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Variation in Seagrass-Associated Macroinvertebrate Communities Along the Gulf Coast of Peninsular Florida: An Exploration of Patterns and Ecological Consequences
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Seagrasses form vast meadows of structurally complex habitat that support faunal communities with greater numbers of species and individuals than nearby unstructured habitats. The Gulf coast of peninsular Florida represents a natural laboratory ideally suited to the study of processes that shape seagrass-associated invertebrate and fish communities within meadows of a single species of seagrass, Thalassia testudinum. This suitability arises from a pronounced structural and chemical gradient that exists over ecologically relevant spatial and temporal scales, as revealed by extensive monitoring of water quality and seagrass. We hypothesized that seagrass-associated invertebrate communities would vary across five estuarine systems spread along a spatial gradient in phosphorus concentration, an important driver of seagrass and phytoplankton growth in this region. The quantitative results based on data acquired at 25 stations (75 samples, 52,086 specimens, and 161 taxa) indicated that each of the five estuarine systems were distinct with regard to species composition and differences among systems were driven by abundant or relatively common species. In addition, we found evidence to indicate food webs in seagrass meadows along this gradient may differ, especially in the relative dominance of algal grazers and predatory invertebrates. These changes in species composition and trophic roles could be driven by phosphorus directly, through increases in rates of primary production with higher concentrations of phosphorus, or indirectly, through nutrient-mediated changes in the physical structure of the seagrass canopy. Our results suggest that differences in the habitat created by T. testudinum under differing phosphorus supplies lead to ecologically significant shifts in macroinvertebrate communities.
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INTRODUCTION

Globally, seagrasses are important structural components in shallow marine environments (Beck et al., 2001; Heck et al., 2003). Abundant and diverse faunal communities are common features of seagrass meadows, and many commercially exploited species are obligate inhabitants of seagrass for part or all of their life cycles (Seaman, 1985; Mattson et al., 2007). In addition, many seagrass-associated invertebrates and small fishes link benthic primary production to higher-level consumers (Adams, 1976; Brook, 1978; Fry and Parker, 1979; van Montfrans et al., 1984; Klumpp et al., 1992; Valentine and Heck, 1993; Heck et al., 1995; Heck et al., 2000; Valentine et al., 2000, 2008; Duffy et al., 2001). Thus, food web structure and production by higher trophic levels is expected to vary with differences in the abundance, diversity, and species composition of seagrass-associated invertebrates (Edgar and Shaw, 1995; Thormar et al., 2016).

The abundance, diversity, and community composition of seagrass-associated fish and invertebrates has been related to metrics describing the physical structure of vegetation, such as shoot biomass or density, leaf surface area, plant architecture, or root/rhizome biomass and thickness. Abundance, species richness, and diversity of seagrass-associated fauna often correlate positively with seagrass biomass and blade density (Heck and Wetstone, 1977; Heck and Orth, 1980b; Edgar and Shaw, 1995; Wyda et al., 2002; Franco et al., 2006; Hosack et al., 2006; Unsworth et al., 2007; Almeida et al., 2008; Parsons et al., 2013; Ávila et al., 2015). However, other studies have found inconsistent relationships between faunal abundance or diversity and seagrass biomass/density (Brook, 1978; Stoner, 1980, 1983; Virnstein et al., 1984; Worthington et al., 1992; Hovel et al., 2002; Moore and Hovel, 2010). Furthermore, considerable uncertainty surrounds the response of faunal communities to other differences in vegetative structure, such as percent cover (Hovel et al., 2002; Gribben and Wright, 2014; McCloskey and Unsworth, 2015), the identity and diversity of seagrass species (Heck and Wetstone, 1977; Nelson, 1980; Jernakoff and Nielsen, 1998), and leaf height or shape (Bell and Westoby, 1986a; Schneider and Mann, 1991a, b; Edgar and Robertson, 1992). Often, responses to differences in seagrass meadows are observed only for certain taxa within the community, only at certain scales, or only in certain time periods (Heck and Thoman, 1984; Bell and Westoby, 1986a, b; Hovel et al., 2002; Jelbart et al., 2007; Moore and Hovel, 2010; McCloskey and Unsworth, 2015). In addition, factors other than seagrass complexity can influence seagrass-associated faunal communities, such as nutrient enrichment (Hooks et al., 1976; Gil et al., 2006; Peterson et al., 2007; Armitage and Fourqurean, 2009; Daudi et al., 2012; Burghart et al., 2013; Tuya et al., 2013), exposure to waves and tides as determined by position within the estuary (Bell and Westoby, 1986b; Jelbart et al., 2007; Moore and Hovel, 2010; Parsons et al., 2013; Ávila et al., 2015), storms or other large-scale physical disturbances (Herkül et al., 2011; Patrick et al., 2020), and predation pressure (Stoner, 1980; Orth et al., 1984; Heck et al., 2000; Heck and Valentine, 2007; Mattila et al., 2008; Amundrud et al., 2015; Huang et al., 2015). Therefore, despite decades of effort, relatively few generalizable relationships have emerged that link differences in seagrass-associated faunal communities with metrics of seagrass complexity, particularly at spatial scales of kilometers or more (Boström et al., 2006), perhaps due to the challenges of finding suitable variation in environmental conditions and the complexity of meadows comprising one species of seagrass at such scales (e.g., Cardoso et al., 2007).

Along the Gulf coast of peninsular Florida, environmental conditions are well characterized due to extensive surveys of water quality and seagrass (Frazer et al., 1998; Jacoby and Frazer, 2013; Jacoby et al., 2015). Previous work in these estuarine systems has shown that the concentrations of total phosphorus (TP) and chlorophyll-a in the water column exhibit a consistent spatial pattern along a latitudinal gradient with values increasing from south to north, while variation in other water quality variables (e.g., total nitrogen) is less pronounced and not correlated with latitude (Frazer et al., 1998; Jacoby et al., 2012, 2015). Further work linked differences in shoot density, leaf morphology, growth rates, and allocation of aboveground and belowground biomass for the dominant seagrass, Thalassia testudinum, to the latitudinal variation in TP concentrations (Jacoby and Frazer, 2013; Jacoby et al., 2015; Barry et al., 2017, 2018). This region, therefore, represents a suitable natural laboratory where studies at ecologically relevant scales can help reconcile some of the inconsistencies that may arise from undefined environmental variation. However, the composition of faunal communities is not well studied in this region so basic information needed to provide context for future experimental manipulations is lacking.

In this study, we sampled invertebrate communities in meadows dominated by T. testudinum off the Gulf coast of peninsular Florida, along the spatial gradient in total phosphorus concentrations and T. testudinum leaf morphology. We hypothesized that the composition and abundance of faunal communities would vary in a consistent manner along the marked spatial gradients in TP, chlorophyll-a, and T. testudinum morphology. Specifically, we hypothesized that meadows dominated by T. testudinum along this gradient differ in habitat value and would harbor invertebrate communities that differ in species composition, size classes, and abundance. Identifying such patterns underpins future efforts to elucidate bottom-up or top-down controls.



MATERIALS AND METHODS


Study System

The Gulf coast of peninsular Florida provides an ideal habitat for the development of seagrass meadows, and it currently houses one of the largest contiguous seagrass beds in the United States (Hale et al., 2004; Mattson et al., 2007). Extensive surveys of seagrasses and water quality revealed a persistent and stable spatial gradient in leaf morphology of the dominant seagrass, T. testudinum, and concentrations of total phosphorus (TP) and chlorophyll-a (chl-a) in the water column (Frazer et al., 1998; Jacoby et al., 2015; Barry et al., 2017; Supplementary Figures 1, 2). The spatial variation in TP has persisted for at least the 20-year period of record and occurs over tens of kilometers. The entire study region spans approximately 66-km, over which mean TP concentrations in the water column increase from approximately 7 μg/L at the most southern site to more than 20 μg/L at the most northern site (Barry et al., 2017). Concentrations of TP are highly correlated with mean concentrations of chl-a, which range from approximately 1.0 to 5.3 μg/L along the south-to-north gradient. Along the same gradient, mean leaf size of T. testudinum increases from 3.0 mm wide and 75.4 cm tall in the south (lowest TP and chl-a) to 4.8 mm wide and 301.6 cm tall in the north (highest TP and chl-a; Barry et al., 2017).

To capture the spatial gradient in TP, chl-a and T. testudinum leaf morphology, five sampling stations were selected in each of five estuarine systems: Weeki Wachee, Chassahowitzka, Homosassa, Crystal, and Waccasassa (n = 25 stations, Figure 1). Sampling stations were selected by revisiting the most offshore stations in each system where water quality and seagrass had been sampled concurrently during previous surveys (1–3 such stations per system). Additional stations (2–4 stations per system) were selected by transiting at least 100 m away from the previous station along a haphazard heading to locate an area dominated by T. testudinum (at least 60% of seagrass cover) in water deep enough to operate the suction sampler. Water depths at these sites ranged from 1.0 to 2.5 m and mean salinities ranged from 20–29‰ (mean ± SD = 23.95 ± 2.17‰).
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FIGURE 1. Study region and benthic invertebrate sampling stations. Colors indicate relative levels of long-term total phosphorus (TP) concentrations in the water column, with lighter colors indicating lower TP.




Sampling

Sampling of seagrass-associated invertebrates was conducted from 28 August to 02 September 2014; with all five stations within each estuarine system sampled on the same day. Upon arrival at each station, two anchors were deployed to prevent the vessel from swinging over the area to be sampled. At each station, a large open-ended cylinder with a metal-edged bottom (inside diameter 61 cm, sampling area = 0.29 m2) was deployed in three, separate undisturbed areas where percent cover was dominated by T. testudinum (n = 75 samples, 15 per estuarine system). The cylinder was staked down on four sides to prevent movement due to currents or wave action. For each sample, all aboveground biomass was collected carefully and rapidly sealed in a plastic bag, transported to the laboratory on ice, and stored frozen until processing.

After vegetation was cleared, the area inside the cylinder was sampled for 2 min with a Venturi suction dredge (5.1-cm diameter PVC pipe with 1.4-cm reducer nozzle connected to a 757-L-per-minute pump) fitted with a 700-μm mesh collection bag (Orth and van Montfrans, 1987). The Venturi suction dredge was selected because it has been consistently demonstrated to sample seagrass-associated invertebrates efficiently (Terlizzi and Russo, 1997; Raz-Guzman and Grizzle, 2001), with a measured capture efficiency of 88% (Orth and van Montfrans, 1987). This sampling method collected epifauna and infauna in the upper 10 cm of sediment. The Venturi suction dredge is likely to capture a representative sample of the total benthic community, as up to 98% of benthic macrofauna occur in or above the first 5 mm of sediment (Klumpp and Kwak, 2005). All material in the collection bag at the conclusion of the 2 min was transferred to a plastic bag and sealed, transported to the laboratory on ice, and stored frozen until processing.



Laboratory Processing

Samples were slowly thawed in fresh water, elutriated, and sieved into 4 separate size fractions (1–2, 2–4, 4–8, and >8-mm) to aid in sorting. To separate invertebrates from vegetation, each sample was rinsed vigorously in a 22-L bucket of fresh water for three thirty second periods. The water in the bucket was then sieved into the same four size classes. A 10% (wet weight) subsample of vegetative biomass was examined under a dissecting microscope to estimate the efficiency of rinsing. Vegetative biomass was sorted into five categories (T. testudinum leaves, Syringodium filiforme leaves, Halodule wrightii leaves, macroalgae, and belowground biomass) and dried for at least 5 days at 65°C before dry mass for each category was recorded. No effort was made to remove attached epiphytes, though much of this material was dislodged during rinsing.

Motile invertebrates that had retained intact soft tissues and life-like coloration, were considered to have been alive at the time of collection, and they were separated from each size fraction and identified to the lowest practical taxonomic level, usually species (see Supplementary Material for a list of identification guides used). The 2–4- and 1–2-mm size fractions were sorted with the aid of a sorting tray and a dissecting microscope. Representative individuals from each taxon were placed in separate vials of 90% ethanol to serve as references for confirming identifications. Each taxon was assigned a trophic role (epiphyte grazer, detritivore, etc.) using the best available information (see Supplementary Material for sources). When information for a specific taxon was not available, information for a closely related taxon was used.



Statistical Analyses


Univariate Indices

To facilitate comparisons, the univariate community indices examined were those commonly applied in other studies, i.e., abundance (total number of individuals per sample), species richness (total number of unique taxa per sample), Shannon–Weaver diversity, Pilou’s evenness, and Berger–Parker dominance. TP, chlorophyll-a, and seagrass morphology were not available at all localities where invertebrate sampling for the present study was conducted. However, previous and concurrent work in the same systems demonstrated variation in TP, chlorophyll-a, and seagrass morphology were strongly correlated with latitude along this stretch of the Florida coast, while other potentially influential water chemistry variables were not correlated with latitude (Barry et al., 2017). As a result, latitude served as a useful and useable proxy for variations in water column TP, water column chlorophyll-a, and T. testudinum leaf morphology across the five systems. Ordinary least squares regression was used to test for relationships between univariate indices and explanatory variables such as vegetative biomass, Shannon–Weaver diversity indices calculated using the types of vegetation cleared from each sampling area, and latitude. Abundances for each size class were analyzed separately against latitude, to determine if all size classes exhibited similar latitudinal patterns. When necessary, data were transformed to meet the assumptions of parametric linear analysis.



Community Composition

Community data were summarized at the species level (Supplementary Table 1) and for trophic roles before being tested for spatial differences. Before analyses, taxa that occurred in fewer than four of the 75 samples were removed from the data set and the double-Wisconsin standardization was applied to raw data matrices using the R package {vegan} (Oksanen et al., 2019). This method of standardization was chosen as it tends to reduce the influence of very abundant taxa and increase the influence of rare taxa, but applying different standardizations yielded qualitatively similar outcomes. The resulting matrices were then tested for spatial differences using permutation analysis of variance (PERMANOVA) implemented in PRIMER-E v.7 (Clarke and Gorley, 2015). Sampling stations were treated as nested within estuarine system and aboveground vegetative biomass (total dry weight, g) was included in the models as a covariate and the number of permutations set to 999. Significant PERMANOVAs were followed up with pairwise comparisons between estuarine systems in PRIMER-E v.7 (Clarke and Gorley, 2015), with the Benjamini–Hochberg procedure applied to adjust the false discovery rate to 5% (Waite and Campbell, 2006).

Significant PERMANOVAs can result from differences in both dispersion and location of groups (Anderson et al., 2008). Therefore, significant PERMANOVAs were followed up with tests of multivariate dispersion (PERMDISP). In addition, similarity percentage (SIMPER) analysis was performed to elucidate which taxa or trophic roles contributed significantly to group differences. For SIMPER analyses of aboveground biomass, this continuous variable was split at the mid-point of values into a categorical variable with two levels, high (36 g dry weight and above, n = 37) or low (35.9 g dry weight and below, n = 38). This approach provided similar levels of replication within groups and avoided unreliable results generated when SIMPER performs all pairwise comparisons of a continuous variable.

Plots of the results of non-metric multidimensional scaling (nMDS) were produced to aid in visualization of spatial patterns. We used the metaMDS function from the {vegan} package for R (R Development Core Team, 2020) with dimensions (k) set to two and auto-transform set to false. We used Bray–Curtis distances calculated on the double-Wisconsin standardized data, where taxa occurring in fewer than four samples were excluded. The metaMDS function was applied once to generate an initial solution and then a second time using the previous best solution as a starting point for the analysis. The output from the second run of metaMDS was used to produce visualization plots. We evaluated the stress of the nMDS result using the permutation-based ecological null model approach outlined in Dexter et al. (2018). We selected the “swsh_samp_c” null model method, which shuffles non-zero abundance values while preserving column (species) totals. We applied the shuffling algorithm to the double-Wisconsin standardized data to create 1,000 independent permutations. Ordinations were then carried out on permuted data frames using the same metaMDS settings as above. The stress value resulting from the observed data was compared to the distribution of stress values resulting from the ordinations of permuted data using a z-test (two-tailed alpha = 0.05). The above procedure was repeated for the trophic roles data to explore possible variations in trophic organization along the gradient sampled.



Beta-Diversity and Distance

As ecologists, we are often interested in determining the importance of environmental variation in structuring the biological communities we study. Variance partitioning methods can be applied to separate the relative importance of purely spatial (e.g., dispersal and colonization history) versus environmental (e.g., habitat and food supply) factors in shaping biological communities (Legendre et al., 2005; Yamada et al., 2014). In our study region, environmental variation is tightly linked to spatial variation, preventing strict separation of spatial and environmental factors. In fact, such a relationship is a common problem in variance partitioning (Legendre and Legendre, 1998; Tuomisto and Ruokolainen, 2006; Lichstein, 2007), though it reaches a level in this study system that makes latitude effectively interchangeable with environmental parameters, such as concentrations of chlorophyll-a and TP (see Supplementary Figure 1). In this study region, environmental variation that occurs on a larger scale, hereafter termed geographic distance, includes latitudinal variations in phosphorus and chlorophyll-a concentrations in the water column and the leaf morphology of the dominant seagrass, T. testudinum, factors that vary consistently across space and time (Frazer et al., 1998; Jacoby et al., 2015; Barry et al., 2017). Smaller-scale environmental variation, hereafter termed local environmental distance, includes differences in the benthic plant assemblages within each 0.29-m2 sampling area. Therefore, geographic distance in this context is mostly a proxy for background nutrient status of an estuarine system (i.e., severely phosphorus-poor in the south to moderately phosphorus-replete in the north, Figure 1) while local environmental distance refers to differences in the composition of the benthic plant community that occur over smaller scales (within station).

Beta-diversity, or turnover in species composition across space (Whittaker, 1960, 1972), was examined with two complementary analyses: inspection of linear patterns in pairwise distances between samples and variance partitioning using raw data matrices (Legendre et al., 2005; Tuomisto and Ruokolainen, 2006). For the linear analysis, pairwise Euclidean distances were calculated for a geographic data matrix (latitude and longitude of sampling stations) while Bray–Curtis dissimilarities between samples were calculated for the community data at the species level (retaining only species that occurred in at least four samples) and an environmental matrix containing data for dry weights of aboveground vegetation categories. These matrices represent geographic distance, beta-diversity, and local environmental distance, respectively. Separate linear polynomial models were fit to data on beta-diversity versus geographic distance and environmental distance to ascertain the pattern in species turnover across these two levels. Partial Mantel tests were applied to assess significance, given that pairwise distances are not independent and violate the assumptions of parametric hypothesis tests. Residual versus predicted scatter plots were inspected to ensure there was no evidence of spatial autocorrelation in the residuals.

To determine the relative importance of geographic vs. environmental distance in contributing to beta-diversity, we partitioned variance in the community composition using redundancy analysis ordination (Legendre et al., 2005). This analysis used raw data matrices, with the Hellinger transformation applied (Legendre and Gallagher, 2001), as opposed to distance matrices, allowing discrimination between variance in species composition that is due to geographic distance, with the effect of local environmental variation removed, and vice versa (Legendre et al., 2005).

Spatially structured patterns in species abundances along spatial gradients are considered evidence of environmental influence when underlying environmental variables also are spatially structured (Legendre et al., 2005; Tuomisto and Ruokolainen, 2006), as they are in this study region. Abundances of the twenty most common species in the data set were plotted against latitude to examine whether their distribution across the study region showed evidence of spatial structuring. Results in the affirmative would support the hypothesis that invertebrate communities of T. testudinum meadows along the gradient sampled are influenced by factors that vary spatially (e.g., variation in phosphorus concentrations and/or seagrass complexity). This procedure was repeated for data on trophic roles as well, to visualize latitudinal patterns in the abundance of the six trophic categories. Unless otherwise noted, all statistical analyses were carried out in Program R (R Development Core Team, 2020), with the assistance of the {vegan} package, version 2.5-6 (Oksanen et al., 2019).



RESULTS

The 75 samples yielded 52,086 specimens from 86 families and 161 taxa (Supplementary Table 1). During inspection under a dissecting microscope, no organisms were found to remain on the 10% wet weight subsample of vegetation, likely because the relatively simple, strap-leafed morphology of T. testudinum allowed efficient separation of specimens during rinsing (Stallings et al., 2015). These samples generally contained little macroalgae, the primary type of vegetation that has been reported to pose problems for separating specimens (e.g., Stallings et al., 2015). In all 75 samples, T. testudinum accounted for 71.4 ± 17.2% (mean ± SD) of the vegetative biomass and 91.6 ± 12.4% (mean ± SD) of the seagrass biomass. The morphological patterns observed in T. testudinum collected in this effort were similar to patterns reported in previous studies (Supplementary Figure 2).


Univariate Indices

Generally, univariate indices showed little consistent spatial variation and did not correlate well with the spatial distribution of stations or associated variation in vegetative complexity (Table 1). Of all the metrics tested, only total invertebrate abundance per sample was found to exhibit significant spatial variation. Log10-transformed total abundance showed a weak positive relationship with latitude (R2 = 0.12, F1,73 = 10.35, p = 0.002, Figure 2) and addition of other explanatory variables such as aboveground biomass did not improve fit. Thus, most of the variation in total abundance remains unexplained. There was also a weak positive relationship between species richness and diversity indices for vegetation (R2 = 0.19, F1,73 = 17.35, p < 0.001), but addition of total faunal abundance improved fit significantly (R2 = 0.51, F2,72 = 36.96, pabundance < 0.001, pveg. diversity = 0.003, Figure 3). While invertebrate species richness generally increased with both increasing vegetative diversity indices and total faunal abundance, roughly half of the variation in invertebrate species richness remains unexplained.


TABLE 1. Univariate community indices (mean ± standard deviation) summarized by station (n = 5 per station).
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FIGURE 2. Linear regression of log10 total faunal abundances for each sample against latitude. WEE, Weeki Wachee; CHA, Chassahowitzka; HOM, Homosassa; CRY, Crystal River; WAC, Waccasassa. Dashed lines represent the 95% confidence interval of the fitted line (solid line). Colors indicate relative levels of long-term total phosphorus (TP) concentrations in the water column, with lighter colors indicating lower TP. Sizes of points represent the total dry weight of vegetative biomass in grams, with larger sizes indicating a higher aboveground vegetative biomass.
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FIGURE 3. Linear regression of log10 species richness against total abundance and Shannon–Weaver vegetative diversity. WEE, Weeki Wachee; CHA, Chassahowitzka; HOM, Homosassa; CRY, Crystal River; WAC, Waccasassa. Three fitted lines (solid lines) were calculated from model fits by allowing total abundance to vary while holding vegetative diversity constant at three levels (0, 0.5, and 1). Green bands represent the 95% confidence intervals of the three fitted lines, with darker greens indicating higher vegetative diversity. Colors of points indicate relative levels of long-term total phosphorus (TP) concentrations in the water column, with lighter blues indicating lower TP. Sizes of points represent the vegetative diversity for individual samples, with larger sizes indicating higher vegetative diversity. *It is meant to signify multiplication.


Abundances within all four size class (1–2-, 2–4-, 4–8-, and >8-mm) showed at least minimal positive relationships with latitude (TP lowest and T. testudinum smallest in south and both increase with latitude), but the strengths of the correlations differed. Log-transformed abundances of the smallest (1–2-mm, R2 = 0.06, F1,73 = 4.77, p = 0.032) and largest (>8-mm, R2 = 0.05, F1,73 = 4.06, p = 0.048) size classes were very weakly correlated with latitude, with coefficients of determination below 0.1 (Figures 4A,D). Log-transformed abundances of the 2–4-mm size class showed a slightly stronger correlation with latitude (R2 = 0.10, F1,73 = 7.80, p = 0.007, Figure 4B) and abundances in the 4–8-mm size fraction showed a fairly strong relationship with latitude (R2 = 0.50, F1,73 = 73.76, p < 0.001, Figure 4C). The four size classes did not exhibit consistent spatial patterns in abundance, and the correlation for overall abundance was likely driven primarily by the 4–8-mm size fraction.
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FIGURE 4. Linear regression of latitude against the total faunal abundance in each of four size classes: (A) 1–2-mm; (B) 2–4-mm, (C) 4–8-mm, (D) >8-mm. WEE, Weeki Wachee; CHA, Chassahowitzka; HOM, Homosassa; CRY, Crystal River; WAC, Waccasassa. Dashed lines represent the 95% confidence interval of the fitted line (solid line). Colors indicate relative levels of long-term total phosphorus (TP) concentrations in the water column, with lighter colors indicating lower TP.




Community Composition

Overall, invertebrate community composition was highly distinct across the gradient sampled. Differences were driven overwhelmingly by common and abundant taxa thought to perform important ecological functions in seagrass ecosystems.

Species-level assemblages showed remarkable spatial differences across the study region. PERMANOVA found that communities were significantly different across systems, stations within systems, and aboveground biomass levels (Table 2). Multiple pairwise comparisons showed species composition in any one particular estuarine system was significantly different from any of the others. The average among-system similarity was 28%, while the average within-system similarity was 43.5%.


TABLE 2. PERMANOVA results for community data summarized by species and by trophic role.

[image: Table 2]Results of PERMDISP analysis (Supplementary Table 2) showed that significant differences in dispersion occurred among systems, but not among stations within systems. Specifically, Waccasassa had significantly lower group dispersion than Weeki Wachee, Chassahowitzka, and Crystal. Given the significant PERMDISP results, it is possible that differences in group dispersion contributed to the significant PERMANOVA results. However, differences in group dispersion cannot account for all of the significant effects found by PERMANOVA, and such variation was unlikely to be the major driver of the spatial differences in community composition, given the clear separation of groups on the nMDS plot (Figure 5A). The results of the permutation tests to evaluate the stress value for nMDS analyses yielded a highly significant result for both the species (observed stress = 0.21, mean permuted stress = 0.34, p < 0.001) and trophic level (observed stress = 0.19, mean permuted stress = 0.27, p < 0.001) data sets, indicating it is reasonable to proceed with interpretation of patterns as biologically meaningful (Dexter et al., 2018).
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FIGURE 5. Plot of two-dimensional non-metric multidimensional scaling based on taxonomic data summarized (A) at the species level and (B) by trophic role. WEE, Weeki Wachee; CHA, Chassahowitzka; HOM, Homosassa; CRY, Crystal River; WAC, Waccasassa. Colors indicate relative levels of long-term total phosphorus (TP) concentrations in the water column, with lighter colors indicating lower TP. Sizes of points in (A) represent the Shannon–Weaver diversity of samples, with larger sizes indicating a higher diversity value.



Estuarine Systems

The overall mean dissimilarity between systems was 71% and very little overlap occurred between any groups on the nMDS plot (Figure 5A). The results of the SIMPER analysis showed that differences in community composition among systems were driven mostly by species that were abundant (at least 500 total individuals found) or common (found in more than 50% of samples). However, relatively rare species also contributed significantly to pairwise differences between some systems. In general, between seven and nine of the 10 most influential species in each comparison could be considered common or abundant in our samples. Given the large number of species recorded in this study, only the first 10 species contributing significantly to differences among systems are presented (Table 3), though many more species had smaller influences on the overall result (see Supplementary Table 3 for complete SIMPER results).


TABLE 3. Top 10 species contributing to significant differences between community composition among estuarine systems in SIMPER analyses.
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Aboveground Biomass

The significant effect of aboveground biomass in the PERMANOVA was investigated further by examining species that contributed to group differences between two categories of aboveground biomass, high and low. Overall, species assemblages were 71% dissimilar between samples with low and high aboveground vegetative biomass (Table 4). Out of the 55 species with significant contributions to group differences, 32 (58%) were more abundant in samples with higher vegetative biomass while the remainder (42%) were more abundant in samples with lower vegetative biomass.


TABLE 4. Top 10 species contributing to significant differences between community composition among vegetative biomass categories in SIMPER analyses.
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Trophic Role

Many of the differences in invertebrate communities among estuarine systems were driven by potentially important taxa, such as grazers and predators according to SIMPER analysis. The results of multivariate analyses of data summarized by trophic role largely agree with the above results, though fewer spatial differences exist. PERMANOVA analyses showed that significant differences in trophic roles existed among systems, stations within systems, and aboveground biomass (Table 2). Pairwise comparisons of adjacent estuaries revealed that, after Benjamini–Hochberg correction, Weeki Wachee, Chassahowitzka, Homosassa, and Crystal had similar trophic composition while the trophic assemblage of Waccasassa (the most northern estuarine system) differed significantly from all other systems. In addition, trophic composition in Weeki Wachee (the southern-most system) was significantly different from Crystal (the second-farthest north system). PERMDISP analysis indicated that significant differences in dispersion between groups occurred only between Waccasassa and Crystal, with no other differences in dispersion at the system or station within system level (Supplementary Tables 2.2, 2.4). Therefore, most of the significance found in PERMANOVA is likely due to differences in the composition of trophic roles and not differences in dispersion among samples. The plot of the results of the nMDS analysis on the trophic roles data (Figure 5B) helps visualize the above results, showing some separation among estuarine systems in multivariate space, but more overlap than was observed for the data summarized by species.

Results of SIMPER analysis revealed an overall mean dissimilarity of 32% for trophic composition among estuarine systems. Differences in the abundances of predators and epiphyte/macroalgal grazers primarily drove the differences observed, but filter feeders, omnivores, and detritivores sometimes had significant contributions (see Supplementary Table 3 for full SIMPER results). Predators were more abundant in Waccasassa and epiphyte/macroalgal grazers were more abundant in Weeki Wachee, Chassahowitzka, Homosassa, and Crystal. In addition, Crystal and Homosassa had a higher abundance of detritivores, Chassahowitzka had a higher abundance of filter feeders, and Weeki Wachee had a higher abundance of omnivores in comparison to Waccasassa.



Beta-Diversity and Distance

In general, there is evidence that both large and local scale environmental variation contributed significantly to spatial differences in species composition, or beta-diversity. Partial Mantel tests indicated that beta-diversity was significantly correlated with both geographic distance (Mantel correlation = 0.49, p = 0.001, Figure 6A) and local environmental distance (Mantel correlation = 0.38, p = 0.001, Figure 6B). Variation in beta-diversity was explained more strongly by geographic distance (adjusted R2 = 0.45) than local environmental distance (adjusted R2 = 0.16). Residual versus predicted scatter plots did not show evidence of residual autocorrelation. The polynomial fit between beta-diversity and geographic distance showed that species assemblages from samples closer together in space were more similar than samples that were farther apart. Specifically, beta-diversity increased rapidly and then reached an asymptote as geographic distance increased. Notably, the strong horseshoe-like arch effect displayed on the nMDS plot (Figure 5A) can be indicative of species turnover along a meaningful spatial gradient, and an arch is often observed when pairwise distances between points reach an asymptote as the number of shared species decreases.


[image: image]

FIGURE 6. Beta-diversity against (A) geographic distance and (B) local environmental distance. The solid lines represent the polynomial fit.


The polynomial fit between beta-diversity and local environmental distance showed that species assemblages from samples with more similar vegetative communities were slightly more similar than those from samples with larger differences in vegetative communities. This effect, though somewhat weak, suggests that local environmental variation also contributes meaningfully to the spatial differences in community composition (i.e., beta-diversity) observed in these samples, and is consistent with results of the univariate analyses (Figure 3).

Redundancy analyses support the conclusion that both geographic and local environmental variation contribute to differences in species assemblages (Table 5). Variance partitioning showed that 20 and 15% of the variance in species assemblages can be explained by geographic location (p < 0.001) and local plant composition (p = 0.003), respectively (Table 4). Approximately 2% of the variance was shared between the two explanatory matrices, indicating that they were not strongly collinear.


TABLE 5. Results of variance partitioning with redundancy analysis ordination.

[image: Table 5]The above results indicate that spatial differences in overall community composition are driven by both large and small-scale environmental differences (i.e., the chemical and structural gradients that vary with latitude and differences in the composition of vegetation that occurs within stations). This finding is further supported by inspection of spatial structuring in the abundances of the top twenty most abundant species (Figure 7). Every species examined showed evidence of spatial structuring, and patterns ranged from nearly linear (e.g., Prunum apicinum, Phascolion sp., Costoanachis semiplicata) to unimodal (e.g., Ischnochiton papillosus, Hippolyte pleuracantha, and Hippolyte zostericola) to bimodal (e.g., Pagurus maclaughlinae). Finally, data summarized by trophic role also show evidence of spatial structuring, with semi-linear (i.e., predators, epiphyte/algal grazers, and parasites) and non-linear (i.e., filter feeders and detritivores) latitudinal patterns evident (Figure 8).
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FIGURE 7. Relative abundances of the (A) 1st–10th and (B) 11th–20th most abundant species across latitude. Dashed lines represent the moving average of relative abundance across latitude. Note the different y-axis scales in each panel, “n” = the total number of each species found across all samples.
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FIGURE 8. Relative abundance of members of six major trophic roles across latitude. Dashed lines represent the moving average of abundance across latitude. Note the different y-axis scales, “n” = the total number of each species found across all samples.




DISCUSSION

In general, invertebrate communities in meadows along the Gulf coast of peninsular Florida dominated by Thalassia testudinum vary spatially, and we have presented multiple lines of evidence that suggest differences are influenced by environmental variation at both large and small spatial scales. The ecological relevance of the differences reported here is supported by the facts that a gradient in water quality has persisted for over a decade (Jacoby et al., 2015), the core of T. testudinum meadows has persisted for over two decades (Hale et al., 2004), and molluscan assemblages in the meadows have remained similar for centuries (Hyman et al., 2019).

Nutrient concentrations observed in an ecosystem and the structural complexity of the habitat, such as the patterns in TP concentrations and T. testudinum morphology previously documented in this system, are both known to influence seagrass-associated floral and faunal communities. Background nutrient status and the physical structure of seagrasses have been linked to differences in faunal abundance, diversity, and species composition in other systems (e.g., Heck and Orth, 1980a; Edgar and Shaw, 1995; Franco et al., 2006; Gil et al., 2006; Hosack et al., 2006; Jelbart et al., 2007; Peterson et al., 2007; Unsworth et al., 2007; Almeida et al., 2008; Burghart et al., 2013; Parsons et al., 2013; Ávila et al., 2015; McCloskey and Unsworth, 2015). Differences in faunal communities have been attributed to nutrient-mediated alterations in the refuge value of seagrasses (Bartholomew et al., 2000; Bartholomew, 2002; Gil et al., 2006; Peterson et al., 2007; Tuya et al., 2013), changes in the availability of food or space (Edgar, 1991; Klumpp et al., 1992; Edgar and Aoki, 1993; Duffy and Harvilicz, 2001), or alterations in predator-prey interactions in vegetation with differing complexity (Heck and Wetstone, 1977; Nelson, 1979a, b; Virnstein, 1979; Coen et al., 1981; Heck and Thoman, 1981; Orth et al., 1984; Camp et al., 2012; Wong, 2013). Therefore, it is reasonable to hypothesize that the spatial differences in seagrass-associated invertebrate communities revealed in this study are linked, directly and indirectly, to differences in the availability of phosphorus (Supplementary Figure 1), a major limiting nutrient in this system.

Redundancy analyses support the conclusion that both geographic and local environmental variation contribute to differences in species assemblages (Table 5). Variance partitioning showed that 20 and 15% of the variance in species assemblages can be explained by geographic location (p < 0.001) and local plant composition (p = 0.003), respectively (Table 4). Approximately 2% of the variance was shared between the two explanatory matrices, indicating that they were not strongly collinear.


Univariate Indices

Overall, univariate community indices did not show much spatial variation and did not correlate well with metrics of vegetative complexity. Two relationships with potential biological significance were identified: a weak positive relationship between total invertebrate abundance and latitude, which differed in strength across size classes, and a weak positive relationship between species richness, total abundance, and vegetative diversity. In this study region, more northern latitudes are characterized by higher concentrations of phosphorus, which may fuel higher levels of primary production by alleviating phosphorus limitation of the growth of phytoplankton and seagrasses (Frazer et al., 2002; Barry et al., 2017; Supplementary Figure 1). Therefore, it is possible that increasing inputs of phosphorus lead to increases in resources (food, space, or both) at the base of the food web (Edgar, 1991; Klumpp et al., 1992; Edgar and Aoki, 1993; Duffy and Harvilicz, 2001). This change may serve to increase abundances of organisms in a bottom-up fashion, an effect that has been observed in numerous studies of invertebrates in seagrasses (Bologna and Heck, 1999; Parker et al., 2001; Gil et al., 2006; Castejon-Silvo et al., 2012; Tuya et al., 2013).

The latitudinal increase in abundance was slightly more pronounced for the 2–4-mm size class and particularly strong for organisms in the 4–8-mm size class. Interestingly, most seagrass leaves in this study region range between 2 and 8 mm wide, and average leaf width increases with latitude (Barry et al., 2017; Supplementary Figure 2). Organisms whose body size closely matches the dimensions of the available refuge might be expected to respond to changes in refuge sizes to a greater degree than species who are either much smaller or much larger (Hixon and Beets, 1989; Bartholomew et al., 2000; Bartholomew, 2002). However, the coefficients of determination for most of the relationships between latitude and abundance were low and, therefore, nutrients and nutrient-driven changes in seagrass morphology are not the sole factors influencing total invertebrate abundance. But these results point to the possibility that variation in morphological characteristics within a species, such as leaf width, has been underappreciated in past studies.

The relationship between species richness and vegetative diversity was significant, but weak. A positive effect of vegetative diversity on species richness has been identified in other studies (e.g., Parker et al., 2001), and variance partitioning in this study identified local variation in the benthic plant community as an important contributor to differences in species composition. Therefore, there could be meaningful, albeit weak, effects of vegetation diversity on species richness in the seagrass meadows included in this effort. In this study, sampling focused on areas dominated by T. testudinum and, thus, did not capture the entire range of variation in benthic vegetation or types of substrate present in the broader region. For example, Hyman et al. (2019) documented notable differences in diversity and evenness between seagrass-dominated and open-sand substrates in the Steinhatchee estuary located north of the Waccasassa River.

Overall, we failed to uncover strong and consistent relationships between univariate community indices and environmental variables widely thought to be influential, such as aboveground biomass. Perhaps this is because of offsetting species-specific responses that are lost when data are summarized into univariate metrics. For example, a sizeable portion (∼42%) of species that differed significantly across aboveground biomass categories were less abundant when vegetative biomass was high. This likely offset the influence of the 58% of species that had a significantly higher abundance in higher aboveground biomass. This highlights the general lack of power of univariate indices to capture changes in invertebrate communities that occur along spatial gradients.



Community Composition

Multivariate analyses of invertebrate community composition revealed marked spatial differences across the study region. Significant differences between estuarine systems usually were driven by common and abundant taxa that occupied influential functional roles (i.e., grazers and predators), indicating that the changes in species identity likely represent ecologically relevant shifts between estuarine systems. For example, the higher abundances of many herbivorous crustacean species at Homosassa in comparison to Weeki Wachee, Chassahowitzka, and Waccasassa combined with the important role of crustacean grazers in controlling macroalgal and algal epiphyte growth may make that system more resilient in the face of increased nutrification (Orth and van Montfrans, 1984; Howard and Short, 1986; Neckles et al., 1993; Williams and Ruckelshaus, 1993; Duffy and Hay, 2000; Hughes et al., 2004) and could signal differences in secondary production (Brook, 1978; Klumpp et al., 1989, 1992; Valentine and Heck, 1993; Edgar and Shaw, 1995; Heck et al., 2000; Valentine et al., 2000). However, detritivores, deposit feeders, filter feeders, and predators also contributed to the differences between systems, indicating possible differences in several ecosystem functions, such as benthic-pelagic coupling, nutrient cycling, and detrital food web pathways. For example, some filter feeding species were more abundant at Waccasassa than at Crystal, potentially indicating that water column carbon sources (i.e., phytoplankton) are more important in the most nutrient-enriched system in this study region. Furthermore, the overall higher abundances of several predatory taxa at Waccasassa in comparison to other systems could indicate that invertebrate predators are relatively more important in structuring species assemblages at Waccasassa. It is important to note that we did not measure vertebrate (e.g., fish or bird) abundances in this effort, and there are likely important influences from these higher trophic levels whose abundances also may vary with seagrass structure or water quality conditions (Coen et al., 1981; Heck and Crowder, 1991; Rooker et al., 1998; Peterson et al., 2001). Overall, incorporating top-down controls and their interactions with bottom-up influences would be a valuable future contribution.

Aboveground biomass of benthic vegetation was a significant covariate in all multivariate analyses. Areas of higher seagrass biomass tended to have different community composition than those with lower seagrass biomass. In contrast, aboveground biomass did not exhibit a significant relationship with any of the univariate community indices. This result highlights the value of retaining taxonomic identities when studying community responses to variation in habitat or other environmental factors. For example, while many species were found to have higher abundances in areas of higher seagrass biomass, several other species such as the herbivorous hermit crab P. maclaughlinae tended to be more abundant in areas of lower seagrass biomass. Therefore, species-specific responses to local variations in seagrass biomass are evident and contribute to the overall variation in taxonomic composition.

While taxonomic composition across the study region was highly variable, the abundances of functional groups were less variable. Communities in the four southern (lower TP) systems, Weeki Wachee, Chassahowitzka, Homosassa, and Crystal, were dominated by epiphyte/macroalgal grazers. All four of these systems differed from Waccasassa, the northern-most system, which yielded elevated abundances of predators and depressed counts of epiphyte/macroalgal grazers. This result could indicate that grazing pressure on epiphytic algae and macroalgae, and perhaps secondary production of grazing invertebrates, is high in the four southern systems. Indeed, functional equivalence of seagrass invertebrate assemblages has been hypothesized to occur over large geographic distances (Barnes and Hendy, 2015). However, the identity of the herbivorous species differed significantly among the four southern-most systems, with crustacean and polyplacophoran grazers dominating at Homosassa, gastropod grazers dominating at Weeki Wachee and Chassahowitzka, and a mix of gastropod and crustacean grazers dominating at Crystal. Comparative studies have indicated that grazers of epiphytic algae are not necessarily functionally equivalent (Duffy, 1990; Jernakoff and Nielsen, 1997; Duffy and Hay, 2000; Duffy and Harvilicz, 2001; Duffy et al., 2001; Hays, 2005; Heck and Valentine, 2006). For example, species identity was an important factor determining per capita epiphyte grazing rates and secondary production in mesocosm experiments (Duffy et al., 2001). In these experiments, the herbivorous isopod Erichsonella attenuata had high per capita rates of grazing (Duffy et al., 2001) and, therefore, could potentially play an important role in regulating epiphytic algal accumulation despite its low overall abundance. A study in Florida Bay found that gastropod grazers were not able to control epiphytic algal growth after experimental nutrient addition (Peterson et al., 2007) while a study in Lady Bay, Australia found that crustacean mesograzers were able to control epiphytes under both mild and moderate nutrient addition scenarios (McSkimming et al., 2015). These results suggest that background nutrient concentrations and grazer identity are both important for predicting the relative importance of top-down and bottom-up effects on algal epiphytes. Therefore, even though the relative abundances of grazing taxa, as a group, do not differ significantly among the four southern-most estuarine systems, important differences in grazer identity that lead to different grazing rates and secondary production may exist. These possibilities should be explored further with field manipulations of grazer assemblages at different levels of background nutrient concentrations and mesocosm grazing experiments similar to Duffy et al. (2001) that test for functional redundancy among factorial combinations of species.

The increased dominance of predatory taxa at Waccasassa in comparison to other systems raises several interesting possibilities. Predatory gastropods, especially dove snails (Columbellidae), made up the bulk of the increase in relative predator abundance in this system. Predatory gastropods in the family Columbellidae feed on crustaceans, polychaetes, and other invertebrate prey (Taylor et al., 1980). Furthermore, carnivorous snails that scavenge or prey upon other mollusks (Marginellidae, Muricidae, and Coniidae) were relatively more common at Waccasassa. Therefore, it could be hypothesized that the decreased dominance of crustaceans, polychaetes, and herbivorous gastropods in that northern system is linked to higher predation by these carnivorous gastropods. Waccasassa generally has lower T. testudinum shoot density than more southern systems (Barry et al., 2017; Supplementary Figure 2) and epifaunal grazers may, thus, be more vulnerable to predation by visual predators such as fishes (e.g., Heck and Thoman, 1981; Stoner, 1982; Orth et al., 1984; Adams et al., 2004). Other differences in T. testudinum architecture among systems (e.g., average shoot height, leaf width; Supplementary Figure 2) also could contribute to differences in predation risk for epifaunal grazers (Bartholomew et al., 2000; Bartholomew, 2002). The hypothesis that important grazers experience different rates of predation across the study region should be explored with manipulative studies (e.g., tethering experiments across systems) and data should be collected on the abundance of other important predators of crustacean and gastropod grazers, such as the pinfish (Lagodon rhomboides).



nMDS, Beta-Diversity, and Distance

In general, species assemblages tend to vary predictably along spatial gradients when sampling designs capture ecologically relevant environmental variation. Subtle differences in ecologically influential variables may have pronounced effects on assemblage structure; often resulting in numbers of shared species among samples declining rapidly as geographic sampling location shifts and distances between samples increase (Legendre and Gallagher, 2001). The strongly arched presentation of groups on the nMDS plot support the hypothesis that invertebrate assemblage structure shifts distinctly and predictably along the latitudinal gradient sampled. The horseshoe-like shape in the nMDS (Figure 5A) is a common artifact of strong ecological gradients (e.g., Diaconis et al., 2008) when variation in assemblage structure can be largely attributed to one clear gradient and variation in said gradient exceeds what can be accounted for in a single ordination axis; causing the gradient to become distorted (arched) along both axes. Application of a color gradient visualizing latitudinal variation of samples further underscores the effect latitude in structuring the nMDS ordination results (Supplementary Figure 3).

Furthermore, a common phenomenon in spatially indexed data is that measurements from samples geographically closer together are often more similar that those of samples farther apart. Similar to directional gradational shifts mentioned above, this pattern is attributed to spatial variations in factors that produce differences in the variables of interest. It is no surprise, therefore, that beta-diversity analyses revealed species composition from samples closer in physical space and more similar with respect to the local benthic plant composition were more similar, and provide further support that our sampling design covered an ecologically meaningful spatial gradient. Larger-scale geographic variation was more strongly related to beta-diversity in both analyses, suggesting that the larger-scale spatial gradient in TP concentrations, chlorophyll-a concentrations, and T. testudinum leaf morphology (Barry et al., 2017; Supplementary Figures 1, 2) captures environmental variation that is more important in structuring faunal communities than the smaller-scale differences in benthic plant composition that did account for a smaller, though significant, proportion of the variance in beta-diversity.

The abundances of the twenty most abundant species recorded in this study showed evidence of spatial structuring, in that many species exhibited linear, unimodal, or, less commonly, bimodal patterns across latitude. Patterns of this kind are expected when environmental differences (such as resource availability or habitat structure) along spatial gradients influence species abundances (e.g., Tuomisto and Ruokolainen, 2006; Burghart et al., 2013), and they sum to result in change in species composition, or beta-diversity, along the spatial gradient. In addition, spatial structuring in the abundance of species with different trophic roles also was evident and points to a difference in trophic organization across the gradient. In combination, these results support the hypothesis that the taxonomic composition of invertebrate species inhabiting T. testudinum meadows along the central Gulf coast of Florida is significantly influenced by environmental changes along the gradient. However, we reiterate that these patterns are common in spatial data, and acknowledge that demonstrable correlation with certain variables does not mean that additional variables, e.g., predator density, storms, or other major disturbances, have no influence.



Conclusion

The data presented herein indicate that invertebrate communities of seagrass meadows dominated by a single species do vary spatially and in ways that are meaningful for ecosystem function. Known spatial gradients such as the concentration of phosphorus in coastal waters, are likely major drivers of invertebrate community composition. These influences could be both direct, with higher nutrient inputs increasing food or space resources for certain taxa (supported by variation in the abundances of functional trophic classes), or indirect, whereby nutrient inputs mediate changes in the physical environment (leaf morphology of the foundation species, T. testudinum) that alters the refuge value of seagrass habitat (supported by different body sizes responding differently to latitude). Previous work has demonstrated that total phosphorus (TP) concentrations in this system are linked with marked morphological differences in the leaves of T. testudinum, the dominant structure-forming plant (Barry et al., 2017) and there are several dimensions of seagrass structural complexity that vary in different ways across the gradient sampled (Supplementary Figure 2). Therefore, it is difficult to separate the direct and indirect effects of phosphorus concentrations in these systems using the data available, but future investigations could build upon our findings and investigate the mechanisms that drive the patterns we report.

These data provide background information about the taxa that inhabit seagrass meadows of this region. In addition, this effort highlighted specific taxa that differed between estuarine systems, and thus, may be targets of future research. Data like these can provide context for experimental manipulations that investigate ecosystem function (Dossena et al., 2012), be linked with environmental or paleoecological data to examine ecological change over time (Kidwell, 2001, 2007; Olszewski and Kidwell, 2007; Tyler and Kowalewski, 2017; Hyman et al., 2019), or identify species that may be useful indicators of environmental change (Schröder et al., 2015). More detailed information about the relative strength of bottom-up and top-down control of epiphytes, macroalgae, and the herbivorous species that keep them in check is important for the conservation, management and restoration of seagrass ecosystems (Hays, 2005; Heck and Valentine, 2006, 2007; Poore et al., 2009; Hammerschlag-Peyer et al., 2013; Duffy et al., 2015; Lefcheck and Duffy, 2015). For example, marine resource managers might be interested in linking spatial differences in nutrient inputs to secondary production of invertebrate species or the morphology and shoot density of seagrasses, given the relevance of these variables to many economically valuable fish and crustaceans (Edgar and Shaw, 1995; Rakocinski et al., 2008). Or, managers may be interested in the extent to which overfishing might impact seagrass resources indirectly via cascading effects on invertebrate communities (e.g., Heck and Valentine, 2007; Farina et al., 2014). The differences we report in the taxonomic and trophic composition of invertebrate communities across these estuarine systems may signify important variations in ecosystem processes, such as control of algal epiphytes and secondary production, which deserve further investigation.
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Rank Low vs. High Aboveground More %

Biomass Abundant In  Dissimilarity
1 Amphioplus abditus (E) Low 1%
2 Bulla occidentalis (M) Low
3 Dentimargo eburneolus (M) High
4 Ischnochiton papillosus (M) High
5 Nassarius vibex (M) Low
6 Costoanachis semiplicata (M) High
7 Ampelisca abdita (R) Low
8 Penaeus duorarum (R) High
9 Prunum apicinum (M) High
10 Hippolyte zostericola (R) High

Bold values indicate common (found in more than 50% of samples) or abundant
(at least 500 total individuals found) species. M, Mollusca; E = Echinodermata;
R = Arthropoda.
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Rank Weeki Wachee vs. More % dissimi- Rank Crystal vs. Waccasassa More % dissimi-
Chassahowitzka abundant at larity abundant at larity
1 Caecum pulchellum (M) WEE 69% 1 Pyrgocythara hemphilli (M) ~ WAC 67%
2 Laevicardium mortoni (M) WEE 2 Dentimargo eburneolus (M)  WAC
3 Amphioplus abditus (E) CHA 3 Ischnochiton papillosus (M)  CRY
4 Polychaete spp. (A) WEE 4 Elasmopus levis (R) CRY
B Alpheus heterochaelis (R) CHA 5 Acteocina candei (M) WAC
6 Modulus modulus (M) CHA 6 Nassarius vibex (M) WAC
ir Nassarius vibex (M) WEE ¥ Penaeus duorarum (R) WAC
8 Bulla occidentalis (M) WEE 8 Neopanope packardii (R) CRY
g Erichsonella attenuata CHA 9 Astyris lunata (M) WAC
10 Lumbrineridae sp. A (A) CHA 10 Alpheus packardii (R) CRY
Rank Chassahowitzka vs. More % dissimi- Rank Weeki Wachee vs. More % dissimi-
Homosassa abundant at larity Homosassa abundant at larity
1 Modulus modulus (M) CHA 68% 1 Caecum pulchellum (M) WEE 75%
2 Ampelisca abdita (R) CHA 2 Ischnochiton papillosus (M)  HOM
3 Cerithium muscarum (M) CHA 3 Laevicardium mortoni (M) WEE
4 Batea cuspidata (R) HOM 4 Paracerceis caudata (R) HOM
5 Ischnochiton papillosus (M) HOM 5 Nassarius vibex (M) WEE
6 Paracerceis caudata (R) HOM 6 Batea cuspidata (R) HOM
7 Lumbrineridae sp. A (A) CHA 7 Amphioplus abditus (E) WEE
8 Lysianopsis alba (R) HOM 8 Bulla occidentalis (M) WEE
g Pyrgocythara filosa (M) CHA 9 Polychaete spp. (A) WEE
10 Pyrgocythara plicosa (M) HOM 10 Schwartziella catesbyana WEE
(M)
Rank Homosassa vs. Crystal More % dissimi- Rank Weeki Wachee vs. More % dissimi-
abundant at larity Waccasassa abundant at larity
1 Alpheus packardii (R) CRY 68% Pyrgocythara hemphilli (M) ~ WAC 73%
2 Batea cuspidata (R) HOM Costoanachis semiplicata WAC
M)
3 Alpheus heterochaelis (R) HOM 3 Ischnochiton papillosus (M)  HOM
4 Elasmopus levis (R) CRY 4 Dentimargo eburneolus (M)  WAC
5 Paracerceis caudata (R) HOM 5 Astyris lunata (M) WAC
6 Neopanope packardii (R) CRY 6 Batea cuspidata (R) HOM
7 Lysianopsis alba (R) HOM 7 Acteocina candei (M) WAC
8 Leptochelia rapax (R) HOM 8 Nassarius vibex (M) WAC
9 Pyrgocythara plicosa (M) HOM 9 Lysianopsis alba (R) HOM
10 Palaemon floridanus (R) CRY 10 Alpheus heterochaelis (R) HOM

Bold values indicate common (found in more than 50% of samples) or abundant (at least 500 total individuals found) species. M, Mollusca;, E, Echinodermata; A,

Annelida; R, Arthropoda.
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Species df SS MS Pseudo-F P(perm)
Aboveground biomass 1 17028.0 17028.0 6.3 0.001
System 4 50883.0 12721.0 4.6 0.001
Station (system) 20 58216.0 2910.8 2.7 0.001
Residuals 49 53401.0 1089.8

Total 74 179530.0

Trophic role df SS MS Pseudo-F P(perm)
Aboveground biomass 1 816.4 816.4 BB 0.005
System 4 4170.2 1042.5 6.8 0.001
Station (system) 20 3240.0 162.0 3.3 0.001
Residuals 49 2417.3 49.3

Total 74 10644.0
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System Station Total +SD Family +SD Species +SD Shannon- +SD Pilou’s +SD Berger- +SD Biomass(g +SD Shannon- +SD
abundance richness richness Weaver evenness Parker DW) Weaver
diversity dominance diversity
(species) (vegetation)
Weeki Wachee 8 505.3 88.8 34.7 0.6 447 21 3.0 0.1 0.8 0.0 0.2 0.0 24.4 7.9 0.6 0.2
Weeki Wachee 9 489.3 193.1 36.0 4.6 47.3 5.0 3.0 0.1 0.8 0.0 0.2 0.0 15.8 4.7 0.4 0.2
Weeki Wachee 8b 511.0 168.2 36.3 4.9 45.7 72 3.1 0.1 0.8 0.0 0.2 0.0 14.3 3.1 0.4 0.1
Weeki Wachee 9 987.7 129.5 36.3 21 50.7 3.5 24 0.3 0.6 0.1 05 0.1 26.1 4.9 0.4 0.1
Weeki Wachee 10 905.0 475.4 39.0 3.0 52.0 4.0 2.6 0.5 0.7 0.1 0.3 0.2 15.1 5.4 0.6 0.1
Chassahowitzka  9a 685.0 109.1 37.3 1.5 48.0 2.6 3.0 0.1 0.8 0.0 0.2 0.0 23.3 5.8 0.7 0.0
Chassahowitzka  9b 644.7 169.9 43.3 4.2 53.3 8.1 3.2 0.1 0.8 0.0 0.1 0.0 20.9 7.9 0.3 0.2
Chassahowitzka 9 601.7 108.3 38.7 1.2 45.7 21 3.0 0.1 0.8 0.0 0.2 0.0 28.8 2.0 0.4 0.1
Chassahowitzka  10a 296.7 80.3 35.7 1.5 42.7 1.2 2.9 0.3 0.8 0.1 0.2 0.1 10.4 2.3 0.7 0.0
Chassahowitzka 10 367.7 28.3 32.0 1.0 39.3 1.5 3.0 0.1 0.8 0.0 0.1 0.0 23.9 16.2 0.5 0.4
Homosassa 6 547.7 91.5 41.0 2.6 51.0 4.0 3.0 0.2 0.8 0.0 0.2 0.0 78.2 12.1 0.8 0.1
Homosassa 6a 462.3 31.0 38.3 0.6 47.7 0.6 3.1 0.1 0.8 0.0 0.2 0.1 62.9 10.9 0.7 0.1
Homosassa 6b 602.7 85.7 39.0 3.6 49.3 6.5 2.9 0.2 0.7 0.0 0.2 0.1 68.3 8.0 0.5 0.2
Homosassa 2c 894.7 332.1 51.3 21 69.3 3.2 3.3 0.2 0.8 0.0 0.2 0.1 62.5 7.2 0.6 0.1
Homosassa 1 586.0 74.3 40.7 0.6 52.0 2.0 3.2 0.1 0.8 0.0 0.2 0.0 51.5 16.0 0.7 0.1
Crystal 8c 492.3 56.6 37.7 21 51.0 4.4 3.0 0.1 0.8 0.0 0.2 0.0 66.7 3.1 0.7 0.0
Crystal 8b 979.3 140.0 38.7 1.5 51.7 3.8 27 0.1 0.7 0.0 0.3 0.0 71.0 74 0.6 0.1
Crystal 8 597.3 90.1 33.7 4.2 42.3 4.6 2.9 0.1 0.8 0.0 0.2 0.0 70.6 10.3 0.1 0.1
Crystal 5b 555.3 121.9 39.3 45 51.3 8.1 3.2 0.1 0.8 0.0 0.1 0.0 46.5 11.0 0.7 0.2
Crystal 5 1169.7 58.3 48.7 1.5 67.3 0.6 25 0.1 0.6 0.0 0.4 0.1 43.9 6.8 0.7 0.1
Waccasassa Te 1101.0 99.2 43.0 5.3 567 9.3 2.8 0.1 0.7 0.0 0.3 0.0 371 3.6 0.9 0.1
Waccasassa e 1010.7 204.2 44.0 4.4 &57.0 8.7 2.7 0.2 0.7 0.1 0.3 0.1 421 11.6 0.7 0.3
Waccasassa 7a 1046.0 116.5 43.0 1.0 56.3 21 2.8 0.1 0.7 0.0 0.3 0.0 371 4.9 1.0 0.1
Waccasassa 7d 582.7 133.6 31.0 1.0 427 1.5 2.8 0.1 0.8 0.0 0.2 0.0 27.9 44 0.2 0.2
Waccasassa 7b 674.0 252.2 37.7 0.6 45.3 25 2.7 0.1 0.7 0.0 0.3 0.0 48.2 28.6 0.6 0.2

Stations are listed in order from south to north. SD, standard deviation.
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