Table 5). The taxonomic metrics (species richness, H', J') showed the highest mean values in the coastal embayment habitats (LB, KB) at Coffin Bay, and the lowest mean values in the lagoon (PP, N) at the Coorong (Figure 3). Significant differences between sites and seasons (i.e., the warmest and coldest moth) were found for all three taxonomic metrics (PERMANOVA p = 0.0001; Table 3). The number of taxa was higher in summer than winter at all the sites (Figure 3A). In pairwise comparisons between sites, significant differences in the number of taxa were found for PG and N compared to the other five sites, but only in winter (p < 0.01; Supplementary Figure 3A). The Shannon diversity index ranged from 0 to 1.99, with greater values in summer at the coastal embayment habitats (LB, KB), and one site in the gulfs (PG) and lagoon (N) habitat respectively (Figure 3B). In pairwise comparisons, the majority of the sites were distinct from each other (p < 0.01; Supplementary Figure 3C), apart from the two coastal embayment habitats in Coffin Bay. Pielou's evenness index ranged from 0 and 0.97, following the same patter as H', with greater values at the coastal embayment habitats in summer (Figure 3C). In pairwise comparisons, LB and N were significantly different to the other sites (p < 0.01; Supplementary Figure 3D).


[image: Figure 3]
FIGURE 3. Box plots of (A) number of taxa (S), (B) Shannon diversity index (H'), (C) Pielou's evenness index (J'), (D) Functional Richness, (E) Evenness, and (F) Redundancy across sites and seasons. LB, Long Beach; KB, Kellidie Bay; MB, Middle Beach; PPa, Port Parham; PG, Port Germein, FB, Fisherman Bay; PP, Pelican Point; N, Noonameena.


The most expressed functional trait modalities in the studied benthic communities, based on community-level weighted means (CWM) analyses of trait values, were deposit feeder (feeding mode; contribution: 0.37%), large (>20 mm) body size (contribution: 0.44%), burrower (living habit; contribution: 0.56%), bioirrigator (bioturbation; contribution: 0.56%), sediment position of deeper than 3 cm (contribution: 0.36%), and irregular morphology (contribution: 0.27%) (Figure 4). The CWM values of each compiled functional trait varied significatively across all sites and seasons (Table 4; Figures 4, 5). Most of the CWM trait modalities showed significant differences across sites, except for the trait modalities omnivore and hard exoskeleton. In contrast, significant differences across seasons were less evident for trait modalities (Table 4). In pairwise comparisons, significant differences in CWM trait modalities were also observed among sites and seasons (Figures 4, 5; Table 5, Supplementary Table 6). For example, the functional trait feeding mode showed significant differences in all the trait-modalities at the lagoon habitat (N) compared to all other sites (Supplementary Table 6), and the trait modality sub-surface deposit feeder (feeding mode) and surface shallow <3 cm (Sediment position) were significantly different in summer and winter in six of the eight sites analyzed (Table 5).


[image: Figure 4]
FIGURE 4. Community-weighted means (CWM) of trait-modalities expression. Scale represents the percentage contribution to CWM. Trait modalities labels (acronyms) are defined in Table 2. Long Beach (A) summer, (B) winter; Kellidie Bay (C) summer, (D) winter; Port Germein (E) summer, (F) winter; Fhiserman Bay (G) summer, (H) winter.



Table 4. Summary of the test results from univariate one-way fixed factor PERMANOVA to CWM trait modalities across sites and seasons.
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FIGURE 5. Community-weighted means (CWM) of trait-modalities expression. Scale represents the percentage contribution to CWM. Trait modalities labels (acronyms) are defined in Table 2. Port Parham (A) summer, (B) winter; Middle Beach (C) summer, (D) winter; Pelican Point (E) summer, (F) winter; and Noonameena (G) summer, (H) winter.



Table 5. Summary of PERMANOVA Pair-wise test of CWM trait modalities comparing differences across seasons by sites.
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Functional Richness (FRic), Functional Evenness (FEve), and Functional Redundancy (FR) varied significantly across sites (PERMANOVA p = 0.0001; Table 3). However, FEve was the only metric not significantly different across season (Table 3). The greatest FRic values were found in summer at all sites, with greatest FRic values in the gulf habitat at Upper Gulf St Vincent (Figure 3D). In contrast, the greatest values of FEve were found in winter at the gulf (PG, PPa), and lagoon (N) habitats. In terms of FR (ratio FD/H'), the greatest values were recorded at the two lagoon habitats in the Coorong, showing the lowest functional redundancy (Figures 3E,F). Functional diversity, as FRic, was significant and positively correlated with the number of taxa (R2 = 0.64, p < 0.01, Figures 6A,B). The ratio of FD/H' (i.e., FR) showed a significant but weak negative relationship with the number of taxa (R2 = 0.13, p < 0.01, Figures 6C,D). Also, a significant but weak, positive relationship was identified between FEve and the number of taxa (R2= 0.17, p <0.01, Figures 6E,F). DISTLM analyses revealed that FRic, FEve and FR were mostly influenced by Ammonium, Chlorophyll a, sediment grain size (D50), sorting, sediment organic matter content, Nitrite and temperature (Table 6).


[image: Figure 6]
FIGURE 6. Correlation plots between the number of taxa and (A) Functional Richness, (B) Functional Richness per site, (C) Functional Redundancy, (D) Functional Redundancy per site, (E) Functional Evenneness, and (F) Functional Redundancy per site. LB, Long Beach; KB, Kellidie Bay; MB, Middle Beach; PPa, Port Parham; PG, Port Germein, FB, Fisherman Bay; PP, Pelican Point; N, Noonameena.



Table 6. Result of DISTLM forward analysis.
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Community Analyses of Benthic Macrofauna and Functional Traits

Significant community differences were detected between sites and seasons for both taxa and functional traits (PERMANOVA p = 0.0001, Table 7). The PCO analysis revealed distinct communities across sites and seasons with 47.7% of the variability in taxa composition, and 64.3% of the variability in trait composition (Figure 7). Based on taxa, sites in the Coorong lagoon (PP, N) were separated from other sites, while the gulfs habitats were more closely grouped. A separation according to season was found in KB, FB and PG (Figure 7A, Supplementary Figure 4A). Less distinction emerged based on traits with the most evident seasonal separation in PG and N (Figure 7B, Supplementary Figure 4B).


Table 7. Test results from multivariate one-way fixed factor PERMANOVA to compare the community structure of taxa and traits composition across sites and seasons.
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FIGURE 7. PCO (Principal Coordinates Ordination) plots for benthic assemblages across sites and seasons based on the (A) taxonomic and trait (B) composition. LB, long beach; KB, kellidie bay; MB, middle beach; PPa, port parham; PG, port germein; FB, fisherman bay; PP, pelican point; N, noonameena.




Ecosystem Functioning—Relationship Between Benthic Macrofauna, Functional Traits and Environmental Conditions

Several significant relationships between the benthic taxa, their functional traits and the environmental conditions were identified across sites and season (Figure 8, Supplementary Figures 5–12). In general, the interactions were stronger in summer than winter. The stronger interactions were identified at the coastal embayment habitats in Coffin Bay, while the lagoon habitats showed the weakest interactions between benthic macrofauna, traits and environmental conditions (Figure 8). The six functional traits and their modalities showed significant interactions with environmental conditions across all sites irrespective of season. At the coastal embayment habitats, the trait modality of small (<0.5 mm) body size was correlated to sediment grain size (D50), sub-surface deposit feeder with Chl a, and hard exoskeleton and hard shell with temperature and salinity (Figures 8A,B). The gulfs at the Upper Spencer Gulf showed significant relationships between the trait modalities filter suspension, small and medium body size, and pH, salinity, and sediment grain size (Figures 8C,D). In the other gulf habitats at the Upper Gulf St Vincent, significant relationships were found between the trait modalities deposit feeder, hard exoskeleton and Chl a, with correlations between large body size and tube dwelling to salinity and temperature, and burrower to Nitrate (Figures 8E,F). At the lagoon habitats in the Coorong, the magnitude of the interactions between benthic macrofauna traits and environmental conditions was lower compared to the other sites. In PP interactions between the trait modalities biodiffusor, surface shallow <3cm and temperature were identified, as well as several trait modalities influenced by Ammonium and Phosphate, while for N the feeding modes filter suspension and sub-surface deposit feeder were influenced by Chl a and salinity (Figures 8G,H).


[image: Figure 8]
FIGURE 8. Level plot for the fourth corner interaction (taxa abundance, traits, and environmental conditions) using NB-GLLVM showing the interactions by site and seasons. The colour scale indicates significant interactions and magnitudes of the point estimates. (A) Long Beach, (B) Kellidie Bay, (C) Port Germein, (D) Fhiserman Bay, (E) Port Parham, (F) Middle Beach, (G) Pelican Point, and (H) Noonameena.





DISCUSSION


Patterns of Taxonomic and Functional Metrics

Spatial and temporal patterns of benthic communities, based on taxonomic and functional metrics, elucidated variation in benthic macrofauna diversity and functional traits, suggesting differences in ecosystem functioning across habitats and seasons. The theory proposed by various researchers states that greater taxonomic biodiversity will increase the number of expressed traits, resulting in greater functional diversity, and therefore greater effects on ecosystem functioning (Tilman et al., 1996; Loreau et al., 2002; Reiss et al., 2009). However, correlations between taxonomic and functional metrics have yielded highly variable results, often mediated by environmental context and habitat heterogeneity (Hewitt et al., 2008; Strong et al., 2015; Kokarev et al., 2017; Thrush et al., 2017). In this study, we identified positive relationships between taxonomic and functional metrics, and ascertained that habitats with greater number of taxa and diversity (H') also showed high Functional Diversity FD (as FRic, FEve and FR), as previously reported in other marine and estuarine systems (e.g., Wong and Dowd, 2015; Hajializadeh et al., 2020; Delfan et al., 2021; Shojaei et al., 2021).

Yet, we also found that taxonomic and functional diversity of benthic communities were site-dependent and varied across the two studied seasons, similar to findings reported in other studies (e.g., Wong and Dowd, 2015; Gladstone-Gallagher et al., 2017; Gammal et al., 2019). The differences of FD (i.e., FRich, FEve, FR) across sites and seasons could be determined by several factors: (i) abundance, diversity and taxa, and (ii) specific environmental conditions and benthic habitat characteristics (e.g. sediment organic matter, grain size, sorting), as described in previous studies (e.g., Hewitt et al., 2008; Shojaei et al., 2015; Henseler et al., 2019; Cappelatti et al., 2020). FRic and FR were greater across all the sites in summer compared to winter, suggesting that the expression of traits was greater in summer. The lower FD in winter could be explained by a temporary decrease of benthic taxa (e.g., bivalves, crustaceans, polychaetes) with specific functional traits modalities or redundant taxa (Loreau et al., 2002), similar to seasonal patterns in cold temperate ecosystems in the Northern hemisphere (e.g., Kröncke et al., 2013; Shojaei et al., 2021).

The two sites at the Coorong lagoon showed a distinctive pattern compared to other habitats, with a low number of taxa but greater FR (ratio FD/H'), indicating low functional redundancy. The low number of taxa could be explained by the habitat characteristics and environmental conditions of the Coorong (e.g., high salinity, eutrophication) (Dittmann et al., 2015; Mosley et al., 2020). Low functional redundancy arising from few taxa occupying the available functional space with few common traits shared, can indicate vulnerability to future functioning loss, as suggested by van der Linden et al. (2012) and Gammal et al. (2020). In this case, 14 taxa accounted for the low functional redundancy across PP and N, and were dominated by the polychaete Capitella sp. and the insect larvae Chironomidae, which shared traits related to opportunistic behaviors in disturbed habitats (e.g., free living, scavenger, deposit feeder, surface shallow sediment position).

Functional traits and their modalities also varied across sites and seasons, as a result of changes in the benthic macrofauna. Such spatial and temporal differences in functional traits resulting from environmental conditions and habitat complexity are not uncommon in mudflats (e.g., Wong and Dowd, 2015; Gusmao et al., 2016; Henseler et al., 2019; Hajializadeh et al., 2020; Mestdagh et al., 2020). The multivariate (PCO) analysis for both taxonomic and functional trait composition showed a separation based on the site and season. However, the grouping based on traits was less evident, indicating different patterns of alignment between the two metrics. The functional traits and their modalities were thus more homogenous than the taxonomic composition across sites and seasons. For example, the taxonomic composition of the Coorong lagoon was differentiated from the other habitats, but the multivariate structure of the functional traits in this habitat was similar to the other habitats. Such patterns could result from functional redundancy, when different taxa share few common traits, or new taxa added until all traits are represented, or a combination of both (Schulze and Mooney, 1993; Loreau et al., 2002; van der Linden et al., 2012; Gammal et al., 2020).



Linkages Between Benthic Macrofauna, Functional Traits and Environmental Conditions

In this study, the relationships between benthic macrofauna, functional traits and environmental conditions varied across sites and seasons, potentially indicating that, depending on the benthic composition and trait expression, some ecosystem functioning derived from these relationships may be different across habitats. In the absence of direct measurements, insights into ecosystem functioning can be inferred from knowledge of the linkages between taxa, traits and environmental conditions (Wong and Dowd, 2015; Lam-Gordillo et al., 2020a; Delfan et al., 2021). In our study, the trait modalities bioirrigator, surface modifier (“Bioturbator” trait), burrower, free-living (“Living habit”), deeper than 3 cm and bentho-pelagic (“Sediment position”) were commonly expressed. These trait modalities showed strong relationships with the sediment characteristics (D50, sorting) at each habitat, showing that muddy to sandy sediments were most suitable for burrowers and free-living organisms (Liu et al., 2019), which increases sediment oxygenation and nutrient cycling from benthic macrofauna activities (Lam-Gordillo et al., 2020a; Delfan et al., 2021).

The trait “feeding mode” was related with environmental conditions in most of the cases across sites and seasons, as it is fundamental for the structural complexity and trophic status of benthic ecosystems (Pearson and Rosenberg, 1978). In our study, the trait modality of deposit feeder was expressed more in summer. Deposit feeders are generally dominant in muddy sediments (Rhoads and Young, 1970; Hajializadeh et al., 2020), and the sediment grain size (D50 and sorting) was smaller in summer compared to winter. The deposit feeders and grazer trait modalities were also expressed most at sites where high concentrations of Chl a were found, as they feed on microphytobenthos (e.g., Wong and Dowd, 2015; Daggers et al., 2020). The relationship of different feeding mode modalities with sediment conditions and primary productivity could also indicate differentiation in the use of resources, food availability, and prey accessibility across sites and seasons (Norkko et al., 2013; Weigel et al., 2016; Sivadas et al., 2020).

The traits for “body size” and “morphology” also varied across sites and seasons, but the trait modalities large body size and irregular body shape were important at almost all sites. Body size is a relevant trait for assessing ecosystem functioning that can be correlated with other traits and provide insight to processes such as nutrient cycling, sediment reworking and energy fluxes (Norkko et al., 2013; Hillman et al., 2020). Large individuals related most to environmental conditions at the studied habitats, however, small and medium body size were the trait modalities most expressed at the lagoon habitats, probably as a result of the large-scale fluctuations in salinity and eutrophic conditions in the Coorong (Dittmann et al., 2015; Mosley et al., 2020).

Environmental conditions correlated most with benthic macrofauna-traits were chlorophyll a, organic matter, sediment grain size (D50 and sorting) and concentrations of ammonium. Functional diversity (i.e., FRic, FEve, FR) was also correlated with the environmental conditions Chlorophyll a, sediment grain size (D50), sediment organic matter content, temperature, ammonium, and nitrite, supporting the pattern found with the linkages between taxa-traits and environmental conditions. The findings from both perspectives (i.e., correlation between taxa-traits, and environment conditions, and functional diversity), suggest that across the surveyed sites the ecosystem functioning mostly occurring includes nutrient cycling, productivity, and sediment stability and transport (Norkko et al., 2013; Wong and Dowd, 2015, Hajializadeh et al., 2020; Lam-Gordillo et al., 2020a; Delfan et al., 2021).



Implications of Functional Diversity for Conservation and Management

Across the south Australian coast, different patterns in benthic taxa, functional traits and functional diversity were identified, as a result of site-dependent environmental conditions and habitat characteristics. In addition, anthropogenic activities are also shaping the benthic communities and their trait expression. The lagoon showed the lowest functional redundancy compared to other habitats, indicating that the functional traits expressed were less common, and only few taxa occupied the available functional space. It has been proposed that the greater the number of taxa and traits expressed in an ecosystem (i.e., functionality), the greater probability of taxa and traits to persist and maintain ecosystem functioning (van der Linden et al., 2012; Kokarev et al., 2017; Murillo et al., 2020). Our findings could thus indicate that the lagoon is vulnerable to further loss of benthic taxa and structural changes (i.e., ecosystem functioning loss) caused by anthropogenic or natural environmental changes. In contrast, benthic communities in the coastal embayment showed high functional richness and redundancy, suggesting that these sites are more resilient and are more likely to maintain their ecosystem functioning if an event of change (i.e., taxa loss) occurs.




CONCLUSION

This study identified spatial and temporal patterns of benthic communities, based on both taxonomic and functional metrics. Functional diversity and expression of functional traits were site-dependent and different across habitats, which could be explained by the benthic community at each site, the influence of environmental conditions and habitat complexity. Correlations between benthic macrofauna, functional traits and environmental conditions were mostly driven by deposit feeders with large and irregular body organisms, performing bioirrigation and burrowing deep into the sediment. Thus, ecosystem functioning would be most affected by the loss of taxa displaying these traits. Our findings corroborate that using both taxonomic and functional metrics is complementary for conservation and management seeking to maintain biodiversity with the implicit understanding that ecosystem functioning will also be maintained. The outcomes presented here advance the understanding of the relationship between benthic taxa, functional traits and environmental conditions in tidal flats. Understanding those relationships will further enable us to predict how ecosystem functioning changes with biodiversity loss, and could potentially help to improve management to ensure healthy functioning of intertidal benthic ecosystems.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.



AUTHOR CONTRIBUTIONS

OL-G and SD conceived the original ideas for the manuscript. OL-G developed the outline, collected, and analyzed the data, prepared the figures and tables and wrote the manuscript with some contributions to drafting from RB and SD and critical refinement by SD. All authors contributed to the article and approved the submitted version.



ACKNOWLEDGMENTS

We would like to thank the volunteers J. Nitschke, J. Kent, J. Willoughby, L. Schroder and R. Klima, who contributed to field sampling. Raj Indela and the Environmental Health department (Flinders University) for assistance in using the Skalar SAN ++ SFA segmented flow analyser. We also thank the Department for Environment and Water (DEW) for allowing us to sample in Marine Park zones (Permits: MO00138-1, MO00138-2-R, MO00038-4-R, MO00038-6-R, MR00090-4-R, MR00090-5-R). Collection of marine specimens was carried out under Ministerial Exemptions from Department of Primary Industries and Resources, South Australia (PIRSA: ME9903005, ME9903067) and DEW Scientific Research permits (E26805-1, M26105-7, M26105-8, M26531-3, M26531-4). The authors also acknowledge Jenni Niku (University of Jyväskylä, Finland) for her assistance and comments toward the gllvm analyses. OL-G is also grateful for support from the CONACYT (the Mexican National Council for Science and Technology) Scholarship (Grant No.709642) and a sponsorship from Flinders University, Australia. The authors also acknowledge the Editor, and two reviewers for helpful comments and suggestions that improved the manuscript.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmars.2021.723749/full#supplementary-material



REFERENCES

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


 Baldrighi, E., Giovannelli, D., D'Errico, G., Lavaleye, M., and Manini, E. (2017). Exploring the relationship between macrofaunal biodiversity and ecosystem functioning in the deep sea. Front. Mar. Sci. 4:198. doi: 10.3389/fmars.2017.00198


 Beauchard, O., Veríssimo, H., Queirós, A. M., and Herman, P. M. J. (2017). The use of multiple biological traits in marine community ecology and its potential in ecological indicator development. Ecol. Indi. 76, 81–96. doi: 10.1016/j.ecolind.2017.01.011


 Belley, R., and Snelgrove, P. V. R. (2016). Relative contributions of biodiversity and environment to benthic ecosystem functioning. Front. Mar. Sci. 3:242. doi: 10.3389/fmars.2016.00242


 Blott, S. J., and Pye, K. (2001). GRADISTAT: a grain size distribution and statistics package for the analysis of unconsolidated sediments. Earth. Surf. Process. Landf. 26, 1237–1248. doi: 10.1002/esp.261


 Borja, A., Franco, J., and Pérez, V. (2000). A marine biotic index to establish the ecological quality of soft-bottom benthos with European estuarine and coastal environments. Mar. Pollut. Bull. 40, 1100–1114. doi: 10.1016/S0025-326X(00)00061-8

 Bremner, J. (2008). Species' traits and ecological functioning in marine conservation and management. J. Exp. Mar. Biol. Ecol. 366, 37–47. doi: 10.1016/j.jembe.2008.07.007


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


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


 Bureau of Meteorology (2021). Average Annual, Seasonal and Monthly Temperature. Available online at: http://www.bom.gov.au/ (accessed April 23, 2020).


 Cappelatti, L., Mauffrey, A. R. L., and Griffin, J. N. (2020). Functional diversity of habitat formers declines scale-dependently across an environmental stress gradient. Oecologia 194, 135–149. doi: 10.1007/s00442-020-04746-1

 Caswell, B. A., Paine, M., and Frid, C. L. J. (2018). Seafloor ecological functioning over two decades of organic enrichment. Mar. Pollut. Bull. 136, 212–229. doi: 10.1016/j.marpolbul.2018.08.041

 Clarke, K. R., Gorley, R. N., Somerfield, P. J., and Warwick, R. M. (2014). Change in Marine Communities: An Approach to Statistical Analysis and Interpretation, 3rd Edn. Plymouth: PRIMER-E Ltd.


 Daggers, T. D., Oevelen, D., Herman, P. M. J., Boschker, H. T. S., and Wal, D. (2020). Spatial variability in macrofaunal diet composition and grazing pressure on microphytobenthos in intertidal areas. Limnol. Oceanogr. 65, 2819–2834. doi: 10.1002/lno.11554


 de Juan, S., Hewitt, J., Thrush, S., and Freeman, D. (2015). Standardising the assessment of functional integrity in benthic ecosystems. J. Sea Res. 98, 33–41. doi: 10.1016/j.seares.2014.06.001


 Degen, R., Aune, M., Bluhm, B. A., Cassidy, C., et al. (2018). Trait-based approaches in rapidly changing ecosystems: s roadmap to the future polar oceans. Ecol. Indi. 91, 722–736. doi: 10.1016/j.ecolind.2018.04.050


 Delfan, N., Shojaei, M. G., and Naderloo, R. (2021). Patterns of structural and functional diversity of macrofaunal communities in a subtropical mangrove ecosystem. Estuar. Coast. Shelf Sci. 252:107288. doi: 10.1016/j.ecss.2021.107288


 Díaz, S., and Cabido, M. (2001). Vive la difference: plant functional diversity matters to ecosystem process. Trends Ecol. Evol. 16, 646–655. doi: 10.1016/S0169-5347(01)02283-2


 Dittmann, S., Baring, R., Baggalley, S., Cantin, A., Earl, J., Gannon, R., et al. (2015). Drought and flood effects on macrobenthic communities in the estuary of Australia's largest river system. Estuar. Coast. Shelf Sci. 165, 36–51. doi: 10.1016/j.ecss.2015.08.023


 Dutertre, M., Hamon, D., Chevalier, C., and Ehrhold, A. (2013). The use of the relationships between environmental factors and benthic macrofaunal distribution in the establishment of a baseline for coastal management. ICES J. Mar. Sci. J. Conseil. 70, 294–308. doi: 10.1093/icesjms/fss170


 Emmerson, M. C., Solan, M., Emes, C., Paterson, D. M., and Raffaelli, D. (2001). Consistent patterns and the idiosyncratic effects of biodiversity in marine ecosystems. Nature 411, 73–77. doi: 10.1038/35075055

 Folk, R. L., and Ward, W. C. (1957). A study in the significance of grain-size parameters. J. Sedimentary Petrol. 27, 3–26.


 Frid, C. L. J., and Caswell, B. A. (2015). Is long-term ecological functioning stable: the case of the marine benthos? J. Sea Res. 98, 15–23. doi: 10.1016/j.seares.2014.08.003


 Gammal, J., Hewitt, J., Norkko, J., Norkko, A., and Thrush, S. (2020). Does the use of biological traits predict a smooth landscape of ecosystem functioning? Ecol. Evol. 10, 10395–10407. doi: 10.1002/ece3.6696

 Gammal, J., Järnström, 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


 Gladstone-Gallagher, R. V., Needham, H. R., Lohrer, A. M., Lundquist, C. J., and Pilditch, C. A. (2017). Site-dependent effects of bioturbator-detritus interactions alter soft-sediment ecosystem function. Mar. Ecol. Prog. Ser. 569, 145–161. doi: 10.3354/meps12086


 Gusmao, J. B., Brauko, K. M., Eriksson, B. K., and Lana, P. C. (2016). Functional diversity of macrobenthic assemblages decreases in response to sewage discharges. Ecol. Indi. 66, 65–75. doi: 10.1016/j.ecolind.2016.01.003


 Hajializadeh, P., Safaie, M., Naderloo, R., Shojaei, M. G., Gammal, J., Villnäs, A., et al. (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


 Henseler, C., Nordström, M. C., Törnroos, A., Snickars, M., Pecuchet, L., Lindegren, M., et al. (2019). Coastal habitats and their importance for the diversity of benthic communities: a species- and trait-based approach. Estuar. Coast. Shelf Sci. 226:106272. doi: 10.1016/j.ecss.2019.106272


 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


 Hillebrand, H., and Matthiessen, B. (2009). Biodiversity in a complex world: consolidation and progress in functional biodiversity research. Ecol. Lett. 12, 1405–1419. doi: 10.1111/j.1461-0248.2009.01388.x

 Hillman, J. R., Lundquist, C. J., O'Meara, T. A., and Thrush, S. F. (2020). Loss of large animals differentially influences nutrient fluxes across a heterogeneous marine intertidal soft-sediment ecosystem. Ecosystems 24, 272–283. doi: 10.1007/s10021-020-00517-4


 Honkoop, P. J. C., Pearson, G. B., Lavaleye, M. S. S., and Piersma, T. (2006). Spatial variation of the intertidal sediments and macrozoo-benthic assemblages along Eighty-mile Beach, North-western Australia. J. Sea Res. 55, 278–291. doi: 10.1016/j.seares.2005.11.001


 Hooper, D. U., Chapin, F. S., Ewel, J. J., Hector, A., Inchausti, P., Lavorel, S., et al. (2005). Effects of biodiversity on ecosystem functioning; a consensus of current knowledge. Ecol. Monogr. 75, 3–35. doi: 10.1890/04-0922

 Kassambara, A. (2020). ggpubr R Package: ggplot2-Based Publication Ready Plots. https://CRAN.R-project.org/package=ggpubr (accessed June 27, 2020).


 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


 Kraan, C., Aarts, G., Piersma, T., and Dormann, C. F. (2013). Temporal variability of ecological niches: a study on intertidal macrobenthic fauna. Oikos 122, 754–760. doi: 10.1111/j.1600-0706.2012.20418.x


 Kristensen, E., Delefosse, M., Quintana, C. O., Flindt, M. R., and Valdemarsen, T. (2014). Influence of benthic macrofauna community shifts on ecosystem functioning in shallow estuaries. Front. Mar. Sci. 1:41. doi: 10.3389/fmars.2014.00041


 Kröncke, I., Reiss, H., and Dippner, J. W. (2013). Effects of cold winters and regime shifts on macrofaunal communities in shallow coastal regions. Estuar. Coast. Shelf Sci. 119, 79–90. doi: 10.1016/j.ecss.2012.12.024


 Laliberté, E., and Legendre, P. (2010). A distance-based framework for measuring functional diversity from multiple traits. Ecology 91, 299–305. doi: 10.1890/08-2244.1

 Laliberté, E., Legendre, P., and Shipley, B. (2014). FD: measuring functional diversity from multiple traits, and other tools for functional ecology. R package version 1.0-12. Available online at: https://cran.r-project.org/web/packages/FD/index.html (accessed August 19, 2014).


 Lam-Gordillo, O., Baring, R., and Dittmann, S. (2020a). Ecosystem functioning and functional approaches on marine macrobenthic fauna: A research synthesis towards a global consensus. Ecol. Indi. 115:106379. doi: 10.1016/j.ecolind.2020.106379


 Lam-Gordillo, O., Baring, R., and Dittmann, S. (2020b). Establishing the South Australian Macrobenthic Traits (SAMT) database: a trait classification for functional assessments. Ecol. Evol. 10, 14372–14387. doi: 10.1002/ece3.7040

 Liu, K., Lin, H., He, X., Huang, Y., Li, Z., Lin, J., et al. (2019). Functional trait composition and diversity patterns of marine macrobenthos across the Arctic Bering Sea. Ecol. Indi. 102, 673–685. doi: 10.1016/j.ecolind.2019.03.029


 Loreau, M., Naeem, S., and Inchausti, P. (2002). Biodiversity and Ecosystem Functioning. Oxford: Oxford University Press.


 Mason, N. W. H., Mouillot, D., Lee, W. G., and Wilson, J. B. (2005). Functional richness, functional evenness and functional divergence: the primary components of functional diversity. Oikos 111, 112–118. doi: 10.1111/j.0030-1299.2005.13886.x


 McArdle, B. H., and Anderson, M. J. (2001). Fitting multivariate models to community fitting multivariate models to community data: a comment on distance-based redundancy analysis. Ecology 82, 290–297. doi: 10.1890/0012-9658(2001)082[0290:FMMTCD]2.0.CO;2


 Meadows, P. S., Meadows, A., and Murray, J. M. H. (2012). Biological modifiers of marine benthic seascapes: their role as ecosystem engineers. Geomorphology 157, 31–48. doi: 10.1016/j.geomorph.2011.07.007


 Mestdagh, S., Fang, X., Soetaert, K., Ysebaert, T., Moens, T., and Van Colen, C. (2020). Seasonal variability in ecosystem functioning across estuarine gradients: the role of sediment communities and ecosystem processes. Mar. Environ. Res. 162:105096. doi: 10.1016/j.marenvres.2020.105096

 Miatta, M., Bates, A. B., and Snelgrove, P. V. R. (2021). Incorporating biological traits into conservation strategies. Annu. Rev. Mar. Sci. 13, 421–443. doi: 10.1146/annurev-marine-032320-094121

 Mosley, L. M., Priestley, S., Brookes, J., Dittmann, S., Farka,š, J., Farrell, M., et al. (2020). Coorong Water Quality Synthesis With a Focus on the Drivers of Eutrophication. Goyder Institute for Water Research Technical Report Series No. 20/10.


 Mouchet, M. A., Villéger, S., Mason, N. W. H., and Mouillot, D. (2010). Functional diversity measures: an overview of their redundancy and their ability to discriminate community assembly rules. Funct. Ecol. 24, 867–876. doi: 10.1111/j.1365-2435.2010.01695.x


 Murillo, F. J., Weigel, B., Bouchard M.armen, M., Kenchington, E., and Dong, Y. (2020). Marine epibenthic functional diversity on Flemish Cap (north-west Atlantic)—Identifying trait responses to the environment and mapping ecosystem functions. Divers Distrib. 26, 460–478. doi: 10.1111/ddi.13026


 Nakazawa, M. (2019). fmsb: Functions for Medical Statistics Book with some Demographic Data. R package version 0.7.0. Available online at: https://CRAN.R-project.org/package=fmsb (accessed May 11, 2021).


 Niku, J., Brooks, W., Herliansyah, R., Hui, F. K. C., Taskinen, S., and Warton, D. I. (2020). gllvm: Generalized Linear Latent Variable Models. R package version 1.2.2. Available online at: https://CRAN.R-project.org/package=gllvm (accessed July 28, 2021).


 Niku, J., Hui, F. K. C., Taskinen, S., and Warton, D. I. (2019). gllvm: Fast analysis of multivariate abundance data with generalized linear latent models in R. Methods Ecol. Evol. 10, 2173–2182. doi: 10.1111/2041-210X.13303


 Niku, J., Hui, F. K. C., Taskinen, S., and Warton, D. I. (2021). Analyzing environmental-trait interactions in ecological communities with fourth-corner latent variable models. Envirometrics. e2683, 1–17. doi: 10.1002/env.2683


 Norkko, A., Villnas, 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

 Nunes de Souza, J. V., Martins Vieira, M. L., De Assis, J. E., Zanardi – Lamardo, E., Gomes, P. B., and Botelho de Souza, J. R. (2021). Responses of functional traits of macrobenthic communities on the presence of Polycyclic Aromatic Hydrocarbons contamination in three tropical estuaries. Estuar. Coast. Shelf Sci. 250:107105. doi: 10.1016/j.ecss.2020.107105


 Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., McGlinn, et al. (2019). vegan: Community Ecology Package. R package version 2.5-6. Available online at: https://CRAN.R-project.org/package=vegan (accessed November 28, 2020).


 Pearson, T. H., and Rosenberg, R. (1978). Macrobenthic succession in relation to organic enrichment and pollution of the marine environment. Oceanogr. Mar. Biol. Annu. Rev. 16, 229–311.


 R Core Team (2017). R: A Language and Environment for Statistical Computing. Vienna: R Foundation for Statistical Computing. Available online at: https://www.R-project.org/ (accessed May 20, 2021).


 Reise, K. (1985). Tidal Flat Ecology: An Experimental Approach to Species Interactions. Berlin: Springer-Verlag. doi: 10.1007/978-3-642-70495-6


 Reiss, J., Bridle, J. R., Montoya, J. M., and Woodward, G. (2009). Emerging horizons in biodiversity and ecosystem functioning research. Trends Ecol. Evol. 24, 505–514. doi: 10.1016/j.tree.2009.03.018

 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.


 Ritchie, R. J. (2008). Universal chlorophyll equations for estimating chlorophylls a, b, c, and d and total chlorophylls in natural assemblages of photosynthetic organisms using acetone, methanol, or ethanol solvents. Photosynthetica 46, 115–126. doi: 10.1007/s11099-008-0019-7


 Sarkar, D. (2008). Lattice: Multivariate Data Visualization with R. New York, NY: Springer. doi: 10.1007/978-0-387-75969-2


 Schulze, E.-D., and Mooney, H. A. (1993). Biodiversity and Ecosystem Function. Berlin: Springer-Verlag. doi: 10.1007/978-3-642-58001-7


 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


 Shojaei, M. G., Gutow, L., Dannheim, J., Schröder, A., and Brey, T. (2021). Long-term changes in ecological functioning of temperate shelf sea benthic communities. Estuar. Coast. Shelf Sci. 249:107097. doi: 10.1016/j.ecss.2020.107097


 Short, A. D. (2020). Australian Coastal Systems. Beaches, Barriers and Sediment Compartments. Cham: Springer Nature. doi: 10.1007/978-3-030-14294-0_35


 Sivadas, S. K., Singh, D. P., and Saraswat, R. (2020). Functional and taxonomic (α and β) diversity patterns of macrobenthic communities along a depth gradient (19–2639 m): a case study from the southern Indian continental margin. Deep Sea Res. I. 159:103250. doi: 10.1016/j.dsr.2020.103250


 Snelgrove, P. V., Thrush, S. F., Wall, D. H., and Norkko, A. (2014). Real world biodiversity-ecosystem functioning: a seafloor perspective. Trends Ecol. Evol. 29, 398–405. doi: 10.1016/j.tree.2014.05.002

 Snelgrove, P. V. R. (1997). The importance of marine sediment biodiversity in ecosystem processes. Ambio 26, 578–583.

 Strong, J. A., Andonegi, E., Bizsel, K. C., Danovaro, R., et al. (2015). Marine biodiversity and ecosystem function relationships: The potential for practical monitoring applications. Estuar. Coast. Shelf Sci. 161, 46–64. doi: 10.1016/j.ecss.2015.04.008


 Taupp, T., and Wetzel, M. A. (2019). Functionally similar but taxonomically different: Benthic communities in 1889 and 2006 in an industrialized estuary. Estuar. Coast. Shelf Sci. 217, 292–300. doi: 10.1016/j.ecss.2018.11.012


 Thomas, S., Pilditch, C. A., Thrush, S. F., Baltar, F., Crawshaw, J. A., Thomson, B., et al. (2020). Does the size structure of venerid clam populations affect ecosystem functions on intertidal sandflats? Estuar. Coasts. 44, 242–252. doi: 10.1007/s12237-020-00774-5


 Thrush, S. F, Hewitt, J. E., Gibbs, M., Lundquist, C., and Norkko, A. (2006). Functional role of large organisms in intertidal communities: community effects and ecosystem function. Ecosystems 9, 1029–1040. doi: 10.1007/s10021-005-0068-8


 Thrush, S. F., Hewitt, J. E., Kraan, C., Lohrer, A. M., Pilditch, C. A., and Douglas, E. (2017). Changes in the location of biodiversity-ecosystem function hot spots across the seafloor landscape with increasing sediment nutrient loading. Proc. Biol. Sci. 284:20162861. doi: 10.1098/rspb.2016.2861

 Tilman, D., Wedin, D., and Knops, J. (1996). Productivity and sustainability influenced by biodiversity in grassland ecosystems. Nature 379, 718–720. doi: 10.1038/379718a0

 Tweedley, J. R., Warwick, R. M., and Potter, I. C. (2015). Can biotic indicators distinguish between natural and anthropogenic environmental stress in estuaries? J. Sea Res. 102, 10–21. doi: 10.1016/j.seares.2015.04.001


 van der Linden, P., Patrício, J., Marchini, A., Cid, N., Neto, J. M., and Marques, J. C. (2012). A biological trait approach to assess the functional composition of subtidal benthic communities in an estuarine ecosystem. Ecol. Indi. 20, 121–133. doi: 10.1016/j.ecolind.2012.02.004


 van der Plas, F. (2019). Biodiversity and ecosystem functioning in naturally assembled communities. Biol. Rev. Camb. Philos. Soc. 94, 1220–1245. doi: 10.1111/brv.12499

 Villeger, 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

 Wei, T., and Simko, V. (2017). R Package “corrplot”: Visualization of a Correlation Matrix (Version 0.84). Available online at: https://github.com/taiyun/corrplot (accessed May 20, 2021).


 Weigel, B., Blenckner, T., and Bonsdorff, E. (2016). Maintained functional diversity in benthic communities in spite of diverging functional identities. Oikos 125, 1421–1433. doi: 10.1111/oik.02894


 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. Estuar. Coasts. 38, 2323–2336. doi: 10.1007/s12237-015-9967-x


 Wright, J. P., Naeem, S., Hector, A., Lehman, C., Reich, P. B., Schmid, B., et al. (2006). Conventional functional classification schemes underestimate the relationship with ecosystem functioning. Ecol. Lett. 9, 111–120. doi: 10.1111/j.1461-0248.2005.00850.x

 Wyness, A. J., Fortune, I., Blight, A. J., Browne, P., Hartley, M., Holden, M., et al. (2021). Ecosystem engineers drive differing microbial community composition in intertidal estuarine sediments. PLoS ONE 16:e0240952. doi: 10.1371/journal.pone.0240952

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.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Lam-Gordillo, Baring and Dittmann. 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-08-723749-t005.jpg
Trait modality

Biodiffusor
Bioingator

No bioturbation

Surface modifier

Large (>20mm)

Medium (5-20mm)

Small (0.5-5 mm)

Deposit feeder
Filter/suspension
Grazer/scraper

Omnivore

Predator
Scavenger/opportunist
Sub-surface deposit feeder
Attached/sesslle

Burrower

Free liing / Surface crawier
Tube dweling

Hard

Hard exoskeleton

Hard shel

Irregular

Round

Fragile/Soft

Vermiform

Attached

Bentho-pelagic

Deeper than 3cm

Surface shallow <3cm

P-values are presented, and significant differences are shown in bold. NC, not computed.

LB

0.0808
0.0038
0.0003
0.4664
0.0545
0.0607
0.1382
0.0500
0.9546
0.1667
NC
0.5465
0.9692
0.0079
0.4852
0.0006
0.0008
0.6939
NC
0.3430
0.6447
0.8756
NC
0.8881
0.8762
NC
0.0148
0.0028
0.4770

KB

0.2851
0.1372
0.8082
0.0155
0.0403
0.0062
0.6092
0.1671
0.7268
0.2035
NC
0.0824
0.2651
0.0032
0.0975
0.2789
0.256
0.114
NC
0.0022
0.2025
0.01
NC
0.0449
0.0069
NC
0.4107
0.4188
0.0088

PG

0.0001
0.2081
0.0246
0.0001
0.0004
0.0078
0.0039
0.0001
0.0001
0.0001
NC
0.0013
0.0012
0.0166
NC
0.3393
0.7733
0.0003
NC
0.2211
0.0001
0.0001
NC
0.0001
0.0001
NC
0.0162
0.7602
0.0577

FB

0.5609
0.0209
0.2672
0.1987
0.0093
0.0001
0.0183
0.5138
0.145
0.016
NC
0.1577
0.0933
00747

0.4309
0.9636
0.0018
NC
0.2039
0.0001
0.0018
NC
0.0001
0.0318
NC
0.0772
0.1183
0.0022

PPa

0.9926
0.0476
0.0001
0.8288
0.9374
0.0089
0.0007
0.4424
0.6975
0.009
NC
0.3533
0.766
0.0001

09166
0.5442
0.1343
NC
0.8692
0.0004
0.0006
NC
00747
0.0002
NC
0.0004
0.4579
0.0001

0.4877
0.857
0.1454
0.364
0.0638
0.6922
0.0091
0.739
0.9878
0.0011
NC
0.594
0.0744
0.0027
0.017
0.3287
0.8337
0.5659
NC
0.5532
0.0407
0.1223
NC
0.4299
0.0236
NC
0.5379
05157
0.0054

PP

0.1096
0.5886
0.0003
0.0001
0.0004
0.5593
0.0001
0.0804
0.3485
0.0061
NC
0.239
0.7113
0.0001
NC
0.001
0.014
0.0019
NC
NC
0.0065
0.7021
0.4272
0941
0.0525
NC
0.0044
0.0688
0.0001

0.0001
0.0001
0.0001
0.0008
0.0001
0.0006
0.0001
0.0011
0.0001
0.082
NC
0.0002
0.0001
0.0001
NC
0.0001
0.0001
0.0001
NC
NC
0.0001
0.0001
0.0001
0.0001
0.0001
NC
0.0001
0.0001
0.0001





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Taxonomic and Functional Patterns of Benthic Communities in Southern Temperate Tidal Flats



		Introduction



		Materials and Methods



		Study Area



		Data Collection and Laboratory Procedures



		Data Analysis



		Environmental Data Analysis



		Selection of Traits and Trait Information



		Taxonomic and Functional Analysis



		Statistical Analysis













		Results



		Environmental Conditions



		Abundance of Benthic Macrofauna



		Taxonomic and Functional Assessment of Benthic Macrofauna



		Community Analyses of Benthic Macrofauna and Functional Traits



		Ecosystem Functioning—Relationship Between Benthic Macrofauna, Functional Traits and Environmental Conditions







		Discussion



		Patterns of Taxonomic and Functional Metrics



		Linkages Between Benthic Macrofauna, Functional Traits and Environmental Conditions



		Implications of Functional Diversity for Conservation and Management







		Conclusion



		Data Availability Statement



		Author Contributions



		Acknowledgments



		Supplementary Material



		References

















OPS/images/fmars-08-723749-t004.jpg
Trait Trait modality Site  Season Site x Season

Bioturbator  Biodiffusor 00001 0.0001 0.0001
Bioirrigator 00001 0.0964 0.0001
No bioturbation 0.0001 0.8628 0.0001
Surface modifier 00001 03006 0.0001
Bodysize  Large (>20mm) 00001 08339 0.0001
Medium (6-2 Omm) 0.0001  0.0002 0.0001
Small (0.5-5mm) 00001 0.0001 0.0001
Feeding  Deposit feeder 00001 00109 0.0001
mode Fiter/suspension 00001 0.0010 0.0001
Grazer/scraper 0.0001 0.8023 0.0001
Ormnivore 05601 02277 07073
Predator 0.0001  0.0048 0.0001
Scavenger/opportunist 00001 0.0025 0.0001
Sub-surface deposit feeder  0.0001  0.0001 0.0001
Living habit ~ Attached/sessile 00075 0.7358 0.0002
Burrower 0.0001  0.0096 0.0001
Free living / Surface crawler  0.0001  0.0001 0.0001
Tube dweling 00001 0.0001 0.0001
Morphology ~ Hard NC NC NC
Hard exoskeleton 0101 0.0320 0.0639
Hard shel 0.0001  0.0044 0.0001
Irreguiar 00001  0.0429 0.0001
Round 0.0001  0.0001 0.0001
Fragile/Soft 00001  0.1578 0.0001
Vermiform 0.0001  0.0001 0.0001
Sediment  Attached NC NC NG
position Bentho-pelagic 0.0001 0.1985 0.0001
Deeper than 3om 00001 0.0001 0.0001
Surface shallow <3cm 0.0001  0.0001 0.0001

P-values are presented, and significant differences are shown in bold. NC, not computed.





OPS/images/fmars-08-723749-t007.jpg
Taxa

Site

Season

Site x Season
Residual
Traits

Site

Season

Site x Season
Residual

df

7
224

Ms

61012.00

19426.00

13669.00
891.23

7653.40

6781.40

2630.70
120.53

Significant differences are shown in bold.

Pseudo-F

68.46
21.80
16.23

63.50
56.26
21.82

P-value

0.0001
0.0001
0.0001

0.0001
0.0001
0.0001





OPS/images/fmars-08-723749-t006.jpg
Variable

Functional
Richness

Chiorophyla
D50

Sorting
Temperature
Nitrite

Functional
Evenness

D50

Organic matter
Functional
Redundancy
Ammonium
Organic matter

Only significant (o < 0.07) results are shown.

R2

0.35

o1

0.21

SS (trace)

2172.20
373.82
367.52
2014.50
488.81

373.82
0.64

385.12
1000.80

Pseudo-F

50.979
7.4517
7.3223
46.564
9.8388

7.4517
9.6673

15.366
44.37

P-value

0.0001
0.0074
0.0072
0.0001
0.0015

0.0074
0.0029

0.0092
0.0001

Proportion

0.176
0.030
0.030
0.163
0.040

0.030
0.040

0.060
0.157





OPS/images/fmars-08-723749-t003.jpg
df

Number of taxa
Site 7
Season 1
Site x Season 7
Residual 224
Abundance (ind.m?)
site 7
Season 1
Site x Season 7
Residual 224
W

Site 7
Season 1
Site x Season 7
Residual 224
_,,

site 7
Season 1
Site x Season 7
Residual 224
Functional Richness
site 1
Season 7
Site x Season 7
Residual 224
Functional Evenness
site 1
Season 4
Site x Season 7
Residual 224
Functional Redundancy
site 1
Season 7
Site x Season 7
Residual 224

Ms

61.76

234.04
21.54
288

1.19E + 10
1.13E+ 10
5.19E + 09
1.36E + 08

279
0.25
0.86
0.08

0.46
0.35
017
002

374.48
2589.50
26.01
26.018

0.36
0.13
026
0.04

309.42
118.34
110.34

14.70

Significant differences are shown in bold.

Pseudo-F

21.47
81.35
7.49

87.46
83.03
3822

34.83
3.08
10.72

29.56
22.66
11.12

14.39
99.52
6.99

8.65
3.19
6.32

21.04
8.04
7.50

P-value

0.0001
0.0001
0.0001

0.001
0.001
0.001

0.0001
0.0828
0.0001

0.0001
0.0001
0.0001

0.0001
0.0001
0.0001

0.0001
0.0761
0.0001

0.0001
0.0018
0.0001





OPS/images/fmars-08-723749-t002.jpg
Traits

Bioturbator

Body size

Feeding mode

Morphology

Living habit

Sediment position

Acronyms are used in Figure 4.

Traits modalities

Biodiffusor
Bloirrigator

No bioturbation

Surface modiier

Large (>20mm)

Medium (5-20mm)

Small (0.5-5mm)

Deposit feeder
Fiter/suspension
Grazer/scraper

Omnivore

Predator
Scavenger/opportunist
Sub-surface deposit feeder
Hard

Hard exoskeleton

Hard shell

Irreguilar

Round

Soft/ Fragile

Vermiform
Attached/Sessile

Burrower

Free living / Surface crawler
Tube dweling

Attached

Bentho-pelagic

Deeper than 3cm

Surface shallow <3cm

Acronym

Bdiff
Birig
Nbio
Surmo
Lar

Med
Sma
Defe
Fisus
Graz/Sc
omn
Pred
Scav
Ssdefe
Hard
Haexosk
Hashel
Irreg
Round
Frag/Sof
Verm
AtS
Burr
Free
Tubcw
Att
Be-pel
Deep
Surfsh









OPS/images/crossmark.jpg
©

2

i

|





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





OPS/images/fmars-08-723749-g005.gif
1
JAE

piiny ° RERTEL_ IREEM

,,,,,,,,,,,





OPS/images/fmars-08-723749-g006.gif





OPS/images/fmars-08-723749-g003.gif
mmmmmmmmmmmmmmmm

lii
I

R MR TR R T





OPS/images/fmars-08-723749-g004.gif
s s
................

R 2333 srsas 223133
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site Habitat (Geomorphology)  Protection status Region Sediment description Width (m)

Long Beach Coastal embayment Habitat Protection Zone Coffin Bay Fine sand, moderately well-sorted ~100
Kelldie Bay Coastal embayment Sanctuary Zone Coffin Bay Fine sand, poorly sorted ~100
Port Germein Gult General Managed Use Zone  Upper Spencer Gulf Fine sand, poorly sorted ~1000
Fisherman Bay ~ Gulf None Upper Spencer Gulf Medium sand, poorly sorted ~200
Port Parham Gult Habitat Protection Zone Upper Gulf St Vincent  Fine sand, poorly sorted ~500
Middie Beach Gulf Habitat Protection Zone Upper Gulf St Vincent  Goarse sand, poorly sorted ~500
Pelican Point Lagoon Habitat Protection Zone / Coorong Medium sand, poorly sorted ~200

National Park / Ramsar site
Noonameena Lagoon National Park / Ramsar site Coorong Fine sand, moderately sorted ~500

Sediment description based on Folk and Ward (1957) geometric description. Width (m) refers to the extension of the mudfiats from high to low tide mark.
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