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Community assembly theory states that species assemble non-randomly as a result of dispersal limitation, biotic interactions, and environmental filtering. Strong environmental filtering likely leads to local assemblages that are similar in their functional trait composition (high trait convergence) while functional trait composition will be less similar (high trait divergence) under weaker environmental filters. We used two Arctic shelves as case studies to examine the relationship between functional community assembly and environmental filtering using the geographically close but functionally and environmentally dissimilar epibenthic communities on the Chukchi and Beaufort Sea shelves. Environmental drivers were compared to functional trait composition and to trait convergence within each shelf. Functional composition in the Chukchi Sea was more strongly correlated with environmental gradients compared to the Beaufort Sea, as shown by a combination of RLQ and fourth corner analyses and community-weighted mean redundancy analyses. In the Chukchi Sea, epibenthic functional composition, particularly body size, reproductive strategy, and several behavioral traits (i.e., feeding habit, living habit, movement), was most strongly related to gradients in percent mud and temperature while body size and larval development were most strongly related to a depth gradient in the Beaufort Sea. The stronger environmental filter in the Chukchi Sea also supported the hypothesized relationship with higher trait convergence, although this relationship was only evident at one end of the observed environmental gradient. Strong environmental filtering generally provides a challenge for biota and can be a barrier for invading species, a growing concern for the Chukchi Sea shelf communities under warming conditions. Weaker environmental filtering, such as on the Beaufort Sea shelf, generally leads to communities that are more structured by biotic interactions, and possibly representing partitioning of resources among species from intermediate disturbance levels. We provide evidence that environmental filtering can structure functional community composition, providing a baseline of how community function could be affected by stressors such as changes in environmental conditions or increased anthropogenic disturbance.
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INTRODUCTION

A central question of community ecology is why species from a regional pool form similar or distinct local species compositions (Weiher et al., 1998). In other words, what are the driving forces in the assembly of local biological communities? Three main filters have been proposed for species to pass through in order to be part of a local community based on their functional traits. These include dispersal limitation, biotic interactions, and environmental filters (Keddy, 1992; Pearson et al., 2018). This idea of filtering based on functional traits was first tested with terrestrial vegetation (Weiher et al., 1998; Götzenberger et al., 2012), terrestrial invertebrates (de Bello et al., 2009), and freshwater invertebrates (Conti et al., 2014), but has been used throughout all ecological systems in the framework of community assembly theory (Keddy, 1992; Weiher et al., 2011). This theory assumes species have a suite of measurable functional traits that allow them to persist in a given environment over time (Kraft et al., 2015). Conversely, community assembly theory assumes that a series of hierarchical filters can prevent a prospective species to enter a community if a species’ functional traits would not perform well in the specific local ecosystem conditions (Keddy, 1992; Menegotto et al., 2019). The combined traits of community members should reflect the ability of communities to maintain ecosystem functions within a given environment (McGill et al., 2006; Sutton et al., 2020). If the functional traits represented by a local community do not optimally fill ecological niches and ecosystem functions, missing traits could predict the success of new species invasions (Webb et al., 2010; Pearson et al., 2018).

One of the primary filters of species into a local community is the environment. The relationship between abiotic conditions and functional traits can differ depending on the strength of environmental filtering occurring within a system (Blonder et al., 2015). While the effects of environmental filtering on community assembly can be seen worldwide in many different systems, the Arctic provides an excellent region to closely examine environmental filtering where narrow environmental ranges and highly seasonal conditions affect the species and their traits’ ability to persist (Peck et al., 2004). Most Arctic shelves, including the Alaskan Arctic shelves, are considered benthic-driven systems where tight pelagic-benthic coupling, a result of the timing of sea-ice retreat, supports a high benthic biomass (Grebmeier et al., 2006). These benthic systems, in turn, support many higher trophic level fish (Whitehouse et al., 2017) and marine mammal consumers (Bluhm and Gradinger, 2008). Many Arctic epibenthic invertebrates are long-lived (e.g., Bluhm et al., 1998; Ravelo et al., 2017) and relatively slow moving as adults; they are, thus, mostly confined to local environmental conditions. Consequently, Arctic epibenthic invertebrates must express a range of functional traits that allow them to thrive in those local conditions (Sutton et al., 2020). Environmental variables acting as filters on Arctic benthic community assembly have been well studied from a taxonomic perspective (Bluhm et al., 2009; Blanchard et al., 2013; Ravelo et al., 2014; Grebmeier et al., 2015a) but few studies explicitly looked at these filters from a functional trait perspective (but see Rand et al., 2018; Jørgensen et al., 2019; Liu et al., 2019). Conversely, Arctic benthic taxa can be quite plastic in their environmental tolerance ranges and may be more robust to environmental changes than previously assumed (Renaud et al., 2015, 2019); this could lessen the influence of environmental filters. In light of the strong environmental changes due to climate impacts, specifically in the Arctic, as well as likely increased anthropogenic influence, there is urgency to better understand the relationship between benthic invertebrate functional traits and environmental conditions (Renaud et al., 2019).

We used two Alaskan Arctic shelves as case studies in which to test and compare the effect of environmental filtering on functional community assembly. The Alaskan marine Arctic comprises the Chukchi Sea to the west and the Beaufort Sea to the north (Figure 1), two regions that are geographically close but vary considerably in their environmental influences. The Chukchi Sea is a seasonally ice-covered, broad and shallow inflow shelf (Carmack and Wassmann, 2006). It is influenced by a diverse set of water masses entering through Bering Strait: the fresh and warm Alaska Coastal Current, and the Chukchi Shelf Currents that are cold and nutrient-rich (Danielson et al., 2020). These water masses and the food supply they provide have previously been linked to Chukchi Sea benthic community composition and biomass (Bluhm et al., 2009; Ravelo et al., 2014; Grebmeier et al., 2015b), benthic larval meroplankton distribution (Ershova et al., 2019), and benthic food web structure (Iken et al., 2010). In addition, Chukchi Sea epibenthic assemblages are also correlated with sediment grain size (Bluhm et al., 2009), which in turn is related to current speed of these water masses (Pisareva et al., 2015). Similar to the Chukchi Sea, the Beaufort Sea is also seasonally ice-covered, with much of the narrow shelf covered by landfast ice and pack ice (Mahoney et al., 2014). As an interior Arctic shelf, the Beaufort Sea is exposed to temperature and salinity ranges from downstream influences from the colder and fresher Alaska Coastal Current from the west (Danielson et al., 2020) and from warmer and saline upwelled water from the Beaufort Sea slope (Pickart et al., 2013; Bluhm et al., 2020). In addition, the Beaufort Sea shelf benthos is impacted by riverine input from the Colville and Mackenzie rivers (Weingartner et al., 2017), plus receives additional terrestrial organic material from coastal erosion (Divine et al., 2015; Doxaran et al., 2015). The Beaufort Sea shelf has a distinct depth gradient from on- to offshore, which reflects a gradient for landfast ice, and depth drops rapidly into a steep slope after the shelf break (Bluhm et al., 2020). These Beaufort Sea shelf characteristics have been previously correlated with patterns in taxonomic diversity of epibenthic (Ravelo et al., 2020) and zooplankton communities (Smoot and Hopcroft, 2017), and benthic food web structure (Divine et al., 2015; Bell et al., 2016). Here, we build on previous knowledge of these two shelf systems to investigate if and how environmental variables related to sediment properties (i.e., sediment grain size), food supply (i.e., sediment chlorophyll), and elements of hydrography (i.e., depth, salinity, temperature) affect the filtering of functional traits of epibenthic invertebrates both within each of the two shelves as well as how processes compare between the two shelves.
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FIGURE 1. Stations sampled for epibenthic communities during four cruises in the Chukchi and Beaufort seas in 2014 and 2015. Depth contours in the study regions are shown in gray at 10 m intervals. Stations are designated by symbols for different cruises.


If filtering on these two shelves is indeed driven by strong gradients of distinct environmental conditions, we would expect the functional traits of local assemblages to be more similar at the more extreme values of these gradients. This means we expect local assemblages to express high local functional trait convergence at the more extreme values of the existing gradients. Across an environmental gradient, assemblages should exhibit a bell-shaped relationship between functional dissimilarity and environmental gradients (Muscarella and Uriarte, 2016; Denelle et al., 2019; Figure 2). For example, within the realized niche of the physiological range of many benthic invertebrates living in the Arctic, one might expect fewer functional traits to be competitive at either very low or very high temperatures, meaning that the traits of community members would exhibit high trait convergence at these more extreme values of the local environmental spectrum. Measuring trait convergence is a way to aggregate the complexities of different trait responses to environmental filtering into a single value; however, trait convergence can also inform further about the role of biological interactions and niche complementarity in a system after species and their traits have passed through the environmental filter (Pillar et al., 2009). In short, trait convergence not only represents the assembly of traits that were able to overcome the environmental filter, it also informs about the subsequent ecological sorting on the community level (Webb et al., 2010). Strong environmental filtering should provide less hospitable conditions for invading species unless the invaders possess the functional traits that are necessary to survive at the more extreme values of the local environmental gradients (Andersen et al., 2015). Alternatively, in locations where environmental filtering is relaxed, functional divergence within that local assemblage should increase, meaning the species are more dissimilar (more diverse) in their functional trait composition (Spasojevic and Suding, 2012). This weaker environmental filtering leads to increased niche complementarity, where species differ in their realized niches and resource partitioning allows species to coexist (MacArthur and Levins, 1967; Mason et al., 2005; Baltar et al., 2019).
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FIGURE 2. Environmental filtering can be expressed as the relationship between community dissimilarity and environmental gradients. The hypothesized relationship predicts that community dissimilarity decreases toward the more extreme values of an environmental gradient (i.e., strong environmental filtering). Adapted from Muscarella and Uriarte (2016).


The goal of this study was to investigate how environmental filtering influences functional composition and trait convergence within the community assembly framework. We use two geographically close but environmentally dissimilar Arctic epibenthic shelf systems as case studies to address four primary questions: (1) Is there a relationship between epibenthic functional trait composition and environmental gradients? (2) Is the strength of this environmental filtering similar on both the Chukchi and Beaufort Sea shelves? (3) If relationships between functional composition and environmental gradients exist, are they driven by the same trait modalities on the two shelves? (4) Do epibenthic communities follow the expected relationship of higher trait convergence with stronger environmental filtering within each shelf?



MATERIALS AND METHODS


Study Sites and Sample Collection

Epibenthic taxa used in this study were collected from the Chukchi and Beaufort Sea shelves from research cruises in 2014 to 2015 (Figure 1). Stations in the Chukchi Sea were sampled as part of the Arctic Marine Biodiversity Observing Network survey in 2015 (AMBON, 2015). Stations in the Beaufort Sea were sampled as part of the US-Canada Transboundary Project 2014 and the Arctic Nearshore Impact Monitoring in Development Area project III (ANIMIDA, 2014, 2015). Bottom depth ranged from 11 to 54 m for the 67 stations in the Chukchi Sea and 10 to 64 m for the 46 stations in the Beaufort Sea. Epibenthic invertebrates were collected with a plumb-staff beam trawl with a mouth opening of 2.6 m wide and 1.2 m high as well as a 7 mm mesh and 4 mm codend liner (modified after Gunderson and Ellis, 1986). Environmental variables previously shown to influence epibenthic taxonomic composition (Bluhm et al., 2009; Blanchard et al., 2013; Ravelo et al., 2014, 2015) were collected at each station to reflect hydrography (depth, bottom water salinity, bottom water temperature; all from CTD profiles taken with a Seabird Model SBE911), sediment properties (percent gravel, sand, and mud), and food supply (sediment chlorophyll-a). Sediment properties and food supply were both sampled from top 1 cm sediments from van Veen grab samples, following analyses described in Grebmeier et al. (1989) and Cooper et al. (2012), respectively (also see Iken et al., 2019). Environmental variables for each shelf were standardized to a mean of zero and a variance of one, and a matrix of pairwise Euclidean distances between stations was created. Environmental variables were evaluated for collinearity via Pearson correlations. When collinearity existed [absolute value (Pearson) >0.70 see Supplementary Figure 1 for correlations of environmental variables] we chose one of the environmental variables. For example, percent sand was removed from the Chukchi Sea and Beaufort Sea models prior to analysis due high collinearity between percent sand and percent mud. Variability of environmental variables between the Chukchi and the Beaufort Sea was compared using a Levene’s test. All environmental data are available through the MBON Data Portal1, the Alaska Ocean Observing System (AOOS) Data Portal2, and the National Centers for Environmental Information (Kasper et al., 2017)3.



Epibenthic Functional Composition

Epibenthic invertebrate functional composition was expressed through a combination of biological traits that describe the taxa’s life history, morphology, and behavior, following commonly accepted definitions and categories (Degen and Faulwetter, 2019). Nine biological traits for a total of 327 taxa were assessed, with almost identical taxon richness in the Chukchi and Beaufort seas (n = 246, n = 245, respectively) at the same levels of taxonomic identification (Sutton et al., 2020). Each trait was categorized by modalities, which are specific categories within each trait (see Table 1). Modalities within each trait were assigned to each taxon using a fuzzy coding approach, where a minimum value of 0 indicated no affiliation with that modality and a maximum value of 3 indicated a strong affiliation of a taxon with a modality (Chevenet et al., 1994; Sutton et al., 2020). This process created unique biological trait profiles for all taxa, which were standardized between 0 and 1 to create a trait by taxon matrix (Q matrix). Trait information for all epibenthic taxa in this study can be accessed in Supplementary Material for this manuscript or via The Arctic Traits Database4 for more detailed descriptions.


TABLE 1. Biological traits, modalities, descriptions, and ecological relevance are shown for epibenthic invertebrates collected in the Chukchi and Beaufort seas, following Degen and Faulwetter (2019).
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Relationships Between Functional Composition and Environmental Variables

The relationship between functional composition and environmental variables, expressed as covariance at each station, was tested with combinations of RLQ and fourth corner analyses (Dolédec et al., 1996; Legendre et al., 1997; Dray et al., 2014). RLQ is an ordination-based multivariate technique that relates a sites by environmental matrix (R-matrix) to a Q-matrix, which are linked by a biomass-weighted species by site matrix (L-matrix; Dolédec and Chessel, 1994). It provides ordination scores that describe the relationship of linear combinations of trait modalities to environmental variables that are most covariant. A global significance value was obtained through Monte-Carlo tests via 4,999 permutations of the L matrix rows (stations; model 2) and L matrix columns (taxa; model 4) for each shelf and was used to assess if there was a significant relationship between functional composition and environmental conditions (Dray et al., 2014). Prior to the RLQ analysis for each shelf, separate correspondence analyses were performed for the fourth-root transformed L-matrix, and separate principal component analyses were performed for the standardized R-matrix and Q-matrix. The summary RLQ table, thus, compares the RLQ output to these separate ordinations to compare how much variance was preserved for each part of the RLQ.

Fourth corner analysis investigates the bivariate relationships of trait modalities to each environmental variable. When RLQ and fourth corner analyses are used in tandem, two associations are investigated: the first association investigates the significance of trait composition (individual modalities) to environmental gradients. The second association investigates the significance of environmental variables to trait composition (combination of modalities) (Dray and Legendre, 2008). To account for multiple testing, a false discovery rate correction was implemented for all RLQ and fourth corner analyses. We set a significance alpha value at 0.05 for all RLQ and fourth corner analyses to reduce our rate of type 1error.

Significant modalities with the highest relative Pearson correlation values for each shelf with environmental axes from the RLQ-fourth corner were selected to further investigate spatial relationships in each shelf. Cut-off Pearson correlation values were chosen for modalities with absolute Pearson values >0.15 in the Chukchi Sea and modalities with absolute Pearson values > 0.10 in the Beaufort Sea, based on the overall range of Pearson correlation values for each shelf.



Trait Convergence

Trait convergence was evaluated using the measure of functional dispersion (FDis), where a lower dispersion value indicates more similar functional composition and, therefore, higher trait convergence of taxa at a station. To calculate FDis, the Q matrix was multiplied with a fourth root transformed, biomass-weighted L matrix to create a trait by station matrix (LQ matrix). The LQ matrix represented the functional composition at a station as community-weighted-means (CWM) (Lavorel et al., 2008; Sutton et al., 2020). Next, trait space for each station was calculated using a principal coordinate analysis (PCoA), where PCoA axes were used as the derived “traits” quantified from the CWM matrix (Laliberté and Legendre, 2010). FDis was then calculated as the mean distance of all taxa at a station to the biomass-weighted centroid of the stations in trait space (Anderson et al., 2006; Laliberté and Legendre, 2010). Average FDis was compared between the Chukchi and Beaufort epibenthic shelf communities using a generalized least squares (GLS) linear model while accounting for spatial autocorrelation:
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where y is FDis, the intercept αk denotes the mean value of y for the Beaufort Sea (k = 1) and Chukchi Sea (k = 2). The error, ε, was modeled as a spatial random process with a correlation structure that declined exponentially with distance between stations to account for spatial autocorrelation. Models were fit using a generalized least squares approach (Pinheiro et al., 2020) when autocorrelation significantly improved the model; otherwise, ordinary least squares were used.



Trait Convergence and Environmental Gradients

The relationship between functional trait convergence and environmental gradients was tested by comparing the axes from CWM redundancy analyses (CWM-RDA, Nygaard and Ejrnaes, 2004) to our trait convergence metric (FDis) for each shelf. The reason for using CWM-RDA over the RLQ and fourth corner analyses to evaluate the relationship of functional dispersion to environmental gradients is that spatial coordinates could be included in the CWM-RDA model as a condition matrix of station latitude and longitude. Predictor variables in the CWM-RDA were represented by environmental variables that were retained after testing for collinearity (see above). We used the CWM-RDA axes that accounted for the majority of variance from the Chukchi Sea and Beaufort Sea, respectively, as proxies for overall environmental gradients (Lavorel et al., 2008). The relationships of FDis to these overall environmental gradients (i.e., CWM-RDA axes) were tested using a GLS model of FDis as a linear or quadratic function of the first two axes from the CWM-RDA, with autocorrelated residuals as in Equation (1). We chose quadratic relationships due to the expected bell-shaped relationship for environmental filtering (see Figure 2). The best model was represented by the lowest corrected AIC (AICc) that accounts for small sample size. In the Beaufort Sea, latitude and longitude were collinear with depth, so depth was removed from the CWM-RDA in the Beaufort Sea. Model outputs were considered significant at alpha = 0.05 for the relationship between RDA axes and environmental variables. All analyses were performed in R version 4.0.2 (R Core Team, 2020) using the ade4 (Dray and Dufour, 2007), vegan (Oksanen et al., 2020), FD (Laliberté and Legendre, 2010), and nlme (Pinheiro et al., 2020) packages.



RESULTS


Functional Composition and Relationship to Environmental Conditions

Individual modalities had much closer relationships in pairwise comparisons with environmental variables in the Chukchi Sea compared to the Beaufort Sea where only two significant bivariate modality-environment relationships occurred (fourth-corner analysis, Figure 3). Temperature and mud in the Chukchi Sea had the most significant relationships with modalities, either positively or negatively (Figure 3A). Temperature had many positive relationships and only a few negative relationships with the modalities small/medium body size (BS2), fragile (F1), medium fragility (F2), and free-living (LH1). Percent mud was mostly negatively correlated with modalities except for the modalities free-living (LH1), crawler (MV3), and sexual-internal (R3). In the Beaufort Sea, depth was the only environmental variable with any significant relationship to modalities with two negative associations with the modalities medium/large (BS4) and lecithotrophic (LD2) (Figure 3B). These relationships were well expressed when RLQ and fourth-corner analyses were combined (Table 2).
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FIGURE 3. Fourth corner tests show significant bivariate relationships between modalities and environmental variables for the Chukchi Sea (A) and the Beaufort Sea (B). Significant positive relationships are represented by red colors and significant negative relationships are represented by blue colors. Gray colors indicate no significant relationships. Pearson correlation values are included for significant bivariate relationships with darker colors indicating stronger relationships.



TABLE 2. Summary of the RLQ analysis for the Chukchi Sea (left) and Beaufort Sea (right).

[image: Table 2]
When modalities were compared to environmental gradients along the RLQ axes, as opposed to individual environmental variables, the relationship between functional composition of epibenthic communities was globally significant for the Chukchi Sea (p < 0.001, inertia = 1.486) and for the Beaufort Sea (p = 0.007, inertia = 0.484) (Table 2). The RLQ analysis in the Chukchi Sea took a higher proportion of the variability for the three R, L, and Q matrices into account, indicating higher explanatory power compared to the Beaufort Sea (Table 2 and Supplementary Figure 2). The first RLQ axis of the Chukchi Sea represented the vast majority of the total cross-variance between traits and the environmental gradients with 91%, while only 5% was represented by the second axis (Figure 4A). The first RLQ axis in the Chukchi Sea represented a gradient of muddier and high chlorophyll-a content environmental conditions associated with negative R-loadings to more gravelly, and warmer conditions associated with positive R-loadings (RLQ analysis; Figure 4A). The first and second RLQ axes of the Beaufort Sea represented 82% and 9% of the of the total cross-variance between traits and the environmental gradients (Figure 4B). Based on the R-loadings, the first RLQ axis in the Beaufort Sea represented a gradient of shallow and fresher conditions associated with negative R-loadings to more saline and deeper conditions associated with positive R-loadings (RLQ analysis; Figure 4B). Environmental variable R-loadings of the RLQ analysis mirrored the significant associations between environmental variables and RLQ trait axes in both seas (RLQ and fourth corner analysis; p < 0.05; Figures 4A,B).
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FIGURE 4. The covariation of the first two RLQ axes of the environmental variables are shown for the Chukchi Sea (A) and Beaufort Sea (B). Significant relationships of environmental variables to RLQ trait axes (p < 0.05) are shown in black while environmental variables with non-significant relationships to RLQ trait axes are shown in gray for the Chukchi Sea (A) and Beaufort Sea (B). Significant relationships of modalities (p < 0.05) to the first RLQ environmental axes are shown for the Chukchi and Beaufort Sea (C,D). Size of the modality boxes correspond to the strength of the Pearson correlation values. Modality abbreviations are shown in Table 1 and RLQ outputs are shown in Table 2.


Fewer associations were present for the Chukchi Sea between modalities and environmental gradients (RLQ-axes) compared to bivariate associations of modalities and environmental variables (Figure 3) while the same associations were present in the Beaufort Sea (Figures 4C,D). The Chukchi Sea modalities with the strongest relationships with the first RLQ environmental axis included those from behavioral traits (feeding habit, living habit, movement) and body size (Figures 4A,C). Weaker relationships occurred with life history traits (larval development and reproductive strategy). Specifically, proportions of the modalities small/medium (BS2), free-living (LH1), crawler (MV3), and sexual-internal (R3) were negatively associated with RLQ environmental axis 1, representing increased proportions of these modalities with greater percent mud and chlorophyll-a and decreased proportions with temperature. Likewise, the proportion of the modalities medium/large (BS4), large (BS5), filter-feeding (FH2), lecithotrophic (LD2), attached (LH6), and sessile (MV1) were positively related to RLQ environmental axis 1, decreasing with percent mud and chlorophyll-a and increasing with warmer temperatures (Figures 4A,C). These associations well matched the spatial distribution of these environmental variables on the shelf, mostly in an on- to offshore pattern (Figures 5A, 6A). Similar to the bivariate associations between modalities and environmental variables, the modalities medium/large (BS4) and lecithotrophic (LD2) had positive associations with the first RLQ environmental axis in the Beaufort Sea (Figure 4D). The proportion of these modalities expressed at stations subsequently followed the depth and salinity gradients along the Beaufort Sea shelf (Figures 5B, 6A). All modality heatmaps can be found in Supplementary Figure 3.
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FIGURE 5. Spatial representation of the significant modalities with absolute Pearson correlations > 0.15 for the first axis of the RLQ plot in the Chukchi Sea (A) and modalities with absolute Pearson correlations > 0.1 for the first axis of the RLQ plot in the Beaufort Sea (B) (see Figure 4). Pearson correlation cutoff levels were chosen based on the highest relative correlations on the first axis for the RLQ among all traits for each shelf. The full suite of spatial representations for all modalities in both seas is shown in Supplementary Figure 3.



[image: image]

FIGURE 6. Spatial representation of the Chukchi and Beaufort Sea environmental variables and of functional dispersion (FDis) (A). Variance of environmental variables and FDis were compared between the Chukchi Sea (dark gray) and the Beaufort Sea (light gray) (B). Horizontal lines: median, boxes: inter-quartile range (IQR); whiskers: highest/lowest values ≤ 1.5x IQR above/below box; black points: outliers; *: significance (p < 0.05) of variance of environmental variables and FDis using Levene’s Tests.




Relationship Between Environmental Gradients and Trait Convergence

FDis in the Chukchi Sea decreased along an on- to offshore gradient, largely following a similar trajectory of temperature and opposite the trajectory of percent mud (Figure 6A). This represented higher trait convergence in the offshore and northern study region and higher trait divergence in onshore regions. Greater trait convergence on the Beaufort Sea shelf was found in the shallow western, nearshore stations, characterized by lower salinities, while trait divergence was greater at the deeper offshore and eastern sites (Figure 6A). Variability in both the environmental variables and in FDis differed between the Chukchi and Beaufort seas (Levene’s test; p < 0.05; Supplementary Table 1). The Chukchi Sea had larger variability in percent sand, percent mud, temperature, and functional dispersion while the variability in depth was larger in the Beaufort Sea (Figure 6B). Mean FDis was not significantly different between the two seas (p = 0.284, adj. R2 = 0.009; Figure 6B) however, the much larger variability in FDis in the Chukchi Sea indicated that stations there covered a greater range of trait convergence. This reflected a range of some stations with very similar functional composition to some stations with very dissimilar functional composition in the Chukchi Sea. In contrast, Beaufort Sea stations exhibited more consistent levels of higher trait divergence.

The relationship between FDis and environmental variables were assessed with CWM-RDA ordinations between functional composition and environmental variables after removing collinear associations (Supplementary Figure 1). The environmental matrix for the analysis included latitude and longitude to account for spatial autocorrelation. The overall CWM-RDA model was significant in the Chukchi Sea and mud, depth and temperature were significant terms in the model. RDA1 represented a gradient of warmer and larger sediment grain size associated with negative RDA1 values to cooler and muddier conditions with positive RDA1 values. The second RDA axis represented a gradient of deeper, muddier conditions associated with negative axis values to shallower and larger sediment grain size conditions associated with more positive values (Table 3 and Figure 7A). In the Beaufort Sea, two environmental variables, depth and salinity, were removed from the CWM-RDA due to their disproportionately strong influence on the model variance. The overall CWM-RDA was not significant in the Beaufort Sea and no environmental variables were significant in the model (Figure 7B). This was likely due to the high percentage of the variance explained by the conditioned (spatial associations) and unconstrained matrices (35 and 56%, respectively) compared to the variance that the constrained matrix explained (9%).


TABLE 3. CWM-RDA outputs are shown as the loadings of environmental variables for the first two axes.
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FIGURE 7. Community-weighted-mean redundancy analysis (CWM-RDA) of functional traits and environmental variables in the Chukchi Sea (A) and the Beaufort Sea (B). Length of vectors represent the loadings of environmental variables. The relationship of functional dispersion (FDis) with environmental gradients via a generalized-least-squares polynomial linear model is shown for the Chukchi Sea for the first CWM-RDA axis (from left to right along the RDA axis) representing high percent mud to high temperature (C) and for the second axis (from bottom to top) representing a decreasing depth gradient (D).


The relationship of FDis to significant environmental gradients expressed in CWM-RDA axes in the Chukchi Sea did not follow the expected bell-shaped relationship with the first axis and only very weakly with the second axis (Figures 7A,C,D). The best AIC selection model in the Chukchi Sea for FDis included both CWM-RDA axes (Figures 7C,D) and implied a negative (linear) relationship of FDis with the first axis (dominated by a gradient of warmer, low percent mud to cooler, muddier conditions) and a weak negative (quadratic) relationship with the second axis (representative of a gradient of deeper, muddier conditions to shallower, low percent mud conditions). In other words, functional trait convergence was greatest (low FDis) at high percent mud and smallest (high FDis) at warmer temperatures.



DISCUSSION

This study explored whether and how the concepts of environmental filtering in community assembly theory applied to the functional composition of epibenthic communities using the Arctic Chukchi and Beaufort Sea epibenthic shelf communities as case studies. The Chukchi Sea, for the most part, had larger environmental gradients, and exhibited higher trait convergence in relation to environmental gradients compared to the Beaufort Sea. This provided evidence for the community assembly concept that aligns more extreme ends of an environmental gradient with fewer functional traits (higher trait convergence) (Figure 2) for the Chukchi Sea, although only part of this relationship was represented.


Drivers of Functional Composition and Environmental Variables

Environmental filtering, exhibited through the relationships of functional composition and environmental conditions, was evident on the Chukchi Sea but less so for the Beaufort Sea shelf. Functional composition on the Chukchi Sea shelf, namely several behavioral traits (i.e., feeding habit, living habit, movement) and body size, were correlated to some water mass characteristics (temperature) and sediment grain size, specifically percentage of mud. Sediment grain size is globally an important driver of soft-bottom benthic community composition and diversity (Snelgrove et al., 2001; Thrush et al., 2004) as well as on the Chukchi Sea shelf (Feder et al., 1994; Bluhm et al., 2009; Iken et al., 2019). Our results expand our understanding of this relationship beyond taxonomic composition to epibenthic functional traits in the study regions. Similarly, variation in sediment grain size has been linked to behavioral traits such as mobility and feeding habit in the Canadian Arctic (Krumhansl et al., 2016), as well as larval settlement selection along the eastern seaboard of the United States (Snelgrove et al., 1999). Sediment grain size can be a proxy for water flow intensity and deposition (Snelgrove and Butman, 1994). Patterns of distribution of finer sediments on the Chukchi Sea shelf are the result of variation in current velocities that carry finer sediment particles downstream of the Bering Strait, then deposit them in regions of reduced water flow such as in Hope Basin in the south-central Chukchi Sea and the northern and offshore regions of the shelf (Darby et al., 2009; Grebmeier et al., 2015b; Pisareva et al., 2015). Temperature and salinity are generally representative of dominant water masses; in the Chukchi Sea, these are most notably the mid-shelf cold, saline, and high-nutrient Chukchi Shelf Currents, while the Alaska Coastal Current (ACC) is warm, fresh, and low in nutrients (Danielson et al., 2020; Figure 1).

Areas with a high mud content on the Chukchi shelf were positively associated with small/medium body size, crawling movements, free-living habits, and sexual-internal reproductive strategy. These results are similar to the relationships of benthic traits and sediment grain size in the Canadian Arctic (Krumhansl et al., 2016) and seminal work on the US East Coast on the interaction between feeding habits and movement types with sediment grain size (Rhoads and Young, 1970). In the south-central Chukchi Sea, Hope Basin (Figure 1) is known for the especially high deposition rates of small particle sizes when water slows after transitioning the narrow Bering Strait. This deposition supplies ample food for deposit feeding clams, which in turn act as prey for many epibenthic invertebrates or marine mammals (Grebmeier et al., 2015a,b). The middle shelf in the northern Chukchi Sea was also particularly characterized by high percent mud in our study. This may be the result of converging water masses around Hanna Shoal, which leads to high deposition rates and reduced current flow (Blanchard et al., 2013; Weingartner et al., 2013), resulting in a shallow biological hotspot known to support many higher trophic levels (Young et al., 2017). The invertebrate movement type crawler and free-living habit that were most common in these areas are indicative of taxa that can easily move on fine-grained sediments, often pursuing predatory feeding habits (Grebmeier et al., 2006). These behavioral traits provide important ecosystem functions in muddy areas because crawling movement types and free-living habits foster bioturbation of the sediment, increasing oxygenation of the sediments and the resuspension of organic material (Snelgrove et al., 2000; Queiros et al., 2013). This especially benefits the lower trophic level food web. This effect can be seen in the fact that some of these areas coincide with “hotspots” in macrobenthic biomass that benefit from the deposition of fine-particle organic matter (Grebmeier et al., 2015b) but also high biomass of highly mobile epibethic invertebrates (Bluhm et al., 2009; Iken et al., 2019). At first glance, the strong association between sexual-internal reproduction (i.e., eggs deposited on the substrate and/or internal fertilization) is somewhat surprising given that egg laying tends to be more common on hard substrates. However, regions of high percent mud in the Chukchi Sea also have high instances of gastropods, many of which can lay their egg masses on other gastropods or shells or as large, protected masses on top of the sediment (e.g., Naticidae, Buccinidae).

Lecithotrophic, larger, filter feeding, sessile, and attached living habit had a strong negative relationship with mud in the Chukchi Sea. Filter-feeding taxa are generally limited by such finer sediments as they tend to clog filter-feeding appendages (Rhoads and Young, 1970). This process forces filter feeders to allocate energy to clearing feeding apparatuses instead of growth and reproduction (Ellis et al., 2002). Many epifaunal filter-feeding taxa are sessile and, thus, require hard substrate for attachment (e.g., Almond et al., 2021), which would create better habitat suitability for this feeding type in the more coastal Chukchi Sea waters, where faster water flow creates coarser sediments (Pisareva et al., 2015). This may also explain the positive relationship of robust, filter-feeding, lecithotrophic taxa with increasing temperature, as the coastal Chukchi waters are also characterized by higher temperatures (Weingartner et al., 2005; Danielson et al., 2020), rather than a causal relationship between filter feeding with temperature per se. Although lecithotrophic larval development has previously been documented to follow warmer temperatures along the southern California and Florida coast (Goddard, 2004), the negative relationship to chlorophyll-a content is likely the result of taxa that can survive in areas of low food availability for their planktonic stage. Larger, more robust taxa in coastal Chukchi Sea regions may be more likely to withstand an increased risk of disturbance along the dynamic coastal environment.

The relationships of functional composition to environmental gradients were much weaker in the Beaufort Sea compared to the Chukchi Sea with few significant trait-environmental relationships driven mostly by depth and to a lesser degree, salinity. Depth has been identified as a driving force of functional traits in inflow Arctic shelves such as the Bering Sea (Liu et al., 2019) and the Barents Sea (Cochrane et al., 2012) and has long been suggested as a general key environmental variable to track functional traits (Costello et al., 2015). Depth increases unidirectionally with distance from shore across the narrow Beaufort Sea shelf; it often is considered a proxy for many environmental drivers (Jakobsson et al., 2012) such as salinity, temperature, and, in polar seas, influences of ice cover and scour. For example, in the shallower coastal Beaufort Sea, environmental conditions are especially related to the degree and extent of nearshore ice scouring (Mahoney et al., 2014), input of sediments and terrestrial matter from coastal erosion (Doxaran et al., 2015), and riverine influence from major rivers such as the Mackenzie and Colville rivers (Rachold et al., 2005). This highly dynamic coastal environment might select against modalities such as lecithotrophic which was associated with deeper conditions. In deeper Beaufort shelf regions close to the shelf edge, physical disturbance may be less common but there is increased influx of nutrients and warmer water from upwelling from the deep slope that add environmental variability (Pickart et al., 2013). This allows for taxa to exploit more diverse resources and likely leads to the presence of taxa that have predominantly a larger body size, and pelagic larvae such as ophiuroids, holothurians, or gastropods that thrive in more established soft-bottom Artic communities (Ravelo et al., 2020).



The Influence of Environmental Filters on Trait Convergence

We assumed that optimal suites of functional modalities of species should be more similar (higher trait convergence) at the more extreme local values of an environmental gradient and should be dissimilar (higher trait divergence) at more moderate levels of a local environmental gradient (Figure 2). Overall, we saw that environmental drivers in the Chukchi Sea with greater variability, i.e., covering a greater range of an environmental gradient, had a greater correlation with functional composition and trait convergence. Specifically, we found higher trait convergence toward the more extreme values of a gradient of percent mud and water mass characteristics. However, we did not see the expected relationship of higher trait divergence at more intermediate levels of percent mud and temperature. This may be a result of using ordinated environmental variables as the gradient, where the influence of one variable becoming more extreme may be offset by the effect of other variables. In the natural system, taxa with their functional traits are not exposed to individual environmental conditions but to this combination of conditions (Everatt et al., 2015). This suggests that while environmental filters exist and may affect individual trait modalities strongly, the responses of other modalities in this complex environment may continue to result in high trait dispersion.

If we postulate that multiple environmental variables can offset their effects on FDis, why did we then see high trait convergence (low Fdis) at one end of the combined environmental gradient but not the other? We suggest that the specific environmental variables at play (grain size, temperature, and depth in the Chukchi Sea) only caused a sufficient filter at one end of the realized gradient, i.e., the actual conditions experienced on the shelf. For example, polar taxa in general are known to be highly adapted in their physiological tolerance to low temperatures (Peck et al., 2004). The higher temperatures experienced in the more coastal Chukchi waters may, therefore, present an effective environmental filter at the edge of the tolerance window, but the colder temperatures on the offshore shelf may not have been functionally limiting.

The relationship of the environmental gradients with trait convergence was not significant in the Beaufort Sea. Likely, the removal of the variable depth was a cause for non-significant relationships, which was the strongest variable in the RLQ analysis with traits. Since depth was highly correlated with latitude and longitude, it was removed to account for spatial autocorrelation. Depth across the Beaufort Sea shelf increases steadily to 100 m at the shelfbreak (Jakobsson et al., 2012) and depth-related patterns across the entire shelf depth range have been found in epibenthic taxonomic diversity (Ravelo et al., 2020). Given that functional composition patterns generally match those of taxonomic composition (Sutton et al., 2020), it is possible that changes in trait convergence may occur if deeper Beaufort Sea shelf regions would be included.

The lack of apparent environmental filtering on the Beaufort Sea shelf could also represent a system where biotic interactions act as a second filter that may shape community function more prominently rather than the environment. This interpretation matches well with our previous findings that epibenthic functional composition on the Beaufort shelf had higher functional dissimilarity and evenness than that in the Chukchi Sea (Sutton et al., 2020). This more balanced interplay of environmental and biological filters (Weiher et al., 2011) that we propose for the Beaufort Sea may promote higher trait divergence and the coexistence of many functional roles (Cornwell et al., 2006). The environmental conditions in the Beaufort Sea may be more representative of disturbances, such as seasonal ice-scouring and spring freshet, rather than continuous environmental gradients that would exert sufficient sustained (e.g., year-round) pressure to drive trait convergence. Intermediate disturbance regimes promote functional richness (Grime, 2006; Cadotte et al., 2011), where more diverse functional traits are used to exploit more diverse resources, a process known as disturbance-induced niche complementarity (Roxburgh et al., 2004). This niche complementarity resulting from intermediate disturbance is different from strong environmental filtering, where the latter would be limiting the functions that are able to thrive at the more extreme values of a local gradient, ultimately limiting niche complementarity (Valdivia et al., 2017).



CONCLUSION

The influence of environmental filtering on the functional community assembly was much more evident for the Chukchi Sea, although we did not see the expected bell-curve relationship of functional trait convergence in response to environmental gradients. In the Chukchi Sea as the system with stronger environmental filters, behavioral traits (i.e., feeding habit, living habit, movement) had the strongest associations to environmental gradients. These traits may, therefore, be good indicators of environmental filtering in regions that are experiencing strong changes of environmental conditions due to climate change such as the Arctic. In the Chukchi Sea, these changes include an increasing influx of warmer water from the North Pacific (Woodgate, 2018), conditions that may negatively affect smaller-sized taxa with characteristics of crawling movement types, sexual-internal reproduction, and free-living habits. In addition to changes in hydrographic conditions, increased current speed through Bering Strait (Woodgate, 2018) could lead to changes in sediment grain size on the southern Chukchi Sea shelf (Abe et al., 2019). While these environmental changes may challenge the fitness of some traits currently abundant in this Arctic shelf system, they likely contribute to a northward shift of boreal benthic taxa into the Arctic (Mueter and Litzow, 2008; Grebmeier et al., 2015b; Renaud et al., 2015). This study suggests that these northward-moving benthic taxa will have a competitive advantage over current Chukchi Sea shelf inhabitants if they possess favorable behavioral and life history functional traits that can pass through the local environmental filters. It is unknown if expected environmental changes on the Beaufort Sea shelf may affect environmental filters in that system. It is expected that warmer temperatures will lead to less seasonal sea ice and, therefore, less ice-scour on the shallow shelf (Wadhams, 2012), along with increased wave action along the coast (Pickart et al., 2009). This will also lead to more disturbances from increased terrestrial input from coastal erosion (Rachold et al., 2000; Doxaran et al., 2015) and increased sedimentation from river outflow (Weingartner et al., 2017; Bonsell and Dunton, 2018). It remains to be seen if these changing conditions would strengthen or further weaken environmental filters, or if they would remain part of a changing disturbance regime in which biological interactions play a greater role in structuring epibenthic functional composition.

One caveat to consider in our study, which is typical for most polar field studies, is the fact that the environmental measurements used were all taken during a relatively short sampling period. In our case that was during summer when these Arctic shelf systems are ice-free and accessible. The local range for some dynamic variables, such as temperature and salinity, will be much larger than used here if year-round ranges would be considered (Danielson et al., 2017; Hauri et al., 2018). Hence, the mostly long-lived Arctic invertebrates are exposed to larger local environmental gradients of some variables than applied in this study. Applying full seasonal ranges of environmental gradients would likely even strengthen the relationship with certain functional traits or with trait convergence. Since those environmental data are often not available at the spatial resolution of a specific station distribution, modeling approaches will be needed to more fully predict future scenarios of functional changes in such benthic systems. Here, we provided a benchmark to predict which functional traits will have competitive advantages by evaluating community assembly through an environmental filtering lens. While we focused on two Arctic shelf regions, we postulate that our framework of examining functional trait-environment relationships is applicable to many other systems. We suggest that this environmental filter lens will be particularly critical in regions of rapid environmental change such as the Arctic.
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