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Abstract

:

Invertebrate diversity can be a key driver of ecosystem functioning, yet understanding what factors influence local biodiversity remains uncertain. In many marine and terrestrial systems, facilitation cascades where primary foundation and/or autogenic ecosystem engineering species promote the settlement and survival of a secondary foundation/engineering species have been shown to enhance local biodiversity and ecosystem functioning. We experimentally tested if a facilitation cascade occurs among eelgrass (Zostera marina), pen clams (Atrina rigida), and community diversity in temperate seagrass beds in North Carolina, U.S.A., and if this sequence of direct positive interactions created feedbacks that affected various metrics of seagrass ecosystem function and structure. Using a combination of surveys and transplant experiments, we found that pen clam density and survivorship was significantly greater in seagrass beds, indicating that eelgrass facilitates pen clams. Pen clams in turn enhanced local diversity and increased both the abundance and species richness of organisms (specifically, macroalgae and fouling invertebrate fauna)—the effect of which scaled with increasing clam density. However, we failed to detect an impact of pen clams on other seagrass functions and hypothesize that functioning may more likely be enhanced in scenarios where secondary foundation species specifically increase the diversity of key functional groups such as epiphyte grazers and/or when bivalves are infaunal rather than epifaunal. Our findings add to the growing amount of literature that demonstrates that secondary foundation species are important drivers of local biodiversity in marine ecosystems. Further experimentation is needed that directly examines (i) the role of functional versus overall diversity on seagrass functions and (ii) the relative importance of life-history strategy in determining when and where engineering bivalves increase biodiversity and/or functioning of seagrass beds.
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1. Introduction


It has long been recognized that cascades of species interactions can indirectly alter ecosystem processes and community organization [1,2]. Tri-trophic cascades are one well-known example that occur when double-negative feeding interactions result in predators indirectly increasing plant populations by suppressing populations of otherwise voracious grazers [3,4,5]. Facilitation cascades generated by sequences of direct positive effects between habitat-forming ecosystem engineers can also have powerful, indirect effects on marine ecosystems [6]. In habitat cascades, primary foundation species, such as mangroves and salt marsh cordgrasses, ameliorate stressful physical conditions and provide habitat for secondary foundation species such as oysters and mussels [6,7,8]. In turn, secondary foundation species further modify ecosystem structure and functioning and enhance community diversity via their own engineering and niche space provisioning [9].



Despite their likely influence on ecosystem functioning and resilience, ecological models often do not include positive interactions [10]. Moreover, the generality of habitat-mediated facilitation cascades and their application in conservation has only gained traction in the last two decades [11]. In salt marshes, facilitation cascades between ecosystem-engineering grasses and mussel aggregations have been found to enhance multiple functions including soil accretion and infiltration rate in addition to plant biomass and local biodiversity [12]. Similarly, facilitation cascades and mutualisms among mangroves, algae, and oysters have been demonstrated to increase growth rates, niche provisioning, and epifaunal diversity and abundance [13,14]. Recent syntheses have further found that positive interactions [15] and facilitation cascades [16] are especially important for enhancing resilience to physical stressors and driving patterns of biodiversity across marine, aquatic, and terrestrial ecosystems.



Studies have only recently begun to examine how biodiversity in seagrass beds may alter ecosystem functioning [17,18], and the role of facilitation cascades in determining seagrass biodiversity has similarly been under-studied. Prior studies of positive interactions between seagrasses and bivalves have focused primarily on the direct effects of bivalves on seagrass productivity [19,20,21,22,23]. These studies also did not first examine the role of seagrasses as primary foundation species prior to testing for bivalve impacts or whether bivalves may have indirect effects on tertiary species via a multi-level facilitation cascade. Secondary foundation species in seagrass beds, such as algae and bivalves, may also independently and directly facilitate fish and invertebrate settlement. [12,16]. Thus, it is possible that habitat cascades between seagrasses and secondary foundation species may also be prevalent drivers of biodiversity patterns in shallow water marine systems [24,25]. However, further examination is required to determine how common and the extent to which facilitation cascades influence seagrass community structure and ecosystem functions.



Bivalves commonly occur in seagrass ecosystems across the globe [20]. Seagrasses have been shown to first facilitate bivalves by attracting bivalve larvae and decreasing the intensity of physical and biological stressors [26,27,28]. Bivalves in turn may positively affect seagrasses by increasing water clarity and beneficially altering sediment nutrient chemistry and soil oxygenation [20,23,24,29]. Lucinid clams, for example, can reduce otherwise toxic sediment sulfide concentrations and enhance seagrass biomass via a mutualism with sulfide-oxidizing bacteria that reside within their gills [20]. Reef-building bivalves such as oysters or mussels may act as both primary or secondary foundation species depending on whether they occur within or adjacent to seagrass meadows. Oyster reefs, for example, may facilitate nearby seagrass growth by ameliorating wave stress [30]. In addition to directly impacting seagrass productivity and functioning, bivalves can also act as ecosystem engineers and create a habitat that supports greater biodiversity [7,12]. Such a habitat cascade could support the formation of tertiary habitats that may only have detectable impacts at high densities of secondary foundation species [16]. These indirect impacts may be density-dependent and increase with density or even disappear [25,31]. For example, secondary foundation species may provide positive effects on biodiversity at low densities but may compete for space or resources beyond a threshold density [8,32].



Clams in the Pinnidae family, collectively known as pen shells or fan clams, are large, habitat-forming bivalves that occur within seagrass meadows and adjacent sand flats in many of the world’s oceans and estuaries. In some regions, such as Baja California in Mexico, they occur in extremely high densities and constitute a critical and profitable fishery [33,34,35]. However, little scientific knowledge exists regarding the ecological role pen clams may play in marine systems. Previous studies have shown that pen clams can provide primary habitat and nest sites for many epifaunal organisms and fish species, particularly post-mortem [25,36]. More recently, Gribben et al. (2017) found that pen clam presence increased local diversity, but the effect was not density-dependent. This contrasts with previous studies that indicate greater facilitation with increasing density [13,37,38,39]. These studies have indicated that pen clams may act as secondary foundation species in seagrass ecosystems; however, whether the initial step in this potential facilitation cascade occurs (i.e., seagrass facilitation of pen clams) has not been tested. Moreover, whether the density-dependent effects of pen clams are general across other species is not known.



In coastal North Carolina (NC), there are two commonly occurring species of pen clam, Atrina rigida and Atrina serrata (i.e., the rigid and the sawtooth pen clam, respectively). Pen clams in NC are functionally both infaunal and epifaunal with only the upper ~1/4 of their shell above the sediment surface. Exposed portions of the shells are frequently colonized by multiple species of invertebrates and algae. Though edible, pen clams in NC are not commonly harvested. The purpose of this study was to first determine the relative distribution and abundance of pen clams in the southern Outer Banks of North Carolina, and second, to ascertain if a facilitation cascade exists between seagrasses—pen clams—and local biodiversity. In particular, we tested if seagrasses enhanced pen shell success (i.e., density and survivorship) and if pen clams in turn impacted community diversity and ecosystem functioning. We further sought to determine if impacts were density-dependent.




2. Materials and Methods


To examine how and if seagrasses and pen clams form the basis for a facilitation cascade, we conducted a survey of seagrass beds in the southern Outer Banks of North Carolina and two field experiments. For all experiments, pen clams were collected from seagrass beds in Back Sound, NC and field manipulations were conducted in Middle Marsh, Beaufort, NC, USA.



To obtain an estimate of pen clam densities in NC, we surveyed 13 seagrass beds and adjacent sand flats in Back, Bogue, and Core Sounds (Figure 1). Pen clam density was quantified using two survey methods. We first surveyed for clams by haphazardly tossing a 1 m2 quadrat across a seagrass meadow and neighboring sandflat, and recording seagrass species and number of pen clams within the quadrat (n = 25 per site). We also took a more systematic approach and conducted eight 25 m belt transect surveys in both seagrass and sandflat for a total of 16 transect surveys at each of the 13 sites. All pen clams that occurred along the transect were noted, and seagrass species was recorded at 2 m intervals.



To assess if seagrasses could facilitate pen clam survivorship, we conducted a reciprocal transplant experiment. Pen clams (n = 10 per habitat type) were collected from seagrass bed interiors and transplanted into the interior of a seagrass bed or sandflat in June 2017. Mortality, shell condition, and potential cause of death was assessed weekly for the first four weeks and monthly thereafter through October 2018.



In order to test for the presence of a density-dependent facilitation cascade, we manipulated pen clam density within plots to 0, 1, or 4 clams per m2 (n = 5) within a seagrass bed in Middle Marsh, Beaufort, NC to represent densities observed from surveys. Experiments were conducted from November 2015 through August 2017. Seagrass percent cover was measured prior to experiment implementation to ensure similar conditions across plots. Seagrass density, height, growth, and reproductive effort were measured in May 2016 and 2017 to coincide with the period of greatest eelgrass productivity in NC. Seagrass density and reproductive shoots were counted in situ within 0.25 m2 quadrats inside plots within which ten stems were measured for growth. Seagrass growth was measured by marking 10 separate seagrass shoots approximately 1 cm below the sheath. After two weeks, marked shoots were collected and brought to the lab for processing. New and old growth area and biomass were measured to determine proportional growth. We also quantified aboveground seagrass decomposition to determine if pen clams affected seagrass decay rates. Decomposition bags were constructed from 1 × 1 mm mesh screen cloth and packed and massed onshore with 50 g of live, aboveground Zostera marina collected from the same meadow but 30 m away from the experiment area [40]. Bags were deployed within plots in June 2017 for six months, then collected and the remaining material was massed.



To assess community composition within plots, we quantified mobile nekton, seagrass epibiont, macroalgal species and associated fauna, and pen clam epibiont communities. Nekton and macroalgal species present were quantified via in situ snorkeler surveys at mid-tide (~1.5 m water depth) once a month from April to August in 2016 and 2017. Observers floated above plots and enumerated all nekton that entered the plots over a three-minute duration after a two-minute acclimation period [41]. To determine if pen clams/pen clam density affected benthic, free-growing macroalgal biomass, we collected algal samples from plots in May 2016 and 2017. A 25 × 25 cm quadrat was randomly placed within the plot, and all macroalgae within the quadrat were collected and taken back to the lab for processing. Macroalgal samples were rinsed through a 500 µm sieve, dried, and weighed [42,43]. Algal-associated organisms within samples were also enumerated and identified to species. To quantify seagrass epibiont communities, 10 random stems were collected from plots and epibiota identified to family and quantified in June 2016 and 2017 to coincide with documented periods of high epibiont coverage in NC. Clam epibiont communities were assessed from photos taken in the field in August 2016 to minimize damage to plots. In August 2017 (experiment end), clams were collected and epibiont communities on clams were identified to species and enumerated. In instances where species are known to be colonial (e.g., bryozoans), organisms were recorded as present/absent rather than enumerated.




3. Results


Pen clams were significantly denser and more abundant in seagrass beds compared to adjacent sandflats (Student’s t-test p < 0.001, Figure 2a) at an average of roughly 1818 per hectare in seagrasses, whereas there was on average 100 clams per hectare in adjacent sandflats. When clams were observed (13.2% of all observations in seagrass beds), they were typically solitary, however densities of up to 7 m−2 were observed (Figure 2b). Transplantation into seagrass beds and sandflats found that 16 months post-transplant, there was a significant effect of seagrasses on pen clam survivorship with 80% mortality observed in sand flats and no pen clam mortality observed in seagrass beds (Figure 2c). Assessment of shell condition post-mortem revealed that clams typically remain buried in the sediment with intact shells, potentially indicating death by senescence or due to physical stressors. In our experiments, two clams showed potential signs of predation (shell was crushed), and two were not recovered. When mortality by predation was observed, shells/shell fragments were found within one meter of where clams were originally transplanted.



Transplantation experiments at varying densities revealed no significant effects of pen clams on aspects of seagrass ecosystem function and structure (i.e., seagrass growth seagrass density) or decomposition (ANOVA p = 0.642, p = 0.393, and p = 0.814, respectively, Figure 3a–c). We also failed to detect a relationship between algal biomass and pen clam density (ANOVA p = 0.321, Figure 3d). Because no metric of seagrass productivity differed across treatments, we did not further quantify sediment or seagrass nutrient content.



Across all replicates, the number of unique species found increased with pen clam density, with 37 species identified in the clam-absent treatment and 41 and 59 species present in the one- and four-clam treatments, respectively. Moreover, community diversity measured as average species richness increased stepwise with increasing pen clam density and was significantly different between the zero versus four and one versus four pen clam treatments (ANOVA p = 0.0043, Tukey’s Honest Significant Difference 0 vs. 4 p = 0.002, and 1 vs. 4 p = 0.016, Figure 4a). In particular, fouling invertebrates associated with epibiont communities (i.e., corals, anemones, barnacles, tunicates, sessile polychaetes, etc., ANOVA p < 0.00, Figure 4b) and algal species significantly increased in richness with increasing pen clam density (ANOVA p < 0.001). In contrast, species richness for other functional groups or communities assessed (e.g., nekton, seagrass, and algae-associated) did not vary significantly across treatments.



Total organismal abundance was not significantly different across treatments (ANOVA p = 0.359). Because mesograzers (amphipods, isopods, and tanaids) constituted the vast majority of the community, and their abundance did not differ with respect to clam density, we removed mesograzers from the abundance analysis to more closely examine how the rest of the community varied with respect to clam density. In the absence of mesograzers, we found that overall organismal abundance was significantly greater with four pen clams present compared to the no-clam and one-clam treatments (ANOVA p = 0.009, Tukey’s Honest Significant Difference 0 vs. 4 p = 0.044 and 1 vs. 4 p = 0.009, Figure 5a). Across all taxa, Shannon–Wiener diversity was greater at high pen clam density than both absent and one-clam treatments (ANOVA p = 0.037, Figure 5b).



Non-metric multidimensional scaling (NMDS) further indicated that there were differences between the community composition found across treatments (stress = 0.187, Figure 6) with communities sorting most strongly by pen clam density (NMDS 1, r2 = 0.88, p = 0.01) followed by algal biomass (NMDS 2, r2 = 0.61, p = 0.04). Species indicator analysis further identified that a barnacle (Balanus eburneus) and worms, in the family Terebellidae, were strongly associated with high-density clam treatments (p = 0.001, and p = 0.038, respectively) but not low-density treatments.




4. Discussion


4.1. A Facilitation Cascade Enhances Local Biodiversity


Facilitation cascades between ecosystem engineers have been shown in numerous studies and habitats (e.g., salt marsh, temperate and tropical forests, mangroves, among others) to enhance ecosystem functions, biodiversity, and resilience to physiological stressors [6]. Using a combination of observational and experimental studies, we found support for a facilitation cascade among seagrasses and pen clams in coastal North Carolina by showing that (i) seagrasses support higher survivorship and densities of pen clams and (ii) pen clams act as secondary foundation species that enhance local diversity, which scales positively with clam density. Our findings provide further evidence that under certain scenarios, beneficial interactions, such as habitat cascades, can play a structuring role in determining biodiversity in seagrass ecosystems.



Our survey data support the conclusion that seagrasses positively influence pen clam density and survivorship, as pen clams were primarily found within seagrass habitats and not within neighboring sand flats. Our transplantation study further demonstrated that seagrasses promote the survivorship of pen clams, as 8/10 clams in sand flats died while all survived in seagrasses as of October 2018. There are likely multiple mechanisms by which seagrasses facilitated pen clam populations in our study. First, when seagrasses colonize an area, they act as ecosystem engineers and, through their three-dimensional structure, alter the physical environment in ways that can facilitate clams including dampening wave energy, altering turbulence, and changing flow velocity, among others [44,45,46]. Second, studies have shown that settlement of bivalve larvae is higher in seagrass beds compared to unvegetated habitats [26], and bivalves within seagrass beds grow at faster rates than those in nearby sandflats [47]. Finally, structural complexity provided by seagrass roots, rhizomes, and canopies can mediate predator–prey interactions and has been shown in numerous studies to reduce predator efficiency and increase bivalve survivorship, as reviewed in [48,49].



After secondary foundation species have established in seagrass beds, like pen clams, they can further provide microstructure that positively influences settlement of epibiota [26]. Despite only exposing a small portion of their shell, pen clams provide substantial sources of hard substrate when they establish on sand- or mud-dominated bottoms. This biogenic structure can promote the diversity of fouling organisms and macroalgae that require solid substrates for attachment [50]. Our results supported this hypothesis, as plots with a higher density of pen clams had significantly greater species richness than low-density plots. Thus, our findings highlight the often hierarchical structure of community organization, and the value of foundation species overlap in promoting local biodiversity.




4.2. Effects of Functional Diversity versus Diversity per Se


In our study, we found that pen clams increased diversity overall, but this increase occurred primarily in certain functional groups. Specifically, we found that pen clams increased the diversity of fouling organisms, including tunicates, barnacles, and encrusting sponges and bryozoans. There was, however, no difference detected in either amphipods or nekton across pen clam densities. This finding is consistent with the type of habitat that pen shells provide relative to their occurrence in seagrass beds. Hard substrate for fouling organisms to settle upon and colonize is relatively rare in seagrasses, thus pen clams may selectively promote organisms reliant on attachment substrate. The complex, three-dimensional structure that amphipods and fish depend upon for refuge and forage did not vary across treatments as both algal and seagrass biomass remained the same. Had plant structure and abundance differed, we would have expected to observe a greater change in mesograzer and nekton density that may have affected ecosystem functioning.



Although greater overall diversity did not directly translate into enhanced seagrass ecosystem functioning, we cannot definitively conclude that pen clams cannot alter ecosystem functions. Our findings do beg the question of the importance of overall diversity versus functional diversity. Many of the species promoted by pen clams were directly associated with the clam epibiont communities. However, several of these organisms (e.g., barnacles, bryozoans, boring sponges) may not functionally benefit seagrasses. Similarly, we also found an increase in macroalgae richness, but again, these organisms have generally been found to suppress rather than enhance seagrass growth [51].



Though many previous studies have found links between diversity and enhanced seagrass productivity [17,52,53], these studies found that the key force underlying changes in primary productivity was an increase in epiphytic grazer diversity, which was more efficient in consuming epiphytic algae that could otherwise overgrow and suppress seagrass growth. In contrast, we did not find that pen clams increased mesograzer (i.e., amphipods, isopods, tanaids) diversity or abundance [17]. Had we observed an increase in mesograzers in relation to pen clam density, we hypothesize that we would have seen a concomitant increase in ecosystem function [54].




4.3. Bivalves as Key Drivers of Seagrass Structure and Function


Bivalves play unique and foundational roles across multiple marine and aquatic systems [55]. The functional role bivalves play within an ecosystem, however, is context-dependent and strongly related to differences in life-history strategy, that is, whether they are epibenthic or infaunal, solitary or reef-building, intertidal or subtidal, etc. [55]. As filter feeders, they affect benthic-pelagic coupling, alter nutrient cycling, affect food webs, and modify trophic subsidies to nearby habitats [56]. Many reef-building species also act as ecosystem engineers by creating and modifying habitat [57,58,59].



Epibenthic and reef-building bivalves, such as oysters and mussels, may act as autogenic ecosystem engineers that create niche space for many small invertebrates thus enhancing local diversity [57,59,60,61]. They may also serve as substrate for algal epibionts which, in turn, may act as secondary engineers or foundation species [62]. At high densities, however, they may compete with other foundation species for space [63]. In contrast, infaunal bivalves more often function as allogenic ecosystem engineers and can modify the physical environment by providing nutrient subsidies via pseudofeces, increasing oxygen penetration into the sediment, and stimulating microbial metabolism via bioturbation [55,64,65,66,67]. Moreover, many infaunal clams can further facilitate seagrasses by reducing sulfides in the sediment via a mutualistic interaction with bacteria that reside in their gills [20].



Our study examined a bivalve that is a mix of both infaunal and epibenthic. Although pen clams in our study region do not occur in high enough densities to form reefs, we found densities of up to 7 m−2 in our surveys, and in other regions of the world, pen clams have been found in aggregations of 14 m−2 [68]. Despite having the majority of their shell buried beneath the sediment surface, bivalves can provide a substantial source of hard substrate for colonization in an otherwise soft bottom [69,70]. Post-mortem they can also serve as refugia for many small fish and crustacean species as their shells can remain intact and partially buried in the sediment for many months before degrading [25,71]. Thus, we predict that the impacts of bivalves on seagrass functions are likely to vary not only with density but also with functional group. Specifically, we hypothesize that, while alive, infaunal bivalves will facilitate seagrass primarily by increasing nutrient availability in sediments and reduce sulfide stress in contrast to epifaunal bivalves that are more likely to promote biodiversity and nursery functions. Post-mortem, however, both infaunal and epifaunal bivalve shells that rise to the sediment surface can promote biodiversity via the provision of refugia and hard substrate [72].





5. Conclusions


A large body of ecological research has focused on how cascades of negative trophic or competitive interactions can structure communities and are mediated by biodiversity [73]. Ecological studies have only begun to elucidate the important role of positive interactions and facilitation cascades in generating habitats and determining the distribution and abundance of biodiversity [7,8,12,16]. Our findings suggest that biodiversity in North Carolina seagrass communities is influenced by a facilitation cascade whereby seagrasses facilitate bivalves and, in turn, those bivalves facilitate fouling and algal diversity.



Our results also have implications for the conservation and restoration of seagrass ecosystems. Restoration of seagrasses that includes the simultaneous planting of both primary and secondary foundation species such as seagrasses and bivalves is likely to yield greater biodiversity. Greater emphasis should be placed on the enhancement of habitat cascade units (secondary foundation species/ecosystem engineers) and whole ecosystems, not just primary foundation species, that promote positive interactions and ecosystem functioning [74]. We suggest that future ecological studies and conservation actions further incorporate facilitation cascades, as they are likely key but underappreciated drivers of spatial and temporal variation of biodiversity and function in seagrass beds.
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Figure 1. Survey locations (n = 13) of seagrass beds and adjacent sand flats. 
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Figure 2. Pen clam (a) distribution and density from surveys of 13 seagrass beds and adjacent sandflats, (b) histogram of observed pen clam occurrences, and (c) observed mortality and location of transplanted pen clams. Error bars represent standard errors. 
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Figure 3. Ecosystem function responses from density-dependent pen clam transplant experiment. (a) Average proportional growth of seagrasses, (b) average seagrass shoot density per m2, (c) average algal biomass per m2, and (d) decomposition rate (g/month). 






Figure 3. Ecosystem function responses from density-dependent pen clam transplant experiment. (a) Average proportional growth of seagrasses, (b) average seagrass shoot density per m2, (c) average algal biomass per m2, and (d) decomposition rate (g/month).



[image: Diversity 11 00030 g003]







[image: Diversity 11 00030 g004 550]





Figure 4. Quantified species richness in plots from combined (a) nekton, algal, and shell communities averaged across treatments, gray-toned by taxonomic group, and (b) species richness of clam epibiont communities alone. Error bars represent standard errors. 
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Figure 5. Overall (a) organismal abundance without mesograzers and (b) Shannon–Wiener diversity associated with pen clams. Error bars represent standard errors. 
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Figure 6. Non-metric multidimensional scaling plot of pen clam communities. Numbers and colors indicate clam density per plot (treatment). Gray arrows represent correlation vectors where p < 0.1. Stress = 0.187. 
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