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Abstract :

Describing the spatial and temporal dynamics of communities is essential for understanding the impacts
of global environmental change on biodiversity and ecosystem functioning. Trait-based approaches can
provide better insight than species-based (i.e. taxonomic) approaches into community assembly and
ecosystem functioning, but comparing species and trait dynamics may reveal important patterns for
understanding community responses to environmental change. Here, we used a 33-year database of fish
monitoring to compare the spatio-temporal dynamics of taxonomic and trait structure in North Sea fish
communities. We found that the majority of variation in both taxonomic and trait structure was explained
by a pronounced spatial gradient, with distinct communities in the southern and northern North Sea related
to depth, sea surface temperature, salinity and bed shear stress. Both taxonomic and trait structure
changed significantly over time; however taxonomically, communities in the south and north diverged
towards different species, becoming more dissimilar over time, yet they converged towards the same
traits regardless of species differences. In particular, communities shifted towards smaller, faster growing
species with higher thermal preferences and pelagic water column position. Although taxonomic structure
changed over time, its spatial distribution remained relatively stable, whereas in trait structure, the
southern zone of the North Sea shifted northward and expanded, leading to homogenization. Our findings
suggest that global environmental change, notably climate warming, will lead to convergence towards
traits more adapted for novel environments regardless of species composition.
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Introduction

Evaluating the spatial and temporal dynamics of fish communities is crucial for
understanding and predicting the impacts of global environmental change on marine
ecosystem functioning and services (Frainer et al., 2017; Givan, Edelist, Sonin, & Belmaker,
2018; Holmlund & Hammer, 1999; Worm et al., 2006). Fishes are the dominant vertebrates
in marine food webs and strongly influence ecosystem processes such as nutrient cycling,
carbon storage, water quality, and habitat maintenance (Allgeier, Burkepile, & Layman,
2017; Bascompte, Melidn, & Sala, 2005; Holmlund & Hammer, 1999; Villéger, Brosse,
Mouchet, Mouillot, & Vanni, 2017). In recent decades, ocean warming has profoundly
impacted marine fish communities (Cheung, Watson, & Pauly, 2013; Flanagan, Jensen,
Morley, & Pinsky, 2019; Fossheim et al., 2015; Wernberg et al., 2016). Examining spatial
and temporal changes in fish communities under warming can provide insight into ecological
responses to climate change, and how ecosystem structure may change in the future (Auber,
Travers-Trolet, Villanueva, & Ernande, 2015; Beukhof, Dencker, Pecuchet, & Lindegren,
2019; Dencker et al., 2017). Additionally, observational studies can provide robust results for
understanding community dynamics and improving predictive models (Mouillot, Graham,
Villéger, Mason, & Bellwood, 2013; Suding et al., 2008). Thus, examining fish community
dynamics over the last 20-30 years may be particularly useful for understanding how climate
change will affect marine ecosystem structure and functioning.

While marine ecologists have traditionally used species-based (i.e., taxonomic)
approaches to assess fish community dynamics, trait-based approaches may better reveal
mechanisms structuring communities (Tillin, Hiddink, Jennings, & Kaiser, 2006; Bremner,
Rogers, & Frid, 2003; McLean, Mouillot, & Auber, 2018). In place of species or taxa, such
approaches use bio-ecological traits that characterize organisms’ responses to environmental

change or effects on ecosystem processes (Diaz & Cabido, 2001; Mouillot, Graham, Villéger,
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Mason, & Bellwood, 2013). Over the last few decades, and especially in recent years, trait-
based approaches have been shown superior to taxonomic approaches for examining
community assembly and ecosystem functioning (Lavorel & Garnier, 2002; Mouillot,
Graham, Villéger, Mason, & Bellwood, 2013; Pecuchet et al., 2017; Sakschewski et al.,
2016; Weiher & Keddy, 1995). Yet, examining changes in taxonomic and trait diversity
simultaneously may best describe community dynamics (Dencker et al., 2017; Monnet et al.,
2014; Villéger et al., 2010). For instance, changes in species composition may not lead to
changes in trait diversity if loser species are replaced by species with similar traits (Clare,
Robinson, & Frid, 2015; Villéger et al., 2010; White, Montgomery, Storchova, Hotdk, &
Lennon, 2018). Conversely, declines of a few rare species with unique trait values may have
major impacts on trait diversity without notable changes in species composition (Mouillot et
al., 2014; Mouillot et al., 2013; Violle et al., 2017).

A variety of studies have documented biotic homogenization in marine and terrestrial
communities in response to anthropogenic pressure and climate change (Devictor et al., 2008;
Magurran, Dornelas, Moyes, Gotelli, & McGill, 2015; Richardson, Graham, Pratchett,
Eurich, & Hoey, 2018). In particular, homogenization of species’ traits (i.e., ‘functional
homogenization’) is leading to losses in biodiversity and likely ecosystem functioning given
links between organismal traits and ecosystem process (Devictor et al., 2008; Olden, LeRoy
Poff, Douglas, Douglas, & Fausch, 2004). For example, in many ecosystems specialist
species with unique functional roles are being replaced by generalists more adapted to
disturbed environments (Clavel, Julliard, & Devictor, 2011), and such losses could
deteriorate ecosystem services (Clavel et al., 2011; Devictor et al., 2008; Mouillot et al.,
2013). However, most studies have examined biotic homogenization through species-based
approaches, which offer less insight for understanding the mechanisms driving

homogenization and the consequences for ecosystem function. Yet, trait homogenization
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often results from taxonomic homogenization, and the relationship between trait
homogenization and taxonomic homogenization is not entirely understood (Baiser &
Lockwood, 2011; White et al., 2018).

Here, using fish monitoring data spanning 33 years, we assessed and compared spatio-
temporal patterns of fish taxonomic and trait structure in the North Sea, specifically
examining how fish communities were spatially structured throughout the North Sea and how

these spatial patterns in taxonomic and trait structure have changed over time.

Materials and Methods

Study area

The North Sea is a continental shelf sea of northwestern Europe that is connected to the North
Atlantic Ocean through the Norwegian Sea in the north and the English Channel in the South.
The North Sea is a large and relatively shallow marine ecosystem with a surface area of
570,000 km? and depths generally between 30-50 m in the south and 50-100 m in the north
(Kenny, Skjoldal, Engelhard, Kershaw, & Reid, 2009). The ecosystem has a long history of
overfishing, particularly during the late 20™ century, with notable declines in species such as
cod, haddock, and whiting (Aadland, 1993; Frid, Harwood, Hall, & Hall, 2000; Gislason,
1994). The North Sea is considered a global warming hotspot, with temperatures rising at
nearly four times the global average (Hobday & Pecl, 2014), and has experienced
considerable climate impacts over the past thirty years, including major changes in fish
communities (Montero-Serra, Edwards, & Genner, 2014; Simpson et al., 2011). Recent
studies have also documented notable changes in trait diversity (Dencker et al., 2017;
Somerfield, Clarke, Warwick, & Dulvy, 2008), particularly in the southern North Sea

(McLean et al., 2018). However, long-term changes in spatial structure have not been fully
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examined and whether taxonomic and trait dynamics have followed similar trajectories

remains unknown.

Fish community data

Fish community data came from the International Bottom Trawl Survey (IBTS), an annual
monitoring campaign that uses stratified random sampling to survey fish communities in
approximately 150, 1° longitude x 0.5° latitude survey cells covering the entire North Sea
each year in early February. During each survey, a 3-m vertical opening bottom trawl (i.e.,
GOV trawl) with a 10-mm mesh codend is towed for 30 min at an average speed of 4 knots.
In each survey, fishes are identified and counted, and the resulting abundances are
standardized to numbers of individuals per km?. IBTS abundance data were obtained from the
International Council for Exploitation of the Sea (ICES). These data were extracted for the
period 1983 to 2015 for ICES areas 1Va, IVb and IVc, which together encompass the entirety
of the North Sea. The final fish abundance dataset included 130 taxa (115 species, 15
identified to genera only) across 154 survey cells over 33 years, for a table containing 130
columns and 4924 rows (some years did not include all 154 survey cells). Prior to all
statistical analyses, the entire table of species’ abundances (across all survey cells and years)

was logig(x+1) transformed.

Ecological traits

Selecting traits requires careful consideration because universal agreements do not exist on
trait number or importance, and trait choice ultimately determines research conclusions
(Lefcheck, Bastazini, & Griffin, 2015; Leps, de Bello, Lavorel, & Berman, 2006; Zhu et al.,
2017). Dee et al. (2016) and Mcqill et al. (2006) stated that trait choice should be based on

explicit hypotheses and Botta-Dukat (2005) and Petchey & Gaston (2006) stated that traits
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should reflect well-defined ecological roles or functions. Studies have shown that the ability
to predict community dynamics increases sharply with an increasing number of traits
(Frenette-Dussault, Shipley, Meziane, & Hingrat, 2013; Shipley, Laughlin, Sonnier, &
Otfinowski, 2011); however, Laughlin (2014) showed that predictive power saturates at
around eight traits. Here, nine traits related to life history, habitat use, and trophic ecology
were collected for each taxa. These included length and age at maturity, fecundity, parental
care, offspring size, water column position, thermal preference, trophic level, and trophic
guild (Table S1). Trait data came primarily from FishBase (Froese & Pauly, 2012),
Engelhard, Ellis, Payne, ter Hofstede, & Pinnegar (2011), and Pecuchet et al. (2017). Traits
encompassing life history, habitat use, and trophic ecology were chosen because they are
believed to mediate species’ responses to environmental change (Beukhof, Dencker,
Pecuchet, & Lindegren, 2019; McLean et al., 2018; Villéger et al., 2017). For instance, length
and age at maturity can mediate species’ environmental responses because they determine
growth rate, metabolism, and generation time (Brown, Gillooly, Allen, Savage, & West,
2004; Petchey, Beckerman, Riede, & Warren, 2008), Similarly, fecundity, offspring size, and
parental care determine population growth, dispersal capacity, and survivorship (Adams,
1980; Gross & Sargent, 2015; Keck et al., 2014; Lambert, 2008; Ware, 1975; Winemiller &
Rose, 1992). Trophic level and trophic guild determine species’ responses to resource
fluctuations and mediate predator-prey interactions and trophic cascades (Duffy et al., 2007;
Gravel, Massol, & Leibold, 2016; Huxel & McCann, 1998; Schneider, Brose, Rall, & Guill,
2016; Winemiller & Rose, 1992). Water column position influences species’ distributions,
mobility, and habitat requirements (Montero-Serra, Edwards, & Genner, 2014; Rijnsdorp,
Peck, Engelhard, Méllmann, & Pinnegar, 2009; Winemiller, Fitzgerald, Bower, & Pianka,
2015), and thermal preference dictates species’ tolerances to temperature changes (Dee et al.,

2016; Givan, Edelist, Sonin, & Belmaker, 2017). This set of traits was chosen to adequately
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characterize species’ ecological profiles without including redundant or overly-correlated
traits, and the maximum correlation among numeric traits was 0.59 (mean = 0.37), well
below proposed collinearity thresholds (Dormann et al., 2013). Additionally, missing trait
data was not an issue as the final dataset contained 98% of all possible trait values. Lastly,
here we used single, fixed trait values for each species, which cannot account for spatial or
temporal variation in species’ traits (e.g., fishing-induced size reduction) or trait plasticity;
however, the goal of this study was not to examine individual population demographics but
rather to examine how interspecific differences in species’ traits explain community
responses to environmental pressures.

To characterize trait-based community structure, we then calculated community-
weighted mean trait values (CWMs) for the entire dataset across all survey cells (143 — 154
per year) and years (33 years). CWMs are calculated as the abundance-weighted mean trait
values in the community, which result in single, numeric values for continuous traits, and
proportions for categorical traits. Because CWMs as averages, they reflect relative changes in

trait structure in the community rather than absolute increases or decreases.

Spatial vs temporal variation

To assess the relative importance of space vs. time in explaining the overall variation in both
taxonomic and trait-based community structure, we first applied redundancy analysis (RDA),
a multivariate method for examining the variation in a set of response variables (e.g., fish
communities) using a set of explanatory variables (Borcard, Gillet, & Legendre, 2011). For
taxonomic structure, we performed two separate RDAs with i) survey cells, and ii) years as
explanatory factors, and species’ abundances as dependent variables. For trait structure, we

applied the same RDAs but with CWM trait values as dependent variables.
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Spatial clustering

We then examined whether there were identifiable spatial clusters of taxonomic and trait
structure using K-means clustering, a least-squares partitioning method for finding data
groupings (Borcard et al., 2011). For both taxonomic and trait structure, we calculated the
mean community composition (species’ abundances or CWMs) for each survey cell for the
overall time series in order to apply K-means clustering across survey cells and identify
distinct spatial zones. For taxonomic structure, we used the Bray-Curtis distance, while for
trait structure we used the Euclidean distance. The optimal number of clusters was chosen

using the R package NbClust, which integrates multiple indices of cluster optimization.

Ordinations

Next, to examine overall spatio-temporal taxonomic and trait structure and to identify the
species and traits most associated with spatial and temporal community variation, we built
ordinations of the entire taxonomic and trait structure datasets. For taxonomic community
structure we used Principal Coordinates Analysis (PCoA), an ordination method that
transforms community data into a multidimensional space that best represents the overall
variation of the data (Borcard et al., 2011). PCoA was applied to a Bray-Curtis dissimilarity
matrix of species abundance data. This procedure created an ordination of all 4942
communities in the dataset (all survey cells across all years) with the relative positions and
distances of communities representing their taxonomic similarity. For trait structure, we first
standardized the CWM trait values (by subtracting each value from the mean and dividing by
the standard deviation, function scale in R) and then applied Multiple Factor Analysis
(MFA), an ordination method that can give equal weighting to all traits. Because categorical
traits have several groups (e.g., pelagic, benthopelagic, demersal) they can be over-weighted

by traditional ordination techniques that treat each trait group as an individual entity. As with
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PCoA, MFA created an ordination representing the trait similarity of all 4942 communities in

the dataset.

Environmental drivers of overall spatio-temporal variation

In order to contextualize fish community dynamics, we next identified the environmental
variables with the greatest associations with overall spatio-temporal variation in both
taxonomic and trait structure. This was accomplished using RDA with environmental
variables as explanatory factors and species’ abundances or CWM trait values as dependent
variables. For taxonomic structure, we specifically used distance-based redundancy analysis
(dbRDA) with the Bray-Curtis distance in order to avoid the problem of double zero
similarity in species’ abundances (Borcard et al., 2011), while for trait structure we used
RDA with the Euclidean distance. Environmental variables included depth, sea surface
temperature (SST), salinity, and bed shear stress (i.e., water velocity over the bottom). Depth
was recorded in-situ during fish community surveys. Mean-annual SST data for each survey
cell were derived from the Hadley Centre for Climate Prediction and Research’s freely
available HadISST1 database (Rayner et al., 2003). Salinity data came from the NORWegian
ECOlogical Model NORWECOM (Skogen, Svendsen, Berntsen, Aksnes, & Ulvestad, 1995).
Bed shear stress data came from a 3D hydrodynamic model developed by Aldridge & Davies

(1993).

Because a variety of data were unavailable prior to the late 1990s, we also ran
additional dbRDA and RDA analyses to identify the primary drivers of spatial community
structure. For these analyses we included not only depth, SST, salinity, and bed shear stress,
but also chlorophyll-a, suspended sediment, and fishing effort. Chlorophyll-a and suspended
sediment were derived from satellite data and were available from 1998 — 2015 (Gohin,

2011). Fishing effort (number of hours fished) by beam trawls and otter trawls came from
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Jennings et al. (1999) and was available for the period 1990 — 1995. Because our data
incorporated both demersal and pelagic species, we combined beam and otter trawls together
into total fishing effort. In order to conduct spatial analyses, for each variable, we calculated
the average value per survey cell for the overall time series available. Thus for depth, SST,
salinity, and bed shear stress, the value for each cell was the mean from 1983 — 2015, for
chlorophyll-a and suspended sediment the value was the mean from 1998 — 2015, and for
fishing effort the value was the mean from 1990 — 1995. Spatial RDAs were conducted for
both taxonomic and trait structure, and forward variable selection (R function ordistep) was
used to identify the most parsimonious models, and variable importance was assessed

according to adjusted R? values.

Temporal dynamics of spatial clusters

In order to examine the temporal dynamics of spatial clusters (see section ‘Spatial clustering’
above), for each year we first calculated the centroid (i.e., mean position) of all survey cells
for each cluster in the ordination spaces (PCoA for taxonomic, MFA for traits). We then
examined the temporal trajectories of each cluster in the ordination spaces and tested whether
clusters” community structures had significantly changed through time using linear
regressions of each cluster’s first and second axis positions (PCoA and MFA scores) against
time. To visualize overall spatio-temporal changes in taxonomic and trait structure, we then
generated annual krigging-interpolated maps of PCoAl and MFAL scores across the entire
North Sea. Next, to assess whether spatial clusters have become more or less similar through
time, for each year we calculated the Euclidean distance between cluster centroids in the
ordination spaces (across all n-dimensions) and tested whether or not distances between
clusters have increased or decreased using linear regressions. To further assess temporal

changes in spatial heterogeneity, we also examined annual i) Bray-Curtis taxonomic beta
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diversity and ii) trait-based beta diversity for the entire North Sea, and tested for changes
using linear regressions. Bray-Curtis taxonomic beta diversity was calculated using the R
function beta.multi.abund (Baselga, 2017). Trait-based beta diversity was calculated
following Chao et al. (2019) using the R function MultiFD.Beta, where beta diversity is a
modified version of Rao’s quadratic entropy that gives equal importance to species’ trait
differences and species’ abundances.

In order to identify the species and traits most strongly associated with temporal
changes in taxonomic and trait structure in each cluster, we next ran individual cluster-level
analyses. For each cluster, we applied partial redundancy analyses (pRDA), a form of RDA
(or dbRDA for taxonomic) that controls for and removes the influence of a confounding
variable. We applied pRDA to remove the influence of spatial variation within each cluster
and examine only temporal variation, and we extracted species and trait scores along the first
axis (the axis associated with time) to assess their contributions to overall temporal changes.
In the pRDA for trait structure, columns in the CWM trait table were weighted using trait
weights from the initial MFA analysis so that the individual groups within categorical traits
were not treated as individual traits themselves, but rather groups within a single trait (e.g.,
piscivore and planktivore within the trait trophic guild).

Lastly, to evaluate whether the location or extent of spatial clusters have shifted
through time, we applied K-means clustering to the entire taxonomic and trait datasets
(species abundance and CWM tables with 4942 rows) and then subsetted the data for each
year and examined changes in the mean latitude and surface area of each cluster through

time.
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Results

Spatio-temporal variation in taxonomic and trait structure

Initial RDAs revealed that overall variation in both taxonomic and trait structure was
overwhelmingly explained by space, indicating major differences in community structure
across sites that may have been maintained through time. Specifically, for taxonomic
structure, space explained 24 times more variation than time (56.1% vs. 2.3%), while for trait
structure space explained 16 times more variation than time (41% vs. 2.5%). K-means
clustering then identified two distinct spatial clusters in both taxonomic and trait structure
corresponding to the northern and southern areas of the North Sea (Figure 1). This further
indicated that the vast majority of spatio-temporal variation in both taxonomic and trait
structure in North Sea fish communities corresponded to pronounced spatial patterns.

The first PCoA axis of taxonomic structure captured 38.8% of the overall spatio-
temporal variation, while the first MFA axis of trait structure captured 36.7% of overall
variation (Figure 1). The environmental RDAs revealed that these patterns corresponded to a
north-south spatial gradient of depth, sea surface temperature, salinity, and bed shear stress,
which were all identified as significant explanatory factors (taxonomic dbRDA: F4 3417 = 360,
p < 0.001; trait-based RDA: Fs3417 = 362.1, p < 0.001; Figure 2). Taxonomic structure was
characterized by higher abundances of Norway pout (Trisopterus esmarkii), haddock
(Melanogrammus aeglefinus), long rough dab (Hippoglossoides platessoides), argentine
(Argentina spp.), grey gurnard (Eutrigla gurnardus), saithe (Pollachius virens), and mackerel
(Scomber scombrus) in the northern North Sea, which is deeper, colder (on average
throughout the year), and has higher salinity and lower bed stress, while sprat (Sprattus
sprattus), plaice (Pleuronectes platessa), dab (Limanda limanda), herring (Clupea harengus),
solenette (Buglossidium luteum), and flounder (Platichthys flesus) were more abundant in the

southern North Sea, which is shallower and warmer (on average) with lower salinity from
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river discharge and higher bed stress from tidal currents (Top 10% of weighted average
species scores, n=130 total; Figures 1-2). Overall variation in trait structure was characterized
by higher mean length at maturity, trophic level, age at maturity, and fecundity as well as
greater relative abundances of piscivores in the northern North Sea, while pelagics and
planktivores were relatively more abundant in the southern North Sea (Top 30% of trait

loadings, n=23 total; Figures 1-2).

Spatial drivers of fish community structure

The most parsimonious model of spatial taxonomic structure retained all variables, and
variable inflation factors did not exceed six (VIF threshold 10; see Borcard et al., 2011)
(dbRDA: F7123 = 31.7, p < 0.001; Figure S1a). Depth was by far the most important variable
in explaining spatial community structure (Rzad,- = 0.47), followed by SST (Rzad,- = 0.40),
chlorophyll-a (R = 0.39), salinity (R%j = 0.25), bed shear stress (R%g; = 0.19), suspended
sediment (Rzad,- = 0.11), and lastly fishing effort (Rzad,- = 0.07). Chlorophyll-a and suspended
sediment were substantially higher in the southern North Sea, while fishing pressure was also
highest in the southern North Sea and along the western coast (i.e., United Kingdom), with
relatively little fishing effort in the deep, northern North Sea (see Jennings et al., 1999).
Similarly, the most parsimonious model of trait structure included all variables except
suspended sediment (RDA: Fg 124 = 21.4, p < 0.001; Figure S1b). Again depth had the highest
contribution (R%g; = 0.32), followed by chlorophyll-a (R = 0.28), SST (R%yj = 0.27), salinity
(R%q; = 0.19), bed shear stress (R%q; = 0.15), and lastly fishing effort (R%yg; = 0.06). Thus, fish
communities in the northern North Sea were associated with not only deeper, colder waters
but also lower primary productivity and lower fishing effort, while communities in the
southern North Sea were associated with shallower, warmer waters with higher primary

productivity and greater fishing effort. Lastly, to examine the potential influence of
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aggregating total fishing effort, we additionally re-ran spatial analyses with beam trawls and

otter trawls separately, and both analyses provided the same results as total fishing effort.

Temporal changes in taxonomic and trait structure

Taxonomically, we found that both the southern and northern North Sea changed
significantly in species composition over time, as the southern cluster shifted along both
PCoA1l and PCoA2 (PCoAl: Fy3 = 73.3, p < 0.001; PCoA2: Fy3; = 32.4, p < 0.001), and the
northern cluster shifted along PCoA2 (F131 = 290.4, p = <0.001; Figure 3). These changes
were also evident for ecological traits, as both the southern and northern cluster shifted
significantly in trait composition along both MFAL1 and MFA2 over time (southern MFAL:
Fi131 = 97.8, p < 0.001, southern MFA2: F13 = 18.3, p < 0.001; northern MFAL: Fy3; =
281.1, p < 0.001, northern MFA2: F;3; = 50.4, p < 0.001; Figure 3). However, the taxonomic
clusters appeared to move further apart along PCoAl, indicating divergence in community
structure between the southern and northern areas, whereas trait-based clusters seemed to
converge, potentially becoming more similar through time (Figure 3). Kriging-interpolated
maps of PCoA and MFA scores then clearly highlighted the taxonomic divergence and trait
convergence of fish communities, as the southern and northern North Sea became
progressively more dissimilar taxonomically, but both areas shifted toward similar trait
values (MFA scores) (Figure 4). Examining temporal trends in Euclidean distances between
cluster centroids in ordination spaces then confirmed that taxonomic clusters became
significantly more dissimilar through time (F131 = 19.3, p < 0.001), while trait-based clusters
became significantly more similar (F131 = 4.8, p < 0.05; Figure 5). Additionally, by
examining temporal trends in taxonomic and trait-based beta diversity for the entire North

Sea, we found that the overall ecosystem has become more dissimilar in taxonomic structure,
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but more similar in trait structure (Bray-Curtis beta: F; 3; = 56.14, p < 0.001,; trait-based beta:
F131 = 6.5, p <0.05; Figure 5).

Interestingly, examining cluster movements alongside environmental variables further
indicated that despite taxonomic divergence, both trait-based clusters shifted towards
communities more associated with higher SSTs (Figures 1-3). Species scores from individual
cluster analyses (partial dbRDAs) then showed that the southern North Sea became
progressively more characterized by solenette (Buglossidium luteum), sprat (Sprattus
sprattus), grey gurnard (Eutrigla gurnardus), scaldfish (Arnoglossus spp.), and anchovy
(Engraulis encrasicolus), and less characterized by poor cod (Trisopterus minutus) and cod
(Gadus morhua), while the northern North Sea became more characterized by grey gurnard
(Eutrigla gurnardus), horse mackerel (Trachurus trachurus), hake (Merluccius merluccius),
argentine (Argentina spp.), poor cod (Trisopterus minutus), and dragonet (Callionymus spp.),
and less characterized by haddock (Melanogrammus aeglefinus) (Top 5% of species scores;
Figure S2). However, both clusters shifted primarily toward the same traits, becoming
progressively more characterized by higher thermal preferences, pelagic water-column
position, lower length at maturity, lower trophic level, and lower fecundity. Additionally, the
southern North Sea became relatively less characterized by piscivores and species with
pelagic eggs, while the northern North Sea became more characterized by lower age at
maturity and less characterized by benthopelagic water-column position (Top 30% of trait

loadings; Figure S3).

Changes in the extent and location of spatial clusters
Although both taxonomic clusters exhibited changes in community structure over time, only
the northern cluster changed significantly in mean latitude, moving, on average, slightly

northward (Fi3; = 46, p < 0.001). However, the southern cluster expanded significantly in
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surface area over time (F13; = 35.6, p < 0.001), while the northern cluster retracted slightly
(F131 = 6.6, p < 0.05; Figure S4). For trait structure, both the southern and northern cluster
shifted significantly northward over time (southern: Fy3; = 35.4, p < 0.001; northern: Fy3; =
82.5, p < 0.001), leading to a marked expansion of the southern cluster (F13; = 103.7, p <
0.001), and a reduction of the northern cluster (Fy3; = 72.3, p < 0.001; Figure S5). While both
taxonomic and trait-based clusters shifted in spatial location and extent over time, the trait-
based changes were much greater, as the surface area of the northern cluster was originally
two times larger than the southern cluster, but became slightly smaller than the southern

cluster by the end of the time series (Figure 4, Figure S5).

Discussion

Here, using long-term, spatially-resolved survey data, we documented strikingly similar
spatial patterns in taxonomic and trait structure in North Sea fish communities, with distinct
southern and northern clusters; however, the temporal dynamics of these clusters differed
substantially. We found that the southern and northern North Sea converged toward similar
trait structures despite diverging in species composition through time. Additionally, as the
southern and northern areas became homogenized in ecological traits, the southern area
expanded northward, significantly altering spatial structure. These results have important
implications, demonstrating that communities may respond to environmental change by
converging toward trait structures better-suited to novel environments. Hence, fish
communities under similar environmental pressures appear capable of converging toward
similar trait structures even through changes in entirely different species. While such results
have been observed in experimental plant communities (Fukami, Martijn, Mortimer, &
Putten, 2005), ours is a novel example showing temporal trait convergence in marine fish

communities driven by taxonomically different species.
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As a global warming hotspot (Hobday & Pecl, 2014), the North Sea has been heavily
impacted by temperature rise over the last few decades, with documented increases in fishes
with small body sizes and fast life history strategies, particularly pelagic species (Beukhof,
Dencker, Pecuchet, & Lindegren, 2019; McLean et al., 2018; Pecuchet et al., 2017; Simpson
et al., 2011). Previous studies have suggested that such species can rapidly track
environmental changes due to short generation times, fast population turnover, and by
producing small, pelagic larvae with high dispersal rates (McLean, Mouillot, Goascoz,
Schlaich, & Auber, 2019; Rijnsdorp, Peck, Engelhard, Mdllmann, & Pinnegar, 2009). These
species are further believed to have greater long-term adaptive and evolutionary capacity
given their quick population turnover and greater potential for rapid natural selection
(Rijnsdorp et al., 2009). Beyond changes in life history traits, we also found that communities
converged toward species with higher thermal preferences. Our results therefore suggest that
North Sea fish communities are converging toward species’ with traits more adapted to
warmer conditions (Buisson, Grenouillet, Villéger, Canal, & Laffaille, 2013; Fukami,
Martijn, Mortimer & Putten, 2005; Molinos et al., 2016). Previous studies have suggested
that as natural selection acts on species’ traits associated with fitness, environmental filters
should push communities toward similar traits if those traits are well-adapted for
environmental conditions, irrespective of the species carrying them (Fukami, Martijn,
Mortimer & Putten, 2005; Weiher & Keddy, 1995; Winemiller, Fitzgerald, Bower, & Pianka,
2015). Additionally, modelling-based studies have suggested that trait convergence and trait
homogenization are likely under climate change, as trait diversity may diminish through
declines in specialists and increases in generalists (Buisson et al., 2013). Our results therefore
support prior literature hypothesizing trait convergence in communities exposed to climate

warming.

This article is protected by copyright. All rights reserved.



Taxonomically, we found that the northern North Sea became progressively more
‘north-like’ while the south became progressively more ‘south-like’, leading to overall
divergence in community structure. This result suggests that taxonomic changes were driven
not only by increases in existing populations, but also by influxes of fishes through the North
Atlantic (around Scotland) and English Channel. While both the north and south became
increasingly characterized by small, fast-growing pelagics with higher thermal preferences,
this was driven more so by horse mackerel and argentine in the north and by sprat and
anchovy in the south. Previous studies have demonstrated major increases in horse mackerel
in the northern North Sea in association with climate cycles and increases in chlorophyll a
(Reid, de Fatima Borges, & Svendsen, 2001). Beare et al. (2004) additionally documented a
long-term influx of species with warm southerly affinities coming from over the top of
Scotland. In the southern North Sea, McLean et al. (2018) documented a northward shift of
small pelagic fishes from the eastern English Channel, while Hiddink & Ter Hofstede (2008)
observed increasing species richness as warm southerly communities shifted northward over
time. Edwards, John, Hunt, & Lindley (1999) also documented an inflow of oceanic waters
and plankton into both the southern and northern North Sea in the late 1990s that likely
facilitated the influx of small pelagic fishes. Thus, as the ecosystem has changed and
environmental conditions have become more favorable for small, rapidly-growing fishes with
higher thermal preferences, different ‘winner’ species have likely shifted into the North Sea
through both the northerly and southerly openings, leading to taxonomic divergence through
time.

This study could not fully examine the potential impact of fishing pressure on spatio-
temporal patterns in taxonomic and trait structure, owing to a lack of long-term, spatially-
resolved fishing data. However, we were able to examine the spatial relationship between fish

community structure and fishing effort, using temporally-averaged data from available
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timeframes. We found that distinct spatial differences in fish community structure between
the southern and northern North Sea were also reflected in fishing effort, which was more
concentrated in the shallow, productive southern North Sea (Jennings et al., 1999). Pecuchet
et al. (2018) previously showed that fishing effort was related to the distribution of fish traits
in the North Sea; however, the authors concluded that fishing effort likely followed spatial
patterns in fish communities, because targeted and non-targeted species differ in trait
composition. Our results support this hypothesis, as higher fishing effort in the southern
North Sea likely reflected both higher accessibility, because the southern North Sea has a
greater coastline and is substantially shallower than the north, as well as higher year-round
primary productivity. Yet, it should be acknowledged that the data used here were limited to
a five-year time period and may not represent spatial trends in fishing pressure for the overall
time series, particularly as overall fishing effort has decreased in recent decades (ICES,
2018). Beukhof, Dencker, Pecuchet, & Lindegren (2019) also examined spatial and temporal
patterns in life history traits and concluded that temporal changes in certain traits, notably
body size, were likely influenced by fishing pressure. Thus, although it appears that fishing
effort followed accessibility and differences in biological production, historical fishing
pressure on large demersal fishes likely reinforced the increase in small, rapidly-growing
fishes in recent decades. Additionally, although mean thermal preferences have increased
throughout the North Sea as the ecosystem has warmed, the increase in small, opportunistic
species suggests that heavy exploitation has selected for more fishing-resilient species over
time. Assessing the long-term impacts of fishing pressure in different areas of the North Sea
would be a valuable extension of this study, and future studies on trait structure should aim to
disentangle the relative contributions of warming vs. fishing, particularly for informing

models.
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Previous studies examining taxonomic and trait changes in terrestrial communities
have found that biotic homogenization often results from intense land-use (e.g., farming, road
building), because wide-spread generalists can replace specialists following disturbance
(Newbold et al., 2018). In marine systems, intense bottom-trawling and coastal development
can degrade or eliminate important habitats that some species depend on, particularly
demersal species (De Groot, 1984; Sguotti, Lynam, Garcia-Carreras, Ellis, & Engelhard,
2016). In the southern North Sea, important habitats like oyster beds have been progressively
replaced by sand and gravel over time due to chronic human impacts (Callaway et al., 2002;
Houziaux, Fettweis, Francken, & Van Lancker, 2011). Thus, habitat loss and degradation
throughout the North Sea could have also contributed to trait homogenization by reducing the
relative abundance of specialist species and long-lived demersal species and by favoring
pelagic species with fewer habitat requirements.

Our findings provide insight for sustainable development that could be integrated into
predictive models estimating changes in community structure under climate change, as well
as fisheries and ecosystem-based management strategies. For example, combining data on
trait-environment relationships with habitat models may reveal how communities will unfold
in the future, with potential implications for ecosystem functioning (Buisson et al., 2013).
Future studies should therefore attempt to identify consistent trait-environment relationships
in combination with habitat modelling to predict future changes in trait structure across
regions with different species pools. With the emergence of trait-based approaches, fisheries
and ecosystem-based management should also move toward maintaining and managing the
trait structure of communities rather than on a species-by-species basis (Cadotte et al., 2011,
Dee et al.,, 2016; D’agata et al., 2016). Management strategies that incorporate predicted
changes in trait structure will be better able to anticipate how communities will respond to

exploitation regardless of species composition.
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Here, a trait-based approach uncovered important insights into community assembly
and environmental filtering that was not possible with a purely species-based approach, and
the ability to transcend species and apply findings across systems is an important strength of
trait-based ecology (Mcgill, Enquist, Weiher, & Westoby, 2006; Winemiller et al., 2015);
However, while we documented spatial shifts in trait structure over time, we are unable to
explain the potential consequences for the overall ecosystem, as studies linking fish traits to
ecosystem processes and functions are currently lacking (Villéger et al., 2017). We were also
unable to account for ontogenetic shifts in trait values or intraspecific trait variation, as we
used single, fixed trait values for each species. For instance, fishing pressure is known to
decrease size and age at maturity within species, and species may exhibit regional differences
in life history traits. Using single trait values per species does not permit incorporating such
demographic information. Additionally, we integrated multiple traits to examine the overall
spatio-temporal dynamics of fish community structure and did not evaluate the dynamics of
individual traits, however such approaches are useful for identifying key traits exhibiting the
greatest individual changes (Beukhof, Dencker, Pecuchet, & Lindegren, 2019; Engelhard et
al., 2011; Henriques et al., 2017). Future studies should also examine temporal changes in
spatial trait structure over larger geographic scales using multi- and single-trait approaches to
identify macro-ecological shifts in trait structure and whether certain traits are shifting or
retreating poleward (Frainer et al., 2017). As with all trait-based studies, trait choices
ultimately determine research conclusions, and if we had used a different set of ecological
traits we may have reached different conclusions. Thus, while the findings of this study
appear broadly applicable, our results are limited to the set of traits (and species) used and to
the spatial and temporal scales examined. Finally, while this study examined and compared

spatio-temporal trends in taxonomic and trait-based community structure, we were unable to

This article is protected by copyright. All rights reserved.



fully assess the relative importance of different environmental drivers (e.g., climate vs.
fishing) due to a lack of spatially-resolved, long-term data.

While more studies are using trait-based approaches, few have compared long-term
spatio-temporal patterns between taxonomic and trait structure. Our results show that fish
communities are likely to shift toward trait structures associated with emerging
environmental conditions, and that this can be achieved through entirely different species
pools. As global environmental change continues, trait convergence and homogenization are
likely to occur in similar environments worldwide, particularly as communities shift toward

trait structures more adapted to warming conditions.
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Figure legends

FIGURE 1 Maps and ordination biplots showing overall spatio-temporal variation in
taxonomic (a-c) and trait structure (d-f) in North Sea fish communities. Maps show northern
and southern spatial clusters in taxonomic (a) and trait (d) structure, biplot vectors show the
most contributive species (b) and traits (e), and all sites across all time periods are plotted and
colored by spatial clusters along with the distribution of points in each cluster on the first
axes of the ordinations (c, f).

FIGURE 2 Ordination biplots showing relationships between environmental variables and
overall spatio-temporal variation in taxonomic (a-d) and trait structure (e-h) in North Sea fish
communities. Adjusted R? values from redundancy analyses are indicated in the upper-left
corner of each plot.

FIGURE 3 Temporal trajectories of southern and northern taxonomic (a) and trait-based (b)
clusters in the PCoA and MFA ordination spaces. Cluster positions each year (circles) are
shown along the first two axes of ordination spaces and are colored by a temporal gradient
from 1983 to 2015.

FIGURE 4 Temporal krigging-interpolated maps of taxonomic PCoAl scores (a) and trait-
based MFAL scores (b) showing taxonomic divergence and trait convergence of North Sea
fish communities.

FIGURE 5 Temporal changes in spatial dissimilarity in taxonomic and trait structure of
North Sea fish communities. Panels a and ¢ show temporal changes in the Euclidean distance
between cluster centroids in the ordination spaces (PCoA for taxonomic, MFA for traits).
Panels b and d show temporal changes in taxonomic (Bray-Curtis) and trait-based (modified
Rao’s Quadratic Entropy) beta diversity for the entire North Sea. Dotted lines indicate best
fits from linear regressions and R? values are indicated in the upper-left corner of each plot.
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