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Climate-driven changes in disturbance are a major threat to ecosystem Functional diversity. The selective mechanisms underlying ecosystem response to disturbance are far from universal and remain the subject of scientific debate. Ice scouring of the shallow Antarctic benthos is one of the largest disturbance gradients in the natural environment and thus provides an opportunity to investigate how disturbance gradients influence functional structure of a biological assemblage. The Western Antarctic Peninsula, in particular, is a hotspot of climate-driven environmental change. Addressing how this system might respond to species loss is critical. Previous surveys across the shallowest 100 m of the seabed, detected unimodal changes in diversity and a shift in assemblage composition in response to disturbance gradients. This study investigated how functional traits and associated functional diversity change across the depth gradient. Our results revealed that selective mechanisms, such as disturbance filtering and inter-species competition, reduce functional redundancy at the extremes of the disturbance gradient. Our study highlights areas of potential vulnerability to future environmental change due to low functional redundancy. Threatening the important negative (mitigating) feedbacks on climate change, through blue carbon, currently provided by Antarctic continental shelf benthic assemblages.
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INTRODUCTION

Disturbance in an assemblage, community or ecosystem is an abrupt change in conditions of at least one key resource, or controlling factor, for life (e.g., temperature, light, salinity, turbidity, availability of space, etc). Disturbance events occur in all natural ecosystems on varying time scales and magnitudes, and are key factors in controlling assemblage structure and function (Dell et al., 2019). Disturbance-diversity patterns and relationships are complex and often poorly understood, especially in the sea. These patterns are far from universal and some are under strong debate. However, some studies have found unimodal relationships, which some researchers attribute to the Intermediate Disturbance Hypothesis (IDH) (Connell, 1978; Hughes et al., 2007; Huston, 2014). The mechanism underlying this pattern is suggested as a combination of two factors, high levels of disturbance restricting species to all but the most disturbance tolerant, and low levels of disturbance allowing increased competitive exclusion (Mouillot et al., 2013). However, many exceptions to the IDH have been reported through both empirical (Bongers et al., 2009; Svensson et al., 2012) and theoretical studies (dos Santos et al., 2011).

Functional traits are defined as a morphological, physiological or behavioral trait, which affects fitness via growth, survival or reproduction (Violle et al., 2007). The loss of species in a system through disturbance may not necessarily reflect a decline in functional diversity, as high diversity assemblages may contain high functional redundancy, with multiple taxa (e.g., species) exhibiting strong overlap in traits (de Bello et al., 2007). This concept is fundamental to ecology (Cardinale et al., 2012) and crucial to understanding the response of species-rich environments to changing disturbance patterns (Mouillot et al., 2014). We follow the definitions and calculations for functional redundancy as defined by Ricotta et al. (2016) that species occupying the same functional space (i.e., similar trait values) are considered redundant or partially redundant as their loss would not reduce the functional volume occupied by the wider assemblage (indicated by functional richness). The ability of higher-diversity environments to compensate for species loss through replacement with other functionally similar species is considered to be an “insurance effect” (Wright et al., 2021). Such an effect is why higher levels of biodiversity may offer a buffer to ecosystems against loss of ecosystem functions, making them more resilient to species loss (Tilman et al., 2012; Isbell et al., 2015). However, findings from field studies suggest more complex responses, with resistance to initial disturbance (Pfisterer and Schmid, 2002) and the complementarity of species (Craven et al., 2016) as additional critical factors influencing the insurance effect.

The assemblages of the Antarctic shallows, particularly macro/megabenthos are ideal to test how functional redundancy varies across a disturbance gradient. High-latitude continental shelf Antarctic benthos are highly diversified (Teixidó et al., 2007) with the Southern Ocean macrobenthos estimated to exceed 5000 species (Aronson et al., 2007) and high regional biodiversity in the Western Antarctic Peninsula (WAP) polar benthos (Clarke and Johnston, 2003). In particular sessile suspension feeders tend to be a species-rich group and can dominate below 60 m depth, coinciding with the peak in diversity (Robinson et al., 2020). Although the assumption that these species are complementary (overlapping traits) is likely a simplification, as species utilise different components of sinking food particles (Obermüller et al., 2010) or seafloor habitats (Bowden et al., 2006). Further, the Antarctic shallows are a useful system to study disturbance gradients due to the ice scour gradient across depth, as macro/megabenthos tend to have no innate resistance against direct impact, resulting in a universally high mortality rate regardless of taxa or functional trait (Peck et al., 1999; Lee et al., 2001).

The continental shelf around Antarctica is anomalously deep, with the shelf break more than 800 m deep in places (Clarke et al., 2007). Whilst the seabed at 100 m depth typifies the depth of global continental shelves, around the Antarctic this depth represents the “shallows.” This depth zone contains one of the largest natural disturbance gradients on earth, due to the frequent scouring of icebergs (Barnes, 2017). Ice scour rates are predicted to shift dramatically in the Western Antarctic Peninsula (WAP) over the next century (Rogers et al., 2020) owing to calving from ice shelf collapse and glacier retreat (Morley et al., 2020), and reductions in both the duration and extent of sea ice (Parkinson, 2014). Throughout this study depth is used as a proxy for disturbance, however, depth is reported as many other environmental factors vary across 10–100 m depth range and were considered, for a part of this work [for a detailed description of environmental factor and their relative influence see Robinson et al. (2021)].

Recent work along the WAP narrowed the bathymetry of the peak in biodiversity to between 50 and 60 m depth, coincident with the depth of intermediate levels of ice scour disturbance, confirming expectations that ice scour may maintain high biodiversity across these depths (Robinson et al., 2021). Assuming that IDH does indeed explain the diversity-disturbance pattern seen across this depth gradient, the mechanisms behind this observation should be reflected in assemblage functional structure (Houseman and Gross, 2011; Villéger et al., 2011). Hence, at high disturbance levels, species with disturbance-sensitive traits will be filtered out (species filtering) (Venn et al., 2011) whereas at low disturbance levels those species with poor-competitive traits will be mainly excluded (Edwards et al., 2011).

Antarctic benthos are globally important as many species are endemic, only occurring within the Southern Ocean (SCAR-MarBIN) and provide important ecosystem services, such as “blue carbon” pathways from biologically fixed carbon to sequestration (Barnes and Sands, 2017; Bax et al., 2020; Cavanagh et al., 2021). The geography of accumulation of ‘blue carbon’ has been linked to the number of functional benthic groups (Barnes and Sands, 2017). As the climate drives rapid changes in the WAP including marine warming, longer phytoplankton blooms and changes in disturbance regime (Morley et al., 2020), the identification of areas of low functional redundancy could allow their use to predict potential disruption of these “blue carbon” pathways.

In this study, we aim to use the shallow Antarctic benthos as a case study to investigate changes to functional structure across one of the world’s largest disturbance gradients (Smale et al., 2008), as well as to provide important ecological information for an environment facing imminent change. To describe the change in functional structure from 10 to 100 m depth, we use Community-Weighted Means (CWM) of functional traits with multi-dimensional scaling. We then test how functional richness, evenness, divergence and redundancy change across depth when compared with theoretical null models. Our hypothesis is that functional redundancy will be significantly lower at the extremes of the depth range than null models predict. This outcome would suggest which selective mechanisms, such as species filtering by disturbance and competitive exclusion may be responsible and presents a robust model system for understanding the effects of a disturbance gradient on functional diversity.



MATERIALS AND METHODS


Study Area

The study areas consisted of three sites spaced along a steeply sloping rocky shore located in Ryder Bay, Adelaide Island, Western Antarctic Peninsula (Figure 1). All sites had similar topography, orientation within the bay and proximity (all sites within 4 km) suggesting similar exposure to tidal current and iceberg scour, within the bay. The Rothera Time Series (RaTS) (Clarke et al., 2008) provides year-round, weekly oceanographic data across our study depths from 1997 onward. These sites are characterised by low temperatures (−1.9 to 2°C), highly variable seasonal sea ice cover and a strong seasonal summer phytoplankton bloom (Legge et al., 2017).


[image: image]

FIGURE 1. Map of the study area (sample sites are in red) in the Western Antarctic Peninsula, each site is a steep rock slope on Adelaide Island (67°35′S, 068°07′W). Map Modified from Robinson et al. (2021).




Macrofauna Sampling

At each of the three sites, 50 random areas of seabed were recorded at every 10 m depth interval from 10 to 100 m depth (total 1,500 images), collected between February and June 2016, using a modified mini-ROV, DeepTrekkerG2. Macro/megafauna (> 0.5 mm) were originally described across this depth gradient by Robinson et al. (2021) linking peaks in biodiversity to intermediate ice scour rates, with each specimen with the sample image being counted and identified to into morphotypes. Here, morphotypes are defined as a species or group of species that a have a distinct or conspicuous morphology that allows identification and catergorisation from other species across all sample images. All taxa were recorded as Operational Taxonomic Units (OTUs), as not all specimens could be identified to species level. Many taxa were identified to species level and confirmed through comparisons with reference collections, however, as most specimens were identified from images, broader morphotype categories were implemented. Functional traits were assigned to species names where possible, where taxonomic resolutions were coarser, functional information from a similar or same taxonomic group was used. Additional information on movement and trophic group was gathered from observations from the ROV video and images.



Functional Traits Calculations

From the 171 OTUs we quantified 4 functional traits: trophic group, adult mobility, body form and larvae type (Table 1). The framework for the functional trait analysis and functional diversity calculations follows the approach developed by de Bello et al. (2021). The food webs of polar shallow-water benthic assemblages are to date poorly explored; but see Norkko et al. (2007), Gillies et al. (2012, 2013), Jansen et al. (2018) and Marina et al. (2018). However, studies have shown a high degree of omnivory and a high abundance of predator-scavengers (Puccinelli et al., 2020). We collated trophic data from the literature (Supplementary Table 1) and combined the results of multiple studies to establish the breadth of traits occupied by single species (Table 1). Both categorical traits (trophic group and body form) were quantified using dummy variables with fuzzy coding to account for multiple feeding modes or similarities between body types (de Bello et al., 2021). Fuzzy coding assigns a single taxon or species a proportionate score across multiple categorical dummy variables to indicate the extent that the taxon exhibits each trait de Bello et al. (2021). Within categorical traits, even proportions were ascribed to different trophic groups and body forms (e.g., predator-scavengers were always 0.5 scavenger and 0.5 predator). This approach was utilised as species have the capacity to alter their diet due to local environmental variability and food availability (Peck et al., 2005; Rossi et al., 2019; Sporta Caputi et al., 2020), and body forms do not have intermediate values.


TABLE 1. List of functional traits of the macro and megabenthic fauna found between 10 and 100 m depth at 3 sites in Ryder Bay, Western Antarctic Peninsula (Figure 1) including the functional trait scale, descriptions and evidence source.

[image: Table 1]
Body form functional traits categories were derived directly from previous functional groups ascribed to benthic macrofauna by Barnes and Sands (2017) and Jansen et al. (2018). Body forms such as “erect” and “flat” were employed to allow a degree of similarity between body forms such as “erect 3D-branching” and “erect 2D-laminar” to account for their similar raised position on the seafloor. “Hard” and “soft” body forms were also included as further modifiers between species that were covered by hard protective structures (external skeletons) and those that were not.

Adult mobility and larvae type functional traits were characterised into ordinal variables, based on distinct groups, with higher numbers indicating a greater degree of mobility or dispersal (Table 1). These mobility and larval types were restricted to broad classifications, as detailed information does not exist for all taxa [see Stanwell-Smith et al. (1999)]. Furthermore, environmental conditions, such as currents and season, combined with sparseness of taxon-specific larval information made it unlikely that an accurate estimation could be attempted, so a coarse resolution of data was adopted (Ershova et al., 2019).



Functional Structure Calculations

All statistical analysis was preformed using R v3.5.2. Community-Weighted Means were calculated for every trait as [image: image], for each sample, j, where pi is relative abundance of species i in the sample and Ti is the trait value of the same species and N is total species number in the sample (Díaz et al., 2007). All samples were grouped across both months, February and July, as multivariate analysis revealed no significant difference in assemblage structure (Supplementary Figure 1). We performed one-way ANOVA, to detect any significant change in functional trait expression across the 10–100 m depth gradient, with post-hoc turkey test implemented to identify which depths differed significantly. Body form traits present in < 5% of individuals were excluded from analysis, as we considered that too few representatives available to draw reliable conclusions. Pairwise functional distances between functional traits were computed using Gower distances, to allow the mixing of different types of variables, whilst giving them equal weighting (Legendre and Legendre, 2012). To visualise functional structure between samples across the depth gradient, CWM traits computed using Gower distances, were plotted in multidimensional space using Principle Coordinate Analysis (PCoA).

Functional diversity indices were calculated from Gower dissimilarity matrix using OTU functional traits following the framework developed by Villéger et al. (2008), Laliberté and Legendre (2010), and Mouillot et al. (2013). This approach produced the following four multidimensional facets of functional diversity: functional richness (FRic), functional evenness (FEve), functional divergence (FDiv) and functional redundancy (FRed), as proposed by Ricotta et al. (2016). Linear and polynomial regression analyses were used to identify the functional change across depth, with AIC values used to distinguish between models of best fit.



Null Model Construction

To test whether OTUs functional traits changed due to depth and/or the underlying environmental conditions, or if the changes were a result of OTUs richness and abundance change, patterns in OTUs functional traits were tested against randomised null models. We performed 10,000 randomisations of each null model in order to calculate the Standardized Effect Size (SES) for each functional diversity index as described by Gotelli and McCabe (2002), [image: image]. Null models were created by randomizing the trait matrix, assigning each OTU as a random functional identity; this had the benefit of preserving OTU richness, abundance and any functional trait correlations across all models (de Bello et al., 2021). As SES values are expressed in units of standard deviation from the null mean, a non-directional one-sample Z test was implemented to test if there was a significant difference between the observed mean or the null mean (μ = 0), null standard deviation set at 3 (99.73% of the population).




RESULTS


Community-Weighted Means Functional Traits

Community-Weighted Means (CWM) trophic groups indicated that the shallows were dominated by an abundance of grazers (Figure 2B) and autotrophs (Figure 2A), peaking between 10 and 20 m depth (0.63 and 0.30 CWM abundance, respectively), reaching a near 0 CWM abundance at 50 m and 80 m, respectively (Figure 2M). In contrast, suspension feeders were characterised by a high CWM abundance at 80–90 m depth with a unimodal distribution (Figure 2F). The predators (Figure 2C), scavengers (Figure 2D) and deposit feeders (Figure 2E) increase in proportional with depth all asymptote of 0.12 CWM abundance was reach at 30 m for predators and the rest at 60 m. We found that 3D-branching forms (Figure 2G) increased with depth across the entire 10–100 m gradient to 0.06 CWM abundance, whilst erect forms generally increased with depth but approached an asymptote at 50 m depth (0.10 CWM abundance). Hard body forms (Figure 2H) peaked in the shallows (0.6 CWM abundance; 10 m depth), until reaching near zero abundance at 50 m depth. The flat body form (Figure 2I), covering both encrusting fauna and taxa that have a low profile, such as asteroids and echinoids, were highly prevalent encompassing nearly half of individuals (0.50 CWM abundance) but lowest at 10–20m depth (between 0.30 and 0.40 CWM abundance). The tubeworm body form (Figure 2J) had a unimodal distribution across depth, with CWM abundance peaking around 70 m depth (0.10 CWM abundance). Community-Weighted Means adult mobility (Figure 2K) and larval type (Figure 2L) showed a similar distribution with decreasing abundance from 1.54 CWM mobility and 2.77 CWM larvae dispersal at 10 m before reaching an asymptote at 50 m depth, with 0.75 CWM mobility and 2.30 CWM mobility. All levels or categories were significantly different across depth regardless of the trait considered (see Supplementary Table 5).
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FIGURE 2. Scatterplots of average Community Weighted Mean functional traits across 10 to 100 m depth. Green scatter plots contain feeding modes, orange body forms and yellow the two univariate functional traits adult mobility and larval types. Error bars show standard deviation around the mean. The Bathymetry chart is measured from Site 3 Cheshire Island (Figure 1). Pie charts of feeding mode and body form show the major functional trait at 10, 50 and 100 m depth, with equivalent ice scour per square kilometers provided at each corresponding depth from Ryder bay (Bowler et al., 2019).




Principle Coordinate Analysis of Community-Weighted Means

Our PCoA analysis (Figure 3) showed significant correlation between the Euclidian distances of the first two principle axes and the CWM Gower distances (Mantel test, r = 0.65, p = 0.004, permutations = 200) observation demonstrates that most of the variability (78.0%) can be shown in two-dimensional functional space. Between 10 and 100 m depth there was no clear zonation in functional structure of individuals. There was a gradual shift between depths with a broad level of overlap, however, the degree of variability diminished at depths deeper than 50 m and there was an increased functional similarity across individuals (Figure 3). A greater degree of variation was seen in the functional structure at 50 – 100 m (Figure 3) which could be attributed the increase in the relative abundance of various erect body forms including 3D-branching and tubeworms (Figures 2F,G,J).


[image: image]

FIGURE 3. Principal Coordinate Analysis of Community Weighted Means of all Functional Traits with selected set of vectors displayed. Each black circle is a sample at the designated depth. Greyed out samples are from all depths. Principle coordinate 1 and 2 axis explain variation 62.7% and 15.3%, respectively. Vectors are in red, BF: Body Form. Scour: Ice scour per square kilometers depth from Ryder bay (Bowler et al., 2019). ANOSIM test results after 999 permutations, R = 0.216, p = 0.01.




Functional Diversity Along Ice Scour Disturbance Gradient

In FRic, the volume of multidimensional functional space occupied by all OTUs in the assemblage changed significantly with depth [correlation: r2 = 40.1, F(1479) = 330.39, p < 0.001, Figure 4B]. OTU richness also varied across depth with 5.77 OTU richness at 10 m depth, peaking at 60 m depth with an OTU richness of 22.04 at decreasing to 14.77 OTU richness at 100 m depth [for full details see Robinson et al. (2021)]. Changes in FRic comprised a sharp increase with depth, peaking at 50 m depth, which was followed by a slight decrease. This pattern strongly correlated with species richness [correlation: r2 = 70.64, F(1479) = 96.93, p < 0.001, Figure 4A]. Although SES FRic was slightly lower than the null model [1-sample Z test: Z(1479) = −9.90, p < 0.001, Supplementary Figure 5A] this is likely to be an artefact of the model assigning OTUs randomly with no bias toward rarer, likely more functionally unique, OTUs (de Bello et al., 2021). FEve is a measure of the regularity in abundance of OTUs across functional space for a given assemblage. Across 10-80 m depths the FEve analysis showed a significant decrease in Functional Evenness, followed by an increase between 80 and 100 m [correlation: r2 = 48.72, F(1479) = 468.39, p < 0.001, Figure 4D]. With SES FEve we found that traits had a greater degree of regularity across functional space at depths shallower than 50 m depth than would have been expected given the OTUs compositions [1-sample Z test: Z(1483) = 11.83, p < 0.001, Supplementary Figure 5C]. FDiv, the proportion of total abundance supported by species with the most extreme values within an assemblage, showed a significant increase with depth [correlation: r2 = 14.48, F(1479) = 26.62, p < 0.001, Figure 4C]. However, SES FDiv demonstrated values within what would be expected for the measured OTU richness and abundance [1-sample Z test: Z(1483) = −0.26, p = 0.791, Supplementary Figure 5B]. With FRed, a measure of the saturation in functionally similar OTUs in an assemblage (de Bello et al., 2007), we found a unimodal pattern across depth peaking at 60–80 m [correlation: r2 = 15.23, F(1479) = 23.85, p < 0.001, Figure 4E]. Standardized Effect Size FRed recorded a significant under-redundancy with values significantly lower than expected for the given the OTUs composition, except between 50 and 80 m depth [1-sample Z test: Z(1494) = −5.20, p < 0.001, Supplementary Figure 5D].


[image: image]

FIGURE 4. Relationship of Operational Taxonomic Units (OTUs) diversity and Functional Diversity across 10–100°m depth. Line (model) of best first is non-linear regression (cubic model, black line). Points are samples with increasing shades of grey representing a greater number of samples. Blue lines are 95% confidence intervals. Black dotted line are null functional diversity estimates. Total sample number minimum 1484 per panel. (A) – OTUs Richness, (B) – Functional Richness, (C) – Functional Divergence, (D) – Functional Evenness and (E) – Functional Redundancy.





DISCUSSION

The shallow marine benthos around Antarctica has high levels of biodiversity and endemism (Chown et al., 2015), however, the selective mechanisms driving distribution are still poorly understood. To address this, data-sparse species (De Broyer et al., 2014) can be placed into broader taxonomic or functional groups (Jansen et al., 2018). The current study used functional traits to define an OTUs ecological role, morphology and life history, which are all believed to be related to performance and therefore likely related to abundance and presence within the environment (Webb et al., 2010). Adult mobility and larval type traits in particular have been directly linked to improved resilience of species subject to ice scour disturbance and providing advantage in high disturbance environments (Robinson et al., 2020). This approach potentially provides a greater mechanistic understanding of assemblage response to change, particularly in distinguishing between selective and neutral processes (Mouillot et al., 2013). There is growing evidence that competitive interaction and species filtering by disturbance (both selective processes), are at least partially driven, or at least influenced by functional traits (Venn et al., 2011). These selective processes resulted in a significant reduction in functional redundancy at the extremes of the disturbance gradient, identifying areas of vulnerability to future environmental change and highlighted the potential loss of important negative feedback loops on climate change in this environment.

We found these depths (50–80 m) were coincident with a peak in functional diversity, which could be mainly explained by change in OTUs richness and composition alone, in line with the hypothesis of this study. The Intermediate Disturbance Hypothesis maintains a peak in species diversity at intermediate levels of disturbance (Connell, 1978), in this instance because of two selective forces, ice scour disturbance and inter-species competition negating each other. As there is an under-redundancy (redundancy significantly below that expected for a given assemblage structure) at either end of the depth gradient, we consider this strong evidence that the distribution of OTUs are not random and given the large degree of eurybathy seen amongst the Antarctic benthic macrofauna (Brey et al., 1996; Lowe, 2002), specific functional traits or groups are likely being reduced in relative abundance at either end of the depth gradient. Previous work on polar functional structure has found a high degree of taxonomic surrogacy in functional groups (Barnes and Sands, 2017). This was reflected in our null models with the majority of OTUs having some degree of functional overlap.

Above 50 m depth, the benthos is heavily disturbed by frequent ice scouring causing a high rate of mortality amongst all macro and megafauna (Convey et al., 2014), which has resulted in a change in functional structure. Due to the strongly stochastic nature of iceberg scour (Convey et al., 2014; Fraser et al., 2020), abundance of the assemblage can be highly variable (Peck et al., 1999; Barnes, 2017), this study focuses on relative abundance on compositional change for this reasons to consider the longer-term change caused by a disturbance regime. We attribute this observation to ice scour disturbance filtering out selected traits, which are not advantageous for persisting in a high disturbance environment, such as sessile life stages and low dispersal capabilities (Robinson et al., 2020). Extremely low functional redundancy was found above 50 m, suggesting that high disturbance, increases environment’s vulnerability to future change but not necessarily to the disturbance itself, as resistance or in this case, resilient species, persist within the environment (Hughes et al., 2007).

Between 80 and 100 m depth, suspension feeders such as bryozoans and sponges with a wide variety of body forms were dominant. The significant decrease in functional redundancy could be attributed to inter-species competition removing species that occupy similar niches (Cadotte, 2007). Across these depths there is also a drop in OTU richness, with shift to fewer OTU present, but even accounting for this, the decrease in functional redundancy was still significant. However, if correct, such a trend needs to be interpreted with some caution. A limitation of our results is that this reduction was only detected between 80 and 100 m depth, a 20 m depth zone. Extrapolating deeper is without data support, and is likely a complex system, as competitive species exclusion will likely not result in the same trends seen for ice scour disturbance. Loss in functional redundancy can be somewhat attributed to the gaining of new body forms in sessile suspension feeders, with fewer representatives (Robinson et al., 2021). These taxa could act as ecosystem engineers facilitating utilisation (Gili and Coma, 1998; Gili et al., 2001) or colonisation of space by other species (McClintock et al., 2005). The loss of such groups could lead to a cascade effect reducing all major taxa (Mitchell et al., 2020).

The increase in inter-species competition at the extreme low disturbance within the gradient could reduce the number of functionally similar species or those that occupy a similar ecological niche, reducing functional redundancy even across relatively high diversity (Mouillot et al., 2013). This trade-off between disturbance resilience or resistance at high disturbance and inter-species competition at low disturbance, are mechanisms that have long been used to explain community structure (Cadotte, 2007). This study highlights the potential vulnerability of environments on either extreme end of a depth gradient through functional redundancy and loss of the insurance effect, which is coincident with a disturbance gradient. At intermediate levels of disturbance (found around 50–60 m depth), functional redundancy was within the range expected due to assemblage structure change, suggesting disturbance is just frequent enough to reduce interspecies competition without becoming a strong selective pressure itself, but is likely acting as a neutral (random) mechanism. Therefore, disturbance, at any level, does not provide additional insurance or redundancy against species loss, nor against environmental change [other than the disturbance itself (Hughes et al., 2007)] and at the extremes this may leave the environment vulnerable. However, this explanation does not consider intra-species trait variability, in particular sponges with flexible morphologies (Danis, 2013), in response to changes in current (velocity and direction) and space (as a limiting resource). A constraint of the current study is the use of broad functional traits, which is an oversimplification of the food and substrate utilised by suspension feeding organisms (Morley et al., 2016). As a result, functional redundancy may be lower at depth than previously estimated in this study, due to the use of broader functional traits, potentially leading to an overestimation of functional redundancy.

The WAP is predicted to undergo further large environmental changes in temperature (Meredith et al., 2017), ice cover (Parkinson, 2014), and phytoplankton blooms (Rogers et al., 2020), mainly due to climate change (Meredith et al., 2017). Because benthic growth increases with marine ice loss (Fillinger et al., 2013; Barnes, 2015) and possibly moderate temperature increase (Ashton et al., 2017), increasing carbon fixation and sequestration acts as a negative feedback on climate change (Peck et al., 2010; Barnes, 2018). Increasingly frequent iceberg scouring between (0 and 50 m depth) may open space for further benthic growth, which may be important in driving annual carbon accumulation (Barnes and Sands, 2017).Thus, the vulnerability of biota in the shallows is likely to become a critical issue [see, e.g., Morley et al. (2021)]. And, although Antarctic benthos can show high functional group surrogacy (Barnes and Sands, 2017) and food webs that are relatively stable against perturbations (Rodriguez et al., 2021), this study has highlighted that extremes disturbance gradient causes regions of vulnerability. In the future environmental change will likely lead to extirpation of species from certain depth boundary, as multiple environmental factors change, however, the functional structure will likely remain relatively stable particularly between 40 and 80 m depth. However, it is likely that the extreme shallows (above 40 m depth), will see the earliest shifts in functional structure as they face the largest environmental changes and lowest functional redundancy. This study would recommend functional evenness as a useful sentinel metric, to monitor this environment as it is independent of the immediate impacts of ice scour disturbance but will respond to changes in disturbance regime. Current prediction suggest environmental changes will likely lead to increased benthic growth in the future, blue carbon pathways across the continental shelf could potentially become the world’s largest negative (mitigating) feedback on climate change (Barnes et al., 2021). However, areas of low functional redundancy may be vulnerable to future environmental change and ultimately lead to disruption of these blue carbon pathways.
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Literature review (Supplementary Table 1)

Images, expert opinion and anatomical knowledge
(Supplementary Table 2)

Traits were derived from Functional Groups in Barnes and
Sands (2017) and Jansen et al. (2018) (Supplementary
Table 3).

Literature review and expert opinion (Supplementary Table 4)
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