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Abstract :
While climate change is rapidly impacting marine species and ecosystems worldwide, the effects of
climate warming on coastal fish nurseries have received little attention despite nurseries’ fundamental
roles in recruitment and population replenishment. Here, we used a 26‐year time series (1987–2012) of
fish monitoring in the Bay of Somme, a nursery in the Eastern English Channel (EEC), to examine the
impacts of environmental and human drivers on the spatial and temporal dynamics of fish functional
structure during a warming phase of the Atlantic Multidecadal Oscillation (AMO). We found that the
nursery was initially dominated by fishes with r‐selected life‐history traits such as low trophic level, low
age and size at maturity, and small offspring, which are highly sensitive to warming. The AMO, likely
superimposed on climate change, induced rapid warming in the late 1990s (over 1°C from 1998 to
2003), leading to functional reorganization of fish communities, with a roughly 80% decline in overall fish
abundance and increased dominance by K‐selected fishes. Additionally, historical overfishing likely
rendered the bay more vulnerable to climatic changes due to increased dominance by fishing‐tolerant,
yet climatically sensitive species. The drop in fish abundance not only altered fish functional structure
within the Bay of Somme, but the EEC was likely impacted, as the EEC has been unable to recover
from a regime shift in the late 1990s potentially, in part, due to failed replenishment from the bay. Given
the collapse of r‐selected fishes, we discuss how the combination of climate cycles and global warming
could threaten marine fish nurseries worldwide, as nurseries are often dominated by r‐selected species.
Keywords : Atlantic Multidecadal Oscillation, climate change, ecosystem function, English Channel,
fisheries, functional traits, life history, recruitment
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Climate change impacts are increasingly prevalent in marine ecosystems worldwide, with
documented shifts in species’ distributions and community composition driven by increasing
temperatures, reduced oxygen, and ocean acidification (Shaffer et al., 2009; Sunday et al.,
2016; Givan, Edelist, Sonin, & Belmaker, 2018; Nash et al., 2017). Such climate change
impacts are further expected to increase in frequency and severity under current projections
of carbon dioxide emissions and ongoing warming (Comte & Olden, 2017; Henson et al.,
2017). However, as recent climate change has been exceptionally rapid (Bradshaw &
Holzapfel, 2006; Loarie et al., 2009; Schofield et al., 2010; Burrows et al., 2011) with more
frequent extreme events (Diffenbaugh et al., 2017; Frölicher, Fischer, & Gruber, 2018;
Hughes et al., 2018), scientists are only beginning to understand the many different ways
global warming can impact ecosystems and communities, and latent impacts have likely gone
undocumented.
As most studies have examined the impacts of climate warming on ecological

communities through species-based approaches (Poloczanska et al., 2013; Wiens, 2016), it
remains relatively unknown how increasing temperatures might alter communities’ functional
structures (i.e., the composition of species’ functional traits) (Frainer et al., 2017).
Functional-trait approaches are particularly valuable for understanding climate change
impacts as environmental change affects organisms through their functional characteristics
(e.g., diet, habitat preference, life-history), which have known links to ecosystem processes
(Buisson et al., 2013; Gallagher et al., 2013; Villéger et al., 2017). Understanding how
ecosystem functioning could change under future warming is critical to maintaining
ecosystem services, and therefore studies assessing the functional responses of fish
communities to climate change are urgently needed.
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Marine fish nurseries are critical habitats for maintaining ecosystem diversity and

Accepted Article

productivity because they act as population sources for larger ecosystems via recruitment and
replenishment (Beck et al., 2001; Gillanders et al., 2003; Dahlgren et al., 2006; Vasconcelos
et al., 2010). For example, mangrove and lagoon nurseries make substantial contributions to
adult populations in nearby ecosystems, as they provide productive structural habitats suitable
for rapid growth and maturation (Nagelkerken et al., 2017; Tournois et al., 2017). Thus,
changes in fish nurseries could have major impacts in larger, adjacent ecosystems.
Furthermore, nurseries could be particularly sensitive to climate warming as they are depthlimited and likely to warm quickly with limited inertia to temperature fluctuations (Dulvy et
al., 2008; Rutterford et al., 2015). However, the impacts of climate warming on fish
functional structure and ecosystem functioning in marine nurseries have been surprisingly
understudied, and few studies have disentangled the impacts of climatic and human pressures
in such ecosystems. (Nicolas, Lobry, Le Pape, & Boët, 2010 ; Petitgas et al., 2013; Chevillot
et al., 2016; Sloterdijk et al., 2017).
In the present study, we assessed the influences of environmental drivers and fishing

on the spatial and temporal dynamics of fish functional structure in the Bay of Somme, an
estuary in northwestern France that provides a nursery habitat for the Eastern English
Channel. By examining communities in the Bay of Somme through a functional-trait
approach, we found that the nursery was inherently susceptible to climate warming, as
communities were initially dominated by fishes with environmentally-sensitive life-history
traits. Consequently, fish functional structure changed significantly over time in parallel to
exceptional sea surface warming, which was likely exacerbated by historical overfishing. Our
study fills a critical knowledge gap by highlighting how climate warming can impact fish
nurseries over long time periods, providing valuable information for fisheries management
and conservation planning.
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Materials and Methods
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Study site and fish community sampling
The Bay of Somme is an estuary of the Eastern English Channel (EEC), which provides a
nursery for several commercially-important marine fish species such as plaice, sole, and
herring (Rybarczyk et al., 2003; Le Pape, 2005; Auber et al., 2017). The Bay of Somme is the
second largest (of five) major fish nurseries in the EEC and is representative of regional
estuary habitats (Le Pape, 2005). The bay forms the mouth of the Somme River, but is
primarily a marine ecosystem with an estuary habitat limited to the river channel (Rybarczyk
et al., 2003; Auber et al., 2017). The bay has an intertidal surface of more than 50 km2 with a
maximal tidal range of 11 m and an average tidal volume of 200 × 10 6 m3 (Rybarczyk et al.,
2003). The main river input comes from the Somme River, which has an estimated average
runoff of 33.6 m3s-1 (Rybarczyk et al., 2003). Fish communities in the bay have been
surveyed in late summer each year since 1987 during the NOURSOM fish monitoring
campaign, and data from 1987 to 2012 were included in this study. Fish survey methods were
defined according to three depth zones: inner bay from the shoreline to the mouth of the bay,
0 – 5 m deep in the outer bay, and 0 – 11 m deep in the outer bay (Figure 1). The monitoring
campaign aimed to complete 44 hauls each year (based on feasibility): 16 hauls in the inner
bay using a beam trawl with a 2-m horizontal opening (CP2), and 28 hauls in each zone of
the outer bay using a beam trawl with a 3-m horizontal opening (CP3). The vertical opening
was 0.31 m for CP2 trawls and 0.42 m for CP3 trawls, while the stretched mesh size was 20
mm for both. All CP2 hauls lasted 7 minutes while CP3 hauls lasted 15 minutes. Trawls were
conducted during daylight hours at an average speed of 2.5 knots. Within each haul, fishes
were identified and counted and all abundance values were standardized to numbers of
individuals per km2.
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Environmental factors
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We examined both local environmental factors as well as Atlantic-wide climate oscillations
known to alter environmental conditions across multiple spatial scales (Dickson, 2000;
Edwards et al., 2013). Local environmental factors included depth, sea surface temperature
(SST), salinity, chlorophyll-a, suspended sediment, and bed shear stress (i.e., water velocity
along the bottom), all of which have well-documented influences on the structure and
distribution of marine fish communities (Bœuf & Payan, 2001; Beaugrand, 2004; Hermant,
Lobry, Bonhommeau, Poulard, & Le Pape, 2010; Kjelland et al., 2015). Depth and salinity
were measured in-situ during the NOURSOM survey. Spatially-resolved data for SST,
chlorophyll-a and suspended sediment were derived from satellite data for the period 1998 –
2012 (Gohin, 2011) and bed shear stress was taken from a 3D hydrodynamic model
developed by Aldridge & Davies (1993). These data were used for spatial analyses only. For
temporal analyses, mean-annual SST for the entire bay was derived as the average of all
sources available for the entire time series. These included the HadISST database (Rayner et
al., 2003), the kriging-interpolated Ifremer AVHRR/Pathfinder database (Saulquin & Gohin,
2010), in-situ measurements recorded during the ecological monitoring campaign of the
Penly Nuclear Power Plant (NPP; mean of April, July, and September) (Cochard, 2002), and
in-situ measurements taken during Ifremer plankton monitoring campaigns (mean of May
and June) (Ifremer unpublished data). Mean-annual salinity was derived as the average of insitu measurements taken during the Penly NPP and Ifremer plankton monitoring campaigns.
Both mean-annual chlorophyll-a and suspended sediment were measured in-situ during the
Penly NPP environmental monitoring campaign (Cochard, 2002).
The North Atlantic Oscillation (NAO) and Atlantic Multidecadal Oscillation (AMO)

are naturally-occurring, basin-wide climate oscillations that influence sea surface
temperatures and oceanographic processes across the North Atlantic Ocean (Dickson, 2000;
This article is protected by copyright. All rights reserved.

Edwards et al., 2013). Specifically, the NAO is an alteration of atmospheric mass over the

Accepted Article

North Atlantic, which is characterized by warm, wet conditions during positive phases and
cold, dry conditions during negative phases (Dickson, 2000; Hurrell et al., 2003), while the
AMO is a 60 – 80-year cycle of North Atlantic sea surface temperatures (Enfield et al.,
2001). Such basin-wide climate oscillations have been shown to impact ecosystem processes
and biodiversity at local spatial scales, including estuaries (Hallett et al., 2004; Tolan, 2007).
Annual values of both the NAO and AMO (unsmoothed) came from the National
Oceanographic and Atmospheric Administration (NOAA, US).

Fishing pressure
The Bay of Somme has no local commercial fishery (outside of a small shrimp harvest), and
there have been nearly no commercial landings in the bay in the last 40 years (Dreves et al.
2010). Although there is no local fishery, as the bay provides a nursery for the EEC, fishing
in the EEC has a potential impact on fish communities in the bay. Fishing pressure indices at
the community and gear-type level were unavailable for the EEC prior to 2000. While fishing
mortality indices are available, they are limited to few quantitatively-assessed commercial
species. However, long-term fisheries landings data in the EEC were available for 34 (of 52;
see fish functional structure below) Bay of Somme taxa for 1987 – 2010. Annual fisheries
landings (tons per year) for each species for the entire EEC (International Council for
Exploitation of the Sea [ICES] area VIId) were therefore extracted from the ICES catch
statistics database (ICES).

This article is protected by copyright. All rights reserved.

Fish functional structure
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We characterized fish functional structure using nine traits related to life history, habitat use,
and trophic ecology (Table 1). Functional trait data came primarily from FishBase (Froese &
Pauly, 2012), Engelhard et al., (2011), and Pecuchet et al., (2017). A literature search was
also conducted to find missing trait values not available in the above sources. We compiled
functional trait data for all observed species and taxonomic groups for which data were
available, resulting in 52 taxa (48 species, 4 identified to genus level only; Appendix 1). The
final trait database had only 5 missing values out of 468 possible (9 traits x 52 taxa)
(Appendix 1). Temperature preference was calculated as the median sea surface temperature
of a species’ occurrences across its global range of observations for which data were
available. Occurrence data came from FishBase, the Global Biodiversity Information Facility
https://www.gbif.org/, and the Ocean Biogeographic Information System http://iobis.org/.
We first generated a table of community-weighted mean (CWM) trait values using

log10(x+1) transformed abundances and standardized traits for all sampling locations and
years for the entire Bay of Somme. We then ran preliminary analyses to determine the
relative importance of spatial and temporal dynamics in explaining overall variation in fish
functional structure. For these preliminary analyses, we aggregated sampling locations to
fifteen spatial sites by rounding the latitude and longitude of each sampling location to the
nearest tenth of a degree, which created an evenly-spaced spatial grid. Aggregating sampling
locations to evenly-spaced sites was necessary to examine spatial variation as sampling
locations were never re-sampled, and each sampling location corresponded to one row in the
dataset. To determine the relative importance of space and time we used redundancy analyses
(RDA) with i) aggregated spatial sites and ii) years as single explanatory factors. RDA is a
method for examining the variation in a set of response variables (i.e., fish communities)
using a set of explanatory variables, and is conceptually synonymous to multivariate
This article is protected by copyright. All rights reserved.

regression (Borcard et al., 2011). The initial RDA analyses revealed that spatial dynamics
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explained 26.3% of overall variation, while temporal dynamics explained 5.6%, indicating
strong spatial heterogeneity masking temporal changes. We therefore first examined spatial
fish functional structure to determine how functional groups were distributed across the bay.
Spatial functional structure was examined by applying K-means clustering to the entire CWM
trait table with all sampling locations across all years (the R-package nbclust was used to
determine the optimal number of clusters) and SIMPER analysis was used to characterize
differences between the resulting clusters. K-means clustering is a least squares partitioning
method for finding data groupings, while SIMPER assesses the contribution of individual
variables to the dissimilarity between groups (Clarke, 1993; Borcard et al., 2011). Initial
analyses revealed strong spatial differentiation between two clusters corresponding to innerbay and outer-bay communities (Figure 1; Figure S1) and we therefore proceeded by
examining fish functional structure in each cluster individually, to examine temporal
dynamics without the overwhelming effect of spatial heterogeneity.
To further characterize overall fish functional structure, we also built a

multidimensional functional-trait space, where species are arranged according to their
functional relatedness (Mouillot et al., 2013). The functional space was created by applying
principal coordinates analysis (PCoA) to a Gower dissimilarity matrix of the species by
functional trait table for the entire Bay of Somme, and was primarily examined using the first
two principal coordinate axes, which cumulatively explained 54% of the total variance. PCoA
is an ordination method for examining similarity among objects by transforming a
dissimilarity matrix into a multidimensional space (Borcard et al., 2011). Building a
functional space allows visualizing overall functional structure, determining whether changes
in functional structure are driven by few or several species, and identifying similarities
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among impacted species. Functional space was built with PCoA as this ordination method is
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compatible with Gower’s distance, which can integrate multiple types of traits.
Temporal functional dynamics were examined by applying principal component

analysis (PCA) to an annual CWM trait table for each cluster. PCA is an ordination method
used to visualize the structure of a dataset and identify similarities or patterns among objects
(Borcard et al., 2011). In contrast to PCoA, PCA uses similarity matrices (e.g., Euclidean)
with continuous data. Significant changes in temporal functional structure were assessed by
testing for changes in the first and second PCA axes using linear regressions. PCA loadings
(functional traits most associated with PCA axes) were then examined to determine which
functional traits best explained temporal variation, and the dynamics of each trait were tested
using linear regressions to identify which traits significantly increased or decreased in relative
abundance through time. We further examined temporal changes in functional structure by
examining changes in species’ abundances in the functional space and by calculating annual
abundance-weighted community centroids.

Influences of environmental factors on spatial fish functional structure
We tested the influences of environmental factors in driving spatial variation in fish
functional structure between clusters using a partial redundancy analysis (pRDA) designed to
control for and remove the influence of temporal variation. pRDA is a constrained RDA that
removes the effect of one or more explanatory variables prior to analysis (Borcard et al.,
2011). Spatially-resolved data were unavailable prior to 1998, and thus spatial environmental
variables represent the spatial regime for the time period 1998 – 2012. However, preliminary
analyses showed that spatial differences between clusters were maintained throughout the
entire time series (Figure S1), indicating consistent spatial variation in environmental drivers.

This article is protected by copyright. All rights reserved.

Spatial variables included depth, SST, salinity, chlorophyll-a, suspended sediment, and bed

Accepted Article

shear stress. Significance of the pRDA was tested using Monte-Carlo permutation tests and
the most parsimonious models were identified using forward selection according to Variance
Inflation Factors (VIF), F-statistics, and P-values (Borcard et al., 2011).

Influences of environmental factors on temporal fish functional structure
Spatially-resolved environmental data were unavailable prior to 1998; however, mean-annual
environmental data for the entire Bay of Somme were available for the overall time series.
We therefore examined temporal relationships between environmental variables and fish
functional structure in each overall cluster. We tested relationships between environmental
variables (AMO, NAO, SST, salinity, chlorophyll-a, and suspended sediment) and the first
principal component (PCA axis 1) of temporal fish functional structure in each cluster using
cross correlations of three-year moving averages (Figure 3b, c). Cross correlation identifies
significant correlations in time series while accounting for potential time lags between
variables, and thus can i) identify apparent cause-effect relationships because a causal
variable must come before an effect variable in temporal sequence, and ii) identify drivers
with time-lagged ecological effects. Moving averages were used to reduce stochastic
variation and highlight long-term tendencies. Cross correlations were first ran using standard
inference testing (rcritical with d.f. = N – 2), and secondly re-run with modified rcritical values to
account for temporal autocorrelation, using the correlogram product method of Clifford,
Richardson, & Hemon (1989), where the standard deviation of the correlation between two
processes is calculated as the square root of the weighted product of their autocorrelation
functions (ACFs). This increases the correlation coefficient required to achieve significance

This article is protected by copyright. All rights reserved.

(rcritical), as temporal autocorrelation can inflate Type-I error due to lowered degrees of
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freedom.

Influences of fisheries landings on temporal fish functional structure
As we were unable to examine the impact of fishing pressure in the EEC on fish functional
structure in the Bay of Somme at the community level, we examined the relationship between
fisheries landings and abundance for each species individually (34 with available data). Thus
we were able to determine whether changes in the abundance of each species in the bay were
likely driven by fishing in the EEC. We examined landings for each species individually
rather than compiling landings for the entire EEC community, as few dominant species
comprise the majority of overall landings. We tested relationships between changes in the
abundance of individual species and their corresponding landings within each cluster using
linear regression models. Abundance data were log10(x+1) transformed before analyses.

Results
Spatial fish functional structure
We found two distinct spatial functional clusters corresponding to inner and outer-bay
communities (Figure 1). Fish communities in the inner bay were mainly characterized by
benthopelagic planktivores and piscivores, while fish communities in the outer bay were
characterized by demersal benthivores (SIMPER analysis, top 50% of cumulative variation).
Functional space revealed that while inner and outer-bay communities were primarily
characterized by differences in habitat preference and trophic guild, communities in both

This article is protected by copyright. All rights reserved.

zones were dominated by fishes with low trophic level, low size and age at maturity, and
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small offspring (Figure 2a-c).

Temporal changes in fish functional structure
Fish functional structure changed significantly over time in both inner and outer-bay
communities, as we found significant changes in PCA axis 1 in both clusters (inner: F1,24 =
26.68, p < 0.0001; Figure 3c; outer: F1,24 = 23.02, p < 0.0001; Figure 3d). Examination of
PCA loadings revealed that temporal dynamics in inner-bay communities were mainly
explained by relative decreases of planktivores and increases in fecundity and trophic level
(Figure 3a). Temporal variation in outer-bay communities was explained by relative increases
in age at maturity and trophic level, decreases in benthivores and increases in piscivores
(Figure 3b). Using regression analysis, we further found that relative length and age at
maturity and fecundity significantly increased in both inner and outer-bay communities,
which was accompanied by a relative increase in benthopiscivores and piscivores (Table 2).
In outer-bay communities there was also an increase in trophic level and temperature
preference (Table 2). By contrast, planktivores decreased in inner-bay communities, while
benthivores decreased in outer-bay communities (Table 2). Parental care also decreased in
inner-bay communities (Table 2).
The first axis of functional space (PCoA axis 1) was primarily characterized by

differences in water-column position, while the second axis (PCoA axis 2) corresponded to
differences in trophic level, length and age at maturity, offspring size, and trophic guild
(Figure 2a-c). Consequently, there was little temporal change in community centroid
movement along the first axis of functional space, which corresponded more to spatial
differences between clusters. However there was a major change in the second axis (PCoA

This article is protected by copyright. All rights reserved.

axis 2) as species that strongly declined in abundance were located in the upper half of the
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functional space, corresponding to low trophic level, early maturation, and small reproductive
size (Figure 2d-f). Further examination of functional space revealed that overall temporal
changes in fish functional structure were driven by decreasing abundances of the most
dominant species, rather than increases in subordinate species (Figure 2e, f). Thus, temporal
dynamics were characterized primarily by decreases in two functional groups – demersal
benthivores and benthopelagic planktivores – with r-selected life history traits, which lead to
relative increases in length and age at maturity, fecundity and trophic level over time.
Furthermore, we found that there was a roughly 80% decrease in overall fish abundance in
the bay throughout the time series, highlighting that the long-term dynamic of fish
communities in the Bay of Somme was a considerable decrease in abundance.

Drivers of spatial and temporal dynamics
Spatial differences in fish functional structure between inner and outer-bay clusters were
primarily driven by strong gradients in depth and bed shear stress, as the most parsimonious
model included only these two variables (pRDA; F2,46 = 51.7, p < 0.001; Figure 4 Figure S2).
Inner-bay sites were characterized by shallow depth and high bed shear stress associated with
estuary discharge, while outer-bay sites were deeper with lower bed stress. Salinity was also
associated with differences between spatial zones, as the inner-bay had lower salinity due to
freshwater input; however, given strong covariation with both depth and bed stress, salinity
was not retained in the most parsimonious model.
Initial cross correlation analyses with standard inference tests revealed that temporal

changes in fish functional structure were strongly associated with changes in AMO and SST.
AMO was correlated with PCA axis 1 in the inner-bay for all time lags from 0 to 7 years
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(max correlation: r = 0.66, p < 0.001; Figure 3c), and with PCA axis 1 in the outer-bay for
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lags 0 to 6 years (max correlation: r = 0.64, p < 0.001; Figure 3d). SST was correlated to
inner-bay PCA axis 1 for time lags 2 to 8 years (max correlation: r = 0.65, p < 0.001; Figure
3c), and outer-bay PCA axis 1 for time lags 0 to 6 years (max correlation: r = 0.78, p < 0.001;
Figure 3d). NAO was also correlated to both inner and outer-bay PCA 1 axes; however, these
correlations were for negative time lags, indicating changes in fish functional structure
precluded a decrease in NAO. None of the other variables (salinity, chlorophyll-a, or
suspended sediment) were correlated with PCA axis 1 in either cluster. Re-running analyses
with increased rcritical values to account for temporal autocorrelation showed that AMO
remained correlated with PCA axis 1 in the inner-bay for time lags 3 and 4 years, while SST
was correlated to inner-bay PCA axis 1 for time lags 3 to 7 years and outer-bay PCA axis 1
for time lags 1 to 3 years. Thus, despite high temporal autocorrelation in the data, typical of
ecological and environmental time series, associations between temporal changes in fish
functional structure and warming remained significant even with rcritical values inflated by 4073%.
In the inner bay, fish abundances were significantly related to fisheries landings for

only one species, Phycis blennoides, however this relationship was positive, indicating that
abundances and landings increased simultaneously (F1,22 = 12.1, p < 0.01; Appendix 4). In
the outer bay, abundances were significantly related to landings for only three species,
Limanda limanda, Pleuronectes platessa, and Dicentrarchus labrax, however these
relationships were again all positive, indicating that that landings did not drive changes in
abundances (Limanda limanda: F1,22 = 11.74, p < 0.01; Pleuronectes platessa: F1,22 = 7.15, p
< 0.05; Dicentrarchus labrax: F1,22 = 4.4, p < 0.05; Appendix 4). The relationship between
fisheries landings and abundance was non-significant for all other taxa in both the inner and
outer bay (Appendix 4). To further account for potential time lags, we also examined cross
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correlations between landings and species’ abundances for lags 1 – 5 years, and of 115
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possible correlations in the inner bay (23 species x 5 lags), only two were negative and
significant (Trisopterus luscus, 4-year-lag; Merlangius merlangus, 4-year-lag), and of 155
possible in the outer bay (31 species x 5 lags) only 1 was negative and significant
(Scophthalmus maximus, 5-year-lag). Although both Trisopterus luscus and Merlangius
merlangus decreased in the inner bay, they did not contribute substantially to overall change
(i.e., not within top 20%ile), however Scophthalmus maximus had one of the largest increases
in the outer bay (Appendix 3).

Discussion
We found that fish communities in the Bay of Somme underwent substantial changes in
functional structure characterized by a switch from r-selected to K-selected dominance. This
functional switch, between fast and slow life histories, was associated with increasing sea
surface temperatures linked to a warming phase of the AMO. The AMO switched from a cool
to warm phase in the late 1990s, and such natural climate oscillations superimposed on manmade climate change can lead to accelerations in ocean warming (Ting et al., 2009; Cai et al.,
2014; Moore et al., 2017). Therefore it appears the AMO interacted with long-term global
warming, driving increases in SST in the Bay of Somme, which likely caused the pronounced
changes in fish functional structure found here.
We found strong spatial structuring in the Bay of Somme driven by a gradient of

depth and bed shear stress, which shaped functionally different communities in the inner and
outer bay (Henriques et al., 2017). The inner-bay, more influenced by the estuary conditions
of the Somme River, was historically dominated by benthopelagic planktivores likely adapted
to turbulent waters that maintain planktonic suspension and limit competition by demersal
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fishes (Uiblein et al., 2003; Ware & Thomson, 2005; Lindegren et al., 2012; Amorim et al.,
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2017). Outer-bay communities, associated with deeper waters and lower bed stress, were
historically dominated by demersal benthivores likely adapted to the more stable marine
conditions and stronger benthic energy channel (Blanchard et al., 2011; Lindegren et al.,
2012; Griffiths et al., 2017). While these results follow known ecological patterns, we cannot
exclude that differences between the inner and outer bay, particularly among pelagic species,
could be influenced by different sampling protocols, as catchability changes with depth,
sampling gear, and survey effort.
Despite these distinct differences between inner and outer-bay communities, temporal

dynamics were relatively similar; the dominant functional groups, characterized by r-selected
life history traits (e.g., low trophic level, low age and size at maturity, small offspring)
declined dramatically in abundance. Population depletions in these groups caused a shift in
dominance toward piscivores and benthopiscivores, leading to increases in trophic level,
length at maturity, and age at maturity. As the major driver of changes in fish functional
structure was likely rising sea surface temperatures, it appears that K-selected piscivores and
benthopiscivores may be more resistant to warming in this, and possibly other ecosystems.
Past studies have shown that K-selected fishes are highly impacted by fishing pressure but are
often less responsive to climatic changes, while the opposite has been observed for r-selected
fishes (Cheung et al., 2005; Graham et al., 2011; Simpson et al., 2011; Lynam et al., 2017).
While the apparent climate-tolerance of large-bodied piscivores and benthopiscivores may
explain their relative increase in the Bay of Somme, it is also likely that density-dependent
changes in competition, predation, and reproduction contributed to the increase given severe
drops in the previously dominant functional groups (Pace et al., 1999; Finke & Denno, 2005;
Bolnick et al., 2010). However, while we documented a relative increase in K-selected fishes
under warming, we cannot exclude that warming will eventually impact these fishes but with
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a substantial time lag given their long lifespans and slow population turnover. Therefore an
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eventual decrease in K-selected fishes is possible, particularly through reproduction or
recruitment failure.
Previous investigation of the taxonomic structure of fish communities in the Bay of

Somme found that long-term changes were largely explained by a decrease in cold-water
species (Auber, Gohin, Goascoz, & Schlaich, 2017). Here, by considering not only
temperature preference but also life history and trophic ecology, we found that, beyond
declines in cold-water species, life history traits best explained fish community responses to
warming. This not only offers support for the functional-trait approach, but also suggests that
fish respond to climate warming most prominently through differences in their life history
strategies, which will be critical to understanding and modelling organismal responses to
future climate change (Fossheim et al., 2015; Givan, Edelist, Sonin, & Belmaker, 2018; Jones
& Cheung, 2018; Miller, Ota, Sumaila, Cisneros-Montemayor, & Cheung, 2018).
Marine fish nurseries such as the Bay of Somme are dynamic ecosystems prone to

fluctuating environmental conditions (Ippen, 1966; Cloern et al., 1983; Murrell et al., 2017).
Estuaries in particular experience high variation in salinity and sedimentation due to
freshwater input (Ippen, 1966). Such naturally-variable environments generally favor rselected fishes, which can rapidly respond to environmental fluctuations and flourish under
dynamic conditions, whereas K-selected fishes are better competitors in stable environments
(Pianka, 1970; Gadgil & Solbrig, 1972; King & McFarlane, 2003). However, r-selected
fishes are potentially vulnerable to warming due to their high environmental responsiveness
(Perry et al., 2005; Schweiger et al., 2008; Devictor et al., 2012). Although r-selected fishes
can quickly recover from minor disturbances, the accelerated temperature increase in the Bay
of Somme likely rendered the environment unfavorable, and impacted fishes may have
emigrated to more suitable environments (Montero-Serra et al., 2014; Fossheim et al., 2015;
This article is protected by copyright. All rights reserved.

McLean et al., in press). Strong correlation between SST and fish functional structure across
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several time lags further indicates a long-lasting impact and insufficient community inertia to
rebound from such rapid environmental change. Although r-selected fishes quickly track
environmental changes and can be highly impacted by warming in the short term (Simpson et
al., 2011), they should have greater capacity for evolutionary adaptation given their rapid
generation times (Rijnsdorp et al. 2009). Additionally, the impact of climate warming on rselected fishes is likely context dependent, and such fishes may flourish under climate
warming in other ecosystems, especially by shifting poleward (McLean et al., in press).
Consequently, lower-latitude ecosystems dominated by r-strategists will likely suffer declines
under climate warming, as such environments may become unfavorable and fishes could shift
poleward, whereas poleward ecosystems and ecosystems dominated by K-strategists may
experience increases in r-selected fishes (McLean et al., in press; Nicolas et al., 2011).
While we documented a major decline in r-selected fishes in parallel to rapid

warming, changes in trophic structure and ecosystem functioning may have exacerbated the
shift in functional structure (Chevillot et al., 2016; Chevillot et al., 2018) Given the relative
increase in K-selected fishes in parallel to the decline in r-selected fishes, it is possible that
trophic re-balancing reinforced community changes as K-selected piscivores may have overexploited the already-declining r-strategists, leading to a negative feedback. Additionally, Kselected fishes that increased in abundance through time may have opportunistically shifted
their diets toward alternative resources as r-selected fishes declined, further reorganizing
ecosystem structure and functioning (Rooney, McCann, Gellner, & Moore, 2006).
The Eastern English Channel (EEC) also underwent a major community shift in the

late 1990s, characterized by a decline in r-selected pelagic fishes in response to AMOassociated warming (Auber et al., 2015; McLean et al., in press). The timing of the shift in
the EEC corresponded to the shift documented here, and we additionally found that changes
This article is protected by copyright. All rights reserved.

in functional structure between the two ecosystems were correlated (McLean unpublished
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data). Thus, it is likely that both the EEC and Bay of Somme were concurrently impacted by
warming linked to the AMO, which lead to declines in fishes with environmentally-sensitive
life history traits. However, the shift in the EEC occurred in the late 1990s, just prior to major
declines in the bay, suggesting that biological responses in the EEC may have cascaded into
the bay through recruitment failure (Ljunggren et al., 2010; Pankhurst & Munday, 2011;
Payne et al., 2009). Abrupt decreases in adult spawning fishes in the EEC could have a major
impact on the bay, potentially driving the observed declines, as larval input would have
diminished. In the 20 years following the shift in the EEC, the fishes that decreased in
abundance have not recovered, and the ecosystem remains in an alternative state (Auber et
al., 2015). Thus, it is also possible that population declines in the Bay of Somme acted as a
negative feedback through reduced replenishment, limiting recovery potential (Pankhurst &
Munday, 2011; Reis-Santos et al., 2013).
While there is no commercial fishery in the Bay of Somme, historical and

contemporary fishing pressure in the EEC likely impacted fish communities in the bay
through changes in spawning stock biomass, larval production, and recruitment dynamics
(Able, 2005; Gillanders, 2002; Lipcius et al., 2008; Vasconcelos, Reis-Santos, Costa, &
Cabral, 2011). We did not identify EEC landings as a primary driver of fish abundances in
the bay, however, EEC landings over the last thirty years have been dominated by species
such as herring, sprat, plaice, and sole, which all decreased in the bay over time. Although
most stocks have had steady or declining landings in recent decades, continued pressure is
certainly impacting fish communities in the EEC and its nurseries. Long and steady
exploitation can also reduce fish abundances without showing any statistical association,
especially if fishing is unsustainable. Furthermore, the English Channel and Northeast
Atlantic are commercially important fishing grounds for multiple countries, and have a long
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history of over-exploitation (Myers, Hutchings, & Barrowman, 1996; Pauly et al., 2002;
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Pauly & Maclean, 2003). McHugh et al. (2011) and Molfese et al. (2014) showed a
progressive shifting baseline in the English Channel due to a century of overfishing and
fishing down the food web. This historical pressure progressively eroded the fish community
from dominance by large, slow-growing species to small, quickly reproducing species and
commercially-untargeted sharks and rays (Molfese, Beare, & Hall-Spencer, 2014). Historical
overfishing likely rendered both the EEC and its nurseries more vulnerable to climatic
changes due to increased dominance by r-selected species, which are more tolerant to fishing
but highly responsive to environmental changes (Auber et al. 2015; Kuo, Mandal, Yamauchi,
& Hsieh, 2016). Additionally, contemporary declines in fishing pressure likely facilitated the
increase in K-selected species, such as Scophthalmus maximus, which was negatively
correlated with landings in the outer bay. Altogether, past overfishing and continued
exploitation likely impacted fish communities in the bay, through both direct removal of
spawning adults, as well as indirect cascades in predation and competition, and synergistic
effects between fishing and climate are possible (Daan, Gislason, G. Pope, & C. Rice, 2005;
McHugh, Sims, Partridge, & Genner, 2011; Molfese, Beare, & Hall-Spencer, 2014).
However, given the strong correlation between warming and the decline in multiple rselected species, it appears that climate and not fishing was the main driver of changes at the
community-scale. In support, our results highlight long-term decreases in fishes know to
rapidly track environmental changes in parallel to increased dominance by species more
vulnerable to fishing pressure.
Our results suggest that climate warming can profoundly alter functional structure in

marine fish nurseries, which could have major implications for the stability of large marine
ecosystems (LMEs) worldwide, as nurseries contribute to LME population maintenance
(Beck et al., 2001; Seitz et al., 2014; Baptista et al., 2015; Liquete et al., 2016). In the Bay of
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Somme, declines in commercially-important species like plaice, sole, sprat and herring likely

Accepted Article

had negative, reinforcing impacts on fish stocks in the EEC (Auber et al., 2015, 2017). We
found that fishes bearing r-selected functional traits were highly impacted by warming,
leading to a shift in dominance toward alternative functional groups with higher length and
age at maturity and higher trophic level (Perry et al., 2005; Jiguet et al., 2007; Devictor et al.,
2012; Pecuchet et al., 2017). Our results therefore indicate that ongoing climate change may
impact marine fish nurseries through declines in overall abundance and shifts in dominance
toward fishes with environmentally-tolerant traits. While our study was limited in spatial
extent, because estuaries and nursery habitats generally favor r-selected strategists, our
findings are likely applicable to nurseries in other regions (Steele, Thorpe, & Turekian, 2009;
Teichert et al., 2017; Thomson & Lehner, 1976). For example, Teichert et al. (2017) showed
that estuaries across the Northeast Atlantic were dominated by opportunistic species with life
history traits adapted to unstable environments, while Thomson et al. (1976) showed that
even rocky, intertidal pools (used as nurseries by coastal species [Dias et al., 2016]) favor rselected strategists. Teichert et al. (2017) additionally showed that life history strategies were
useful predictors of disturbance impacts on estuarine fish communities. Thus, dominance by
opportunistic, r-selected fishes may indicate nurseries that could be heavily impacted by
future warming.
Reorganizations in fish functional structure likely have major implications for

ecosystem functioning as r and K-strategists differ markedly in nutrient cycling, energy
transfer, and biomass turnover (Rooney et al., 2006; Blanchard et al., 2011; Houk et al.,
2017). Such changes will also have major implications for fisheries, as K-selected species are
generally more vulnerable to fishing pressure (Cheung et al., 2005; Graham et al., 2011). For
example, in the Bay of Somme, European seabass (Dicentrarchus labrax) and turbot
(Scophthalmus maximus) had large increases in relative abundance, but both species are
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considered fishing-vulnerable (Cheung et al., 2005; Froese & Pauly, 2012). Thus resource
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management should consider both the climatic and fishing vulnerability of communities to
anticipate how future changes in environmental conditions and fishing pressure may impact
marine ecosystems. In ecosystems dominated by species with r-selected functional traits,
reduced fishing may alleviate the impacts of future warming. In contrast, as K-selected
strategies appear more tolerant of warming, additional harvesting may be permissible for
well-managed stocks with increasing abundances. With the emergence of functional-trait
ecology, resource managers can also focus directly on fish functional structure, aiming to
enhance response diversity through a balance of life history strategies with different
environmental sensitivities (Izzo et al., 2016).
While we documented a marked shift in fish functional structure, a common weakness

of functional-trait studies is the inability to capture intra-specific and ontogenetic trait
variation (Petchey & Gaston, 2006; Violle et al., 2007). Accordingly, we were unable to
account for the influence of the relative composition of adults and juveniles on the spatial and
temporal dynamics of functional structure. Future studies examining functional-trait
dynamics in nurseries should incorporate demographic metrics such as size spectra and age
distribution. Examining community changes through biomass rather than abundance could
also provide insight on how juvenile demographics influence functional structure, and help
link changes in functional structure to ecosystem processes (de Bello et al., 2010; Leps, de
Bello, Lavorel, & Berman, 2006). Emerging approaches integrating intra-specific and
ontogenetic trait variability will help clarify how changes in size and age classes influence
fish functional structure in nurseries.
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Marine fish nurseries are critical components of ecosystem landscapes, providing
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suitable habitats for the development of commercially important fish species (Gillanders et
al., 2003; Dahlgren et al., 2006; Vasconcelos et al., 2010; Tournois et al., 2017). Nurseries
are therefore extremely important to maintaining fish communities and ecosystems, making
them priorities for resource management. Despite the importance of nurseries, few studies
have examined the impacts of climate warming on functional structure in nursery
communities. Our results indicate that communities dominated by fishes with r-selected traits
are highly responsive to environmental change and may be more vulnerable to warming than
previously recognized. Our results provide a critical warning, indicating that future climate
change will likely affect marine fish nurseries worldwide, and immediate conservation efforts
are needed to reduce the potential impacts. If large-scale studies confirm that marine fish
nurseries are being heavily impacted by climate change globally, protection of fish nurseries
must be immediately prioritized in ecosystem-based management.
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Tables
TABLE 1 Functional traits used to characterize fish functional structure.

Functional
Category
Trait
Length
at Life history
maturity
Age at maturity
Life history

Type

Units

Numeric

Total length (cm)

Numeric

Years

Parental care

Life history

Ordered
factor

1 = pelagic egg, 2 = benthic egg, 3 = clutch
hider, 4 = clutch guarder, 5 = live bearer

Fecundity

Life history

Numeric

Number of offspring per female

Offspring size

Life history

Numeric

Total length or diameter (cm)

Trophic guild

Trophic
ecology

Factor

Benthivore, benthopiscivore,
piscivore, planktivore

Trophic level

Numeric

Level (unit-less)

Water
position

Factor

Benthopelagic,
demersal,
pelagic, reef-associated

Numeric

Degrees Celsius

Trophic
ecology
column Habitat use

Temperature
preference

Habitat use
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detritivore,

epipelagic,
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TABLE 2 Changes in community-weighted mean (CWM) trait values in inner and outer-bay
communities.

Inner Bay

Outer Bay

Functional Trait

Dynamic

F1,24-value

P-value

Dynamic

F1,24-value

P-value

Age mature

Increase

21.6

0.0001

Increase

14.67

0.0008

Length mature

Increase

11.87

0.002

Increase

15.36

0.0006

Benthopiscivore

Increase

11.71

0.002

Increase

5.08

0.03

Fecundity

Increase

6.14

0.02

Increase

7.66

0.01

Piscivore

Increase

5.33

0.02

Increase

20.22

0.0001

Trophic level

Increase

13.92

0.001

Temp. preference

Increase

5.79

0.02

Decrease

6.9

0.01

Parental care

Decrease

20.37

0.0001

Benthivore
Planktivore

Decrease

14.09

0.001

Figure Legends

FIGURE 1 Map of the Bay of Somme showing all sampling sites throughout the entire time series,
with colors corresponding to inner and outer-bay functional clusters. Survey zones and their
corresponding depths are shown. For maps of environmental variables used in this study please see
Figure S2.

FIGURE 2 Fish functional space showing community trait structure along with temporal changes in
species’ abundances. a) Functional trait composition for the overall Bay of Somme fish community.
b, c) Species positions’ in functional space are plotted (points) in each cluster and sizes are scaled by
the log of mean abundances throughout the overall time series. Convex hulls (colored polygons)
represent the functional space containing all species in each cluster. d) Three-year moving averages
and standard deviations of abundance-weighted community centroids along PCoA axis 2 in each
cluster. e, f) Changes in the abundances of all species in each cluster; sizes are scaled by the log of
the rate of change in species’ abundances, and colors indicate whether abundances decreased or
increased.

This article is protected by copyright. All rights reserved.

Accepted Article

FIGURE 3 Principal component analysis (PCA) biplots showing temporal changes in fish functional
structure in inner (a) and outer-bay (b) communities, along with the temporal dynamics (3-year
moving averages and standard deviations) of AMO, SST, PCA axis 1, and overall fish abundance
(dashed line) in each cluster (c, d). Note PCA 1 scores are shown in reverse order (positive to
negative) to highlight temporal chronology in (a) and (b), and to compare trends with AMO and SST
in (c) and (d).

FIGURE 4 Results of partial redundancy analysis showing significant environmental drivers of
differences in fish functional structure between inner and outer-bay clusters.
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