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Foundation species support communities across a wide range of ecosystems. Non-trophic interactions are considered the primary way foundation species influence communities, with their trophic interactions having little impact on community structure. Here we assess the relative trophic importance of a foundation species and assess how its abundance can influence food web topology. Using empirical data and published trophic interactions we built food web models for 20 glass sponge reefs to examine how average live reef-building sponge abundance (proxied by percent cover) at the reef level is correlated with community structure and food web network topology. Then, using a generalized food web model and stable isotope data we examined the relative importance of sponges. Sponges were consumed by all species examined and contributed significantly to their diets. Additionally, sponges were the second most important node in our generalized reef food web. Several metrics of food web topology (connectance, clustering, and median degree) and community structure exhibited a threshold response to reef-building sponge cover, with the change point occurring between 8 and 13% live sponge cover. Below this threshold, as average sponge cover increases, the consumers observed on a reef rely on fewer sources and are consumed by fewer predators, resulting in food webs that are more clustered and less connected. Above the threshold, as average sponge cover increases, the reefs’ food webs are less clustered and more connected, with consumers utilizing more sources and having more predators. This corresponds with the finding that several generalist predators (e.g., rockfishes) are associated with high sponge cover reefs. Our results are not consistent with previous reports that increasing foundation species abundance decreases connectance in food webs. We propose that the influence of foundation species on food web topology may be dependent on palatability, and therefore relative trophic importance, of the foundation species. Finally, our findings have important implications for sponge reef conservation and management, as they suggest that reefs below the 10% sponge cover threshold support different communities than high live sponge cover reefs.
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INTRODUCTION

Foundation species are spatially dominant species whose physical structure creates habitat for associated taxa, supporting more diverse and abundant communities with complex food webs (Bruno and Bertness, 2001; Altieri and van de Koppel, 2014). This effect is commonly attributed to non-trophic mechanisms, such as habitat provisioning and positive indirect interactions, centered around alleviation of abiotic stress (e.g., wave attenuation, Bruno et al., 2003). Recent work has suggested that a foundation species’ trophic interactions are relatively unimportant when compared to their non-trophic impacts on community structure and food web network dynamics (Baiser et al., 2013; van der Zee et al., 2016; Borst et al., 2018). Many of these studies were either correlative or theoretical papers that assumed that the foundation species was unpalatable to or not consumed by most community members. An experimental study that used habitat mimics to separate the importance of trophic and non-trophic interactions found that both types of interactions were important for structuring communities (Borst et al., 2019). Consequently, the importance of foundation species’ trophic interactions in structuring food webs is unclear.

In the deeper parts of the ocean, beyond the photic zone, food limitation is a strong driver of biodiversity and community structure (Smith et al., 2008). Food energy arrives in the form of detrital inputs (Smith et al., 2001, 2008; Bernardino et al., 2010), and the long-term energetic demand of benthic communities outstrips the supply of surface water production (Smith and Kaufmann, 1999). Despite the general rule of food limitation in deep-water systems, large productive ecosystems formed by foundation species, such as cold-water coral and sponge reefs, exist throughout the world (Carlier et al., 2009; Beazley et al., 2013; Maldonado et al., 2016; Hawkes et al., 2019). For example, glass sponge reefs are a deep-water ecosystem in the shelf waters of the Northeast Pacific, from the Canada-Alaska border south through the Salish Sea (Stone et al., 2014; Dunham et al., 2018a; Shaw et al., 2018). Since the discovery of glass sponge reefs in the late 1980’s (Conway et al., 1991), several studies have documented the diverse and abundant consumer communities associated with reefs throughout their geographic range (Cook et al., 2008; Chu and Leys, 2010; Dunham et al., 2015, 2018a; Law, 2018). The glass sponges that form these reefs efficiently capture large amounts of carbon from the water column (Kahn et al., 2015; Dunham et al., 2018a), potentially acting as an important base for the food web.

Sponges are not traditionally considered a high-quality food source because of their spicules, low nutritional content (Barthel, 1995), and propensity to produce (or harbor bacteria that produce) toxic or difficult-to-digest chemicals (Pawlik et al., 1995). However, a variety of animals in many systems consume sponges. For example, asteroids, dorid nudibranchs, several species of fish, sea turtles, and cidarid urchins have all been documented to consume sponges regularly throughout the world’s oceans (Mauzey et al., 1968; Randall and Hartman, 1968; Dayton et al., 1974; Faulkner and Ghiselin, 1983; Meylan, 1988; Wulff, 1995; Bo et al., 2012; Chu and Leys, 2012; Gale et al., 2013). In the few systems where researchers have investigated the role of sponges within a larger food web, sponges were shown to form a critical link between the water column and the benthic food web, concentrating energy and nutrients and likely allowing for a more abundant consumer community (de Goeij et al., 2013). For example, sponges play a pivotal role in the food web of McMurdo Sound in Antarctica, where they are consumed by a wide range of mollusks and asteroids (Dayton, 1972; Dayton et al., 1974; McClintock et al., 2005). Sponges’ benthic-pelagic coupling and widespread consumption suggest that both trophic and non-trophic interactions of habitat-forming sponges may be critical in shaping food webs.

By representing food webs as networks, we can calculate the relative importance of taxa within a web (McCann et al., 2017). Additionally, we can evaluate network topology using several metrics correlated with network complexity, stability, and function (Albert and Barabási, 2002; Dunne et al., 2002; Layman et al., 2015). For example, the clustering coefficient (a measure of how many sets of closely interacting species are present) can provide insight into the prevalence of tightly connected, and likely strongly interacting, groups of species in the food web (Watts and Strogatz, 1998; Delmas et al., 2019). Network-based approaches that incorporate interaction strength can shed even more light on the stability of food webs (Nilsson and McCann, 2015). When information regarding interaction strength is unknown, as is the case for many deep-water food webs, simple network topology-based metrics provide a starting point from which to ask questions regarding the influence of foundation species on food web structure (Poisot and Gravel, 2014; van der Zee et al., 2016; Delmas et al., 2019). Many network metrics, such as how well-connected species are within the food web, correlate strongly with the distribution of interaction strengths (O’Gorman et al., 2010). Consequently, their use allows us to speculate on interaction strengths in systems where direct measurement is difficult.

Here we hypothesize that reef-building sponges play an important role in reef food webs. We predict that sponges will have high relative importance within reef food webs and that many common consumers on sponge reefs utilize sponges as a direct food source. Further, we predict that this will be evident through changes in food web topology and community structure that correlate with live reef-building sponge abundance (as measured by percent cover).



MATERIALS AND METHODS


Site Descriptions

Data used in this study come from 19 sponge reef complexes in the Salish Sea (Strait of Georgia and Howe Sound; Dunham et al., 2018a) and one reef complex in Hecate Strait (Figure 1; Law, 2018). Sponge reef complexes are clusters of neighboring reefs and the delineation and naming of complexes follows those put forward by Conway et al. (2005) and expanded on by Cook et al. (2008) and Dunham et al. (2018a). The reefs are formed by three species of sponges from the subclass Hexasterophora: Aphrocallistes vastus (Schulze, 1887), Farrea occa (Bowerbank, 1862), and Heterochone calyx (Schulze, 1887) although many other species of sponges (both Hexactinellids and Demosponges) are present within the reefs. Farrea occa is not present on the reefs in the Salish Sea. The reefs included in this study occur at depths of 22–230 m (72 m ± 44, mean ± SD). Although several reefs are shallow enough to potentially receive direct energetic inputs from photosynthesizing species, no evidence of benthic primary productivity has been documented in these systems. Further descriptions of the reefs can be found in Dunham et al. (2018a) and Law (2018), and the references therein.
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FIGURE 1. Location of the sponge reefs and sampling sites: (a) Hecate Strait and Queen Charlotte sound glass sponge reefs marine protected area, (b) Strait of Georgia sponge reefs, and (c) sponge reefs in Howe Sound. Food webs from sponge reef complexes marked with an * were included in this study. Samples for stomach content analysis and stable isotopes were collected from Farrea 2015 and HEC1 within the Northern Sponge Reef complex within Hecate Strait.




Animal Collection, Stable Isotopes, and Stomach Content Analysis

Species collected for stomach content and stable isotope analysis were determined based on previously published data—all consumer species collected were previously reported to be strongly associated with or indicator species of areas of live sponge cover (Chu and Leys, 2012; Dunham et al., 2018b). All sponge, consumer, zooplankton, and sediment samples were collected on a research cruise conducted 9–23 May 2017, onboard the CCGS John P. Tully in the Hecate Strait, and Queen Charlotte Sound Glass Sponge Reefs Marine Protected Area (HSQCS-MPA) using the remotely operated vehicle (ROV) ROPOS. The three sponge reef complexes protected within the HSQCS-MPA cover over 380 km2 of the seafloor (Figure 1a). All samples were collected within or near the northern reef complex, with all but the marine snow samples collected at the Farrea 2015 site (Figure 1a). All applicable institutional and national guidelines for the care and use of animals were followed.


Sediment and Animal Sample Collection and Processing

Sediment organic matter (SOM) was collected from cores (7.6 cm diameter, 60 cm depth, n = 13) taken within the HSQCS sponge reef by ROPOS; two 2 mL aliquots were collected from the top 2 cm of each core. Aliquots were immediately frozen at −20°C. Zooplankton samples (n = 10) were collected from within the sponge reef by running a “suction sampler” with a 4 cm diameter hose for 5–10 min into a collection jar outfitted with 64 μm Nitex mesh; all zooplankton collected during this period were pooled for isotope analysis. Pieces of glass sponges, A. vastus (n = 11), F. occa (n = 10), H. calyx (n = 10), and demosponges Desmacella spp. (n = 5), as well as several species of consumers including two asteroid species Ceramaster patagonicus (n = 6) and Henricia sp. (n = 5), the decorator crab Chorilia longipes (n = 5), squat lobsters Munida quadrispina (n = 12), and the dorid nudibranch Peltodoris lentiginosa (n = 6), were collected using either the ROPOS manipulator arm or suction sampler. Spot prawns, Pandalus platyceros (n = 16), were collected using Fukui traps (Model FT-100) baited with a punctured can of cat food (Wellness Complete Health Chicken PateTM, WellPet, Tewksbury, MA, United States) deployed by ROPOS within the reef for 20 h. Sponge samples were retrieved from the ROV, rinsed in deionized (DI) water, wrapped in pre-combusted aluminum foil, and frozen at −20°C. Zooplankton samples were retrieved from the suction sampler jars and emptied onto a 64 μm filter, rinsed in DI water, wrapped in pre-combusted aluminum foil, and frozen at −20°C. All consumers were euthanized and their stomachs (or digestive tracts in the case of asteroids) were removed; stomachs were preserved separately in 70% ethanol. Remaining tissues were rinsed in DI water, wrapped in pre-combusted aluminum foil, and frozen at −20°C.

After the research cruise, all samples were transported to the Pacific Biological Station, Nanaimo, British Columbia (BC), where they were thawed and appropriate tissue was selected and dried at 50°C for 48–72 h. Entire samples for both sponges and zooplankton were dried. Muscle tissue from squat lobsters, spot prawns, and decorator crabs, podia from the two asteroid species, and the foot muscle from nudibranchs were removed and dried. Zooplankton and asteroid samples were acidified to remove calcium skeletons before δ13C analysis. All samples were ground and analyzed for δ13C and δ15N by the G. G. Hatch Stable Isotope Laboratory at the University of Ottawa. Carbon and nitrogen isotope values were determined using a Delta Advantage isotope ratio mass spectrometer with a Vario EL Cube elemental analyzer in line. δ13C and δ15N were reported relative to the Vienna Peedee Belemnite Standard (± 0.2‰) and air (± 0.3‰), respectively.



Marine Snow Collection and Processing

Three Baker-style, cylindrical sediment traps were moored at 50 m depth in southeastern Hecate Strait, at site HEC1 (Figure 1a), from July 2013 to July 2016. Each trap contained a carousel of 10 collection cups, with each cup set to collect for 11.5–12 days (Johannessen et al., 2019). The collection cups were filled with a brine and mercuric chloride solution (S = 38–40, [HgCl2] = 1 mg mL–1) before deployment to preserve the samples. The three traps were set to operate sequentially so that together they collected a continuous record of sinking particles for nearly a year during each deployment (334, 336, and 334 days). Currents at trap depth were < 20 cm s–1 87% of the time, implying the traps did not significantly over- or under-collect sinking particles (e.g., Gardner et al., 1997). Some data were lost due to trap failures, and some cups collected so little material that they were combined for analysis. Sediment trap samples were sieved through a 500 μm mesh to separate zooplankton from finer particles. Both portions were retained for further analysis. On return to the laboratory at the Institute of Ocean Sciences, Sidney, BC, the < 500 μm fraction was divided into [image: image] and [image: image] portions using a McLane Labs wet sample divider. The larger portion was analyzed for total dry mass and, where sample quantities permitted, geochemical analysis. The smaller portion was retained for taxonomic analysis of phytoplankton and enumeration of zooplankton fecal pellets. Sediment trap samples were rinsed, dried, ground, weighed, and analyzed at the University of British Columbia, Vancouver, BC. Inorganic carbon, as carbonate, was measured by coulometry on acidified samples. Total carbon and nitrogen were determined using a Carlo Erba CHN Analyzer, following Calvert and Pedersen (1995; ± 0.3%), and organic carbon was calculated as the difference between total and inorganic carbon. Stable isotopes of carbon and nitrogen were determined by VG PRISM isotope ratio mass spectrometry with a Carlo Erba CHN analyzer inline (Calvert et al., 2001). δ13C and δ15N were reported relative to the Peedee Belemnite Standard (± 0.2‰) and to air (± 0.3‰), respectively.



Stomach Content Analysis

The stomachs of all consumers were examined for the presence of sponge spicules. Stomach contents were first examined under a dissecting scope; in several cases, large pieces of reef-building sponge tissue and spicules were visible. In these cases, the animals were recorded as sponge consumers, and no further analysis was undertaken. In cases where sponge tissue was not visible under the dissecting scope, the stomach contents were dissolved in bleach for 72 h. After this period the supernatant was removed and the remaining contents were rinsed four to five times with DI water. Rinsing involved the addition of water, agitation of the remaining material, and a 24-h settlement period, after which time the supernatant was again removed. Any remaining material after the final rinse was placed onto glass microscope slides and examined for the presence of reef-building sponge spicules. When possible, other identifiable contents (e.g., demosponge spicules, spines of crab megalopae) were recorded.



Isotope Mixing Model

For all consumers, the sponge species (A. vastus, F. occa, H. calyx, and Desmacella spp.), water-column particulate organic matter (POM) or marine snow, SOM, and zooplankton were included as potential food sources (Figure 2). The proportion of potential sources in the diet of each consumer was estimated via a Bayesian mixing model using the simmr package (Parnell et al., 2013; Parnell, 2020) in R 3.5.0 (R Core Team, 2019). The model was run for 1 × 106 iterations with a burn-in period of 1 × 103 iterations and a thinning rate of 100. Model convergence was evaluated using the Brooks–Gelman–Rubin convergence diagnostic and visual inspection of trace plots. The isotopic range of the sponge species largely overlapped; therefore, they were combined into a single source (sponges) after the model was run, using the combine_sources command in simmr. The sponges were combined a posteriori to preserve the covariance structure among sources (Phillips et al., 2005, 2014). Trophic enrichment factors (TEFs) are not known for the organisms in this study; therefore, for all organisms, we included TEFs of 3.4 for nitrogen and 1.3 for carbon (Post, 2002) with large standard deviations to reflect uncertainty (2.0 and 1.0, respectively).
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FIGURE 2. Isospace plot for all sources and consumers sampled in this study. Raw data can be found in Supplementary Table S6. Error bars represent standard error.




Taxa Observations and Datasets

Datasets were gathered from the analysis of video and still imagery obtained during multiple research surveys between 2011 and 2017, as well as from published descriptions of sponge reef communities (Cook et al., 2008; Chu and Leys, 2010; Dunham et al., 2015; Law, 2018). These data sources can be divided into three datasets. Dataset 1 was gathered during research surveys conducted on the 19 sponge reef complexes in the Salish Sea that were completed using Fisheries and Oceans Canada’s ROV, the Phantom (Figures 1b,c; details can be found in Dunham et al., 2018a). Dataset 2 consists of community data from the HSQCS-MPA reefs that were collected using the ROV ROPOS (ropos.com) in May 2017 (Figure 1a; details can be found in Law, 2018). Dataset 3 represents a list of taxa observed on reefs in the Salish Sea compiled from Cook et al. (2008), Chu and Leys (2010), and Dunham et al. (2015).



Food Web Model Structure

All three datasets were used to create the master and reef-specific food webs. Taxa lists were combined across time and data sources so that each reef food web contains all taxa known to have occurred on the reef. This was done due to the limited spatial coverage of most individual surveys and the difficulty in detecting taxa in highly complex habitats. No abundance data were used in food web construction. To build a master food web for the sponge reefs a list of all taxa observed at any point on any sponge reef was generated. This resulted in a total of 120 taxa. Three basal sources were added to this list: POM (or marine snow), detritus, and SOM. A master food web was generated from this list. Trophic interactions were established in three ways: (1) empirical data collected as part of this study, (2) published diet information for the taxa recorded on the reefs or closely related taxa, and (3) unpublished diet data and expert knowledge (Supplementary Table S1). The third option was used for 10 taxa and only when the first two approached yielded no trophic interactions. Cannibalism was possible in the food web models. Using the master food web taxa were combined into tropho-species, where appropriate. A tropho-species was defined as any group of two or more taxa that consume the same resources and are consumed by the same predators in this food web (Briand and Cohen, 1984; Supplementary Table S2). The master food web was reorganized to replace individual taxa with the combined tropho-species. Food webs for each of the 20 sponge reefs were created from this master food web. For each reef, a list of all taxa observed on the reef from any of the data sources described above was generated and then taxa were combined into tropho-species using the tropho-species groupings identified in the master food web. Reef-specific food webs were created by generating a subset of the master food web so that only taxa and tropho-species reported from the reef were included in the list of consumers and resources. Including the three basal resources (POM, SOM, and detritus), the average number of taxa in each reef food webs was 35 (± 10, SD) and ranged from 19 to 48. Each food web model was examined to ensure that each consumer had at least one food source identified. There were no instances where a species did not have any food sources, so no species were removed from the food web models. Lists of tropho-species present on each reef and the master dataset of trophic interactions can be found in Supplementary Tables S3, S4, respectively.



Generalized Food Web and Relative Importance of Sponges

A generalized food web was created by focusing on taxa that were either found on at least two-thirds of the reefs examined or have been identified as being strongly associated with sponge reefs in the published literature. One species, a tube-dwelling anemone, Pachycerianthus fimbriatus, was removed from this web, due to its known associations with mud habitats surrounding sponge reefs, rather than with the reefs themselves (Dunham et al., 2018b). Using this generalized food web, the relative importance of each taxon/tropho-species was calculated using the index proposed by McCann et al. (2017). Briefly, this index combines four metrics (1) the number of incoming links per node, (2) the number of outgoing links per node, (3) how many paths pass through each node, and (4) the uniqueness of each node into a single value that captures how important each node is in the overall structure of the food web. How many paths pass through each node was calculated using the betweenness centrality index (Freeman, 1978; Brandes, 2001). The uniqueness of a node was calculated using the concept of regular equivalence (Lai et al., 2012). For two nodes to be regularly equivalent, they do not have to eat (or be eaten by) the same taxa, they simply need to eat and be eaten by taxa at the same trophic level. For example, two herbivores that are eaten by secondary consumers are regularly equivalent, regardless of the identity of their predators or their food sources. Consequently, a node is unique if it does not have the same trophic position as any other node within the network. The four metrics of trophic importance were combined into a final composite index by first calculating a z-score for each index, and then averaging the z-scores for each taxon/tropho-species. The relative importance of sponges was evaluated in all 20 food web models and the generalized food web using this index, as well as through an isotope mixing model based on samples collected at the Hecate Strait sponge reef in May of 2017 (see above).



Network Analysis

Seven metrics of network topology were calculated for each reef: (1) connectance (C), (2) median Out-Degree, (3) variance of Out-Degree, (4) median In-Degree, (5) variance of In-Degree, (6) clustering coefficient (Cl), and (7) trophic coherence (q; Table 1). Connectance—a measure of network complexity—was re-scaled to ensure that values were comparable among reefs despite differing numbers of species in the food webs (Poisot and Gravel, 2014; Delmas et al., 2019). A node’s degree—the number of links connected to that node—was divided into two components: the number of links coming into the node (In-Degree; the number of sources) and the number of links leaving the node (Out-Degree; the number of predators). We included the central tendency and variance of these two properties to examine how patterns of trophic generalization may change across reefs. The clustering coefficient—a measure of how many sets of closely interacting species there are—was calculated by ignoring the directionality of the links between taxa. Trophic coherence relates to how well species fall into trophic levels and has been linked to stability in food webs—food webs that can be organized into distinct trophic levels are more stable (Johnson et al., 2014). Because most of these metrics are correlated to some degree with connectance or with the size of the network (i.e., the number of species), we took steps to standardize them before comparison with live sponge cover (Table 1). All networks were generated, and metrics calculated, in R (R Core Team, 2019) using iGraph (Csardi and Nepusz, 2006) and multi-web (Saravia, 2019).


TABLE 1. Metrics used to evaluate network topology, their definition, formula, and the standardization applied to reduce correlation with food web size.

[image: Table 1]Initially, all network metrics were visually examined for a relationship with live sponge abundance measured as the percent cover of live reef-building sponges (hereinafter PSC). Percent cover of live reef-building sponges was calculated following Dunham et al. (2018a). Briefly, PSC was calculated from still images taken during the ROV transects described in Dunham et al. (2018a) and Law (2018). The PSC for a reef was calculated as the average PSC of all images taken while the ROV was within the reef’s boundaries. A reef’s boundaries were defined a priori, based on the geological signature of the reef (see Conway et al., 2005 for more information on defining reefs using geological signatures). Sponge reefs included in this study currently range from 0.11 to 17.5% live sponge cover (7.49 ± 6.21, mean ± SD, Supplementary Table S5). For many of the metrics, there was a strong non-linear pattern suggesting a threshold response at mid-range values of PSC. Consequently, each index was tested for a relationship with PSC using first a linear regression followed by a piecewise linear regression using the segment package in R (Muggeo, 2008). If a change point was identified, its significance was evaluated using the Davies test (Davies, 1987) to test for non-zero difference in slopes. If the change point was significant, results from the piecewise regression are discussed; otherwise, results from the simple linear regression are presented.



Community Analysis

Community analysis was done using only dataset 1. This was done because abundances were used in this analysis; restricting the datasets allowed us to ensure continuity in survey design, video annotation, and data quality control. For this same reason, squat lobsters (M. quadrispina) were excluded, as the methods used to assess their abundance was not consistent across reefs. Finally, reef-building sponges were also excluded from this analysis, as the goal of the analysis was to identify shifts in community structure associated with a gradient of percent sponge cover at the reef-level. Taxa were not combined into tropho-species for this analysis. Using dataset 1, individual transects (n = 98) were considered the sampling unit. The community dataset was then examined for the presence of a community threshold associated with PSC using Threshold Indicator Taxa Analysis (TITAN; Baker and King, 2010). This method combines change point analysis with indicator species analysis (Dufrêne and Legendre, 1997) to search iteratively for a change point that maximizes the sum of the standardized indicator values of individual taxa. The purity and reliability of individual species were assessed using a bootstrap approach. Pure species are those that consistently respond in the same direction (positive or negative) across bootstrap iterations. Reliable species are those whose indicator species value is consistently equal or larger than expected from random permutations of the data. The bootstrap iterations were also used to generate empirical quantiles surrounding the change point estimates. Only pure and reliable species were used to estimate the community level threshold.



RESULTS


Stomach Content Analysis

Spicules from both reef-building sponges and demosponges were found in at least one stomach for each species. The percent of stomachs containing reef-building sponge spicules ranged from 43% in squat lobsters (n = 12) to 100% in Henricia sp. (n = 5) and dorid nudibranchs (n = 6). For most consumers, reef-building sponges were found in > 50% of stomachs [cookie sea stars (n = 6): 67%, decorator crabs (n = 5): 80%, and spot prawns (n = 16): 57%]. Fewer stomachs contained demosponge spicules, with the percent of stomachs for individual consumer groups ranging from 17% (cookie sea stars and dorid nudibranchs) to 100% (decorator crabs and squat lobsters). Demosponge spicules were found in 40% of Henricia sp. and 86% of spot prawn stomachs. In addition to sponges, consumer’s stomachs contained algal detritus, polychaetes, zooplankton, unidentified crustacean, and other animal remains (Table 2). The stomach contents of the two asteroids, cookie sea stars, and Henricia sp., were too fully digested to identify any other remains visually.


TABLE 2. Food items other than sponge spicules found in consumer stomachs.

[image: Table 2]


Isotope Values

Consumers fell into two groups (Figure 2): generalist feeders (decorator crabs, squat lobsters, and spot prawns) and the more dedicated sponge feeders (cookie sea stars, Henricia sp., and dorid nudibranchs). Both the sponges and the sponge feeders had relatively high δ15N values, which range from 16.62 ± 0.52 (mean ± SD, demosponges) to 19.34 ± 0.92 (F. occa). There was a wide range in δ13C values; detritus in various forms were the most depleted and the sponge feeders were the most enriched (Figure 2 and Supplementary Table S6). The enriched carbon values of sponge feeders suggests either other unsampled dietary sources or larger than assumed TEFs.



Isotope Mixing Model

Models for all consumers converged (Supplementary Figures S1–S6). Consistent with stomach contents results, the results of the mixing model suggest that sponges represent between 0.2 (0.09–0.57 95% CI, squat lobsters) and 0.77 (0.34–0.94, dorid nudibranchs, Figure 3) of the total proportion of consumers’ diets. The probability that sponges make up the largest proportion of the diet varies among consumers (0.11 for spot prawns to 0.95 for dorid nudibranchs). For four consumers, sponges are likely to make up the largest proportion of the diet of any potential source evaluated by this model: cookie sea stars (probability [sponges > any other single source] = 0.91), decorator crabs (p = 0.61), Henricia sp. (p = 0.95), and dorid nudibranchs (p = 0.95). Of the sources evaluated, zooplankton was the source most probable to comprise the largest proportion of spot prawns’ diet (p = 0.43), and POM was the source most likely consumed by squat lobsters (p = 0.56, Figure 3).
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FIGURE 3. Results of the stable isotope mixing model. Values represent the estimated proportion of each source in the diet of each consumer.




Generalized Food Web

The generalized sponge reef food web contains 18 trophic nodes (Figure 4). Several nodes in the generalized food web represent tropho-species. When this is the case these tropho-species have been given descriptive names (e.g., Shrimps). Large and small rockfish represent tropho-species and were given names based on the relative adult size of the species in the tropho-species group. Tropho-species groupings can be found in Supplementary Table S2. Nodes vary widely in their relative importance (as defined by McCann et al., 2017, see section “Materials and Methods”). Zooplankton has the highest relative importance (25.65), followed by sponges (21.32). Hydroids (−0.63) and small rockfish (0.95) have the lowest relative importance. Large rockfish consume the largest number of sources, while zooplankton and sponges are consumed by most predators. More pathways travel through the zooplankton node than through any other node (other than POM). After zooplankton, the sponge node has the most paths traveling through it. The decorator crab, C. longipes, was the most unique node, followed closely by sponges, and then by unidentified shrimps. Sponges were one of the most important taxa on all 20 sponge reefs in this study (rank ranged from 3 to 14; median rank: 3.4). When considering only taxa that occurred on more than one reef, sponges were, on average, the 3rd most important taxa in reef food web models behind zooplankton (most important) and polychaetes (2nd).
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FIGURE 4. A generalized food web for sponge reefs. Taxa were considered if they were present on two-thirds of the reefs included in this study. Two taxa, Ceramaster patagonicus and dorid nudibranchs, were also included due to previous work indicating their strong association with live reef habitat (Chu and Leys, 2010; Dunham et al., 2018b). The size of each node corresponds to its relative importance in the food web. SR represents small rockfish. Several nodes in the generalized food web represent tropho-species. When this is the case these tropho-species have been given descriptive names (e.g., Shrimps). Large and small rockfish represent tropho-species and were given names based on the relative adult size of the species in the tropho-species group. Tropho-species groupings can be found in Supplementary Table S2.




Network Analysis

Many topological metrics had a relationship with live sponge cover. Re-scaled connectance (Crsc, Davies test for non-zero difference in slope p = 0.002, Figure 5A), clustering coefficient (Cl/Clran, p = 0.01, Figure 5B), median In-Degree (p = 0.01, Figure 5C), and median Out-Degree (p = 0.02) all had a threshold relationship with live sponge cover (Figure 5). Thresholds ranged from 9.5 (± 1.7 SE, Median In-Degree) to 13.1% (± 0.96 SE, Crs, Figures 5A,C,D). The variance of In-Degree (linear: F1,18 = 0.08, p = 0.78, R2adj = −0.05, threshold: p = 0.29), variance of Out-Degree (linear: F1,18 = 1.64, p = 0.22, R2adj = 0.03, threshold: p = 0.53), and trophic coherence (q, linear: F1,18 = 0.36, p = 0.55, R2adj = −0.03, threshold: p = 0.05) do not have a significant relationship with sponge cover. However, trophic coherence was bordering on a significant threshold relationship (threshold at 11.21 PSC, p = 0.05), where reef food webs trended toward becoming less coherent with increasing sponge cover below the threshold (slope = 0.40, −0.09 to 0.89 95% CI) and became more coherent with increasing sponge cover above the threshold (slope = −0.86, −1.64 to −0.07 95% CI). The lack of a significant relationship between variation and sponge cover for either In-Degree or Out-Degree suggests that these patterns were driven by a true shift in the central tendency, rather than by the presence or absence of a few highly connected species. It should be noted that all reef food web models were more clustered (largest p = 0.02) and were more coherent (all p < 0.001) than expected in random webs.
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FIGURE 5. Food web topological metrics related to percent cover of live reef-building sponge: (A) re-scaled connectance, (B) the ratio of observed to random clustering coefficients, and (C) median In-Degree standardized by the total number of possible incoming links. The lines are the result of piecewise linear regression and the shaded areas represent the 95% confidence intervals (CIs). In panel (D) we show the estimated threshold, or change point, for each index that demonstrated this behavior. The shaded area represents 95% CIs, except in the case of the community threshold where it represents 95% empirical quantile estimates.


Overall, there appear to be two general reef food web “types”(Supplementary Figure S7): one characterizing reefs with low sponge cover (below ∼10%; hereafter “low sponge reef”, n = 12 reefs), and one typical of those with high sponge cover (above ∼10%; hereafter “sponge-dominated reef”, n = 8 reefs). Within the low sponge cover food webs, as sponge cover increases, species tend to rely on fewer sources (In-Degree, slope = −0.006; −0.011 to −0.0009 95% CI) and have fewer predators (Out-Degree, slope = −0.004; −0.008 to −0.0006 95% CI). Consequently, connectance also decreases (Crs, slope = −0.002; −0.004 to −0.0005 95% CI). Low sponge reef food webs become increasingly more clustered than random (Cl/Clran, slope = 0.04, 0.003 to 0.077 95% CI) as sponge cover increases. Within the sponge-dominated reefs, as sponge cover increases, species tend to consume more sources (In-Degree, slope = 0.009; 0.001 to 0.02 95% CI) and have more predators (Out-Degree, slope = 0.006; 0.001 to 0.01 95% CI). Consequently, connectance increases (Crs, slope = 0.01; 0.004 to 0.02 95% CI). Sponge-dominated food webs become increasingly less clustered (Cl/Clran, slope = −0.09; −0.15 to −0.03 95% CI), becoming closer to what is expected in a random web.



Community Analysis

There was a significant community change point, or threshold, at 9.73% live sponge cover (8.17–11.3, 5, and 95% empirical quantiles, Figure 5D). Of the 90 species evaluated, 12 are consistently (min purity = 0.95) and reliably (min reliability = 0.96) associated with sponge-dominated reefs. Of these, two species have a lower change point than the rest of the community: Quillback rockfish Sebastes maliger (cp = 2.03, 2.03–8.17, 5 and 95% empirical quantiles) and the spiny lithode crab Acantholithodes hispidus (cp = 2.03, 0.40–2.38, 5 and 95% empirical quantiles). Overall, species associated with the sponge-dominated reef type were non-reef-building filter feeders (demosponges Hymeniacidon sp. and Iophon sp., and polychaetes Serpulidae and Sabellidae), predatory fishes (flatfishes, Pleuronectiformes, and rockfishes, Sebastes sp., S. proriger, S. wilsoni, and S. zacentrus), and decorator crabs (Chorilia longipes).

Thirteen species were consistently (min purity = 0.97) and reliably (min reliability = 0.97) associated with low sponge cover reefs. These included several sea stars: cookie sea star (C. patagonicus), Henricia sp., Mediaster sp., the cushion sea star (Pteraster tesselatus), and unidentified sea stars. In addition to sea stars, brittle stars (Ophiuroidea), small unidentified shrimps, hermit crabs (Paguroidea), the crimson anemone (Cribrinopsis fernaldi), the Oregon hairy triton (Fusitriton oregonensis), and polychaetes (other than Serpulidae and Sabellidae) were associated with low sponge cover reefs. Only two species of fish, the Spotted Ratfish (Hydrolagus colliei) and Yelloweye Rockfish (Sebastes ruberrimus) were associated with low sponge cover reefs. Overall, these taxa tend to either use detritus as a food source or consume detritivores. However, many of the sea stars also consume sponges regularly and Yelloweye Rockfish are generalist predators.



DISCUSSION

In deeper parts of the ocean, food limitation determines community structure to a large extent (Smith et al., 2008). Here, we show that the foundation species, sponges, can play an important role in marine food webs, acting as a key source of food for consumers. Further, we show that the topology of the food web and community structure shows a threshold response to increasing reef-building sponge cover, suggesting two potential states: low sponge and sponge-dominated reefs. Consequently, reefs with sponge cover near the threshold (∼10% PSC) have food webs that are less connected and more clustered—traits associated with stronger and destabilizing species interaction strengths (McCann et al., 1998; O’Gorman et al., 2010).

Contrary to previous works we found that sponges, the foundation species on sponge reefs, are important in the food web (Baiser et al., 2013; Borst et al., 2018). Zooplankton and sponges are the two most important non-basal nodes in a generalized sponge reef food web, and sponges were on average the third most important node in individual reef food web models, a finding that is supported by our stomach content and stable isotope data. We found evidence of feeding on sponges in every consumer we examined and for many of these consumers sponges represented a significant portion of their diet. Our results are not consistent with those of Borst et al. (2018); they found that foundation species in seven different ecosystems were no more important in the food web than other species when considering only trophic links. However, they only considered the number of out-going links (i.e., the number of consumers for a species) as their indicator of importance within the food web. We used an indicator of the importance that combined how well connected a species is (including both the number of consumers and the number of sources), how many trophic pathways pass through the species, and how unique a species is within the food web (McCann et al., 2017). Our approach provides a broader picture of trophic importance. If we restrict our indicator of relative importance to the number of outgoing links, we still find that sponges are the second most important node within our food web, suggesting that sponges, at least in these ecosystems, are a more commonly utilized food source than the foundation species examined by Borst et al. (2018). Further work is needed to determine how the palatability of a foundation species and the availability of other food sources affect the relative importance of a foundation species within a food web.

The results of the isotope mixing model generally agree with our stomach content analysis. Yet, care should be taken when interpreting the results, due to limited knowledge of the diets of the consumers we examined. Mixing models are very sensitive to sources, as well as to the TEFs used in the model (Phillips et al., 2014). Consequently, although our results show that all consumers consume sponges, the exact proportions of the diets estimated by the mixing model would vary if an additional source(s) was included in the model. It is very unlikely that we were able to account for all potential food sources for consumers within the sponge reefs. For example, Archer et al. (2018) documented the decorator crab, C. longipes, feeding on pyrosomes during the 2017 research cruise during which organisms were collected for this study. Historically, pyrosomes are unlikely to have been a significant contributor to the benthic food web in Hecate Strait and Queen Charlotte Sound, as the pyrosome bloom in 2017 was the first such bloom in recorded history (Archer et al., 2018; Sutherland et al., 2018). Pyrosome blooms were subsequently reported in the Northeast Pacific again in 2018 (Sutherland et al., 2018), and are predicted to become more common in this area in the future. Additionally, deep-water consumers are known to be opportunistic, taking advantage of occasional sources of energy, such as fish and marine mammal carcasses or wood falls (Smith and Baco, 2003; Bernardino et al., 2010; McClain and Barry, 2014). This is consistent with algal detritus’ being found in the stomachs of several of the consumers we examined. However, no such food sources were observed during this study; therefore, we were unable to include them in our mixing model. Additionally, the TEFs are unknown for all consumers examined in this study. Although we attempted to account for this source of uncertainty in our mixing model by including large standard deviations, there is no doubt that accurate TEFs would improve estimations.

There is strong and consistent evidence for a threshold response in community and food web structure at mid-levels of sponge percent cover (i.e., 10%). Overall, more generalist predators are associated with sponge-dominated systems. For example, several of the species associated with sponge-dominated communities are rockfish, which are generalist predators. Our findings correspond with those of Chu and Leys (2010), who also found an association between rockfish and live sponge cover. While the finding of an association between sponge cover and rockfish is consistent, it should be noted that issues with taxa detection may make similar associations between sponge abundance and smaller-bodied animals difficult. When reef-building sponges are abundant they form a dense and complex three-dimensional matrix of habitat with many portions of this habitat visually inaccessible to ROV cameras. This makes it more difficult to detect all taxa in areas of live sponge cover when compared to less structurally complex locations. Extractive sampling methods are generally not advisable (Loh et al., 2019) given that reef-building sponges are extremely fragile and slow to recover from physical disturbance (Kahn et al., 2016). Consequently, our community data are likely incomplete, especially in high sponge cover reefs.

Such shifts in community structure are reflected in the food web topology. Below ∼10% sponge cover, food webs are less connected with consumers relying on fewer food sources, and generally predated upon by fewer predators, as sponge cover increases. Above ∼10% we see the opposite trend, with webs that become more connected as species utilize more sources and are eaten by more predators. Although initial theoretical work suggested that more densely connected communities are more unstable (May, 1973), other research points toward the importance of the distribution of interaction strengths (McCann, 2000). If communities are dominated by weak interaction strengths, complex, densely connected communities might be more stable (McCann, 2012; Nilsson and McCann, 2015). Although we were unable to include interaction strength in our study, there is theoretical and empirical evidence of a strong negative correlation between how well connected a species is and the strength of its interactions: highly connected species tend to be involved in weaker interactions than are species with fewer connections (O’Gorman et al., 2010). Our results show that reefs near the transition between low sponge cover and sponge-dominated states are characterized by species with fewer connections. If species with low numbers of trophic connections are involved in stronger interactions, and strong interactions destabilize communities, then reef communities near the transition point (∼10% sponge cover) are likely less stable and more susceptible to perturbations.

While our study focuses on trophic interactions, there is no way to disentangle these from reef-building sponges’ non-trophic facilitation of associated species. Dead sponges provide physical structure, but this structure is often less complex than live sponges. The threshold we document may be an indication of the live sponge cover necessary for non-trophic facilitation by sponges to influence community structure. However, the patterns of network structure that we show do not correspond with other studies. For example, van der Zee et al. (2016) and Borst et al. (2018) found that as foundation species abundance increased, connectance decreased. We saw this pattern in our low sponge systems, but the opposite pattern in sponge-dominated systems. This may reflect the opportunistic nature of the predators associated with sponge-dominated systems. It may also reflect a fundamental difference in the types of systems that we examined. Whereas the foundation species examined in the above-cited studies were generally considered unpalatable and consequently had few trophic links, we found that a large proportion of mid-trophic level consumers associated with sponge-dominated systems consumed sponges. This widespread consumption of the foundation species serves to increase connectance. This suggests that foundation species’ impacts on food web structure may be dependent on their palatability and their relative trophic importance within the food web.

Our findings suggest that sponge reef food webs may be less stable near a 10% sponge cover. This has important implications for the management of this and other ecosystems created by filter feeders. Sponge reefs, and other deep-water benthic habitats formed by sponges and corals, are easily damaged by human activities that contact the bottom; for example, several sponge reefs included in this study have been impacted by human activities (e.g., fishing, Conway et al., 2001; Cook et al., 2008; Dunham et al., 2015). Although all reefs in this study are now protected from bottom-contact fishing activities (DFO, 2015, 2017, 2019), other anthropogenic stressors might affect these systems. For example, increased sedimentation, such as that caused by trawling near protected area boundaries, may disrupt filter-feeding of reef-building sponges, resulting in decreased growth or increased mortality (Grant et al., 2019). Additionally, there is now evidence that increasing water temperatures and ocean acidification may impact reef sponges’ ability to feed, resulting in tissue necrosis and, potentially, starvation (Stevenson et al., 2020). Our results suggest that reefs above, but near, the 10% threshold should be carefully managed to prevent, a shift away from the sponge-dominated state.

Other factors mediate live sponge cover on reefs. For example, Dunham et al. (2018a) found that seabed terrain is a significant driver suggesting some reefs may have naturally low levels of live sponge cover. However, all known sponge reefs were impacted to some degree by bottom contact activities before their discovery and subsequent protection (Dunham et al., 2018a). Consequently, a precautionary approach would be to manage all reefs as if a return to above 10% of live sponge cover is possible. Currently, the primary management tool applied to sponge reefs—spatial bottom-contact fishery closures—aims to prevent further physical damage to both the live sponges and the dead sponge reef matrix (DFO, 2015, 2017, 2019). Preventing further damage is of paramount importance but given the slow recovery and growth rates of reef-building sponges (Dunham et al., 2015; Kahn et al., 2016), future research should be directed at developing restoration methods to promote reef recovery. Given the depths at which many sponge reefs occur, this may prove to be a challenging task.

Consideration of the impact of foundation species on community structure has focused on the facilitation of community members by the habitat-forming species, typically the provision of habitat and other indirect positive interactions. Here we show that foundation species can also play a large role in the food web, acting as a major pathway of energy. Future work should incorporate multiple forms of interaction types into a single framework to fully understand the roles that foundation species play in shaping communities, particularly in deep-water systems.
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Crustacean remains were typically fragments of carapace. Unidentified tissue was matter that was clearly animal in origin, but that contained no identifiable markings or
structures. The stomach contents of the two asteroid species, the cookie sea star and Henricia sp., were too fully digested to visually identify remains other than sponge
spicules.
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Metric Definition Formula/Calculation Standardization Standardized Range

Connectance (C) The number of realized links out of all L/s? Re-scaled following Poisot and Gravel 0-1
possible links. Species can be (2014). The minimum number of L
cannibalistic in our networks. required so all nodes in the network
have at least one link is O (Crsc)-
Median out-degree The median number of outgoing links Median(Dout) Divided by S: a tropho-species eaten 0-1
per node in the network. Represents by every other tropho-species in the
the median number of predators on a web, including cannibalism, would have
tropho-species. a value of 1 and a top predator would

have a value of O.
[ ]
> (Doum *Dout)

Variance of out-degree The variance of outgoing links per node ——— Not standardized. 0-~S2/4
in the network.

Median in-degree The median number of incoming links Median(D;,) Divided by S: a tropho-species that (1/S)-1
per node in the network. Represents consumes every other tropho-species
the median number of sources a in the web, including cannibalism,
tropho-species utilizes. would have a value of 1 and a specialist

consumer that only consumes one
source would have a value of 1/S.

—\2
Variance of in-degree The variance of incoming links per node M Not standardized 0-~S%/4
in the network.
Clustering coefficient (Cl) The probability that nodes adjacent to # where n is The observed value was divided by the 0O-unbounded?®
node i are connected. Directionality of the total number of mean value of the clustering coefficient
the links is ignored. nodes j adjacent to for 1,000 randomly generated networks
node i (CV/Clyan) 2
Trophic coherence (q) This index takes the value of O for a For details on how The observed value was divided by the 0-unbounded?®
food web that can be organized into a to calculate this mean value of trophic incoherence for
perfect trophic hierarchy. The index index see Johnson 1,000 randomly generated networks
value increases with omnivory. etal. (2014). (@/Gran).2

Three variables are used throughout the table, L, S, and D. L is the total number of edges between nodes, also referred to as the number of realized links. Realized links
are distinct from possible links as they are only those where a documented trophic interaction takes place. The direction of the link is ignored in this case. S is the total
number of nodes in the network. Here S is synonymous with the number of tropho-species’. D is the degree of a node. Tropho-species are defined as any group of two
or more taxa that consume the same resources and are consumed by the same predators. 1,000 random networks with the same L and S as the original network were
constructed using the Erdés—Rényi model. Random networks were discarded in the In-Degree for any node was < 1. Values less than 1 represent observed networks
that are less clustered/incoherent than random and values more than 1 indicate a network that is more clustered/incoherent than random.
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