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Fine-Scale Mapping of Mega-Epibenthic Communities and Their Patch Characteristics on Two New Zealand Seamounts
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Seamounts are common features of the deep seafloor that are often associated with aggregations of mega-epibenthic fauna, including deep-sea corals and sponges. Globally, many seamounts also host abundant fish stocks, supporting commercial bottom trawl fisheries that impact non-target benthic species through damage and/or removal of these non-target species. However, the effects of bottom trawling on seamount benthic communities, as well as their recovery potential, will vary over the total seamount area because of differences in within seamount habitat and community structure. It is therefore important to understand fine-scale community dynamics, community patch characteristics, and the environmental drivers contributing to these patterns to improve habitat mapping efforts on seamounts and to determine the potential for benthic communities on seamounts to recover from fishing disturbances. Here we analysed the structure and distribution of mega-epibenthic communities on two New Zealand seamounts with different physical environments to determine which environmental variables best correlated with variation in community structure within each seamount. We used the identified environmental variables to predict the distribution of communities beyond the sampled areas, then described the spatial patterns and patch characteristics of the predicted community distributions. We found the environmental variables that best explained variations in community structure differed between the seamounts and at different spatial scales. These differences were reflected in the distribution models: communities on one seamount were predicted to form bands with depth, while on the other seamount communities varied mostly with broadscale aspect and the presence of small pinnacles. The number and size of community patches, inter-patch distances, and patch connectedness were found to differ both within and between seamounts. These types of analyses and results can be used to inform the spatial management of seamount ecosystems.
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INTRODUCTION

Seamounts, here defined as undersea hills or mountains with elevations >100 m (Pitcher et al., 2007), are significant marine habitats estimated to comprise up to 20 percent of the global seafloor (Yesson et al., 2011). These features can host distinct communities with high benthic abundance, biomass, and species richness compared to surrounding habitats, although this is not a universal pattern (Rowden et al., 2010). Within a seamount, mega-epibenthic communities are often heterogeneously distributed and exhibit high species variation among sites, generally termed ‘beta diversity’, over varying horizontal and vertical distances (McClain et al., 2010; Henry et al., 2014; Schlacher et al., 2014; De la Torriente et al., 2018; Victorero et al., 2018; Morgan et al., 2019). High beta diversity on seamounts over large depth ranges (1000 s metres) is predicted to be correlated with depth-related environmental gradients (e.g., temperature, oxygen, aragonite saturation state, water mass characteristics) and changes in seafloor terrain, causing vertical zonation of some species through the provision of different ecological niches (McClain and Lundsten, 2015; Du Preez et al., 2016; De la Torriente et al., 2018; Victorero et al., 2018). Over smaller depth ranges (10 – 100 s metres), fine-scale variation in habitat may affect local species recruitment, contributing to species turnover with changes in depth (Long and Baco, 2014; Morgan et al., 2019), whereas differences in hydrodynamic conditions between the sides on large seamounts may contribute to horizontal species turnover (Morgan et al., 2019). Substrate composition may also vary within a single seamount, ranging from fine muddy sediments to steep rocky outcrops (e.g., Auster et al., 2005; Wienberg et al., 2013), and thereby contribute to fine-scale structural variation of benthic communities on seamounts (Boschen et al., 2015; Du Preez et al., 2016; Victorero et al., 2018; Morgan et al., 2019).

Due to the generally high degree of habitat and community heterogeneity, seamounts can be viewed as mosaics of patches in which individual patches can differ in their biological (i.e., faunal composition and abundance), environmental, and patch characteristics (e.g., size, shape, and spatial distribution of patches) (Levins, 1969; Hanski and Gilpin, 1991). Therefore, the (1) magnitude and extent of impacts caused by human disturbances such as bottom trawling to benthic communities on a seamount (e.g., Clark and Rowden, 2009), and (2) their potential for recovery, may differ between patches depending on the community structure and physical characteristics of the patches that they occupy. The former is because different taxa are likely to exhibit variable responses to trawling impacts (Clark et al., 2010b, 2016; Goode et al., 2020), and the latter because patch characteristics can influence the recolonisation potential of disturbed species populations (Sousa, 1984; Smith and Brumsickle, 1989; Kim and DeWreede, 1996; Gallucci et al., 2008; Angelini and Silliman, 2012), which may change over time after a disturbance (Teixidó et al., 2007). It is therefore important to understand the local-scale community and patch dynamics on seamounts to better assess their potential for recovery from fishing impacts. Identifying the main environmental drivers of local-scale variability can in turn be used to make predictive models of the spatial distributions of identified communities within an individual seamount. Although the management of fishing impacts on seamounts is typically perceived as requiring a large-scale approach (e.g., Clark and Dunn, 2012), mapping the spatial distribution of communities on individual seamounts can help determine their patch characteristics and inform the management of fishing on seamounts at small spatial scales (i.e., within seamounts; Rowden et al., 2017; Morgan and Baco, 2021). However, community distribution models and maps at the within-seamount scale are scarce; although recently seafloor terrain and substrate variables have been used to predict spatial distributions of benthic communities on seamounts (Du Preez et al., 2016; Serrano et al., 2017). The continued development of these techniques can improve our understanding of community assembly on seamounts and inform predictions of potential changes to seamount benthic communities over time and space with either natural or human-induced disturbances.

Here, we focused our study on two New Zealand seamounts to explore the extent to which the same or similar habitat and environmental variables explain within-seamount community structure among features of differing size, depth, topography, and geographic location in the New Zealand region. Specifically, our objectives were to: (1) identify and describe the structure and distribution of mega-epibenthic communities on the study seamounts; (2) determine which environmental and habitat variables best correlate with variation in community structure and distribution within both seamounts; (3) predict the distribution of the identified communities beyond the sampled areas using spatial predictions developed from these correlations; and (4) describe the patterns of the predicted spatial distributions of each community, in particular the community patch characteristics.



METHODS


Study Sites

The ‘Graveyard’ and ‘Andes’ seamount complexes were surveyed in 2015 as part of a broader study examining the impacts of fishing on seamount benthic communities and their recovery potential (Clark and Rowden, 2009; Clark et al., 2010a, 2019; Williams et al., 2010; Figure 1). Both seamount complexes are located on Chatham Rise, a submarine continental ridge extending approximately 1,000 km east from South Island, New Zealand. Situated below the Subtropical Front, Chatham Rise is a highly productive region (Murphy et al., 2001; Sutton, 2001) with high benthic biodiversity and biomass (Nodder et al., 2012). Commercial deep-water trawl fisheries for orange roughy (Hoplostethus atlanticus), oreo (Allocytus niger and Pseudocyttus maculatus), and alfonsino (Beryx splendens) target Chatham Rise seamounts (Clark and O’Driscoll, 2003; O’Driscoll and Clark, 2005; Clark et al., 2010b).
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FIGURE 1. Locations of the Graveyard (part of) and Andes seamount complexes on Chatham Rise off New Zealand. Map insets of Ghoul and Diamond Head show the locations of images which were included in the analyses of the two seamounts, as well as the annotation method which was used; orange circles represent images that were annotated only for substrate composition data, while blue triangles represent images annotated for both taxon abundance and substrate composition. Only images with visible seafloor areas between 1 and 5 m2 and located within the seamount basal perimeters are included in this figure (see section “Methods” and Supplementary Figure 1 for details).


Each seamount complex examined here comprises features with varying fishing histories (i.e., untrawled, previously trawled, and actively trawled). The Graveyard Seamounts complex includes 28 seamounts ∼100-400 m in elevation, spanning depths from 750 to 1,600 m (Figure 1). The Andes Seamounts are a cluster of 12 seamounts ranging in depth from 500 to 1,300 m (Figure 1). One seamount with no known bottom trawling history was selected from each seamount complex to investigate variation in mega-epibenthic community structure within untrawled seamount habitats. These two seamounts were chosen to represent different physical, environmental, and biological characteristics on Chatham Rise. Ghoul (Graveyard complex) is a small seamount, or ‘knoll’, covering an area of 0.16 km2 with a total height of ∼100 m and roughly conical shape (Figure 1). From summit to base, it ranges from 930 to 1030 m depth. Bottom currents near Ghoul flow at maximum speeds of 10-20 cm–s (Nodder and Northcote, 2001), forming a moat around the base of the seamount (Clark and Rowden, 2010). Diamond Head (Andes complex) is a group of 3 rugose, domed peaks, though here data was only analysed from the central peak, which covers an area of 3.13 km2 and has an elevation of 300 m spanning water depths of ∼600-900 m (Figure 1). Both Ghoul and Diamond Head, along with many other New Zealand seamounts, were formed by widespread Cenozoic intraplate volcanism (Gamble et al., 1986; Hoernle et al., 2006; Timm et al., 2010; Mortimer and Scott, 2020). Surface productivity near both seamounts is high, with estimated mean chlorophyll a around 0.5 and 0.4 mg Chl-a m–3 at Ghoul and Diamond Head, respectively (Chiswell et al., 2013).



Image Survey and Analysis

The study seamounts were sampled with the National Institute of Water and Atmospheric Research (NIWA) Deep Towed Imaging System (DTIS, Hill, 2009; Bowden and Jones, 2016) from the R/V Tangaroa. DTIS is a towed camera frame equipped for the 2015 voyage with a Canon EOS 400D used to capture downward-facing high definition still images automatically triggered every 15 s at 10-megapixel resolution. Simultaneous high definition (HD 1080i) video was recorded. Video and still images were scaled using paired 0.2 m spaced parallel lasers projected into the imaged area of each camera. For the present analysis, still images were used in preference to video because the still images are more appropriate for development of fine-scale quantitative data on benthic community structure as they have higher image resolution and their seabed areas can be calculated more accurately than from video.

Photographic transects were conducted from the peak of each seamount down to its base along the cardinal and intercardinal directions (N, NE, E, SE, S, SW, W, and NW), at a target speed of 0.2-0.5 m/s and target altitude of 2-3 m. The position of DTIS was monitored by an acoustic ultra-short baseline (USBL) transponder system (Kongsberg HiPAP) and recorded using OFOP (Ocean Floor Observation Protocol) software. DTIS position data was synced to the absolute time each image was taken to obtain precise positions for each seabed image. A Seabird CTD was attached to the DTIS frame to obtain temperature, salinity, and pressure data along each transect. Four DTIS transects (N, E, S, W) from the total eight were selected from Ghoul and Diamond Head seamounts for the present community analysis, while the remaining transects were only analysed to collect additional substrate composition data (Figure 1; see section “Random Forest Model Input Data”). For subsequent analyses, image samples were binned into “sectors” (i.e., the summit and north, east, south, and west sides) for a portion of the community analyses (see section “Community Structure Analysis”). The summit sector was defined by a circle with a radius equal to 0.3 × seamount elevation (Clark et al., 2019) and each side was defined based on the direction of the image sample transects.

All selected images (494 on Ghoul, 999 on Diamond Head) were reviewed and analysed using the online image analysis tool BIIGLE 2.0 (Langenkämper et al., 2017). Images of insufficient quality (e.g., obscured by sediment disturbance) were removed from further analysis, reducing the total number of suitable images to 1,233 (380 on Ghoul, 853 on Diamond Head). All visible epi-benthic megafauna (animals living on or above the seafloor with sizes ≥ 2 cm) were identified to the finest possible taxonomic resolution and counted. Taxonomic guides were referenced (e.g., Tracey et al., 2011, 2014; Opresko et al., 2014) and representative images of observed taxa were sent to taxonomists to ensure correct and consistent identifications of individuals from analysed imagery (see section “Acknowledgements” for taxonomists referenced). Taxon names were designated based on the best practice recommendations for image-based identifications provided by Horton et al. (2021).

In order to quantify substrate composition, 15 dots were randomly overlaid on each image and the substratum at each point classified as one of 13 substrate types (bedrock, pebble, cobble, boulder, rocky outcrop, mud, sand, soft overlay, coral rubble, dead intact stony coral matrix, live intact stony coral matrix, urchin spines, shell hash) based on classifications by Wentworth (1922) and classifications used by previous studies (Clark and Rowden, 2009; Clark et al., 2019). Live coral matrix was re-categorised as bedrock (the substrate to which the live corals are attached) for subsequent analyses, to prevent the issue of including reef-forming coral species in both the substrate and abundance data. This treatment reduced the number of substrate types to 12. Image areas were calculated by reference to the paired lasers and if these could not be detected fauna of known consistent size were used as the scale reference. If neither of these methods was possible, a moving average of image area was calculated and plotted against time along the video transect to extract approximate areas for images of unknown size. That is, based on known areas of other images along each transect where DTIS was at a similar height above the seafloor.

The spatial extent of each seamount (basal perimeter) was delineated to ensure only images from the seamounts were included in subsequent analyses. First, a grid of 25 m cells (the same grid size used to generate bathymetric data from previously collected multibeam echosounder data; see section “Environmental Analysis”) was overlaid on the seamount bathymetry in the Geographic Information System (GIS) ArcGIS Pro 2.6.1. Then a polygon describing the extent of the seamount (along the outer extent of each grid cell) was defined by the point at which concave slope values increase to >20°, which is a typical slope for small seamounts (Grosse et al., 2012; Sánchez-Guillamón et al., 2018). These polygons were then visually compared in GIS with substrate and bathymetry data to help ensure non-seamount communities (e.g., communities of mud sediment on relatively low slope seabed) were not included (Supplementary Figure 1). This process resulted in a total number of 996 images within the seamount basal perimeters.

The influence of image area on the numbers of individuals and taxa observed was examined to evaluate the potential bias due to the influence of image area on the number and sizes of organisms reliably identified from imagery. Images included in the analyses were thus limited to those with visible seabed areas between 1 and 5 m2, a range in which there was no apparent relationship between number of individuals/taxa and sample area (Supplementary Figure 2). This image treatment step reduced the total number of images included for analysis to 818 (262 images on Ghoul, 556 images on Diamond Head). Raw counts of individual taxa from each image were standardized as individuals per 5 m2.

Substrate and faunal abundance data from individual images were allocated to 25 m grid cell ‘samples’ based on the multibeam bathymetry data (see section “Environmental Analysis”), to ensure the biological data matched the finest resolution of the environmental data. This data treatment step yielded 181 total samples (44 on Ghoul, 137 on Diamond Head). Mean standardised taxon abundances and substrate composition were then calculated for each sample. Individual counts and taxon richness were highly variable among samples, with no apparent influence of the number of image replicates per sample on the number of individuals/taxa. However, variability in the number of individuals and taxa was particularly high among samples with one image replicate, therefore, these samples were removed from the analysis, reducing the total sample number to 159 (40 on Ghoul, 119 on Diamond Head).



Environmental Analysis

Detailed bathymetry data were obtained over the study areas in 2002 and 2009 using a Kongsberg EM300 multibeam echosounder (Clark and Rowden, 2009). Backscatter data collected during these surveys unfortunately did not encompass the entirety of the Ghoul study area and could therefore not be used to obtain continuous substrate proxy data for this study. Bathymetry data were gridded at a cell size of 25 m and exported as ESRI gridded formats for use in GIS (ArcGIS Pro 2.6.1). These data were then used to generate seafloor terrain variables: mean, standard deviation, and range of depth; aspect, converted to northness and eastness values (Walbridge et al., 2018); seafloor ruggedness, calculated as the vector ruggedness measure (Sappington et al., 2007; Walbridge et al., 2018); mean, plan, and profile curvature; and mean and standard deviation of slope (Table 1). All seafloor terrain variables except mean depth were gridded at the native 25 m spatial scale and four focal mean sizes (3 × 3, 5 × 5, 7 × 7, and 15 × 15 cells) to allow examination of the influence of spatial scale on community structure.


TABLE 1. Descriptions of all environmental variables originally included for analysis prior to the removal of co-correlates.

[image: Table 1]
Temperature, salinity, and pressure values obtained from along-transect CTD measurements were averaged for each 25 m grid cell. Substrate diversity of each sample was calculated using Hill’s N2 metric (Hill, 1973). Percent compositions of each substrate type were averaged per sample. A principal component analysis (PCA) was performed on substrate composition values to reduce the total number of environmental variables for subsequent regression analyses (Ellingsen et al., 2007). The first three principal component (PC) axes accounted for 85.1% of the cumulative variation between samples. The coordinates of each sample on the first three PC axes, termed the PC scores, were thus used to describe sample substrate composition instead of the image-derived composition values. PC 1 (41.2% variation) broadly represented sand and bedrock composition (coefficients: 0.755 and -0.619). PC 2 (33.6% variation) was mostly represented by coral rubble (coefficient: 0.850). PC3 (10.3% variation) accounted for pebble and sand composition (coefficients: 0.648 and -0.474) (Supplementary Figure 3). PC 1, 2, and 3 are hereafter referred to as “sand/bedrock,” “coral rubble,” and “pebble/sand” substrates.



Community Structure Analysis

Taxon abundance and environmental data were separated by seamount and analysed with multivariate statistical routines in the software package PRIMER v7 (Clarke and Gorley, 2015) with PERMANOVA + (Anderson et al., 2008). Image analyses identified 101 taxa from Diamond Head and 78 from Ghoul (Supplementary Table 1). Faunal count data were square-root transformed to down-weight the effect of highly abundant taxa and ensure rarer taxa still influenced patterns in community structure. Despite this transformation, the abundances of Stylasteridae spp. (spiny morphotypes) on Diamond Head remained substantially higher than all other taxa in nearly all samples. Therefore, a more severe fourth-root transformation was applied to this taxon for the Diamond Head dataset.

Bray-Curtis resemblance matrices were generated from each transformed dataset to quantify dissimilarity among samples within seamounts. Group-average hierarchical clustering (CLUSTER) with similarity profile (SIMPROF) tests were performed on the resemblance matrices to identify samples with similar community structure within each seamount. A p-value of 0.01 was used for the SIMPROF test to help ensure that clear evidence of heterogeneity in faunal abundance and composition was identified between groups before separating groups with few samples (Clarke et al., 2008). Non-metric multidimensional scaling (nMDS) plots were generated to visualize relationships within and between SIMPROF groups, hereafter referred to as “communities.” Similarity percentage (SIMPER) analysis was performed using a cumulative cut-off of 70% to identify taxa which distinguished between communities and contributed to overall within-community similarity. Locations of the identified communities were overlaid on digital terrain models of each seamount using GIS to examine spatial patterns in community structure.

Beta diversity analyses were conducted to further examine spatial variation of mega-epibenthic taxa within each seamount. The R package “betapart” was used to calculate the Jaccard dissimilarity indices turnover (βJTU), nestedness (βJNE), and total beta diversity (βJAC) from taxon presence-absence (see Baselga and Orme, 2012 for calculations). Beta diversity was measured at three spatial scales: (1) whole seamount; (2) among seamount sectors (i.e., the summit and north, east, south, and west sides); and (3) within each sector.

The potential influence of habitat and other environmental parameters on community structural variation within each seamount was analysed using distance-based linear models (DistLM routine in PERMANOVA+). DistLM analyses relationships between predictor variables and a dissimilarity matrix using a regression or multiple regression model (McArdle and Anderson, 2001; Anderson et al., 2008) and thus can be used to identify environmental variables that correlate most strongly with community structure (Anderson et al., 2008). When two variables were highly correlated (Pearson’s r > 0.85), the variable which was correlated with a greater number of additional variables was removed. Depth, however, was retained despite its high correlation with temperature, salinity, and pressure because it was directly measured over each seamount’s extent, while the others were derived from modelled relationships and may not be as accurate. All focal-mean scales were also retained for the selected variables. This selection yielded a total of 39 environmental variables (see bolded variables in Table 1).

Distance-based linear models were run with step-wise selection and the Adjusted R2 criterion (Anderson et al., 2008), with separate analyses for each seamount and for each focal mean scale (i.e., 1 × 1, 3 × 3, 5 × 5, 7 × 7, and 15 × 15 cells), resulting in 5 models for each seamount. Environmental data derived from imagery, including substrate diversity and substrate composition PCs 1, 2, and 3, were included as starting conditions in all models. Distance-based redundancy analysis (dbRDA) plots were produced to visualize environmental variables which contributed most to variation between communities for the best DistLM models.



Community Distribution Modelling


Model Selection and Tuning

Random forest (RF) modelling (Breiman, 2001) was used to predict the spatial distributions of the communities identified by cluster analysis by fitting an ensemble of classification tree models describing the relationship between the communities’ spatial distributions and a set of environmental variables. RF was selected because of its flexibility, built-in variable importance and error estimation (Cutler et al., 2011), and previous use by similar modelling studies to predict species and community distributions on seamounts (Anderson et al., 2016b; Du Preez et al., 2016; Rowden et al., 2017).

Random forest models were constructed for each seamount separately using the “randomForest” R package (Liaw and Wiener, 2002) and tuned using the “caret” R package (Kuhn, 2008) function “train” to select optimal values of mtry (i.e., the number of predictor variables used in each tree node) and ntree (i.e., the number of trees to produce). For both RF seamount models, 5,000 classification trees were produced with an optimal mtry value of 2. Due to the relatively large number of community classes and the sensitivity of RF models to class imbalances (Cutler et al., 2011), community classes that represented < 5% of total samples from each seamount were excluded. The best models were selected based on the lowest overall out-of-bag (OOB) classification error rate. OOB samples are those which were not included in the data subset. The OOB error rate is thus calculated as the proportion of trees in the RF which incorrectly predict the community class of an OOB sample.



Random Forest Model Input Data

Environmental variables selected in the best DistLM models were used as explanatory variables in the RF models. Because substrate composition and diversity derived from individual images were included in the DistLM models (see section “Environmental Correlation With Community Structure”) but were not available as continuous grids of values, rasters of predicted substrate composition PC values and substrate diversity were generated for use in the RF models. First, substrate composition was quantified from four additional image transects on each seamount to generate mean composition values for each 25 m cell along these additional transects (see section “Image Survey and Analysis”). These data were combined with the previously collected substrate composition data to generate adequate spatial coverage for interpolation of substrate types. Mean substrate composition was interpolated across each seamount’s extent using the inverse distance weighted (IDW) function in the ArcGIS Pro “Spatial Analyst” toolbox (e.g., Compton et al., 2012) using the default power value (2) but fixed search radii of 125 and 250 m for Ghoul and Diamond Head, respectively, due to their size differences (Supplementary Figures 4, 5). Percent substrate composition data were then used to calculate substrate diversity as Hill’s N2 metric for each 25 m cell. The “predict.PCA” function in R was used to predict the values of PCs 1 (sand/bedrock), 2 (coral rubble), and 3 (pebble/sand) for each 25 m cell sample based on the PC values of the samples included in the aforementioned community analysis. The final set of explanatory variables used in the RF distribution models consisted of: depth, eastness, northness, slope, standard deviation of slope, profile curvature, ruggedness, substrate diversity, sand/bedrock, coral rubble, and pebble/sand (Supplementary Figures 6, 7). Sample community designations from the SIMPROF based cluster analysis were used as the response variable.



Model Performance and Output

The performance of the RF models was assessed based on area under the receiver operating characteristic curve (AUC) analysis using the “pROC” R package (Robin et al., 2011). The function “multiclass.roc” was used to implement the multiple class extension of the AUC measure (Hand and Till, 2001). This extension was used because the simple AUC measure can only be estimated for two-class scenarios (e.g., species presence-absence) or, for multiple classes, requires the transformation of responses and model predictions to a two-class form. The multiple class extension of AUC is interpreted in the same way as the simple AUC measure, with values greater than 0.5 indicating better than random performance and 0.7 to 1.0 indicating adequate to perfect model performance (Pearce and Ferrier, 2000). Spatial predictions and spatially explicit model uncertainty were estimated for each seamount extent by bootstrapping, in which subsets of input data were sampled randomly with replacement 100 times, and the normalised number of votes (i.e., proportion of trees which voted for each community at every node) were estimated at each model iteration. The normalised votes were averaged over the models’ extents and 95% confidence intervals were calculated to quantify spatial variation in model uncertainties. The seamount community distributions predicted by the RF models, with their corresponding uncertainty estimates, were mapped onto seafloor bathymetry data at a 25 × 25 m resolution. Confusion matrices were produced to examine the OOB error rate for each community class. These matrices are standard outputs of RF models and enable the user to determine which classes are frequently misclassified as another. The importance of each variable to the RF classifications was examined based on the mean decrease in accuracy when predictor variables were removed from the model (Breiman, 2001) using the “importance” function of the “randomForest” R package (Liaw and Wiener, 2002). It is important to note that a variable’s mean decrease in accuracy is relative to the model OOB error rates and sample size; thus, the mean decrease in accuracy measure is used here only to rank variables by their importance to model performance.



Predicted Community Patch and Environmental Characteristics

The RF predictions were used to determine the spatial distributions and patch characteristics of each of the modelled communities (i.e., communities that represented <5% of total samples from each seamount) and their associated environmental characteristics. The R package “landscapemetrics” was used to compute five patch metrics: number of patches; patch area; minimum distance between patches; contiguity index; and patch density (Hesselbarth et al., 2019; see package documentation for full descriptions of each metric). Individual patches were defined using the 8-cell rule whereby all 8 cells in a grid surrounding a central cell are considered contiguous with the central cell. The minimum Euclidean distance in metres between patches of the same community class, i.e., the Euclidean Nearest Neighbor (ENN) distance, was calculated to explore the spatial connectivity of the modelled communities. The contiguity index describes the spatial connectedness of cells in patches of the same community class. Contiguity index values range from 0 to 1, where 0 indicates a one-cell patch and increases as patch connectedness increases. Patch density describes the fragmentation of a community class standardized by the total landscape area (in this case the total seamount area), increasing from 0 to 1,000,000 as the landscape becomes patchier. The “Zonal Statistics” toolbox in ArcGIS Pro was used to describe the environmental characteristics of each community’s predicted spatial distribution, including the depth range, slope range, mean standard deviation of slope, ruggedness, and substrate diversity, and predicted compositions of the major substrate types bedrock, coral rubble, and sand, based on the environmental predictor rasters used for the RF models (see Supplementary Figures 4-7). The substrate composition values were used rather than the PC values to describe community patch characteristics because mean substrate composition is more easily interpreted and related to the predicted distribution of each community.





RESULTS


Seamount Benthic Community Structure

Hierarchical clustering with SIMPROF analysis identified 6 communities on Ghoul and 16 communities on Diamond Head. Of these, community v from Ghoul and community k from Diamond Head each comprised single samples. The nMDS plots showed that Ghoul communities generally formed relatively dispersed but distinct clusters (Figure 2A). In contrast, Diamond Head communities were more tightly clustered, but with an apparent separation between the more dispersed clusters for communities p and o and the remaining 14 communities (Figure 2B).
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FIGURE 2. Non-metric multidimensional scaling (nMDS) plots showing variation in sample dissimilarities between and within mega-epibenthic communities identified on the seamounts (A) Ghoul and (B) Diamond Head. Stress values below 0.2 indicate adequate 2D representation.


Similarity percentage showed that within-community similarity ranged from 43-71% on Ghoul and 43-75% on Diamond Head. Three to nine taxa contributed to 70% of the within-community similarities on Ghoul, while one to nine taxa contributed to 70% on Diamond Head (Table 2). Representative images of each community were selected to help visualise the SIMPROF/SIMPER results and distinguish communities (Figure 3). The seamount benthic communities were assigned categories according to the most important characterising taxa identified by SIMPER analysis to further distinguish communities within the two seamounts. These community categories include: stony coral reef communities; octocoral communities; mixed communities characterised by demosponges, hexactinellids, stylasterids, and comatulid crinoids, and communities dominated by pagurids (hermit crabs) (see colour coding in Figure 3).


TABLE 2. Similarity percentage results.
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FIGURE 3. Representative images of mega-epibenthic communities on Ghoul and Diamond Head, excluding communities with fewer than 2 samples. Three-letter community codes were assigned to represent the first 3 letters of the two taxa contributing most to within-group similarity among the characterising taxa. The communities can be broadly categorized as: stony coral reef communities (yellow), octocoral communities (blue), mixed communities characterised by demosponges, hexactinellid sponges, stylasterid hydrocorals, and comatulid crinoids (green), and communities dominated by hermit crabs (Paguridae spp., purple). See Table 2 and Results for descriptions of each community. Scale bars in the bottom left corners are 20 cm.


The Ghoul stony reef community x (Styl.Sol) was mostly characterised by stylasterid hydrocorals, the reef-building coral Solensomilia variabilis, and reef-associated taxa including Polychaeta sp. 1, demosponges, and the crinoid Comatulida Sp. 1. Stylasterid hydrocorals, Comatulida sp. 1, Solenosmilia variabilis, and ophiuroids contributed most to the within-group similarity of the other stony reef community w (Sty.Com1). The pagurid community t (Pag.Dem) had the lowest within-group similarity and was characterised by only three taxa: pagurid hermit crabs, demosponges, and the crinoid characterized. 1. The mixed community u (Dem.Com1) was mostly characterised by demosponges, Comatulida sp. 1, pagurids, and Actinaria sp. 2, whereas the other mixed community y (Com.Sty) was characterised by Comatulida sp.1, stylasterid hydrocorals, Ophiurida spp., and demosponges.

Pagurid hermit crabs and spiny stylasterid hydrocorals were identified as characterising taxa in 13 of 15 Diamond Head communities included in the SIMPER analysis. The mixed communities on Diamond Head differed in their most important characteristic taxa. Comatulida Sp. 1 contributed most to within-group similarity of communities h (Com1.Pec), g (Com1.Pag), c (Com1.Dem), and e (Com1.Pag), whereas Pectinidae spp. Scallops contributed most to community i (Pec.Pag) and d (Pec.Com1) similarities. Demosponges contributed most to community b (Dem.Com) similarity. Farrea spp. Were among the characterising taxa of the mixed communities i (Pec.Pag), d (Pec.Com1), j (Sty.Pag), h (Com1.Pec), g (Com1.Pag), c (Com1.Dem), e (Com1.Pag), and b (Dem.Com1). The octocoral communities p (Ant2.Sty), n (Ant2.Pag), and m (Alc1.Ant) were characterised by the soft coral Anthomastus sp. 2. In contrast, primnoid octocorals were characteristic of community f (Pri6.Com1) and also contributed to within-group similarity of the mixed community c (Com1.Dem). The stony reef community l (Alc1.Ena) was characterised most by Alcyonacea sp. 1 and the reef-building coral Enallopsammia rostrata.

Spatial distribution patterns of the benthic communities varied between the seamounts (Figure 4). Communities on Ghoul were distributed by depth and aspect (side) of the seamount: community × (Sty.Sol) occurred on the summit; community y (Com1.Sty) on the upper to mid-flanks on all four sides; community u (Dem.Com1) mostly on the lower flanks on the north and west sides; community t (Pag.Dem) on the lower flanks of the south/east sides, and communities w (Sty.Com1) and v only occurred on the upper flank of the north side. The benthic communities on Diamond Head were also distributed by depth and broad-scale aspect, but depth-related patterns among communities were less distinct than on Ghoul. The summit of Diamond Head was mostly occupied by communities p (Ant2.Sty), m (Alc1.Ant2), n (Ant2.Pag), and l (Alc1.Ena). Community distribution on the flanks was more variable. Community o (Pag.) mostly occurred on the upper flanks along a concave rim on the north, south, and west sides. The distributions of several communities were limited to one seamount side: community d (Pec.Com1) on the lower flanks of the east side; community h (Com1.Pec), f (Pri6.Com1), and c (Com1.Dem) on a small pinnacle on the west side; community b (Dem.Com1) and g (Com1.Pag) on the lower flanks of the north side. Community i (Pec.Pag) was distributed on the east, south, and west sides at varying depths along the seamount. Community k comprised a single sample which occurred on a pinnacle on the south side.
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FIGURE 4. Spatial distribution of benthic communities identified by cluster and SIMPROF analysis on (A) Ghoul and (B) Diamond Head. Each point represents an individual image. Contour lines represent 20 m depth intervals.


Total beta diversity was higher among samples (βJAC > 0.9) than among sectors (βJAC ∼ 0.6) for both seamounts (Table 3 and Supplementary Figures 8, 9). Within sectors, beta diversity was highest for the east flank of Ghoul (βJAC = 0.868) and the west flank of Diamond Head (βJAC = 0.95), and lowest for the summits of both seamounts (Ghoul βJAC = 0.675, Diamond Head βJAC = 0.812). In all comparisons, beta diversity was primarily attributed to species turnover (βJTU 0.5-0.97), rather than nestedness (βJNE 0.01-0.17).


TABLE 3. Calculated multiple site beta diversity values for: (1) each seamount, (2) across sectors (i.e., summit and north, east, south, and west flanks) within each seamount, and (3) separately for each sector.
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Environmental Correlation With Community Structure

The best DistLM model (highest adjusted R2 value) for Ghoul included all 11 environmental variables at the 25 m spatial scale and explained 51.2% of the sample variation (Table 4). Seven variables included in the best model were significantly correlated with community structure (p-Value ≤ 0.05): depth; sand/bedrock; standard deviation of slope; pebble/sand; profile curvature; coral rubble, and slope (Table 5). The best model for Diamond Head included all 11 environmental variables at the 15 × 15 scale, which explained 45% of the total sample variation (Table 4). Nine variables were significant: depth; sand/bedrock; eastness; substrate diversity; pebble/sand; coral rubble; slope, and profile curvature (Table 5). Depth explained the largest proportion of variation on both seamounts (Ghoul: 21%, Diamond Head: 18.3%), followed by sand/bedrock substrate composition.


TABLE 4. DistLM results for the compared models.
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TABLE 5. Sequential test results of the best DistLM models for each seamount.
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The first two axes of the dbRDA plots (dbRDA1 and dbRDA2) explained 42.6 and 40.4% of total community variation on Ghoul and Diamond Head, respectively (Figure 5). For Ghoul, dbRDA1 was largely correlated with coral rubble substrate, while dbRDA2 was correlated mostly with depth, standard deviation of slope, and substrate diversity (Figure 5A and Supplementary Table 2). Sand/bedrock and pebble/sand substrates mostly distinguished community t (Pag.Dem) from the other five communities. Higher substrate diversity distinguished community u (Dem.Com1) from communities t (Pag.Dem), v, x (Sty.Sol), and w (Sty.Com1). Community x (Sty.Sol) was mostly separated from the other communities by increased ruggedness. For Diamond Head, dbRDA1 was mostly correlated with sand/bedrock substrate composition, while dbRDA2 was correlated largely with depth and standard deviation of slope (Figure 5B and Supplementary Table 2). Sand/bedrock substrate distinguished communities o (Pag) and p (Ant2.Sty) from the other communities, while higher values of substrate diversity distinguished community d (Pec.Com1). Communities m (Alc1.Ant2), n (Ant2.Pag), and l (Alc1.Ena) were mostly distinguished by lesser depths.


[image: image]

FIGURE 5. Distance-based redundancy (dbRDA) plots of the best models selected using distance-based linear modelling (DistLM) to fit the community data to the environmental data for (A) Ghoul and (B) Diamond Head. The magnitude of each vector indicates the proportional contribution of each variable to the total variation between samples. Variable abbreviations are as follows: SD slope, standard deviation of slope; subs diversity, substrate diversity calculated as Hill’s N2; Prof curv, profile curvature; VRM, ruggedness.




Community Distribution Models


Model Performance

Performance of both seamount RF distribution models was very good, as assessed by multiple class AUC analysis, with AUC values of 0.85 and 0.9 for the Ghoul and Diamond Head models, respectively. The overall OOB error rate was ∼30% for the Ghoul model and ∼39% for the Diamond Head model. However, OOB error rates varied greatly across community classes for both models, ranging from 19-43 and 17-88% misclassification (Supplementary Tables 3, 4), with most misclassifications occurring between communities with similar community structure. The highest error rate for the Ghoul model was for community t (∼43%). Communities x and u had error rates of 38 and 33%, and each was only misclassified as community y. The lowest OOB error rate was 19% for community y. For the Diamond Head model, the highest OOB error rates were communities p (88%), j (80%), l (67%), and n (57%). Communities h, i, m, and d had the lowest error rates, ranging from 17-30%.

The five most influential explanatory variables in the Ghoul model in order of importance, according to the mean decrease in accuracy (proportional change in error rate when the variable is removed from the model), were: coral rubble substrate (mean decrease in accuracy: 0.076), depth (0.043), slope (0.038), standard deviation of slope (0.033), and sand/bedrock (0.031). The most important explanatory variables in the Diamond Head model were depth (0.103), ruggedness (0.046), eastness (0.043), sand/bedrock substrate (0.039), and slope (0.039). Mean decrease in accuracy of the remaining model predictor variables are shown in Supplementary Table 5.



Model Spatial Predictions

The predicted distributions of communities varied in terms of their spatial distribution patterns, patch characteristics, and the environmental characteristics of the patches they were predicted to occupy (see Supplementary Table 6 for full summary). Overall, the number of patches per community ranged from 1 to 20, although most communities were predicted to occupy < 10 patches. Patches varied in size from 0.06 to 76 ha, with mean patches sizes varying from 0.2 to 16.6 ha (Figures 6A,C and Supplementary Table 6).
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FIGURE 6. Random forest model predictions of community distributions (left-hand panels) and model certainty calculated from bootstrapped model iterations, visualized as mean proportion of votes where a higher proportion of votes indicates higher model certainty (right-hand panels) for panels (A,B) Ghoul and (C,D) Diamond Head. Contour lines represent 20 m depth intervals. For community codes and types, see Figure 3 and Table 2.


On Ghoul, the predicted distributions of the four modelled communities generally formed patches with depth and aspect. The stony coral reef community x (Sty.Sol) and the mixed community y (Com1.Sty) each formed single patches, with community x (Sty.Sol) predicted to occupy a 1.0 ha area on the summit from 930 to 950 m depth, and community y (Com1.Sty) a 7.6 ha band along the upper-mid seamount flanks from 950 to 1,040 m. The mixed community u (Dem.Com1) was predicted to form one 4.13 ha patch along the west and north lower flanks, with six smaller patches (0.06-0.56 ha) distributed on the upper north, lower west, and lower south flanks. The predicted distribution of the hermit crab community t (Pag.Dem) formed three contiguous patches along the lower south flanks (0.13-1.5 ha) and a small patch on the northeast lower flank (0.13 ha). Inter-patch distance for communities u (Dem.Com1) and t (Pag.Dem) was approximately 70 m. Patch connectedness (estimated using the contiguity index) was the highest for communities y (Com1.Sty) and x (Sty.Sol), which each formed single contiguous patches, and lowest for community u (Dem.Com1).

Predicted distribution of the coral reef community x (Sty.Sol) spanned a broad range of slope values (7-33°), while the remaining mixed and hermit crab Ghoul communities (u, y, and t) were mostly associated with steeper sloped areas (15-36°). Community x (Sty.Sol) was also predicted to occur in more rugose areas (mean VRM: 0.08) than the mixed and hermit crab communities. Communities y (Com1.Sty) and x (Sty.Sol) were only predicted to occur in upwardly concave areas, indicated by positive minimum and maximum profile curvature values. In contrast, communities u (Dem.Com1) and t (Pag.Dem) were predicted to occur across a broad range of profile curvature values (−0.59 to 0.98). The mixed communities were predicted to occur in areas of higher mean substrate diversity than the hermit crab or coral reef communities. There was a clear distinction between the hermit crab community from the mixed and coral reef communities in terms of substrate composition: the hermit crab community was associated with areas of high sand composition (37% compared to 13-22%), while the others were generally predicted to occur in areas dominated by coral rubble (37-55%) and bedrock (15-21%) substrates.

On Diamond Head, predicted distributions of the 10 modelled communities exhibited a broader range of spatial patterns and patch characteristics than on Ghoul. The octocoral communities m (Alc1.Ant2), p (Ant2.Sty), and n (Ant2.Pag) were each predicted to form several patches along the summit and upper flanks. Community m (Alc1.Ant2) had the largest predicted area (34.2 ha) and maximum patch size (20.7 ha) of the octocoral communities, while community p (Ant2.Sty) formed smaller patches with a maximum size of 3.3 ha. Community n (Ant2.Pag) formed the smallest patches (0.06-1.9 ha) of this group. The coral reef community l (Alc1.Ena) was also predicted to occupy the summit, forming 3 small patches with a mean size of 0.3 ha. The mixed communities j (Sty.Pag), h (Com1.Pec), g (Com1.Pag), i (Pec.Pag), and d (Pec.Com1) were predicted to generally form one to several large patches (maximum patch sizes 6.3-76.3 ha) of varying shapes on the flanks. The hermit crab community o (Pag.) was predicted along the northwest flank, forming 8 small patches (0.06-0.6 ha). Mean inter-patch distances varied between communities, from 52 to 497 m. Patch connectedness was the highest for the mixed community i (Pec.Pag) (contiguity index: 0.55) and lowest for the coral reef community l (Alc1.Ena) (contiguity index: 0.13). Patch density did not vary substantially between communities (1.0-6.4) but was highest for community j (Sty.Pag), which was predicted to form widely distributed patches of varying sizes.

The Diamond Head communities j (Sty.Pag), n (Ant2.Pag), and d (Pec.Com1) were only predicted in relatively steep areas, while the remaining communities were associated with a broad range of slope values. The predicted distribution of octocoral and coral reef communities corresponded with areas of high standard deviation of slope. There was no clear relationship between community distribution and ruggedness, as mean ruggedness was overall very low (6.6 × 10–6 – 0.002) for all the predicted communities. The predicted distributions of the octocoral and coral reef communities n (Ant2.Pag) and l (Alc1.Ena) corresponded with upwardly concave areas (Profile curvature: 0.11-0.24), while the remaining communities were predicted to occur in both convex and concave areas of the seamount (Profile curvature: -0.16-0.24). Most communities were associated with similar substrate diversity, which varied from 3.3 to 3.9; however, communities o (Pag) and n (Ant2.Pag) had lower predicted substrate diversity (2.5 and 2.7), and community j (Sty.Pag) had higher predicted substrate diversity (4.03). Communities j (Sty.Pag), h (Com1.Pec), i (Pec.Pag), n (Ant2.Pag), d (Pec.Com1), and l (Alc1.Ena) were predicted to occur in areas with > 30% bedrock. A subset of these communities (h, i, d, and l) was also associated with coral rubble substrate. Communities o (Pag) and p (Ant2.Sty) were predicted to occupy sandy substrates. The predicted distribution of community g (Com1.Pag) corresponded with areas of evenly mixed bedrock, coral rubble, and sand substrate types.

On Ghoul, model prediction certainty (Figure 6B) was highest on the summit and northwest flanks and base, and lowest on the southwest base and east flanks. Model certainty was highest for predicted spatial distributions of communities x (Sty.Sol), u (Dem.Com1) and the northwest sector of community y (Com1.Sty). On Diamond Head, model certainty was highest around the summit, in an area of the east flank, and around pinnacle features on the south and west seamount sectors (Figure 6D). These areas best matched the predicted distributions of communities l (Alc1.Ena), n (Ant2.Pag), m (Alc1.Ant2), i (Pec.Pag), and d (Pec.Com1). Model certainty was lowest on the lower southeast flanks and base, overlapping with portions of the predicted distributions of communities d (Pec.Com1), l (Alc1.Ena), h (Com1.Pec), and g (Com1.Pag). The variation among iterated model predictions was very low for both seamount models, demonstrated by low 95% confidence intervals (Supplementary Figure 10).





DISCUSSION


Structural Patterns of Benthic Communities Within Individual Seamounts

Our analysis identified six communities on Ghoul Seamount and sixteen on Diamond Head Seamount. Although both study features are considered small seamounts (elevations ≤ 1000 m), the difference in the number of mega-epibenthic communities identified on the two seamounts is likely due to differences in the size and morphology of these features; Diamond Head being larger and having greater seafloor topographic variation than Ghoul Seamount. The number of benthic communities identified on both seamounts is comparable to similar studies of large seamounts (elevation ≥ 1,000 m) in the Pacific Ocean, which have identified between 8 and 14 mega-epibenthic communities on a single seamount (Boschen et al., 2015; Du Preez et al., 2016; Morgan et al., 2019). The range in the number of such communities so far identified on seamounts is likely due to a combination of factors, including differences in the size and physical characteristics of the seamounts, as well as the sampling density, taxonomic resolution of the data and clustering method used to identify communities. Most of the benthic communities identified in this study were characterised by a high abundance of one to several taxa: predominately hydrocorals, comatulid crinoids, galatheid squat lobsters, alcyonacea corals, and sponges. Similarly, analyses of benthic communities from other seamounts showed that a small number (∼1 to 5) of species predominated and characterised distinct communities (Henry et al., 2014; Boschen et al., 2015; Serrano et al., 2017; De la Torriente et al., 2018; Morgan et al., 2019).

Although the taxon compositions within the four main community types (coral reef, octocoral, mixed, and hermit crab) differed between the two seamounts examined, similar spatial distribution patterns were observed. Coral reef communities were primarily distributed on the summits. Octocoral communities were only identified from Diamond Head but were also primarily distributed on the summit. In contrast, the mixed communities (e.g., communities characterised by demosponges, comatulid crinoids, and stylasterids on Ghoul and comatulid crinoids, pectinid scallops, pagurids, demosponges, and stylasterids on Diamond Head) were distributed along the seamount flanks. On both seamounts, the hermit crab communities mostly occurred at the seamount base and/or deeper flanks. These differences in spatial distribution between community types are likely to be partially attributable to habitat variation with position on the seamount. For example, the summit is likely to be characterised by accelerated currents which provide increased trophic input for large suspension-feeding corals (Clark and Bowden, 2015; Serrano et al., 2017; Lapointe et al., 2020), whereas rocky outcrops and boulders on the steeper seamount flanks may provide filter-feeders in mixed communities (e.g., stylasterid hydrocorals, comatulid crinoids, pectinid scallops, alcyonacean corals, bryozoans, demosponges, glass sponges) with patches of suitable substrate for attachment and access to above seabed currents (Beaman et al., 2005; Du Preez et al., 2016; Lacharité and Metaxas, 2017). Areas near the seamount base typically have a greater proportion of unconsolidated sediments, which provide suitable habitat and food for mobile scavengers (e.g., hermit crabs) and infauna (Beaman et al., 2005; Du Preez et al., 2016; Serrano et al., 2017).

Like the studies of Victorero et al. (2018), Morgan et al. (2019), we found that beta diversity within both seamounts was mostly attributed to faunal turnover, rather than nestedness. The turnover component of beta diversity on Ghoul and Diamond Head was always greater within seamount side sectors than between sectors, indicating that faunal turnover occurred mostly over changes in depth, rather than over horizontal gradients at similar depths. In contrast, Morgan et al. (2019) reported high faunal turnover between sides on Mokumanamana Seamount. This difference is likely attributable to the small sizes of Ghoul and Diamond Head (elevations 100-300 m) relative to Mokumanamana (elevation > 700 m), meaning there is little variation in niche-defining parameters between seamount sides (e.g., food availability, substrate suitability, current speed) while on Mokumanamana oceanographic conditions can differ greatly among seamount sides.



Potential Drivers of Within-Seamount Community Structural Variation

Our distance-based regression analysis revealed that depth had the greatest explanatory power for the community structure observed on both study seamounts. Variation in megabenthic community structure has been related to depth on other seamounts (Lundsten et al., 2009; Boschen et al., 2015; McClain and Lundsten, 2015; Du Preez et al., 2016; De la Torriente et al., 2018; Victorero et al., 2018; Auscavitch et al., 2020a, b). Many of these other seamount studies were conducted along comparatively large depth gradients, which would be expected to exhibit strong corresponding environmental gradients and consequently vertical zonation of benthic communities. The narrow depth ranges of the seamounts examined here (Ghoul: 930-1,030 m, Diamond Head: 600-900 m) mean that variables such as temperature did not vary much (5.2-6.1 and 6.6-8.0°C for the Ghoul and Diamond Head samples, respectively). It is thus surprising that depth was more strongly correlated with community structure here than other variables which were included in the analysis. However, bottom temperature variations of 1-2°C have been shown to influence distributions of deep-sea coral and sponge species (Dijkstra et al., 2021). High levels of benthic community variation have also been observed on a Hawaiian seamount over comparatively narrow depth ranges of 320-530 m (Long and Baco, 2014). Depth is likely a proxy for one or more other variables which could influence fine-scale species distributions, such as seabed current strength and organic matter flux, measures of which it was not possible to include as variables in the analysis. Substrate type along a gradient from sand to bedrock substrate (PC 1) had the second-highest explanatory power for community structure on both study seamounts, supporting other studies which have observed that benthic communities show variation as substrate changes across a range of spatial scales within a seamount, with particularly noticeable differences in faunal composition between consolidated hard substrate (e.g., boulders) and unconsolidated soft substrate (e.g., sandy mud) (McClain et al., 2010; Sautya et al., 2011; Henry et al., 2014; Boschen et al., 2015; Clark and Bowden, 2015; Du Preez et al., 2016; Serrano et al., 2017; Victorero et al., 2018; Morgan et al., 2019; Lapointe et al., 2020).

Slope characteristics [standard deviation of slope, slope (both correlated with depth range), and profile curvature (correlated with plan curvature)] were more influential environmental predictors of communities on Ghoul than those on Diamond Head, which were correlated more with eastness, substrate diversity, and ruggedness (correlated with curvature). This pattern is reflected in the observed distribution of the seamount communities, with Diamond Head communities varying more with broadscale aspect (i.e., seamount side) than those on Ghoul Seamount. Small pinnacles are present on the west and south sides of Diamond Head, but not on the north or east sides, which may contribute to fine-scale spatial variation in seabed current speed and/or direction, and consequently community variation with aspect on this feature through the unequal partitioning of food (Genin et al., 1986; Dower et al., 1992; Mohn et al., 2014; Morris et al., 2016).

The best DistLM regression models accounted for 51 and 45% percent of the total variation among the Ghoul and Diamond Head samples, respectively. Similar seamount studies have also found that modelling only explained up to half of the observed benthic community variation, even with the inclusion of additional explanatory variables, such as magnetivity, backscatter, oxygen, surface productivity, and current strength (Henry et al., 2014; Long and Baco, 2014; Boschen et al., 2015; Clark and Bowden, 2015; De la Torriente et al., 2018; Morgan et al., 2019). These findings suggest that seamount community assembly processes are complex and difficult to model using environmental variables alone, or that these variables were not obtained at the most suitable spatial scale for examining ecological processes at the within-seamount scale. Furthermore, because taxa respond to environmental parameters differently (e.g., Dijkstra et al., 2021), it can be difficult to link environmental and habitat variation to community-level dissimilarities. Community structure is also influenced by biological factors which are difficult to sample and include in analyses, such as predation or competition, and/or exhibit a degree of stochasticity that are not easily accounted for in linear regression analyses. Even with these limitations, the results of our analysis indicate that environmental predictors of within-seamount benthic community structure are somewhat similar between the two seamounts. That is, depth, substrate composition, profile curvature, and slope were significantly correlated with community structure on both features. Finally, although our analysis suggested that the spatial scales of important community structuring variables may vary among seamounts (based on our finding that the best regression model for Ghoul included the 25 m environmental data, while the best regression model for Diamond Head included the 15 × 15 focal mean data), the adjusted R2 values did not vary greatly between the 25 m and 15 × 15 focal mean regression models for Diamond Head, indicating that the selected spatial scale does not have a major influence on model performance for this seamount.



Making Community Distribution Models and Assessing Their Performance

We used the environmental variables identified by the distance-based regression analysis as being best correlated with observed community structure as predicator variables in our RF community distribution models. The five most influential explanatory variables included in the Ghoul model in order of importance were: coral rubble, depth, slope, standard deviation of slope, and sand/bedrock; and for Diamond Head: depth, ruggedness, eastness, sand/bedrock, and slope. Depth and substrate composition explain community variation within both seamounts, while aspect and ruggedness more greatly influence Diamond Head community structure.

Similar predictive seamount community distribution studies include those by Du Preez et al. (2016) on Cobb Seamount and Serrano et al. (2017) on Galicia Bank. Cobb Seamount is a guyot in the Cobb-Eickelberg Seamount chain which spans an area of 824 km2 and depths 20-3,000 m in the northeast Pacific Ocean. Galicia Bank is a non-volcanic, isolated seamount located ∼220 km northwest of Spain in the northeast Atlantic with an area of 1,844 km2 and depth range of 600-2,000 m. Du Preez et al. (2016) identified depth and rugosity as the most important predictors of mega-epibenthic community structure on Cobb Seamount. Serrano et al. (2017) found that depth and substrate type were included in the best models for every mega-epibenthic community on Galicia Bank. Despite differences between Cobb Seamount, Galicia Bank, Ghoul, and Diamond Head in terms of overall size, isolation from surrounding features, and depth range, there is a general consistency in selecting depth, substrate, and some measure of seafloor terrain (i.e., rugosity, slope, curvature) as variables that make the best community distribution models on seamounts at fine spatial scales.

Performance of the predictive distribution models for Ghoul and Diamond Head was very good (multi-class AUC 0.85 and 0.9, respectively), and comparable to models made by Serrano et al. (2017) and Du Preez et al. (2016). The overall OOB error rates obtained here were higher than those of Du Preez et al. (2016) for Cobb Seamount (30 and 39% OOB error compared to 21%). Bathymetric variation on Ghoul and Diamond Head is substantially less than on Cobb Seamount, resulting in some explanatory variables having smaller ranges, which may make accurately distinguishing between communities based on these variables alone more difficult. The inclusion of hydrodynamic and/or productivity variables could potentially improve the performance of the community distribution models (Rengstorf et al., 2012, 2014; Pearman et al., 2020) by helping to describe fine-scale environmental variation but these data are difficult to obtain for deep, offshore areas at the spatial scales examined here. Additionally, the exclusion of the minority communities (<5% samples) may have contributed to some of the high OOB error rates we observed.



Predicted Community Distributions and Patch Characteristics

The predicted distributions of the identified mega-epibenthic communities on Ghoul generally formed bands which partially or fully encircled the seamount, similar to community distribution patterns predicted on Cobb Seamount, a large shallow seamount in the northeast Pacific (Du Preez et al., 2016). However, it is important to emphasise that the summit depth of Cobb Seamount is much shallower than that of Ghoul (∼20 m compared to 930 m), suggesting that the similarity in patch characteristics between these two features may be due to a general pattern of vertical zonation due to high species turnover on seamounts (Rowden et al., 2010), rather than similarities in topography or depth of Ghoul and Cobb. On Diamond Head, community distributions patterns were predicted to vary more, forming patches of varying shape, size, and distribution, which more closely resembled patterns predicted by Serrano et al. (2017) for the large deep northeast Atlantic seamount known as the Galicia Bank. Differences are likely due to differences in habitat requirements and feeding modes by the representative taxa of each community. Octocoral and stony coral reef communities are each characterised by suspension feeders and were predicted to occur in small patches on the summits of both seamounts, where currents are likely to be accelerated and thus provide these taxa with suitable food. This pattern is similar to predicted spatial distributions of S. variabilis on the Louisville Seamount Chain, whereby higher probabilities of S. variabilis presence occurred along the summit-slope breaks (Rowden et al., 2017). On both Ghoul and Diamond Head, the hermit crab communities comprised multiple small patches distributed on the deeper flanks. These areas are characterised by low relief and a high proportion of soft sediment, and thus may provide suitable habitat for a community dominated by scavenging fauna. Mixed communities were predicted to occur across broader depth ranges than the other community types, indicating that the dominant taxa of these communities, including Pectinidae spp., Stylasteridae spp., and Comatulid sp. 1, may have broader realized niches than the dominant taxa of the other community types.

The range of patch characteristics observed on Ghoul and Diamond Head can vary greatly by size, inter-patch distances, density, and contiguity. Predicted community patch areas ranged from 0.06 to 76 ha (0.0006 to 0.76 km2), though it is unclear how the patch areas reported here compare to other studies because previous seamount community distribution models have not described patch characteristics. Du Preez et al. (2016) did report the total surface area of each predicted community’s distribution on Cobb Seamount, which ranged from 1.6 to 70 km2. On Cobb Seamount and Galicia Bank, the number of patches per community varied from 1 to > 10. The “pinnacle” and “crinoid” communities were predicted to form single contiguous patches near the summit on Cobb Seamount, similar to the predicted distributions of stylasterids-Solenosmilia-comatulid communities identified on Ghoul. The other Cobb Seamount communities appeared to exhibit varying patch characteristics, from large, mostly contiguous patches with limited distribution (e.g., the “Sand” and “Bare” communities) to highly irregular patch sizes distributed across the seamount extent (e.g., the “Soft Coral” and “Anemone” communities). On Galicia Bank, none of the predicted communities appeared to comprise a single contiguous patch but comprised smaller widely dispersed patches, similar to the patterns predicted on Diamond Head Seamount for stylasterid-pagurid-comatulid crinoid communities.

On both seamounts examined here, inter-patch distances were quite small, reaching a maximum of several hundred metres, indicating that patches of the same community class are potentially highly connected, and that environmental patch characteristics (e.g., substrate type, depth, and slope) may have a greater influence on patch colonization than inter-patch distance. However, the degree of connectivity may vary between communities, as patch contiguity ranged from 0.13 to 0.55 on Diamond Head and 0.21 to 0.77 on Ghoul. Contiguity was often higher for communities which covered a larger portion of the total seamount area, although this relationship was not consistent. Patch density was overall very low, mostly ranging from ∼1 to 6, but substantially higher for pagurid-demosponge-comatulid communities t (25.2) and u (44.1) on Ghoul, supporting the prediction that these communities are generally well-connected. There was no obvious relationship between the metrics inter-patch distance, contiguity index, or patch density with community composition, highlighting the need to further explore this relationship in marine environments, as this is a common practice in terrestrial studies (Wedding et al., 2011).



Management Applications

Our analysis showed that many of the communities identified on Ghoul and Diamond Head were characterised by at least one vulnerable marine ecosystem (VME) indicator taxon, such as stony corals, hydrocorals, anemones, sponges, and gorgonian corals (Parker et al., 2009). Although Diamond Head is protected from bottom trawling impacts as part of a Seamount Closure Area (SCA; Brodie and Clark, 2003), stony coral reef communities predominated by Solenosmilia variabilis on Ghoul may be particularly vulnerable to fishing disturbances. The S. variabilis reef community was predicted to form one patch on the summit, which is often targeted as the landing place of trawl gear before being towed downslope (Clark and O’Driscoll, 2003). This community was also predicted to cover a small area relative to the potential cumulative area swept by trawl gear in a single tow. Assuming a trawl width (i.e., door spread) of 100 m (Clark and Koslow, 2007) and tow length of 2 km (Clark and O’Driscoll, 2003), 0.2 km2 seafloor area can be impacted in a single tow, or 20 times the total predicted area of the S. variabilis reef, 0.01 km2. A fishery closure protecting the upper 20 m of the Ghoul summit could therefore effectively conserve the reef community. However, enforcement of fishing regulations in protected areas of this size could prove difficult and would require that trawlers have precise systems for determining the location of the trawl net on the seafloor. A more conservative whole-seamount fishery closure may therefore be warranted. The inclusion of Ghoul, whether partial or whole seamount, in a SCA could provide a refuge area for benthic fauna on other seamounts in the Graveyard Complex that are subject to bottom trawling, potentially aiding recovery in those areas.

Knowledge of a community’s patch characteristics (i.e., the predicted patch number, area, and connectivity of a given community type) may provide further important information to designate potential areas for protection from fishing or other human impacts within a seamount. For example, if a seamount benthic community considered for protection (e.g., one characterised by VME indicator taxa) is predicted to occur in multiple patches of varying area sizes, an effective protected area can be designed to balance the number and total area of protected patches to reach a particular conservation objective (e.g., number of individuals, biomass, area cover, percent total population). If the minimum distance needed to maintain population connectivity is known, this metric can also be used to ensure that a potential protected area will keep individuals of the same species inhabiting different patches connected via migration and/or spawning. This approach may be particularly applicable to seamounts in which the community of interest is limited to a particular depth range or area of the seamount, making a within-seamount spatial closure effective for conservation. Multiple within-seamount closures across seamounts in a chain or group may also be an effective conservation option for maintaining connectivity if the community of interest is known to occur in patches on several features in close proximity, or to provide potential areas for recolonisation and recovery from earlier fishing impacts.




CONCLUSION

The outputs of the predictive benthic community distribution models presented here for seamounts contribute to the growing number of studies which have successfully utilised seafloor terrain variables to predict and map the small-scale occurrence of deep-sea species and communities (e.g., Dolan et al., 2008; García-Alegre et al., 2014; Rengstorf et al., 2014; Ramiro-Sánchez et al., 2019). Our results, along with those reported by Du Preez et al. (2016), Serrano et al. (2017), demonstrate that seafloor terrain and substrate parameters can be effectively used to predict mega-epibenthic community distributions at local scales on seamounts. However, more local-scale seamount studies are required to further examine to what extent the same or similar environmental predictors can be applied to different seamounts, as the development of a general suite of environmental predictors could be useful for seamount spatial management in areas that are difficult to extensively survey. Indeed, our seamount distribution models can be applied to comparable features in the Graveyard and Andes complexes and validated against existing imagery-obtained community data to test each model’s predictive power and identify any model limitations (planned for a future study). Although our analysis indicated that the performance of both distribution models was very good, it is likely that our models suffer similar limitations as other deep-sea distribution models, such as missing ecologically important explanatory variables, unquantified uncertainty in interpolated environmental layers (e.g., substrate PC layers), and modelling at too coarse a taxonomic resolution (Bowden et al., 2021). Additionally, the model uncertainty maps enable the identification of high-uncertainty areas within each seamount where caution should be taken in interpreting the model predictions or where more data may be required. Each of these models should therefore be validated with independent data and revised before being applied to other seamounts or used in any marine management context to ensure the predictions are reliable (Anderson et al., 2016a; Bowden et al., 2021). Such continued development of robust, reliable predictive distribution models for individual seamounts can then be used to aid the design of protected areas within seamounts, as described above. Finally, the present study differs from previous similar studies in that we examined the patch characteristics of the modelled benthic communities within each seamount. We recommend that more marine benthic studies describe community patch characteristics because these can improve our understanding of within-seamount community dynamics, including the recolonisation and recovery potential of habitat patches previously subject to fishing disturbance.
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Taxa (contributing% to community similarity)

Stylasteridae spp. (spiny) (25.95), Solenosmiilia variabilis (10.42), Polychaeta sp. 1 (7.69),
Demospongiae spp. (7.34), Comatulida sp. 1 (5.46), Paguridae spp. (4.78), Farrea spp. (4.74),
Galatheidae spp. (4.64)

Stylasteridae spp. (spiny) (14.57), Comatulida sp. 1 (13.99), Solenosmilia variabilis (8.16),
Ophiurida spp. (7.04), Demospongiae spp. (6.65), Paguridae spp. (6.2), Isididae sp. 1 (4.93),
Actinaria sp. 2 (4.89), Pycnogonida spp. (4.8)

Paguridae spp. (47.3), Demospongiae spp. (19.07), Comatulida sp. 1 (17.85)
Demospongiae spp. (19.31), Comatulida sp. 1 (14.83), Paguridae spp. (14.812), Actinaria
sp. 2 (12.27), Hexactinellida sp. 5 (10.28)

Comatulida sp. 1 (27.13), Stylasteridae spp. (spiny) (10.21), Ophiurida spp. (9.87),
Demospongiae spp. (9.33), Farrea spp. (7.77), Paguridae spp. (6.9)

Alcyonacea sp. 1 (21.78), Enallopsammia rostrata (purple) (10.64), Paguridae spp. (10.39),
Stylasteridae spp. (spiny) (9.86), Pectinidae spp. (7.01), Aphrocallistes beatrix (6.09),
Demospongiae spp. (4.79)

Paguridae spp. (74.11)

Comatulida sp. 1 (16.84), Pectinidae spp. (13.02), Farrea spp. (9.71), Demospongiae spp.
(8.68), Paguridae spp. (8.68), Stylasteridae spp. (spiny) (7.1), Ophiurida spp. (5.2),
Aphrocallistes beatrix (5.2)

Comatulida sp. 1 (16.31), Paguridae spp. (13.26), Stylasteridae spp. (spiny) (10.7),
Pectinidae spp. (10.25), Demospongiae spp. (7.66), Hexactinella sp. 1 (6.57), Farrea spp. (6.18)
Comatulida sp. 1 (15.04), Demospongiae spp. (14.1), Primnoidae fam. inc., sp. 6 (9.23),
Paguridae spp. (8.99), Ophiurida spp. (8.42), Stylasteridae spp. (spiny) (6.75), Farrea spp.
(6.08), Pectinidae spp. (5.92)

Comatulida sp. 1 (14.02), Paguridae spp. (11.43), Demospongiae spp. (11.25), Stylasteridae
spp. (spiny) (9.38), Farrea spp. (6.23), Ophiurida spp. (5.72), Pectinidae spp. (5.66), Hornera
spp. (5.05), Cornucopina sp. 1 (4.61)

Demospongiae spp. (15.13), Comatulida sp. 1 (12.16), Stylasteridae spp. (spiny) (10.72),
Paguridae spp. (9.32), Pennatulacea sp. 1 (5.74), Ophiurida spp. (5.24), Hexactinella sp. 1
(6.02), Reteporella spp. (4.8), Farrea spp. (4.63)

Stylasteridae spp. (spiny) (18.93), Paguridae spp. (15.81), Desmophyilum dianthus (14.47),
Demospongiae spp. (12.38), Rossellidae sp. 3 (10.31)

Stylasteridae spp. (spiny) (18.42), Paguridae spp. (16.0), Demospongiae spp. (15.2),
Comatulida sp. 1 (14.13), Farrea spp. (9.45)

Pectinidae spp. (16.08), Paguridae spp. (14.77), Stylasteridae spp. (spiny) (11.82),
Anthomastus sp. 2 (10.74), Comatulida sp. 1 (8.02), Demospongiae spp. (7.49), Farrea spp.
(5.75)

Pectinidae spp. (14.8), Comatulida sp. 1 (12.78), Stylasteridae spp. (spiny) (9.73),
Demospongiae spp. (9.53), Paguridae spp. (8.58), Hexactinella sp. 1 (4.63),
Xenophyophoroidea spp. (4.59), Farrea spp. (4.5), Ophiurida spp. (4.02)

Alcyonacea sp. 1 (17.68), Anthomastus sp. 2 (16.03), Pectinidae spp. (11.39), Paguridae
spp. (8.71), Thouarella sp. 1 (7.49), Stylasteridae spp. (spiny) (6.52), Alcyonacea sp. 3 (5.1)
Anthomastus sp. 2 (21.31), Paguridae spp. (13.62), Pectinidae spp. (10.4), Stylasteridae
spp. (spiny) (9.35), Alcyonacea sp. 3 (6.8), Desmophyilum dianthus (4.0), Phidoloporidae spp.
(8.96), Demospongiae spp. (3.6)

Primnoidae fam. inc. sp. 6 (16.35), Comatulida sp. 1 (14.02), Pectinidae spp. (12.27),
Paguridae spp. (8.71), Farrea spp. (6.8), Galatheidae spp. (6.25), Stylasteridae spp. (spiny) (6.1)
Anthomastus sp. 2 (29.36), Stylasteridae spp. (spiny) (28.81), Paguridae spp. (26.53)

A within-community cumulative similarity cut-off of 70% was used to define the taxa which best characterised each community. To help relate community names to
associated species composition, codes were assigned to each community to represent the first 3 letters of the two taxa (bolded) contributing most to within-group
similarity among the characterising taxa (following Davies et al., 2015). Superscript text indicates the community type: “Rstony coral reef communities; ©Coctocoral
communities; Mmixed communities characterised by demosponges, hexactinellid sponges, stylasterid hydrocorals, and comatulid crinoids; and communities dominated

by HCpagurid hermit crabs.
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Substrate diversity

Sand/bedrock

Coral rubble
Pebbles/sand

Depth
Curvature

Profile curvature
Plan curvature

Northness

Eastness

Slope
Ruggedness

SD slope

SD depth
Range in depth
Temperature
Salinity
Pressure

Description

Diversity of substrate types measured as Hill's N2 calculated at 25 m resolution

Values of PC1 from substrate composition PCA calculated at 25 m resolution that mainly represents sand and bedrock
substrates

Values of PC2 from substrate composition PCA calculated at 25 m resolution that mainly represents coral rubble substrate

Values of PC3 from substrate composition PCA calculated at 25 m resolution that mainly represents pebble and sand
substrates

Mean depth value calculated at 25 m resolution

Curvature (first derivative of slope) value within a 3 x 3 grid calculated at 25 m grid resolution and focal mean sizes of 3, 5,
7,and 15

Curvature parallel to slope within a 3 x 3 grid calculated at 25 m grid resolution and focal mean sizes of 3, 5, 7, and 15

Curvature perpendicular to slope within a 3 x 3 grid calculated at 25 m grid resolution and focal mean sizes of 3, 5, 7, and
15

Aspect northness calculated at 25 m resolution and focal means of 3, 5, 7, and 15; values range from 1 (due north) to -1
(due south)

Aspect eastness calculated at 25 m resolution and focal means of 3, 5, 7, and 15; values range from 1 (due east) to -1 (due
west)

Mean slope calculated at 25 m resolution and focal means of 3, 5, 7, and 15

Vector ruggedness measure (VRM) value within a 3 x 3 grid, calculated at 25 m grid resolution and focal means of 3, 5, 7,
and 15; values range from O (no surface variation) to 1 (complete surface variation)

Standard deviation of slope values within a 3 x 3 grid, calculated at 25 m grid resolution and focal means of 3, 5, 7, and 15
Standard deviation of depth values within a 3 x 3 grid, calculated at 25 m grid resolution and focal means of 3, 5, 7, and 15
Range of depth values within a 3 x 3 grid, calculated at 25 m grid resolution and focal means of 3, 5, 7, and 15
Temperature values averaged for 25 m cells

Salinity values averaged for 25 m cells

Pressure values averaged for 25 m cells

Bolded names denote variables which were included in the DistLM models (see section “Methods”).
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Model spatial scale Adjusted R? R2 RSS  Variable selections

Ghoul

25m 0.512 0.650 22999 All
3x3 0.497 0.639 23720 All

B x5 0.499 0.628 24439 1-3, 5-11
7x7 0.483 0.616 25241 1-2, 5-11
15 x 18 0.504 0.644 23356 All
Diamond head

25m 0.413 0.458 118680 1-3, 5, 7-11
3x3 0.433 0.486 112390 All

5 %8 0.433 0.486 112390 All
7x7 0.440 0.493 111000 All
156 x 15 0.450 0.501 109130 All

Bold values indicate the highest adjusted R? values used to select the best model
for each seamount. RSS refers to the residual sum of squares. Variables are
numbered accordingly: (1) depth; (2) northness; (3) eastness; (4) profil curvature; (5)
slope; (6) standard deviation of slope; (7) ruggedness; (8) sand/bedrock; (9) coral
rubble; (10) pebble/sand; (11) substrate diversity.
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Seamount/sector B utu B UNE B uac

Ghoul Seamount 0.916 0.039 0.855
Ghoul sectors 0.625 0.0341 0.659
Ghoul summit 0.500 0.175 0.675
Ghoul north flank 0.705 0.069 0.774
Ghoul east flank 0.758 0.110 0.868
Ghoul south flank 0.750 0.111 0.861
Ghoul west flank 0.788 0.057 0.845
Diamond Head Seamount 0.871 0.013 0.984
Diamond Head sectors 0.439 0.168 0.607
Diamond Head summit 0.658 0.154 0.812
Diamond Head north flank 0.885 0.051 0.936
Diamond Head east flank 0.892 0.051 0.942
Diamond Head south flank 0.717 0.163 0.880
Diamond Head west flank 0.914 0.036 0.950

Beta diversity values are based on Jaccard dissimilarities calculated from taxon
presence-absence. Values refer to: Bytu, turnover component; Byne, nestedness
component; Byac, total beta diversity.
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Variable Adjusted R2  SS (trace) Pseudo-F P Prop.

Ghoul (25 m scale)

Depth 0.19609 14226 10.513 0.001 0.217
Sand/bedrock 0.29990 7819.3 6.6351 0.001 0.119
SD slope 0.36753 5276.3 4.9559 0.001 0.080
Pebble/sand 0.40133 3056.0 3.0325 0.005 0.047
Profile curvature 0.43358 2853.4 2.9927 0.002 0.043
Coral rubble 0.45537 2164.3 2.3608 0.010 0.033
Slope 0.47136 1777.7 1.9977 0.031 0.027
Eastness 0.48301 1498.2 1.7216 0.051  0.023
Substrate diversity 0.49558 1504.8 1.7722 0.054 0.023
Ruggedness 0.50599 1357.4 1.6324 0.070  0.021
Northness 0.51204 1116.4 1.3591 0.181  0.017
Diamond head (15 x 15 scale)

Depth 0.17596 40023 26.197 0.001 0.183
Sand/bedrock 0.30925 30194 23.576 0.001 0.138
Eastness 0.34663 9251.0 7.6370 0.001 0.042
Substrate diversity 0.37849 7946.0 6.8960 0.001 0.036
Ruggedness 0.39741 5116.6 4.5800 0.001 0.023
Pebble/sand 0.41494 4755.8 4.3840 0.001 0.022
Coral rubble 0.42619 3401.4 3.1970 0.001 0.016
Slope 0.43754 3376.9 3.2380 0.001 0.015
Profile curvature 0.44482 2515.0 2.4430 0.005 0.011
SD slope 0.44837 1740.3 1.7020 0.052  0.008
Northness 0.44990 1326.1 1.3000 0.200  0.006

SS (trace) refers to the sum of squared canonical correlations. “Prop.” indicates
the proportion of model variation explained by each variable term. Significant
p-Values are bolded.
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