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Monitoring programs that integrate both structural and functional ecosystem components play integral roles in ecosystem management and conservation planning. In the early 1990’s, the marine ecosystem of the waters surrounding Newfoundland and Labrador (NL) underwent a regime shift. Several demersal and pelagic fish stocks collapsed simultaneously, and this had significant ecological and socioeconomic consequences. As this regime shift impacted numerous commercial and non-commercial species, assessments based on individual species would be insufficient. We explored a variety of metrics that capture different facets of diversity across multiple species to provide a more robust ecosystem assessment. These were species richness, evenness, community-weighted means of maximum body length and trophic level (i.e., the mean maximum body size or trophic level of the species present in a community), and functional dispersion (FDis). The objectives of this study were 1) to assess trends in community structure of the NL demersal community during the post-collapse period (1995-2018), 2) explore how the various community-level metrics differ or are redundant, and 3) investigate how these metrics are associated with important covariates. Several metrics were redundant and displayed strongly positive, temporal trends being consistent with expectations for a recovery encompassing the entire demersal community. In particular, unweighted community-weighted means of body length and trophic level displayed nearly equal temporal patterns, showing increasing trends throughout the study period which were most prominent in the northern study area and within a limited depth range at the upper shelf break. Corresponding biomass-weighted metrics were also correlated with each other but only showed similar increasing tendencies after the first decade. In contrast, species richness did not show any temporal increase. Evenness and biomass-weighted FDis showed similar temporal patterns, decreasing during the first decade followed by strong increases during subsequent years, patterns that were directly linked to variation in Northern shrimp and Atlantic cod biomass. This study demonstrates how a variety of community metrics can provide insight into different aspects of the post-collapse recovery of the demersal community and help us better understand the complexity of the changes the ecosystem is undergoing.
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1 Introduction

The combined impact of natural environmental variability and anthropogenic disturbance can cause marine ecosystems to undergo regime shifts (Möllmann and Diekmann, 2012; Levin and Möllmann, 2015), with major changes in diversity and community structure as common consequences (Beverton, 1990; Rocha et al., 2015). A regime shift is a large-scale change that may be an abrupt, high-amplitude, or low-frequency event which affects multiple bio-physical attributes across a range of trophic levels (Levin and Möllmann, 2015). Regime shifts also tend to have major socioeconomic implications (e.g., Steele et al., 1992). Initially, regime shifts are not always detectable as changes in the abundance of dominant species. On the contrary, they can often be detected first in rare species, in specific locales in a broader area, or through aggregate community metrics (e.g., Pedersen et al., 2017, 2020; Koen-Alonso and Cuff, 2018). Monitoring and assessment of biodiversity and community structure may therefore facilitate detection and comprehension of ecosystem changes associated with natural and anthropogenic disturbances (e.g., Mouillot et al., 2013a). Indeed, given the trade-off between a precautious ecosystem management and the associated consequences for economical and societal systems, comprehension of how ecosystems respond to, and recover from, disturbance is essential in order to manage ecosystems efficiently (Kelly and Harwell, 1990).

Several numerical tools are available to assess structural and functional properties of multispecies communities. The simplest form of a community diversity metric is species richness (i.e., the number of species present in a community), a simple measure to compute but one that does not account for functional variation among species (Magurran and McGill, 2011). To account for the fact that species play different functional roles in the ecosystem, communities can also be assessed with various trait-based metrics. The simplest form of trait-based metrics is the average value of a particular trait value across the species in a community (i.e., community-weighted means; CWM). In terms of assessments of ecosystems directly affected by harvesting, several life-history traits are particularly relevant to consider. For instance, empirical studies have shown that intense, directed harvesting largely has a negative impact on species with large maximum body length (ML) and high trophic level (TL), since such species are often targeted (e.g., Pauly et al., 1998; Le Quesne and Jennings, 2012). As such, the mean ML and TL values of a community can be expected to decrease as a result of intense harvesting. Moreover, more complex metrics of functional diversity typically combine data on species composition, relative abundances, and functional characteristics (e.g., Tilman et al., 1997; Petchey and Gaston, 2002; Villéger et al., 2008; Laliberté and Legendre, 2010; Magurran and McGill, 2011). Recently, functional diversity metrics have been applied in studies of fish community structure in northern ecosystems (e.g., Frainer et al., 2017; Pedersen et al., 2017; Aune et al., 2018). Largely in contrast to conventional numerical methodology, assessments based on trait-based methods are able to unravel ecosystem effects of major disturbance events (Mouillot et al., 2013a). Most metrics can be applied on either presence-absence data, or be weighted by the individual species´ relative abundance or biomass. For instance, metrics such as evenness and Shannon diversity integrate information on species richness and the species’ relative abundances, in order to estimate how the total community biomass is distributed among the member species (Heip et al., 1998; Magurran and McGill, 2011). Likewise, unweighted trait-based metrics provide a way of tracking changes in the underlying functional potential of the community, whereas weighted metrics reflect, by capturing the influence of dominant species, the effective or realized functionality at a given point in time.

Monitoring of the changes undergone by the Newfoundland and Labrador (NL) marine ecosystem during recent decades provides a unique opportunity to investigate how ecosystems may respond to major perturbations. In the early 1990s, the ecosystem underwent a regime shift (Buren et al., 2014a; Pedersen et al., 2017, 2020) that had significant ecological and socioeconomic consequences, including the loss of ~39,000 jobs related to the fishing industry (Steele et al., 1992; Hamilton and Haedrich, 1999; Hamilton et al., 2004; Buren et al., 2014b). Several commercial demersal (Myers et al., 1996, 1997) and pelagic (Buren et al., 2019) fish stocks collapsed simultaneously, along with populations of non-commercial species (e.g., Gomes et al., 1995; Koen-Alonso et al., 2010; NAFO, 2010; Koen-Alonso and Cuff, 2018). As such, the timing of this rapid ecosystem event is known, which facilitates a precise definition of the post-collapse period. Atlantic cod (Gadus morhua) was the single most important commercial species in the decades prior to the collapse, and therefore this species received the most scientific attention in the years following the collapse. The spawning biomass of northern cod (Atlantic cod stock from NAFO Div. 2J3KL), the most important cod stock in NL waters, dropped to about 1% of an estimated pre-collapse spawning biomass of ~1.6 million in the 1960s by the time the moratorium was imposed in 1992 (Myers et al., 1997). Other NL cod stocks on the southern Grand Banks and south of Newfoundland also exhibited a >90% decline in spawning biomass between 1967 and 1993 (Myers et al., 1997). While fishing was thought to play a direct role in the collapse (Myers et al., 1996, 1997), changes in relative abundances of different trophic levels in the food web and colder than average environmental conditions during the 1980s and early 1990s have also been suggested as important drivers of both the collapse and the failure of stocks to rapidly recover following reductions in fishing pressure (Parsons and Lear, 2001; Rothschild, 2007; Halliday and Pinhorn, 2009; Lilly et al., 2013; Buren et al., 2014a; Buren et al., 2014b; Buren et al., 2019; Mullowney et al., 2019). A combination of these two drivers (fishing and environmental changes) has been proposed as a key explanation for the extensive and widespread changes that occurred (e.g., Rose, 2004; Koen-Alonso et al., 2010; Dempsey et al., 2018).

In the decades following the regime shift, improved monitoring efforts have made broader ecosystem data more available. Although the collapse affected all geographical areas and many species, the structural changes were larger in the north (Labrador Shelf, northern Newfoundland shelf) than in the south (Grand Banks and southern Newfoundland shelf; Figure 1). Cod biomass declined precipitously in the north, and the biomass of Northern shrimp (Pandalus borealis) increased rapidly following the collapse of groundfish stocks (e.g., Koen-Alonso and Cuff, 2018; Pedersen et al., 2022). In the post-collapse period, partial recovery in terms of groundfish biomass, as well as taxonomic and functional metrics have been observed (Nogueira et al., 2016; Dempsey et al., 2017; Pedersen et al., 2017), and Northern shrimp biomasses have declined in both regions (Pedersen et al., 2022). However, the groundfish biomass rebuilding trend stalled in the early 2010s, and overall declines in biomass of the fish community have been observed since 2013-14 (Pedersen et al., 2017, 2020; Koen-Alonso and Cuff, 2018). Recent modelling studies suggest the importance of trophic interactions in driving community dynamics in this system. Pedersen et al. (2022) indicated that changes in Northern shrimp biomass were closely associated with the decline, then increase, in cod abundances, and results in Koen-Alonso et al. (2021) suggested that the failed rebuilding of capelin (Mallotus villosus, a key forage species) played a key role in the stalled recovery of Atlantic cod (Koen-Alonso et al., 2021).




Figure 1 | Bathymetric map of the Newfoundland and Labrador shelf (A). The grey lines show the NAFO Divisions, black arrows show the movement of ocean currents, and the red dots indicate three transects presented on the right panels. The average summer temperature over the period 1995-2018 is shown for each transect (B) Seal Island (SI), (C) Bonavista Bay (BB), and (D) Southeast Grand Banks (SEGB). A thick black line shows the 0°C isotherm delimiting the Cold Intermediate Layer for each transect. Bathymetric contours are displayed in light grey with data from GEBCO Compilation Group (2023).



Previous studies have shown that the collapse occurred across numerous commercial and non-commercial species (e.g., Dawe et al., 2012; Pedersen et al., 2017, 2020; Koen-Alonso et al., 2010; Koen-Alonso and Cuff, 2018). As such, while conventional stock assessments rely on single species’ biomass trajectories, community-level assessments require suites of synthetic metrics in order to capture the different facets of biodiversity and underlying ecosystem processes (Kelly and Harwell, 1990; Purvis and Hector, 2000; Price, 2002). Here, we expand on previous findings by focusing on most fish species and one of the dominant groups of benthic invertebrates (shrimps) found in the NL demersal community, and apply a combination of taxonomic and trait-based diversity metrics to investigate the spatial patterns and temporal development of structural and functional characteristics. Thus, the main objectives of this paper are to: 1) assess the trends in community structure of the NL demersal community during the post-collapse period (1995-2018), 2) explore how the various community-level metrics differ or are redundant, and 3) investigate how these metrics are associated with important covariates.




2 Materials and methods



2.1 Study area

The Newfoundland and Labrador (NL) bioregion (see DFO, 2009) constitutes a large marine ecosystem in the Northwest Atlantic, which encompasses shelf and shelf-break waters from the Labrador Shelf to the southern Newfoundland shelf, including the Grand Banks. This entire area and its subcomponents are typically described using the Northwest Atlantic Fisheries Organization (NAFO) Divisions (fisheries statistical areas). Within this bioregion, our study area includes the Newfoundland Shelf (NAFO Div. 2J3K) and the Grand Bank (NAFO Div. 3LNO) (Figure 1). These areas correspond to two Ecosystem Production Units (EPUs) that have been identified in this bioregion based on physical (bathymetry, water temperature) and biological (chlorophyll-a, primary production, demersal biomass, demersal diversity) variables (Pepin et al., 2014). While EPUs generally define a functional ecosystem, EPUs within the NL bioregion are not isolated systems, with the Labrador Current (see next section) providing a clear north-south connectivity mechanism within the bioregion (NAFO, 2014).

For the EPUs in our study area, the northern portion of the Grand Banks (3L) is considered a transition zone between the Newfoundland Shelf and Grand Banks EPUs (NAFO, 2014; Pepin et al., 2014). Given that our analyses here explore depth-related variability and considering that the bathymetric profile of Div. 3L is more similar to the Newfoundland Shelf (2J3K) than the typically shallow depths (<150 m) that characterize the bank in the Grand Bank EPU, the 3L NAFO Division has been grouped with the Newfoundland Shelf (2J3K) for our analyses. Therefore, the patterns explored in this study consider the broader areas generally consistent with the existing EPUs and defined as Newfoundland Shelf and Northern Grand Bank (NLS) (NAFO Div. 2J3KL), and the Southern Grand Bank (SGB) (NAFO Div. 3NO), within the depth range covered by Fisheries and Oceans Canada (DFO) fall multispecies bottom trawl survey (~50-1500 m). Refer to Table 1 for a full list of acronyms used within.


Table 1 | List of acronyms (alphabetical order).






2.2 Oceanographic conditions

The main circulation features of the NL marine ecosystem consist of two parallel southward flowing currents (Figure 1). Closer to the coast, cold and fresh Arctic-origin waters flood most of the shelf where the topography is complex and consists of shallow banks and deeper troughs. This current is generally referred to as the inshore branch of the Labrador Current. Further offshore, the main branch of the Labrador Current flows along the shelf edge, carrying sub-polar waters originating from the West Greenland Current, which are modified during their transit around the northern part of the Labrador Sea. In the southern part of the region (e.g., near the tail of the Grand Bank), the Labrador Current waters meet the north-eastward flowing North Atlantic Current, the offshore extension of the Gulf Stream, consisting of warm and salty sub-tropical waters. The confluence of sub-polar and sub-tropical waters in the area makes it especially prone to large interannual variation of its climate at decadal time scales (Cyr and Galbraith, 2021).

The water mass characteristics of the NL marine ecosystem are thus largely typical of sub-polar systems, with the presence of sub-zero waters on the shelf throughout most of the year. A winter-formed layer, referred to as the cold intermediate layer (CIL), is located at mid-depth below a warmer, seasonally heated surface layer and above the warmer and highly saline Atlantic-origin waters, mostly found along the shelf break and in the deep channels and troughs.

Ocean temperature observations are regularly collected along a suite of hydrographic sections as part of DFO’s Atlantic Zone Monitoring Program (AZMP; Therriault et al., 1998). These observations were used to provide context for the bottom conditions relevant to the demersal community along the NL shelf (Figure 1). Bottom temperatures are generally relatively higher (>4°C) offshore along the shelf break and in the numerous channels and troughs. On the shelf, conditions as cold as <0°C are found at the sea floor throughout the year where the CIL intersects with the bottom (Figure 1). Natural fluctuations of the climate influence the annual volume of the CIL and thus the area of the seafloor occupied by a different temperature range (Cyr and Galbraith, 2021). Environmental data were also collected using a Conductivity-Temperature-Depth (CTD) sensor installed on the scientific trawl (see next section). For each tow, the bottom temperature and depth were derived and associated with other biomass metrics for further analysis.




2.3 Biomass data

The analyses were conducted using groundfish and shrimp biomass data (kg/tow; standardized for tow length) collected as part of DFO’s fall multispecies surveys. A Campelen 1800 shrimp trawl has been used to conduct surveys since 1995 (McCallum and Walsh, 1997). The Campelen gear has a mesh size ranging from 80 mm in the wings, to 60 mm in the square and first bellies, and 40 mm in the remaining bellies and cod end. The trawl is towed at 3.0 knots for 15 minutes. The analyses included all successful trawl sets (including those from strata that are irregularly sampled), with the minimum and maximum depth of sets being 32 m and 1500 m, respectively. The survey area is stratified by depth with trawl sets distributed using a generally proportional-allocation scheme, whereby the number of sets allocated for a given stratum is approximately proportional to the stratum area (e.g., some small strata may be allocated more sets to satisfy a minimum number of sets requirement). Additional details regarding survey design can be found in Rideout and Ings (2018) and references within.

The study period examined includes the 24 years following the ecosystem collapse of the early 1990s, from 1995 to 2018. Data were not available for Divisions 3NO in 2014 (see Rideout and Ings, 2018). Also, starting in 2011, deep strata (>732 m) in NAFO Divisions 3NO were no longer included in the fall survey design (Rideout and Ings, 2018), and were not available for this analysis.




2.4 Species and traits matrices

We constructed a trait matrix consisting of 14 functional traits related to four trait categories, coded as either continuous or binary variables (Supplementary Table S1). The traits were selected to represent the species’ functional roles with respect to the flow of energy and material within the ecosystem (for interpretations of links between presently selected trait categories and ecosystem functions, see Wiedmann et al., 2014). All groundfish taxa plus Pandalus shrimps (P. montagui and P. borealis) sampled by the trawl were included in the trait matrix and Fishbase (Froese and Pauly, 2008) was the main source of data for trait coding, with the primary literature being consulted when necessary. In total, 135 taxa were included in the analyses (Supplementary Table S1).




2.5 Metric calculations

Trends in taxonomic and functional characteristics of the groundfish plus shrimp communities were investigated by estimating metrics associated with community structure, biomass allocation and ecosystem function. We considered four types of metrics with increasing degree of computational and interpretational complexity: 1) species richness, 2) evenness, 3) unweighted and biomass-weighted community-weighted means (Lavorel et al., 2008) of each species’ maximum reported length (ML) and trophic level (TL), and 4) unweighted and biomass-weighted functional dispersion (FDis; Laliberté and Legendre, 2010). To support interpretation of these metrics, we also considered biomass fluctuations of various key species in the NL marine ecosystem.

Species richness (i.e., the number of species present in a trawl set) is the most fundamental measure of taxonomic diversity and, as such, a simple indicator of ecosystem functioning (e.g., Sala and Knowlton, 2006). Trawl-level evenness, calculated here as exp(Shannon diversity)/Species richness for each trawl, is a measure of the degree to which the biomass is evenly distributed among the species of a community (Magurran and McGill, 2011). This is directly interpretable as the ratio between the number of effective species (i.e., number of equally-abundant species that would render the observed diversity) and the number of observed species, under the assumption that the probability of finding a species is proportional to its relative abundance (see Tuomisto, 2012 for an in-depth discussion of diversity and evenness indices).

Average maximum length and trophic level serve as indicators of energy flow and trophic status of local communities. To measure changes in trophic status, community-weighted means, i.e., the mean maximum length (ML) and trophic level (TL), were calculated for each trawl. These indices were calculated as unweighted means (MLunw, TLunw) and abundance-weighted means (MLw, TLw). The unweighted version used the mean ML and TL values of the species found in each trawl set. For biomass-weighted mean traits (i.e., community-weighted means), the trait values were weighted according to the species’ relative biomasses per trawl set prior to averaging.

Functional dispersion (FDis) is a measure of functional diversity (Laliberté and Legendre, 2010), which in this study was based on functional characteristics related to body length, trophic level, feeding habits, and habitat, where high values of the metric indicate high functional diversity. Two versions of FDis were calculated: one (unweighted) based on presence/absence survey data, and one (weighted) where the species’ relative biomass (kg/tow) in each trawl set was accounted for. FDis was calculated according to a two-step process (Laliberté and Legendre, 2010). First, based on the trait matrix, a species-species dissimilarity matrix was constructed using the Gower distance measure (Gower, 1971), as our trait matrix consisted of a mix of discrete and continuous variables. Second, FDis was computed as the average distance to a centroid in multivariate trait space for the species found in each trawl. In biomass-weighted FDis, the centroid was shifted towards the species with the greatest biomass, thereby adjusting the average distance between the centroid and the species. FDis is thus a measure of the average difference in trait characteristics among species in a community. The R package ‘FD’, version 1.0-12 (Laliberté et al., 2014) was used to calculate both FDis and mean trait indices. All analyses were done in R version 4.2.1. Pairwise relationships between metrics were calculated by means of Pearson correlation values using the 'Ggally' package in R (Emerson et al., 2012; Schloerke et al., 2021).

All results are shown along depth gradients in order to account for variation in the metrics along environmental gradients not due to temporal changes. To compare the main spatial differences in the trends, these are shown separately for the NLS area and the SGB area, as defined above.

Temporal and depth trends in average values of indicators were estimated via Generalized Additive Models (GAM), using the gam() function in the ‘mgcv’ package in R (Wood, 2017). This approach models variation in each index (y) for each trawl i in region j as a combination of random trawl-specific Gaussian variation and a smoothly changing, area-specific trend in the average value of the index across the study period:

	

Three levels of model complexity were fitted, including year only, depth only, and both main terms and their interaction as a 2D surface. The smooth trend function was estimated with a thin-plate regression spline with maximum four basis functions for the main terms (s(year, bs=“tp”, k=4) and s(depth, bs=“tp”, k=4) in ‘mgcv’), and a cubic spline with maximum 10 basis functions for the 2D interaction surface (te(year, depth, bs=“cr”, k=10) in ‘mgcv’). The number of basis functions determines the maximum degree of flexibility of the smoother. As the goal of this analysis was to highlight low-frequency (i.e., long-term) variation in the indices that might correspond with large-scale variation in ecological conditions, rather than high-frequency inter-annual fluctuations, the maximum number of basis functions was limited manually. Coefficients and smoothing parameters for each trend model were estimated using Restricted Maximum Likelihood (RML, Wood, 2017).

Maps for each metric were created for each year using ordinary kriging with an exponential variogram (R package ‘gstat’, version 2.1.0; Diggle and Ribeiro, 2007). A 20 by 20 km output grid was used within the study area (i.e., the smallest polygon containing all the sets). In order for the variogram models to converge, 11 out of ~14,000 trawl sets with very high values of weighted ML (0.001 upper percentile) were excluded from the kriging.





3 Results

In total, 14,141 trawl sets across 24 years were used to study spatial and temporal changes in the demersal communities of the NL marine ecosystem. Virtually all variation in community metrics with depth took place on the shelf (i.e., 0 – 150 m) or upper shelf break (i.e., 150 – 450 m). The metrics did not show strong variation with temperature independent of depth (see Supplementary Figures S2–S4 for metrics values at all depths and temperature ranges). Major differences in temporal trends were encountered between the NLS and SGB areas, but not among NAFO Divisions within these areas; hence, these results are presented at the larger scale (see Supplementary Figures S5 and S6 for temporal and depth trends by division, and Supplementary Figure S7 for spatial variation in selected years).

When comparing the variance explained by the time, depth or their combination (Figure 2), it is noticeable that depth explained a much larger part of the total variance for all metrics and areas. This suggests that there are larger differences in metrics along the depth gradients within the same year, than between decades. Year alone did not explain much variance except for the weighted metrics in NLS. The most complex model, including both main terms and interaction, obviously explained the most. Species richness showed the highest R2 in both areas, with depth being the primary explanatory variable. This suggests that the simplest metric was very well predicted by the depth gradient alone. In NLS the weighted metrics were the ones showing the highest variation explained by time.




Figure 2 | R2 for GAM models with different levels of complexity fitted to all metrics. Three types of models were fitted (see legend and methods) including year, depth or both main terms and their interaction as a 2-dimentional cubic spline. The partial contribution of each main term and interaction is shown in each bar (different colours) and the total height of the bar represents the R2 of the full model. Models were fitted separately for the Newfoundland Shelf (left) and Southern Grand Bank areas (right).





3.1 Species richness and evenness

Species richness showed modest temporal variation throughout the study period, whereas evenness displayed some temporal variation (Figure 3).




Figure 3 | Temporal trajectories of all metrics in their unweighted (blue) and weighted (red) form derived from the 2D smoothed surface modelled from year, depth and their interaction. Values for each metric are normalized for comparability. In this plot species richness and evenness are shown in the same panel as comparable species-based metrics in respectively an unweighted and weighted form (blue = species richness, red = evenness). The smoothed lines (and 95% confidence bands) show the profile of the 2D surface cut at specific depths (panels) for the Newfoundland Shelf (A) and Southern Grand Bank (B) areas.



Most temporal patterns in species richness and evenness were evident only in specific areas and/or depth ranges (Figures 3A, B). For instance, although species richness showed similar levels in the two areas NLS and SGB, a slight decrease of a few species was observed in NLS throughout the study period, whereas no such decrease was observed in the SGB area.

In both areas, species richness increased substantially with depth (by approximately 80%) whereas evenness was highest in shallow shelf waters. Moreover, the most prominent spatial and temporal patterns occurred at the upper shelf break (150 - 450 m depth). For instance, levels of evenness at the start of the study period were similar across most depths, but significant temporal variation in evenness was observed, mostly at the upper shelf break. In this depth range, NLS showed a decrease in evenness during the first 10 years of the study period followed by an equally large and constant increase in the following period. For the SGB area this trend was less evident, with a decrease in evenness followed by a flattening trend.




3.2 Trait-based metrics

All the unweighted trait-based metrics increased with time, consistent with expectations for a recovery trend at the entire community level. Also, weighted ML and TL increased strongly throughout the study period. On the other hand, patterns in weighted FDis strongly resembled corresponding trends in evenness.

Unlike species richness, the trait-based metrics showed no specific persistent pattern along the depth gradient. Yet, as observed in species richness and evenness, many of the temporal patterns in the trait-based metrics were most prominent in specific areas and/or depth ranges. In particular, dramatic temporal increases in weighted and unweighted ML and TL occurred at the upper shelf break in NLS. Here, the values of weighted ML and TL at the start of the study period were lower than any of the values in the other depth ranges, while they increased to similar or higher values by the end of the study period (i.e., after ca. 2002).

At the upper shelf break, unweighted ML and TL had a similar increasing pattern in the NLS area but was less prominent in the SGB area. In the same depth range, the values of weighted ML and TL were much lower in the NLS area than in the SGB area at the start of the study period but, due to the different recovery rates between the two areas, the metrics showed a much smaller difference by the end of the study period. Unweighted FDis increased with time in both areas.

Smoothed plots of weighted TL and ML by depth in four different years confirm that the primary depth range of community change is 150 – 450 m, with the largest changes occurring at around 300 m depth (Figure 4). These four years represent a general temporal development throughout the study period, with a small decline in weighted TL and ML during the first decade of the study period, and a strong and consistent increase in both metrics through the following decade.




Figure 4 | Depth trajectories of (A) weighted Maximum reported Length and (B) weighted Trophic Level from the 2D smoothed surface modelled from year, depth and their interaction. The smoothed lines (and 95% confidence bands) show the profile of the 2D surface cut at specific years (colours) for the Newfoundland Shelf and Southern Grand Bank areas. Dashed vertical lines show the specific depths for which temporal trajectories are shown in Figure 3.






3.3 Spatial variation

Figure 5 shows the spatial distribution of TL and ML in both their unweighted and weighted form. The maps illustrate a general increase in unweighted metrics (panels A and C) over the entire study area in the 24-year period and show how the NLS and SGB areas generally become more similar over time. The maps with weighted metrics (panels B and D) clearly show that the greatest temporal trends occurred at the upper shelf break over the depth range of 150 – 450 m in the NLS area.




Figure 5 | Geographical distribution maps of (A) unweighted and (B) weighted Maximum reported Length, and (C) unweighted and (D) weighted Trophic Level in five selected years. Comparable maps for evenness, species richness and Functional Dispersion can be found in Supplementary Figure S7.






3.4 Correlations between metrics

Unweighted ML and unweighted TL showed the strongest relationship among the metrics currently assessed (Pearson correlation value = 0.809, p<0.001; Supplementary Figure S8), whereas other relationships between ML and TL metrics were also generally strong. Other strong relationships included those between unweighted FDis and both unweighted TL and unweighted ML, and between evenness and weighted FDis.





4 Discussion

In this study, we found considerable spatial and temporal variability in the taxonomic and functional characterization of NL demersal communities during the 1995 to 2018 post-collapse period. There were structural differences between the two study areas (NLS and SGB), as well as across depth gradients. In the north, the temporal changes in functional characterization and diversity were most pronounced at intermediate depths, where mean size and trophic level increased rapidly in later years, responding to a decline in shrimp and an increase in groundfish (Koen-Alonso and Cuff, 2018).



4.1 Recovery as suggested by trait-based metrics

The most prominent spatial and temporal variation observed in this study was related to the trait-based metrics, particularly in weighted ML and TL. These metrics displayed the most prominent changes in the NLS area in later years (after ca. 2002) and within the intermediate depth range of 150-450 m. This is consistent with the effect of the collapse and patterns of subsequent recovery being more prominent in the NLS area and at intermediate depths (e.g., Myers et al., 1997). The collapse of this marine community was driven by the combined effects of long-term overfishing and unfavorable environmental conditions (Koen-Alonso et al., 2010; Dempsey et al., 2017, 2018; Koen-Alonso et al., 2022). Early in the study period, the NL demersal community was characterized by low biomasses of large predatory fish relative to pre-collapse levels, with shrimp becoming a dominant ecosystem component in the northern area (NLS) (Dawe et al., 2012; Koen-Alonso and Cuff, 2018). Long-term selective fishing (typically targeting large individuals of specific species), like what contributed to the NL ecosystem collapse, has been shown to negatively affect the functional diversity of fish communities due to a selective removal of particular traits (i.e., high TL and high ML species), resulting in altered ecosystem functioning (Martins et al., 2012). Consequently, and in line with theoretical and empirical expectations (e.g., Pauly et al., 1998; Le Quesne and Jennings, 2012), weighted ML and TL values were low at the start of the study period. These metrics decreased slightly until the mid 2000’s and then increased significantly at intermediate depths (150 to 450 m), which is the main habitat of two key species in this system, i.e., the Northern shrimp and the Atlantic cod (Scott, 1982; Shumway et al., 1985). This was likely triggered by a modest improvement in capelin (Koen-Alonso and Cuff, 2018; Koen-Alonso et al., 2021), which led to increases in groundfish biomass, and consequently increases in predation pressure on shrimp. This increased predation, together with some influence from fishing, led to an overall decline in shrimp biomass which was more noticeable in the north. This interpretation is also consistent with the differential changes observed in the weighted metrics by area, where the increases after the mid 2000’s led to similar TL values but larger ML values for the NLS by the end of the study period, patterns that were primarily caused by increases in the biomass of cod in the NLS (high TL and ML) and redfish in the SGB (high TL but low ML; see Supplementary Figures S9 and S10 ; DFO, 2020, 2022).

In contrast, unweighted trait-based metrics (FDis, ML, TL) showed a fairly consistent increase in both areas and over a wide depth range (down to 600 m depth) throughout the study period. This increase was most pronounced in the NLS, and this differential rate of increase led to a reduction in spatial differences in unweighted FDis, TL and ML between areas towards the end of the study period (Figure 5). The unweighted metrics are decoupled from both taxonomic diversity and biomass allocation to functional groups (Laliberté and Legendre, 2010), which suggests that the NL marine demersal communities have undergone structural changes during the entire study period, becoming more functionally diverse. Since unweighted functional diversity metrics are more sensitive to the contributions of less abundant species than weighted metrics, this pattern indicates a recovery of this group of species. This could be expected within an overall recovery trajectory given that the collapse affected the entire fish community, not just commercially exploited taxa (Koen-Alonso and Cuff, 2018), and that less abundant species were affected earlier than more common ones (Pedersen et al., 2017). As rare species can often contribute disproportionately to the provisioning of ecosystem function (Mouillot et al., 2013b), this finding underpins that biomass-weighted and unweighted metrics are complementary when assessing different aspects of community change, facilitating detection of previous, ongoing, and future changes.




4.2 Tracking recovery: species richness vs evenness

Despite major changes in FDis, species richness remained virtually constant throughout the study period in all areas but did show higher richness at increasing depths. This absence of temporal trends in a system that has undergone such dramatic structural changes during the study period clearly confirms that species richness itself can be a poor indicator of recovery or structural configuration in the community (Mouillot et al., 2013a). This observation is consistent with prior studies indicating that functional diversity metrics can track community changes to a much greater extent than changes in the number of species can (e.g., Flynn et al., 2009; Teixidó et al., 2018). Indeed, in this study, species richness was weakly yet significantly associated with unweighted FDis, but not significantly associated with weighted FDis (Supplementary Figure S8). Although trait-based metrics are more challenging to interpret, incorporation of traits in community-level analyses thus clearly adds information not carried by the species’ numbers and biomasses alone.

Evenness showed major shifts during the study period. In the NLS area, upper shelf break waters showed decreasing evenness values from the mid-1990’s until the mid-2000’s. This coincided in time and space with high relative abundances of shrimp in the NLS (Koen-Alonso and Cuff, 2018). From the mid-2000’s until the end of the study period, evenness increased at >150 m depths as many groundfish stocks grew and shrimp stocks declined (Koen-Alonso and Cuff, 2018; see Supplementary Figures S9 and S10 for biomass density trends of shrimps and Atlantic cod; DFO, 2022; DFO, 2023). Interestingly, evenness was strongly correlated with weighted FDis, confirming that both metrics are shaped by the same biomass dynamics and are thereby partly redundant. Unweighted FDis was significantly but less strongly correlated with species richness, indicating that the former metric holds considerable information on biodiversity beyond what is carried by the latter one.

Low evenness typically occurs in communities with a few generalist species, whereas an increase in evenness can be expected as the number of abundant species in the community decreases (Magurran et al., 2013; Maureaud et al., 2019). In NLS, the low evenness during the first years of the study period was driven by a high abundance of shrimp, a low trophic level species. Similar transitions in evenness linked to changes between high- and low-trophic-level taxa have been observed in other marine systems. For instance, in a Kenyan marine protected area, small-sized fish showed rising abundances in the first years after closure. Later, as larger species became more abundant, predatory control took effect and a subsequent decline in the abundance of small-bodied species was evident (McClanahan et al., 2007). Also, transitions between dominance of small fish vs. larger fish have recently been documented. In the Barents Sea, increasing water temperatures and declining ice-coverage allowed boreal species, especially Atlantic cod, to expand their distribution in northern areas (Fossheim et al., 2015). This resulted in a cod distribution totally overlapping the historical ranges of the Arctic fish community, consisting mainly of small-bodied fish, and a subsequent decrease in the biomass and distribution of Arctic species (Johannesen et al., 2017; Johannesen et al., 2021).




4.3 Tracking and interpreting ecosystem changes using complementary diversity metrics

Based on unweighted diversity metrics, we were able to identify a directional, structural change in the NL demersal communities indicating a slow but generally steady trend towards a state that is consistent with the features expected from a pre-collapse ecosystem structure (e.g., larger organisms, higher functional diversity). On the other hand, the weighted metrics captured a major shift in dominance between cod and shrimp at intermediate depths which mainly occurred in the NLS area. Pedersen et al. (2017) analyzed changes in weighted functional diversity for the NLS before and after the collapse and found that a functional recovery to pre-perturbation levels was possible. Our present analyses exclusively focused on post-collapse data, and an explicit comparison to pre-collapse levels of various metrics was therefore not possible. Yet, our estimates of weighted FDis did not show strongly positive post-collapse trends comparable to those shown by Pedersen et al. (2017). On the contrary, trends in weighted FDis closely followed trends of the evenness metric, and that provides an avenue to understand and interpret the differences between these studies. Pedersen et al. (2017) analyzed weighted FDis trends considering 30 abundant groundfish species, while our study considered 135 taxa, and more importantly, included shrimp. Therefore, our results emerge from considering a broader community with high biomasses of a few species with very dissimilar traits (i.e., shrimp and predatory fishes), while the Pedersen et al. (2017) study, by focusing on groundfishes, did not capture the effect of shrimp on weighted FDis. These differences suggest that, while the groundfish component of the community may have recovered its pre-collapse functionality (although not its former biomass level), other community components have not. This indicates that rebuilding ecological functionality is not a homogeneous process; different ecosystem components respond to perturbations at different rates, with overall rebuilding resembling more of a temporal mosaic of recovery trajectories.

Taken together, these results confirm the value of considering a suite of diversity metrics to study and interpret ecosystem changes (e.g., Kelly and Harwell, 1990). The ecosystem properties measured in this study were either monotonic increasing, decreasing, or varying with time, indicating that NL ecosystems have been undergoing changes during the entire study period. This supports recent findings that the groundfish community in this ecosystem has likely been away from a stable state since the regime shift (Pedersen et al., 2020). From this perspective, both the high dominance of shrimp in the 2000’s and the more recent trend toward a groundfish-dominated community can be interpreted as different stages in a long-term recovery from the major perturbation that the regime shift represented.

While the average recovery rate of aquatic ecosystems ranges between 5 and 10 years (Jones and Schmitz, 2009), 30 years have passed since the regime shift in NL ecosystems in the early 1990s. Our study confirms that more complex ecosystems and long-lived species can take much longer to recover (Lotze et al., 2011). Whether NL ecosystems will return to their pre-collapse state is challenging to predict; even the current trend towards a groundfish-dominated community does not imply that a fully rebuilt community will have the same structure as the one that existed prior to the collapse. Any future ecosystem configuration will be a function of the capacity of the system to tolerate and respond to perturbations (Van Meerbeek et al., 2021), as well as the changing environmental conditions and human pressures that it is exposed to. The importance of these drivers cannot be understated. The changes in the NL ecosystem coincided with similar regime shifts in other northern marine ecosystems (Möllmann and Diekmann, 2012), and this synchrony has been associated with large-scale climate drivers. This exemplifies the major role that environmental changes can have on ecosystem functionality by setting boundary conditions for ecological processes. In a world increasingly defined by climate change, predicting future ecosystem trajectories and states becomes an increasingly difficult endeavor, and one that cannot be tackled without considering climate impacts.

The regime shift in the NL marine ecosystem is a classic example of a major ecosystem reorganization that has had significant ecological and socio-economic consequences (e.g., Steele et al., 1992; Bundy et al., 2009). However, our results indicate that overall differences in metrics between areas and along a depth gradient were far larger than any of the temporal trends in the 24-year study period. Metrics calculated across large environmental gradients and different habitats may average out specific temporal trends that occur in specific areas or habitats. This is particularly remarkable given the magnitude of the changes this ecosystem has experienced over time (e.g., Pedersen et al., 2017, 2020; Koen-Alonso and Cuff, 2018), and provides support to the idea that topographical and oceanographic characteristics provide major boundary conditions to the organization of these marine communities (NAFO, 2014; Pepin et al., 2014; Wells et al., 2017). Moreover, another factor possibly affecting diversity and allocation of species is the spatial variation in seabed sediment type, which is substantial in the study area (e.g., Piper, 1991). Indeed, the seabed sediment texture may impact fish and benthos diversity and community structure (e.g., Callaway et al., 2002; Schultz et al., 2015). The sediments of the shallow Grand Bank area are largely sandy, whereas deeper areas and areas further north mainly consist of mud and sandy mud (Piper, 1991). Muddy sediments in the north facilitate higher benthic oxygen consumption than sandy sediments on the Grand Bank (Grant et al., 1991), possibly resulting in a higher benthic production and increased potential for diverse fish communities in these areas. Although our current data do not allow for explicit analyses of the impact of seabed type on the fish community structure in the NL ecosystem, this topic represents an interesting path for follow-up investigations.

As this evidence of large-scale climate connections across marine ecosystems highlights some challenges, it also reveals opportunities. The general similarity in the responses across ecosystems (Möllmann and Diekmann, 2012) also indicates likely commonalities in the processes that regulate their dynamics. This provides a way for gaining knowledge on how ecosystems may respond to future perturbations, not just through comparative studies using metrics like the ones considered here, but also complementing those with integrated modelling of multiple ecosystems sharing common regulatory mechanisms (e.g., Koen-Alonso et al., 2021).





5 Conclusions

While ecosystem collapses or regime shifts can occur abruptly, their recovery is often a slow and non-homogenous process in space and time, and depend on the components involved (e.g., Lotze et al., 2011; Robertson et al., 2021). Assessments of the recovery phase following major ecosystem perturbation is key to allow for more efficient management of both ecosystem sustainability and economic and societal concerns (e.g., Kelly and Harwell, 1990). Our study documents the 1995-2018 post-collapse period of the NL ecosystem, and shows the utility of considering a range of complementary diversity metrics, including taxonomic and functional diversity using weighted and unweighted metrics, to capture the multifaceted nature of ecosystem changes. Our results describe a slow recovery process that has different characteristics between NLS and SGB, highlighting that different ecosystem components (e.g., groundfish vs. broader community) respond at different rates. Moreover, the most prominent changes occurred within a relatively narrow depth range at the upper shelf break. While several metrics were partly redundant, all metrics displayed different spatio-temporal patterns. For instance, the temporal variation in species richness was limited, whereas the number of species increased with depth. On the other hand, unweighted community-weighted means of body length and trophic level displayed increasing values at the upper shelf break throughout the study period, whereas corresponding biomass-weighted metrics increased more strongly, but only in later years. These differences between weighted and unweighted metrics indicate that changes in the structure of this demersal community were occurring from the beginning of the study period in both areas, whereas the biomass recovery of large predators started a decade later. Furthermore, unweighted functional dispersion, a metric of functional diversity, also increased over time, indicating that the ecosystem recovered from a collapse that affected functionality of the entire fish community, not only commercially exploited species. This paper thus highlights how a suite of community-level diversity metrics can be applied in order to assess post-collapse biodiversity trends, in space and time. Further, the paper provides additional support for the importance of physical and environmental conditions in setting up boundaries for ecological process, which emphasizes the role of future ocean climate in defining how this recovery process will proceed.
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