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Benthic species assemblages are groups of species that co-occur on the seafloor. Linking assemblages to physical environmental features allows for understanding and predicting their spatial distribution. Species identity and abundance are commonly quantified using a taxonomic approach to assess benthic diversity, yet functional traits that describe the behavior, life history, and morphology of a species may be equally or more important. Here, we investigate the biodiversity of five benthic species assemblages in relation to their habitat and environmental conditions in an Ecologically and Biologically Significant Area (EBSA) along Canada’s east coast, using both a taxonomic approach and biological traits analysis. Random Forest regression was applied to map spatial patterns of functional and taxonomic diversity metrics, including richness, Shannon index, and Rao’s quadratic entropy. We evaluate discrepancies between related taxonomic and trait measures, and the community-weighted mean of trait data was calculated to characterize each assemblage. Taxonomic and functional richness – representing the number of species and the species community volume in the trait space, respectively – showed similar spatial patterns. However, when considering diversity, which also accounts for the relative abundance and differences among species or traits, these patterns diverged. Taxonomically different assemblages exhibited similar trait compositions for two assemblages, indicating potential trait equivalencies, while one assemblage exhibited traits potentially indicating sensitivity to human activity. The taxonomic and functional metrics of richness and diversity were low close to the coast, which could be indicative of disturbance. Consideration of functional metrics can support spatial planning and prioritization for management and conservation efforts by assessing the sensitivity of traits to different stressors.
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1 Introduction

Coastal ecosystems are highly productive, supporting diverse habitats that provide a wide range of important functions and services (Feist and Levin, 2016; Halpern et al., 2007; Snelgrove et al., 2014). Coastal benthic fauna provide services including food and habitat structure, nutrient cycling, biodiversity maintenance, climate regulation, and carbon sequestration, and also support cultural and commercial industries such as fisheries and tourism (Galparsoro et al., 2014; Snelgrove et al., 2014). These species may also be highly sensitive to disturbances resulting from increased human activities and environmental change (Feist and Levin, 2016; Miatta et al., 2021; Snelgrove et al., 2014). Although stressors such as pollution, fishing, and climate change may alter benthic community composition, they may not necessarily result in a loss of important ecosystem functions (Pinsky et al., 2020; Snelgrove et al., 2014). Ecosystem processes may be more resistant to climate change if species that are undergoing range expansions replace those with similar functional traits (Beche and Resh, 2007; Bonada et al., 2007; Muller et al., 2021; Pinsky et al., 2020; Weigel et al., 2016).

There is growing consensus that managing coastal habitats and their associated functions should reflect an ecosystem-based management (EBM) approach that requires managers to identify sensitive habitats, species, and regions of high biodiversity value as priority areas for conservation (Cogan et al., 2009; Frid et al., 2008; Myers, 1988). Effective EBM requires tools that clearly communicate knowledge of ecosystems to decision-makers and stakeholders (Frid et al., 2008; Murillo et al., 2020a, b). Marine habitat maps, which depict the spatial distribution of communities and assemblages of co-occurring species and seabed types, are one common approach used to disseminate ecological information. These maps can be used to assess changes to the spatial extent and composition of different seabed habitats, facilitating broader EBM efforts (Brown et al., 2011; Buhl-Mortensen et al., 2015; Cogan et al., 2009). Despite increasing efforts to map the seafloor globally, recent evidence suggests that species composition and diversity alone may be insufficient to support EBM, and that functional characteristics of organisms should also be considered (Törnroos et al., 2015).

Biological traits analysis (BTA) is a method for classifying organisms based on their behavioral, life history, and morphological traits, enabling characterization of the functional composition of assemblages (Bremner et al., 2006a; Frid et al., 2008; de Juan et al., 2022). Traits analyses are important for assessments of biodiversity as they can inform how species respond to their environment (response traits) and the impact they have on ecosystem functioning (effect traits; Lavorel and Garnier, 2002; Sterk et al., 2013). This approach can be applied at any taxonomic level and be assessed across broad geographic regions of varying species composition, where traditional species-based assessments may not be applicable (Beauchard et al., 2017; Bremner et al., 2006a, b; Frid et al., 2008; Gagic et al., 2015; Miatta et al., 2021; de Juan et al., 2022). Additionally, analysis of functional trait diversity may provide insight into the provisioning of ecosystem functions and services supported by the abundance of given traits in a region (Cadotte et al., 2011; Miatta et al., 2021; Törnroos et al., 2015). Trait-based diversity approaches can further complement taxonomy-based patterns by identifying alternate biodiversity hotspots, traditionally defined as regions hosting high numbers of endemic or endangered species (Beauchard et al., 2017; Myers, 1988; Roberts et al., 2002; Stuart-Smith et al., 2013). For example, Stuart-Smith et al. (2013) observed that reef fish functional diversity differed between temperate and tropical regions globally, highlighting additional diversity hotspots at higher temperate latitudes outside the tropics. This was due to higher observed species evenness in temperate regions, where a greater proportion of moderately abundant species supported unique trait configurations that could more strongly influence ecological processes (Stuart-Smith et al., 2013).

In light of shifting species’ distributions and compositions due to global changes, area-based conservation measures relying solely on taxonomic measures may be less reliable long term than efforts that incorporate traits-based measures. The latter may be more informative of the ecosystem processes and functions that may be sustained in a given region. This makes BTA particularly relevant for risk assessment frameworks by determining which species exhibiting a combination of traits are vulnerable to specific stressors (Hewitt et al., 2018). Despite the recognition that BTA can provide enhanced understanding of benthic biodiversity, this approach is seldom used for predictive mapping, especially at smaller, local scales (de la Torriente et al., 2020; Murillo et al., 2020b; de Juan et al., 2022). In this study we use BTA to compare the taxonomic and trait-based diversity and composition of coastal benthic assemblages which were classified and mapped by Nemani et al. (2022). Specifically, we 1) investigate the composition of biological traits among species assemblages across two coastal sites in Placentia Bay, Newfoundland, Canada, 2) develop maps depicting the variation in spatial patterns of taxonomic and functional diversity, and 3) discuss how this information may be used to target areas for management and planning.




2 Materials and methods



2.1 Study area

Placentia Bay is an ‘Ecologically and Biologically Significant Area’ (EBSA) that supports a diverse marine environment. The bay contains habitats for several sensitive taxa (e.g., Zostera marina eelgrass; corals and sponges; Dermochelys coriacea leatherback turtle), and commercial species (e.g., Homarus americanus lobster; Mallotus villosus capelin; Clupea harengus herring; Gadus morhua Atlantic cod), and large seabird colonies (Wells et al., 2019). Despite recognized ecological significance, human activities are widespread in the area, including industries such as oil and gas, fishing, aquaculture, and shipping. These industries and their supporting activities (e.g., vessel traffic) render this EBSA as one of the highest oil spill risk areas in Canada (DFO, 2007; DFO Maritimes Region OPP Atlantic Hub, 2020; LGL Limited, 2018).

Given the risks to this EBSA, understanding the distribution of its habitats is critical to monitoring and mitigating environmental risks from increasing anthropogenic stressors, and to improve the response to potential environmental accidents. Two coastal areas located within proximity to the largest population centers and harbors in Placentia Bay were selected as focal sites for this study. These include 1) Mortier Bay, located near Marystown, NL, on the west coast of Placentia Bay, and 2) Long and Ship Harbor near the town of Placentia, NL, on the east coast (Figure 1). Coastal waters at both sites are at risk of human impact due to relatively high population densities, shipping traffic – particularly near Long and Ship Harbor – and a budding aquaculture industry near Mortier Bay (DFO, 2007; LGL Limited, 2018). Both sites were previously mapped by the Canadian Hydrographic Service (CHS) and the Geological Survey of Canada (GSC) during multiple joint surveys spanning 1989 to 2006, providing bathymetry and backscatter data for this analysis (Shaw et al., 2011).




Figure 1 | Mortier Bay (A, B), and Long and Ship Harbor (C, D) in Placentia Bay (E), Newfoundland and Labrador, Canada. Red dots represent underwater video sample distribution.






2.2 Data

Underwater videos were collected to assess the composition and abundance of benthic fauna in the study area. Mortier Bay was surveyed from November 18-20th, 2019 using a custom-built drop-camera system comprising a Sony FDRX 3000 camera in an underwater housing, an LED light at 3500 lumens for illumination, and two green-light lasers spaced 10-cm apart for scaling. Videos were recorded in HD at a resolution of 1920 x 1080 and 60 FPS. On August 5th, 2020, Long and Ship Harbor was sampled using the DTPod drop camera system manufactured by Deeptrekker inc. DTPod includes an LED light (1000 Lumens) and two red-light scaling lasers spaced 2.5 cm apart. Videos were also recorded at this location in high definition, at a resolution of 1920 x 1080, and 30 FPS. Sample stations were distributed at each site using a spatially balanced random sampling scheme (Kermorvant et al., 2019) stratified by depth and acoustic backscatter from sonar data collected prior to this study. At each station, the camera was lowered to approximately two meters off the seabed and allowed to drift for a two-minute duration. To account for boat drift during sample collection, we transformed raw species counts to densities (number of organisms per m2) using a frame-by-frame analysis of average image width based on the distance between lasers, and length of transect using data from the GPS track to standardized distances. Thirty-one videos were recorded at Mortier Bay and 57 at Long and Ship Harbor (n = 88  total).

All organisms greater than 2 cm were identified to the highest possible taxonomic resolution (Harvey-Clark, 1997; Martinez and Martinez, 2011; Salvo et al., 2018) or assigned to morphotaxa when species level identification could not be achieved and tallied into a site-by-taxa matrix of observed taxa densities (organisms per m2). Sample size and video resolution may have affected the interpretation of “rarer” occurrences and the resulting morpho-taxonomic classification. Accordingly, for all video samples, species occurring less than 5 times across all stations (mainly species which could not be assigned to a phylum), and stations with low species abundances (<5 organisms) were excluded. This was consistent with the methods presented in Nemani et al. (2022), which described five species assemblages (Supplementary Table S1) based on hierarchical clustering of Hellinger-transformed data (Breine et al., 2018). These same 60 sample sites and resulting five assemblages are analyzed further here for trait composition.

Nine biological traits representing the life history, morphology, and behavior of the 27 taxa observed in video were chosen for this analysis (Table 1). The traits were further sub-divided into 39 modalities of trait expression. For example, the trait ‘movement’ was divided into four modalities: “sessile”, “burrower”, “crawler”, and “swimmer”. Since there is currently no standardized methodology for the selection of specific traits (Miatta et al., 2021), this process was guided by the limited data available for benthic taxa identified from the videos (Bremner, 2008). Information on modalities for taxa were acquired from the MarLIN open-access trait database (http://www.marlin.ac.uk/biotic/biotic.php; MarLIN, 2006) and the Arctic Traits Database (https://www.univie.ac.at/arctictraits/taxonpage), since the Newfoundland shelf marine ecoregions contains species with Arctic affinities (Degen et al., 2018). Additionally, the literature was reviewed to fill data gaps for biota of lower taxonomic resolution (Bremner et al., 2006a). The phylum Porifera was the most poorly resolved, so traits were broadly assigned for those morphotaxa. When taxa-specific trait information was unavailable, modalities were inferred using closely related taxa (Henseler et al., 2019; Tornroos et al., 2013). Since some taxa exhibit several modalities of a trait, a fuzzy coding method was applied, where a value of 0 represents no affinity, and 3 represents full affinity to the trait category (Chevenet et al., 1994). For example, a species that deposit feeds or suspension feeds with equal probability was coded 2 for both modalities (Degen and Faulwetter, 2019; Munari, 2013; Sutton et al., 2020; Van der Linden et al., 2012). All fuzzy-coded modality scores within a trait were then standardized and weighted to 1 for each taxon and trait (Tornroos et al., 2013). Compilation of data for BTA requires three matrices: 1) taxa abundance for each site, 2) biological traits for each taxon, and 3) biological traits for each site – the latter resulting from abundance-weighted combination of the first two matrices (Bremner et al., 2006b; Munari, 2013; Van der Linden et al., 2012).


Table 1 | List of biological traits and modalities (sub-categories) examined for each taxon observed from underwater videos.



Processed sonar data from previous surveys of the bay were used to characterize seabed morphology and texture. Bathymetry was obtained using multibeam echosounder (MBES), and acoustic backscatter was collected via side-scan sonar (SSS). Backscatter is the intensity of sound returned to the sonar and is commonly used as a proxy for substrate type (e.g., softer sediments return less energy than hard sediments) (Brown et al., 2011). The acoustic data were gridded at 10 m horizontal resolution and projected to metric map units (UTM Zone 21N).

The bathymetry and backscatter surfaces were used to derive secondary features to describe seabed terrain and texture. These features represent abiotic surrogates that are typically used to infer species-environment relationships for predictive mapping, as it can be challenging to measure more direct environmental drivers (e.g., temperature) at sufficient spatial resolutions (McArthur et al., 2010). Terrain features included slope to measure the steepness gradient and aspect derived as northness and eastness to assess seabed orientation (Wilson et al., 2007). Relative difference to the mean value (RDMV) was derived to assess topographic position and the bathymetric standard deviation (SD) was calculated to quantify seabed roughness (Walbridge et al., 2018; Lecours et al., 2015). Additional measures of curvature (curvature, profile, and planar curvature) were used to highlight contours along the seabed such as ridges, valleys, and mounds (Walbridge et al., 2018; Wilson et al., 2007). Local topographic variation (highs and lows) was determined using the bathymetric position index (BPI) and measured at two scales prior to the multi-scale analysis (Misiuk et al., 2018; Walbridge et al., 2018; Wilson et al., 2007): BPI fine (inner and outer radius of 1 and 10 cells) and BPI broad (inner and outer radius of 10 and 30 cells). Seabed morphology and substrate composition can influence the predominance of traits, such as burrowing and crevice dwelling movement types, and these abiotic conditions can be inferred from bathymetric and backscatter derivatives. Further, textural information was derived from the backscatter using grey-level co-occurrence matrices (GLCMs) to quantify local backscatter variation and similarities in seabed texture (Che Hasan et al., 2014).

Euclidean distance from the coast was calculated in ArcGIS Pro V.2.7 to assess community structure patterns in smaller inlets along the coast compared to the more exposed sections of the study sites. For example, Weigel et al. (2016) compared functional diversity and composition in sheltered and exposed sites and found differences in functional identity with respect to particular feeding traits (more sub-surface feeders in exposed sites due to increased sediment reworking). Distance to coast has also been applied as a proxy for sediment transport away from the coast (Misiuk et al., 2018; Stephens and Diesing, 2015; Wilson et al., 2018), which may influence habitat suitability for different taxa.

Multi-scale approaches have been recommended to capture both fine and broad scale terrain characteristics that may influence species-environment relationships (Lecours et al., 2015). Environmental features were calculated at ten spatial scales using increasing focal window sizes from 3x3 to 21x21 cells (Dolan, 2012; Misiuk et al., 2021). This produced 120 features at “analysis distances” (Misiuk et al., 2021) between 10 and 210 m that describe the seabed terrain and its texture across multiple spatial scales (Table 2).


Table 2 | List of terrain features used to model taxonomic and trait diversity metrics.






2.3 Data analysis

Trait composition for each assemblage identified by Nemani et al. (2022) was assessed using the community-level weighted mean (CWM), which was calculated by averaging the mean trait values of taxa present in each sample weighted by their relative abundance using the ‘FD’ package in the R programming language (Duarte et al., 2018; Pecuchet et al., 2018; Wen et al., 2019). The CWM is useful for representing shifts in trait composition among communities and for identifying dominant traits that may affect ecosystem processes (Dolbeth et al., 2013; Lepš et al., 2011; Ricotta and Moretti, 2011).

Univariate taxonomic metrics of richness and Shannon diversity, excluding rare species, were calculated for all sites used in Nemani et al. (2022), using the ‘vegan’ package in R (Oksanen et al., 2018). Comparable functional metrics were derived to assess trait richness using the ‘FD’ package, and trait diversity using the ‘SYNCSA’ package (Laliberté and Legendre, 2010; Petchey and Gaston, 2006). Taxonomic richness refers to the number of unique species recorded in each assemblage, while functional richness represents the amount of functional space occupied by traits in the assemblage (Colwell, 2009; Karadimou et al., 2016; Laliberté and Legendre, 2010; Pakeman, 2011; Petchey and Gaston, 2006). Taxonomic diversity was measured using Shannon diversity (H), which accounts for both abundance and evenness of the species (He et al., 2015; Liu et al., 2021; Spellerberg and Fedor, 2003; Xu et al., 2018). Functional trait diversity was assessed using Rao’s quadratic entropy (FDQ), which is used to assess community dispersion of species weighted by their relative abundance within functional trait space (Leps et al., 2006; Rao, 1982; Stuart-Smith et al., 2013). For calculation of these functional indices, the initial fuzzy-coded trait categories were weighted by the total number of categories for a given trait to establish equal importance for each category (Henseler et al., 2019).

Random Forest (RF) was used to model diversity indices using the environmental data to create full-coverage maps and explore the terrain features influencing spatial patterns of diversity. RF is an ensemble modelling approach that uses bootstrap aggregation (i.e., “bagging”) to combine results from a large number of decision trees (Breiman, 2001; Luan et al., 2020). For regression, RF predicts new values using the mean prediction of all decision trees in the “forest” (Breiman, 2001; Guisan et al., 2019). Here, RF was performed using default regression parameters as implemented in the ‘randomForest’ package in R, which included a forest of 500 trees, random selection of 3 out of the 11 predictors to test for each split, and a minimum terminal node size of 5 (Liaw and Wiener, 2002). There was no limit set to the maximum number of nodes for each tree; non-linear interaction between predictors was thus allowed to proceed until the minimum node size was reached at each branch of each tree. The Boruta wrapper algorithm was used to identify subsets of features defined for each scale, as described in Nemani et al. (2022). A leave-one-out cross-validation (LOOCV) was used to derive R2 values to assess the variance explained (Hoeppner et al., 2020; Kuhn, 2008). Features with the greatest explanatory power were ranked using the VarImp function in the ‘Caret’ package (Kuhn, 2012). Finally, relationships between the environmental features and predicted richness and diversity metrics were depicted by univariate partial dependence plots using the ‘pdp’ package (Franklin, 2009; Greenwell, 2017).





3 Results



3.1 Functional trait composition

Functional trait composition (Figure 2) varied among the five assemblages identified by Nemani et al. (2022) and described in Supplementary Table S1 (spatial predictions of assemblages presented in Supplementary Figure S1). Assemblage 1, which was dominated by sand-dollars, occurred in shallow sandy sediments, and exhibited traits including planktotrophic larval development, gregarious sociability, crawling movement, burrowing living habit, and medium body sizes (Figure 2A). Similar traits were observed for the assemblage characterized by urchins and northern sea stars (Assemblage 3; Figure 2C), illustrating that taxonomically different assemblages can exhibit similar functional trait compositions. The main differences among these two assemblages related to living habit (free-living) and globular body forms associated with the dense aggregations of urchins. The affinity for softer sediment demonstrated by Assemblage 1 accommodated burrowing traits, while the urchin aggregations occurred on hard substrate, such as encrusting coralline algae.




Figure 2 | Community weighted mean of trait composition for species assemblages. Labels represent codes for trait modalities from Table 1. Assemblages include Assemblage 1: sand-dollar dominated (A); Assemblage 2: echinoderm mix (B); Assemblage 3: urchin and northern sea stars (C); Assemblage 4: encrusting sponge and brittle star (D); and Assemblage 5: anemone-shrimp-brittle star (E). Taxa illustrations by Julia Mackin-McLaughlin.



Assemblage 5, which contained anemones, shrimps, and brittle stars as dominant taxa, was characterized by small size, sessile, upright body forms, and attached living habit traits (Figure 2E). This functional composition was driven by traits of the Hormathia sp.1 anemone, the dominant taxa in this assemblage. Assemblage 4, characterized by encrusting sponges and brittle star beds, also contained sessile and attached traits, but to a lesser extent (Figure 2D). The high density of brittle stars in Assemblage 4 contributed to more solitary sociability, planktotrophic larval development, medium life spans, crawling movement, and flatter body form (dorso-ventrally composed) traits. Flat body forms were also evident in Assemblage 2, with a mix of commonly occurring echinoderms with higher mobility (free-living, solitary crawlers) and lecithotrophic larval development (Figure 2B).




3.2 Spatial patterns of diversity

Distribution maps were predicted using RF models (model performance metrics and feature importance in Table 3) to visualize local patterns of taxonomic and functional diversity among both coastal sites (Figures 3A, B). Assemblages 1 and 2 exhibited the lowest richness across all metrics. Taxonomic and functional richness, and Shannon diversity (H), were highest at depths exceeding 50 m (Figures 4A–C) where Assemblages 4 and 5 were found to occur.


Table 3 | Model evaluation metrics for predictions of A) taxonomic richness, B) functional richness, C) Shannon diversity, and D) functional diversity.






Figure 3 | (A) Predicted taxonomic and functional richness and diversity distributions at 10 m resolution for Mortier Bay, including taxonomic richness (i), Shannon diversity (ii), functional richness (iii), and Rao’s quadratic entropy (iv). (B) Predicted taxonomic and functional richness and diversity distributions at 10 m resolution for Long and Ship Harbor, including taxonomic richness (i), Shannon diversity (ii), functional richness (iii), and Rao’s quadratic entropy (iv).






Figure 4 | Select partial dependence plots of environmental features depicting the influence of bathymetry and seabed position which were used to model taxonomic richness (A), functional richness (B), taxonomic diversity - Shannon H (C), and functional diversity - Rao’s Quadratic Entropy FDQ (D). Plots for all features are provided in Supplementary Figures S3A–D.



The importance of calculating environmental features across multiple scales was evident. Functional diversity was highest on south facing slopes as indicated by northness at the broadest scale (190 m); however, at a finer scale (90 m), functional diversity was highest on north facing slopes and more rugged fine-scale topographic highs (Figure 4D; Supplementary Figure S4).

Spatially, higher functional richness was predicted more broadly and included regions that were not taxonomically rich – for example, areas dominated by Assemblage 3, which were largely barren because of high urchin abundance (Supplementary Figure S1). Taxonomic richness was high among steep slopes – particularly within sloped valleys near the centers of both coastal sites. Regions characterized by high taxonomic diversity were not necessarily functionally diverse (Figures 3A, B ii vs. iv). Taxonomic diversity was highest in the center of Mortier Bay and towards the mouth of Placentia Bay. However, functional diversity was higher along high slopes and near the deepest areas where Assemblage 5 was predicted to occur, particularly in Mortier Bay. These sloped areas supported a heterogeneous seabed environment, largely composed of softer sediment with underlying rock substrate. Overall, areas with the highest taxonomic and functional diversity and richness were associated with Assemblage 4. These areas were of mixed substrate, with large boulders, smaller cobbles, sediment veneers, and patches of soft sediment with underlying rock, which supported a broad range of taxa and traits.





4 Discussion

Understanding the distribution and diversity of seabed habitats is crucial in the face of increasing environmental impacts from human activities. Traits-based analyses are beneficial in this regard since they are not species-specific – changing species compositions may not necessarily impact broader functions within a region. This study leverages traits-based analyses to assess the functional composition of five benthic assemblages, highlighting the value of this approach in understanding ecological functions independent of taxonomic diversity. The use of life history, behavior, and morphology traits allows us to identify functional similarities among taxonomically different assemblages, suggesting that functional diversity may be maintained despite changes in species composition. Moreover, our spatial patterns of diversity reveal additional regions of ecological importance that might be overlooked by traditional taxonomic assessments.



4.1 Spatial patterns of diversity

Features calculated across multiple scales of analysis were influential for predicting spatial patterns of richness and diversity. Though our results do not capture the traits of rare species that may be functionally equivalent to other taxa in the data, or which may host unique traits, our results align with research recommendations to incorporate multiple components of biodiversity and scale (Petchey and Gaston, 2006; White et al., 2023). Bathymetry was the most important driver of both taxonomic and functional richness, indicating that deep regions of both study areas supported a greater range of species and traits. While bathymetry was not correlated with functional diversity, multiple scales of geomorphic features were important predictors of both taxonomic and functional diversity. For taxonomic diversity, seabed terrain attributes and texture indices were more influential than depth. Traits such as globulose body forms and gregarious traits found in mixed environments with high contrast, meanwhile high slope environments supported attached, colonial organisms (e.g., sponges and tunicates). This aligns with previous observations, wherein higher terrain heterogeneity (e.g., canyons walls, seamounts) is linked to increased biodiversity, possibly due to supporting more niche space that supports a broader range of taxa (de la Torriente et al., 2019; Hewitt et al., 2008; Robert et al., 2014; Thrush et al., 2011; Zeppilli et al., 2016). Taxonomic diversity was also highest along areas with more concave depressions among west facing slopes than elevated mounds or crests, which may experience increased disturbance. Functional diversity was predicted strongly by the northness of the slope direction at both moderate (90 m) and broad (190 m) scales, although these appeared to have contrasting effects (Figure 4D). Finer scale bottom currents could be occurring in these regions, contributing to local heterogeneity by influencing food availability, but such data were not available at sufficient resolutions to include in our analysis.

All map predictions suggested that taxonomic and functional richness and diversity were lowest near the coast. Shallow regions may be at greater risk of anthropogenic stress resulting from increased human activity (Feist and Levin, 2016; Kenny et al., 2017). Additionally, these areas are exposed to increased natural disturbance such as wind and wave action, high tidal activity, and storms (Llanos et al., 2019). The cumulative effects of these stressors may have marked impact on biodiversity compared to areas further from the coasts.

It is important to note that the functional diversity patterns we observed in our maps are inherently tied to the specific set of response traits we used - these traits may not have been the most responsive trait combination to reflect environmental pressures. The functional description of the assemblages displayed in Figure 2 was based on CWM. However, recent studies (Peres-Neto et al., 2017; Ter Braak, 2017; Miller et al., 2018) showed that CWM can be subject to inflated type I errors when searching for relationships between environment (i.e., samples) and traits (i.e., species). These studies recommend using the RLQ-Fourth-corner approach (Dray and Legendre, 2008; Dray et al., 2014) which, unlike CWM, also considers biological variations within assemblages. In line with this, we performed further analyses using the RLQ approach to examine trait responsiveness to environmental variables (Supplementary Figure S2). The observed pattern was not found significant, (details in Supplementary Table S2), possibly due our small sample size that can lower statistical power (Dray and Legendre, 2008), even though some of our traits (which are typical of life history strategies) are often found responsive to environmental forces. There might be other trait combinations verifying the environment-traits relationships, and from which calculations of functional diversity indices might yield spatial patterns that may be more or less different in the resulting maps. These limitations notwithstanding, our findings provide valuable insights for future research, particularly in understanding the potential divergence of functional and taxonomic diversity across the Placentia Bay seascape.




4.2 Trait-specific vulnerabilities of assemblages

Human disturbances such as commercial fishing (e.g., trawling), aggregate dredging, effluent discharge, and other industrial activities, can strongly influence functional indices and composition of benthic invertebrate assemblages (Bolam et al., 2017; Zhulay et al., 2021). Gladstone-Gallagher et al. (2019) observed how increasing spatial extent and frequency of a disturbance can influence a community’s resilience across multiple scales of ecological organization. For example, Assemblage 5, which was characterized by anemones, shrimp, and brittle stars, was distributed broadly at both sites (Supplementary Figure S1), yet its functional composition, which included sessile movement traits, attached living habit, and upright body forms, could make it vulnerable to disturbances such as fishing, trawling, or dredging. Using habitat maps to better understand the distribution of these assemblages has the potential to inform zoning and multi-use management efforts. The distribution of functional traits vary among different seabed habitats and assemblages, and this habitat heterogeneity contributes to the range of ecosystem functions evident in a region (Hewitt et al., 2008; Thrush et al., 2011). Thus, including functional diversity metrics into these maps can provide managers and decision-makers with additional tools to monitor and preserve key ecological processes and functions, despite inevitable taxonomic changes resulting from climate change (Morley et al., 2018; Thrush et al., 2017).

The Placentia Bay region is at risk of oil spills and the release of other pollutants due to high vessel traffic (DFO, 2007), driving a need to assess vulnerabilities of local habitats to these stressors. The release of pollutants could have marked impacts on the benthic communities in this area, including changes to habitats induced by the introduction of toxins (e.g., petroleum hydrocarbons) and potential loss of habitat forming species that support higher diversity (Kotta et al., 2008; Lee and Lin, 2013; Nunnally et al., 2020). Nunnally et al. (2020) observed how sites surrounding the Macondo wellhead, Gulf of Mexico, became increasingly homogenous, with fewer functional traits following the Deepwater Horizon oil spill. Higher presence of mobile predators and scavengers were also observed at impacted sites, while sessile and filter-feeding megafauna had diminished (Nunnally et al., 2020). Conversely, Kotta et al. (2008) noted that specific feeding modes (e.g., deposit feeders) in the northeastern Baltic Sea have benefitted from organic enrichment resulting from an oil spill in 2006. Positive effects on suspension feeders were noted adjacent to sites with organic enrichment due to an increase in phytoplankton productivity (Kotta et al., 2008). The results of our study suggest that Assemblage 5 may be at particular risk of oil spill impacts. The attached and sessile traits exhibited by the Hormathia anemones may increase its sensitivity, whereas mobile scavenging shrimp species could be more abundant in response to increases in organic matter (but see Rotkin-Ellman et al., 2012 for examples of exposure to other long-term stressors). In the event of an oil spill, the efficiency of management efforts could potentially be increased by focusing on areas hosting more vulnerable traits (e.g., Assemblage 5).

On the west coast of Placentia Bay, Mortier Bay hosts a new industrial park at the site of a now defunct shipyard where a large-scale aquaculture hatchery and nursery facility is currently in operation (LGL Limited, 2018). Fish farming can alter benthic ecosystem functioning through release of dissolved nutrients, increased sedimentation of feed, and fecal matter from farmed fish, which can ultimately lead to reduced seafloor diversity (Hargrave, 2010). These disturbances contribute to changes in benthic community composition (Oug et al., 2012), but also impact ecosystem functioning. For example, Sweetman et al. (2014) noted significantly lower bacterial biomass, sediment oxygen consumption, and carbon sequestration near aquaculture sites. Higher sedimentation rates could have detrimental impacts on suspension feeding assemblages, such as Assemblage 4 (Bouvais, 2016). Dredge disposal is also evident in both coastal sites (Shaw et al., 2011), and various studies have observed lower species richness and density, and more variable trait composition and function among dredged sites (Bolam et al., 2016). Bolam et al. (2016) observed that organisms with chitinous or calcareous exoskeletons, some soft-bodied annelid worms, and deeper-dwelling burrowing species were more common among dredge disposal sites. In Placentia Bay, long-term developmental pressure for any new infrastructure will likely result in increased dredging and disposal in both bays and alter the underlying trait composition in these regions.




4.3 Management

Considerations of trait composition can support planning initiatives that are guided within an EBM framework, and further supported by spatial management tools such as habitat and diversity maps. For EBM, prioritizing the maintenance of functional traits rather than focusing efforts on preserving individual species could be more valuable ecologically, especially given anticipated climate-related shifts in species distributions. As current climate change projections predict continued global shifts in species compositions through species loss, invasions, and turnover, management approaches based on taxonomy alone may become increasingly challenging and potentially ineffective over time (Morley et al., 2018; Kaplan, 2019; Pinsky et al., 2020; Miatta et al., 2021). Against this backdrop of global change, functional trait measures for biodiversity monitoring can be particularly beneficial as they are not species-specific and can facilitate broader regional comparisons (Vandewalle et al., 2010). Species with overlapping ecological roles can exhibit similar trait compositions, which may be important for conservation priorities since communities may be more stable with respect to traits than individual taxa (Bonada et al., 2007; Vandewalle et al., 2010; Powney et al., 2014; Miatta et al., 2021; Muller et al., 2021). For example, MPAs, which are commonly designated to conserve specific species and communities, may be considered in poor health with changing community compositions, even though broader ecosystem functions may still be preserved (Pinsky et al., 2020; Miatta et al., 2021; de Juan et al., 2022).

Taxonomic approaches commonly identify habitat and reef forming species such as corals and certain sponge gardens to be ecologically valuable due to their role in forming three-dimensional structures that provide habitat for other species (Aguilar et al., 2017), yet additional taxa, characterized by different sets of traits, can also provide structural habitat. For example, the urchin dominated assemblage may provide three-dimensional biogenic substrate for species such as hydroids and barnacles (Lauzon-Guay and Scheibling, 2007). High densities of taxa with burrowing traits (e.g., Assemblage 1 sand-dollars), and duality of suspension and deposit feeding (e.g., Assemblage 4 brittle star aggregations), can support broader biogeochemical cycling by accelerating energy transfer from the water column to the benthos, including important processes such as nitrogen fixation and carbon sequestration (Bertics et al., 2010; Bauer et al., 2013; Folkers and Rombouts, 2019). Thus, these examples demonstrate how explicit consideration of functional traits can broaden our understanding of ecosystem functioning, laying the groundwork for more effective EBM. Such a framework may be particularly relevant for risk assessment through assessing the sensitivity and vulnerability of benthos to ongoing and emerging stressors based on their underlying trait composition (Hewitt et al., 2018).

Future work could benefit from incorporating aspects of ecosystem functioning to complement the response traits examined in this study. As highlighted by Beauchard (2023), relying exclusively on response traits may not fully capture the complexities of functional diversity. Specifically, areas of high functional diversity values on our maps may not always indicate areas critical from a management perspective as communities with high functional diversity may be composed of both vulnerable and resilient species. Contrastingly, assemblages 3 and 5 exhibiting more vulnerable species (i.e., slow growth, long lifespan) can be found in regions of both high and low species richness. This suggests that high values of functional diversity, based solely on response traits (which reflect species’ abilities to cope with environmental pressures), might not fully represent ecosystem functions, which are primarily indicated by effect traits (Lavorel and Garnier, 2002). For effective management, it is crucial to consider both types of traits to accurately identify communities that perform essential functions and are vulnerable to disturbances (Beauchard, 2023).





5 Conclusion

Functional diversity can complement measures of taxonomic diversity and provide data on ecosystem function that can improve our definitions of ecologically important marine regions. Our results indicated differences between taxonomic and functional diversity at local scales, highlighting potential areas of consideration for EBM that would not have been identified by taxonomic considerations alone. Assessment of functional composition provides insight into the vulnerabilities of specific assemblages to stressors that are present in the bay. We recommend that managers should incorporate biological traits and functional diversity measures to support a comprehensive understanding of the ecology and range of ecosystem functions.
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