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Abstract

Biodiversity is a multifaceted concept, yet most biodiversity studies have taken a taxonomic
approach, implying that all species are equally important. However, species do not contrib-
ute equally to ecosystem processes and differ markedly in their responses to changing envi-
ronments. This recognition has led to the exploration of other components of biodiversity,
notably the diversity of ecologically important traits. Recent studies taking into account both
taxonomic and trait diversity have revealed that the two biodiversity components may exhibit
pronounced temporal and spatial differences. These apparent incongruences indicate that
the two components may respond differently to environmental drivers and that changes in
one component might not affect the other. Such incongruences may provide insight into the
structuring of communities through community assembly processes, and the resilience of
ecosystems to change. Here we examine temporal and spatial patterns and drivers of multi-
ple marine biodiversity indicators using the North Sea fish community as a case study.
Based on long-term spatially resolved survey data on fish species occurrences and bio-
masses from 1983 to 2014 and an extensive trait dataset we: (i) investigate temporal and
spatial incongruences between taxonomy and trait-based indicators of both richness and
evenness; (ii) examine the underlying environmental drivers and, (iii) interpret the results in
the context of assembly rules acting on community composition. Our study shows that tax-
onomy and trait-based biodiversity indicators differ in time and space and that these differ-
ences are correlated to natural and anthropogenic drivers, notably temperature, depth and
substrate richness. Our findings show that trait-based biodiversity indicators add information
regarding community composition and ecosystem structure compared to and in conjunction
with taxonomy-based indicators. These results emphasize the importance of examining and
monitoring multiple indicators of biodiversity in ecological studies as well as for conservation
and ecosystem-based management purposes.
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Introduction

Understanding patterns of biodiversity and their underlying drivers has challenged scientists
for centuries [1,2], and it remains a fundamental and strongly debated field in ecology [3]. Bio-
diversity is a multifaceted concept comprising several components, as recognized by the Con-
vention of Biological Diversity [4], and yet biodiversity studies have traditionally focused on
taxonomic units to describe patterns and drivers of biodiversity (species richness and abun-
dance distribution) at various spatial scales [2,5,6]. These biodiversity indicators include no
other information than the taxonomic identity of the species and imply that all species are
equally important. However, it is well known that species differ in their contribution to ecosys-
tem processes [7], and that they exhibit marked differences in their responses to changing
environments. This recognition has led to the exploration of components of biodiversity other
than taxonomic diversity in ecosystems and species assemblages.

One such component is the diversity of ecologically important traits, often referred to as
“functional diversity” [8,9]. Traits are defined as measurable attributes affecting the fitness of
organisms through the processes of feeding, reproduction and survival [10,11]. These attributes
can be morphological (e.g. size and body shape), physiological (e.g. metabolic pathways or
growth related) or behavioral (e.g. diurnal migration, feeding patterns). Together, combinations
of traits can describe the ecological niche of species [12,13]. Furthermore, traits determine the
response of species to environmental gradients and perturbations [14] and provide insight into
the functional role of species in ecosystems [15]. Recently, terrestrial and marine studies taking
into account multiple components of biodiversity using both taxonomic and trait information
have revealed that the two components of biodiversity may exhibit temporal and spatial differ-
ences [16-19]. These apparent discrepancies indicate that the two components of biodiversity
may respond differently to environmental drivers and perturbations [20,21].

Furthermore, these differences between species and trait diversity can provide insight into
the key mechanisms and processes structuring biological communities [22,23]. Local communi-
ties may display greater, or lesser, trait diversity than expected from of a random selection of
species from a regional species pool. The resulting patterns of so-called over- or underdisper-
sion of traits may be indicative of the effects of abiotic or biotic forces acting on community
assembly, through the processes of environmental filtering or limiting similarity, respectively
[24]. Environmental filtering is hypothesized to lead to trait homogenization in communities as
only species with a specific set of traits might survive and thrive under certain abiotic condi-
tions. Limiting similarity, on the other hand, acts mainly through biotic processes, as competi-
tion over limiting resources leads to separation of niches and increased trait heterogeneity [25].

In addition to the structuring mechanisms of environmental filtering and limiting similar-
ity marine fish communities have been and are heavily altered by fishing at global and regional
scales [26-28]. The composition of fish communities might be affected by changes in the bio-
mass of targeted and bycatch species and especially by the strong structuring effect of size-
selective harvesting (e.g. trawling), which typically targets large individuals, thereby reducing
trait variability and shifting the abundance distribution of the community towards smaller
individuals, while not necessarily affecting the number of species, i.e. species richness [29].

The potential resilience of ecosystems to such anthropogenic and natural stressors may also
depend on the ratios between different components of biodiversity [30]. The loss of species
with unique functional traits may have more severe consequences on ecosystem functioning
compared to the loss of species with traits that are more commonly expressed within the com-
munity [31]. This redundancy is however highly variable across ecosystems. For instance, cer-
tain Argentinean plant communities could lose 75% of their species before any unique
functional group would disappear [32], while some coastal fish and avian assemblages exhibit
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low degrees of functional redundancy, thus revealing high vulnerability to species loss
[30,33,34].

Disentangling and decoupling the temporal and spatial dynamics of species diversity and
trait diversity is therefore critical for elucidating the drivers and processes of community
assembly [23,35], and for developing an understanding of the effect of biodiversity loss on eco-
system functioning [36]. In addition, such an understanding can provide valuable input for
informing and planning broad-scale conservation and ecosystem-based management strate-
gies. Here, we examine spatial and temporal patterns and compare drivers of multiple marine
biodiversity indicators using the North Sea demersal fish community as a case study. The
North Sea (Fig 1) is a heavily impacted large marine ecosystem [27] that has experienced rapid
changes in environmental conditions [37] and shifting community compositions [37,38].
Using an extensive trait dataset and standardized long-term spatially resolved survey data on
fish species occurrences and abundances, we: (i) investigate the temporal and spatial differ-
ences between taxonomy and trait-based biodiversity indicators, (ii) assess the importance of
environmental drivers on the observed biodiversity patterns, and (iii) interpret the results in
the context of assembly rules acting on community composition and ecosystem resilience.

Materials & methods
Fish survey data

Distribution and abundance data for demersal fish species were obtained from the North Sea
International Bottom Trawl Survey (NS-IBTS), publicly available from the ICES trawl surveys
data base [39]. As survey methods have been standardized among all participating countries since
1983, data on Catch per Unit Effort (CPUE; catch in numbers of individuals of the same species
adjusted to one hour of trawling) per length class were extracted from 1983 to 2014 for the months
of January to March (hereafter referred to as quarter one). To avoid potential bias related to
changes in the sampled survey area over time, only ICES statistical rectangles (1° longitude x 0.5°
latitude; hereafter ICES rectangle) that were sampled in at least 26 out of 32 years (80%) were used
in the analysis. In order to standardize haul duration, only hauls with duration lengths of between
27 and 33 minutes (median haul duration of 30 minutes + 10%) were retained. All invertebrate
and pelagic fish species were removed from the dataset, limiting the analysis to demersal fish spe-
cies. In addition, a minimum hauling depth of 20 meters was selected to exclude samples which
might represent coastal or estuarine areas, as these areas are not prioritized in the survey. To mini-
mize the effect of misidentifications or sporadically occurring species due to the effects of inade-
quate sampling, only species that were present in at least 7 out of 32 years (20%) were kept for
further analyses. This selection criterion excluded 27 species. We acknowledge that the criterion
might have an effect on the number of rare species reported but not on the species that show con-
sistent recurrence or increase over time. Furthermore, a few ecologically similar species of the
same genus were aggregated due to identification problems in the reporting scheme [40] and the
lack of trait information (S1 Table). For consistency, we refer to all species and species aggregates
as species. Using length-weight parameters for each species, CPUEs per length classes were con-
verted into biomass caught per hour following [41]. Conversion parameters and relative biomass
of species are outlined in S2 Table and S1 Fig Species biomasses per year per ICES rectangle are
reported in S1 Dataset. The data corrections resulted in a dataset containing 9401 unique hauls in
119 ICES rectangles and biomass catch per hour for 77 demersal fish species.

Fish trait data

Eight ecological trait categories were used to summarize community biodiversity. The selected
trait categories are related to the morphological, life history, reproductive or dietary aspects of
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Fig 1. Map of the North Sea and its geographical position. Labels correspond to the names of specific localities in terms of areas and
geographic features including banks, bights and islands mentioned in the study.

https://doi.org/10.1371/journal.pone.0189731.9001

marine fish species, and have been shown to determine structure and function in marine fish
communities (Table 1). Morphology of the fish species was described using body size, body
shape and caudal fin shape. Life history was covered by age at maturity, while reproductive
and dietary aspects were captured by, respectively, offspring size, fecundity and spawning
behavior, and diet. The set of traits was selected to reflect different and complementary aspects
of the ecological niche of the species, and this trait set has a high degree of resemblance to sets
used in similar multi-trait studies [15,17,23,42]. Trait information was extracted from the pri-
mary literature and Fishbase [43] (53 Table). Since trait data were not available from the North
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Table 1. Overview of the eight selected trait categories sorted according to traits, description and ecological relevance.

Trait
Body size

Age at maturity
Fecundity
Egg size

Body shape

Diet

Spawning
behavior

Caudal fin
shape

Trait categories
Continuous

Continuous
Continuous
Continuous

Gadoid-like

Flat

Elongated
Short/deep
Eel-like
Benthivore
Piscivore
Planktivore
Bentho-piscivore
Plankto-piscivore
Ob—Oviparous with benthic

eggs
Og-Oviparous guarders
Op—Oviparous with pelagic
eggs

Os—Oviparous shelterers

Ov—Oviparous with
adhesive eggs

V—Viviparous
Truncated

Continuous
Forked
Rounded
Emarginate
Heterocercal

https://doi.org/10.1371/journal.pone.0189731.t001

Description Relevance
Length a fish would reach if it was to grow Information on food web structure and ecological
indefinitely niche occupation
Age at which 50% of the individuals are sexually Relates to lifespan and generation time
mature
Average number of eggs per adult female during a Relates to energy output, allocation and
spawning season production
Size of oocyte at spawning Relates to spawning behavior and offspring
investment
The shape of the Insights into predation
body behavior, mobility and
habitat selection
Main dietary Insights into the trophic
group(s) structure of
communities

Main spawning Relates to ecological

behavior, divided constraint on habitat

between oviparity selection [44]
and vivparity, and

further between the

degree of parental

care, mode of release and egg

characteristics
The shape of the Relates to habitat
caudal fin selection and activity

Sea for all the species, some trait data were also derived from neighboring areas (such as the
Baltic Sea) or from the larger North Atlantic regions.

Biodiversity indicators

Four commonly used indicators of biodiversity were calculated: species richness (SRic), species
evenness (SEve), trait richness (TRic) and trait evenness (TEve). SRic was calculated as the
number of unique species, while SEve was calculated as Pielou’s evenness [45]. The value of
Pielou’s evenness ranges from 0 to 1, with larger values indicating a more even distribution in
relative biomass among species in a sample. The trait-based biodiversity indices follow the pro-
posed mathematical formulas suggested by [46,47], allowing for standardizing of trait values,
and are calculated based on all eight traits. Both TRic and TEve are represented by a multidi-
mensional trait space. TRic represents the multidimensional trait space occupied by the com-
munity calculated as the minimum convex hull volume which includes the trait values of all
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species considered [47]. TRic was standardized between 0 and 1, with larger values indicating
a larger convex hull volume, hence a higher richness of traits in a sample. TEve was defined as
the evenness of the distribution of relative biomass of species in the trait space [9], and ranges,
as in the case of SEve, from 0 to 1, depending on the degree of evenness in the distribution of
biomass among traits in a sample. TRic and TEve were chosen to be comparable to their taxon-
omy-based equivalents, respectively SRic and SEve. The taxonomy and trait-based indicators
were calculated following standard approaches implemented in the R packages “vegan” [48]
and “FD” [46]. All biodiversity indicators were calculated per ICES rectangle per year and then
averaged across either ICES rectangles or years to investigate temporal trends and spatial pat-
terns, respectively. Temporal trends were assessed with generalized additive models (GAM:s)
[49] with a smoother function of year as the single predictor. No temporal autocorrelation was
detected in the residuals. As the number of hauls conducted in each ICES rectangle per year
varied from 1 to 11 (mean: 2.0, median: 2.9), all biodiversity indicators were standardized for
differences in sampling size by using GAMs which effectively accounts for potential non-linear
relationships. Values for each biodiversity indicator per year per ICES rectangle are reported
in §2 Dataset

Natural and anthropogenic environmental drivers of biodiversity

To investigate potential drivers of species and trait diversity, ten natural and anthropogenic
environmental drivers were selected as covariates. The drivers were selected based on their
demonstrated importance in shaping patterns of fish biodiversity in marine ecosystems
[2,23,50]. Only spatial patterns of biodiversity were investigated due to two reasons: the highest
variability was found across spatial scales, and not all drivers were fully available across the full
temporal scale of the study. Depth was calculated by averaging the depth of sampled hauls per
ICES rectangle from the NS-IBTS data. Sea bottom temperature (°C) and sea bottom salinity
data were obtained from Nuifiez-Riboni & Akimova (2015) [51] on a monthly basis with a reso-
lution 0of 0.2° x 0.2°. Mean winter (Dec-Feb) sea bottom temperature and salinity were derived
per ICES rectangle per year. Temperature seasonality was expressed as the difference between
winter and summer (Jun-Aug) temperatures for each ICES rectangle. Salinity variability was
expressed as the difference between minimum and maximum salinity within each ICES rect-
angle per year and then averaged across years. Phytoplankton biomass was estimated by proxy
using the Phytoplankton Colour Index (PCI) [52] during quarter one and retrieved from the
Continuous Plankton Recorder program provided by the Sir Alister Hardy Foundation for
Ocean Science [53]. PCI is a semi-quantitative index that provides an estimate of phytoplank-
ton biomass based on the greenness of water samples [54]. PCI data were available for the
entire study period, but not for the whole study area in every year, hence spatial interpolation
of this data source was performed using a GAM with a two-dimensional (latitude, longitude)
tensor product smoother. Phytoplankton biomass was represented by mean quarter one PCI
per ICES rectangle across all years. Seabed substrate richness and evenness were calculated
based on seabed substrate classifications from The European Marine Observation and Data
Network [55]. Six different substrate categories were used and substrate richness was defined
as the number of categories present in each ICES rectangle. Substrate evenness was calculated
as Pielou’s evenness, based on the relative coverage of substrate categories within each ICES
rectangle. Anthropogenic pressure from fishing was estimated from data on the spatial distri-
bution of international bottom trawling effort in the North Sea for two separate periods: 1990-
1995 [56] and 2003-2012 [57,58]. Beam and otter trawl effort were considered separately as
recommended by Engelhard ef al. [58]. Data, summary statistics and sources of environmental
covariates can be found in the supplementary material (S3 Dataset and S4 Table).
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Modelling

To investigate the relative importance of natural and anthropogenic drivers in explaining the
spatial patterns of biodiversity, we fitted a series of GAMs to each indicator of biodiversity.
GAMs are non-parametric modelling methods that allow a high degree of flexibility in the
form of the response [49]. The relationship between biodiversity indicators and drivers was
only investigated for spatial patterns, as complete temporal coverage was not available for the
entire study period. Two sets of GAMs were performed: one using the mean values of all natu-
ral drivers over the entire study period; and one using a reduced data set containing mean val-
ues of all natural and anthropogenic drivers for the two periods in which fishing effort data
were available. All GAMs were performed with a Gaussian error term and restricted to a three
degrees of freedom smoother (k = 3), equivalent to a second degree polynomial. Instead of a
traditional model reduction procedure, each covariate was considered for inclusion and could
reasonably be considered as having an effect, despite failing to meet an a priori determined sig-
nificance level of p<0.05 [59-61]. Instead, the importance of each covariate was assessed using
relative variable importance (RVI) from the R package ‘MuMIn’ [62] based on weighted
Akaike’s Information Criterion (AIC) [63]. The higher the RVI for an explanatory variable,
the more important it is for explaining the spatial patterns of the biodiversity indicators [60].
No spatial autocorrelation was detected in the residuals of the spatial GAMs.

Null model—detecting assembly processes

To investigate potential assembly processes impacting the community composition we com-
pared observed spatial values of TRic with simulated TRic values obtained from a null model,
based on 999 randomized species assemblages taken from the observed species pool. Randomi-
zations were obtained by controlling for both row sums (sites; i.e. ICES rectangles) and column
sums (species) using the ‘permatswap()’ function in the ‘vegan’ package in R [48]. If assem-
blages have higher TRic than expected from a null model at a given level of SRic, these assem-
blages will be influenced mainly by limiting similarity, while assemblages with lower TRic than
expected from a null model will be influenced mainly by environmental filtering. The deviance
of the observed TRic from the simulated TRic was considered as an indication of the relative
importance of the two suggested assembly rules. Values within the interquartile range corre-
sponded to assemblages where neither of the assembly rules dominate, while values below or
above the 25% and 75% quartiles, respectively, indicate assemblages predominantly structured
through either environmental filtering or limiting similarity. Assemblages with values outside
the 95% range were considered to be significantly different from the null-model and to be
strongly structured through either environmental filtering or limiting similarity. All statistical
analyses were performed in R (version 3.3.2) [64].

Results
Tempo-spatial patterns of biodiversity

The average SRic per ICES rectangle showed a significant long-term increase with a recent
stagnation from 2005 onwards (Fig 2A). This trend is reflected also in TRic, albeit with a more
moderate increase (Fig 2D). TRic was significantly positively correlated to SRic (GAM: F =
92.28, e.d.f. = 1, R’ = 0.75, p < 0.05), although a significant decrease in the ratio between TRic
and SRic was observed during the study period (GAM: F = 87.3,e.d.f. = 1.85 R’ = 0.75, p <
0.05), indicating that TRic did not increase at the same rate as SRic (52 Fig). The increase in
SRic was reflected by a significantly increasing trend in 51% of the ICES rectangles (Fig 2B),
mainly found in rectangles located in the northwestern and southwestern North Sea. TRic
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Fig 2. Temporal trends and spatial patterns of multiple biodiversity indicators in the North Sea. (A, D, G, J) Time-series
and temporal trends of fish species richness (SRic), trait richness (TRic), species evenness (SEve), and trait evenness (TEve) as
annual averages across all ICES rectangles. Significant temporal trends were observed for SRic (GAM: F = 37.45, e.d.f. = 1.92,
R?=0.64, p <0.001), TRic (GAM: F =5.6, e.d.f. = 1.78, R?= 0.33, p < 0.01) and TEve (GAM: F = 39.84, e.d.f. = 1.75, R* = 0.71,
p <0.001). Shaded grey represent 95% confidence intervals. (B, E, H, K) Tempo-spatial patterns of biodiversity indicators
represented by the slope and significance of a linear regression model fitted to each ICES rectangle across years. Green colors
indicate a positive trend, while purple colors indicate a negative trend. Significant trends are indicated by black crosses (p<0.05).
(C, F, I, L) Spatial patterns of biodiversity indicators shown as average value for each ICES rectangle across all years.

https://doi.org/10.1371/journal.pone.0189731.9002

increased primarily in the southwestern and western central North Sea, coinciding with areas
of increases in SRic. However, only 26% of the ICES rectangles showed a significant increase
in TRic, indicating a more localized extent of increase compared to SRic (Fig 2E).

With respect to the evenness indicators, SEve showed pronounced fluctuations, but no sig-
nificant temporal trend was detected throughout the study period (Fig 2G), while TEve
showed a significant long-term decrease (Fig 2J). SEve was generally characterized by low val-
ues, ranging from 0.3 to 0.4, in contrast to TEve, where observed values ranged from 0.78 to
0.83. SEve decreased significantly in 16% of the ICES rectangles, primarily in the southern
North Sea, with a distinct band across the central North Sea following the northern border of
Dogger Bank. The northern North Sea was characterized by significant increases in SEve,
although over a more restricted area than the observed decreases in the southern North Sea
(Fig 2H). TEve decreased significantly in the southeastern, central and western regions of the
North Sea, whereas little temporal change was detected in the northern parts (Fig 2K).

In terms of spatial patterns, the highest values of SRic were observed in the northern North
Sea from the coast of Scotland to the Shetland Islands, whereas the areas with lowest SRic were
found in the central and southeastern North Sea (Fig 2C). Areas with medium to high values
of SRic were observed along the British coast, coinciding with the highest values of TRic, and
in the eastern parts along the Danish coast (Fig 1F). TRic was observed to be consistently high
along the British coast with intermediate-values in the northern and central-eastern North Sea.
Low values of TRic were found in the southeastern North Sea, with the lowest values in coastal
areas. Several transition zones were identified, marking steep changes in biodiversity values
between adjacent areas. SRic was observed to decrease markedly towards the central and
southeastern North Sea, while two distinct transition zones were found for TRic. A first transi-
tion zone was found at Dogger Bank with high values to the west and north, while low values
were observed south and east of the bank. Secondly, the Southern Bight was clearly split
between a western and eastern component with high values of TRic on the British coast and
low values on the Dutch and Belgian coast. SRic and TRic show a high degree of overlap with
two exceptions: the area with maximum values of TRic is situated farther south than the area
for SRic. Moreover, the northern central North Sea is characterized by low SRic, but by mid to
high levels of TRic. No strong spatial pattern was observed in the average values of SEve,
though it showed a marked peak in values in the central North Sea (Fig 2I). The spatial pattern
of TEve, on the other hand, was marked by a clear transition over Dogger Bank, with lower val-
ues in the southern and southeastern part and higher values towards the British coast and into
the central and northern North Sea (Fig 2L).

Drivers of biodiversity

The spatial GAMs explained 76% and 36% of the spatial variability of SRic and SEve, while
55% and 69% of the spatial variability was explained for TRic and TEve, respectively. The most
influential drivers across the four diversity indicators were depth, sea bottom temperature
and substrate richness, followed by beam trawl effort, temperature seasonality and salinity
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Fig 3. Relative variable importance (RVI) of environmental and anthropogenic drivers and their relationship to the biodiversity indicators. Drivers
are sorted according to their cumulative importance across the four investigated biodiversity indicators. RVI>0.9 signifies high importance of a driver,
RVI>0.6 signifies moderate importance, while RVI<0.6 is considered low or no importance. Relationships between drivers and biodiversity indicators based
on GAMs are indicated by symbols: + indicate a positive relationship, = indicate a negative relationship, N indicate a unimodal relationship. If no symbol is
assigned, the RVI of the driver is below 0.6.

https://doi.org/10.1371/journal.pone.0189731.g003

variability. The relative importance of the drivers varied, however, between biodiversity indi-
cators (Fig 3). Drivers of SRic and TRic showed a high degree of agreement with respect to the
importance of drivers, and their relationship to the biodiversity indicators. Both richness indi-
cators were positively related to sea bottom temperature and substrate richness, and negatively
related to beam trawl effort and temperature seasonality. For depth, SRic was observed to fol-
low a positive relationship, while TRic peaked at intermediate depths of around 80-100
meters. A low degree of congruence was observed between the importance of drivers on the
evenness indicators. Only salinity variability was found to be important for these and a nega-
tive relationship was found for evenness indicators. Additionally, beam effort, temperature
seasonality and PCI were important for SEve, where a negative relationship was found for the
first two drivers, and a unimodal relation for PCI. Depth, sea bottom temperature, and sub-
strate richness were the most important drivers for TEve, in addition to salinity variability,
with unimodal, negative and positive relationships, respectively.

Observed TRic against null model

TRic and SRic showed a positive relationship, which is reflected also in the simulated null-
model relationship (Fig 4A). For low levels of SRic (<11 species), the observed TRic values
were primarily distributed outside the 95% range, thus being significantly different from the
null-model distribution. For higher levels of SRic (>11 species), the observed TRic occupied
both areas outside and inside the 95% interval. The spatial distribution of residuals of observed
TRic from the null-model was characterized by a clear northern and southern component of
significantly lower values than expected from the null model, notably in the German Bight and
in the northern North Sea between the Shetland Islands and Norway. Areas characterized by

PLOS ONE | https://doi.org/10.1371/journal.pone.0189731 December 18, 2017 10/19


https://doi.org/10.1371/journal.pone.0189731.g003
https://doi.org/10.1371/journal.pone.0189731

o @
@ : PLOS | ONE Differences in biodiversity indicators in large marine ecosystem

A B

0.7 1 . sg'
0-6' 60 N'
?
: 8 %
= = 56 °N-
'® 0.41 -
=
0.3 55 oN
0.2 . . . ; ; . . | . :
9 11 13 15 17 19 -5°W 0 5°E 10°E
Species richness Longitude

Fig 4. Null model results and the spatial distribution of over- and underdispersion in the North Sea. (A) Observed (red dots) and simulated trait
richness (TRic) values based on a null model. Bold black line: mean of 999 random permutations; areas shaded in dark and light grey: 50" and 95"
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is either higher or lower than expected from its level of SRic. Black crosses (+) indicate significant deviation from the null model as described by falling
outside the 95" percentile of simulated values.
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higher than expected TRic were observed primarily in the central North Sea following a west-
to-east band cutting across from the British coast to Skagerrak (Fig 4B)

Discussion

Our study documents pronounced differences in temporal trends and spatial patterns between
multiple components of demersal fish biodiversity in the North Sea, including taxonomic
identity and ecological traits. Below we elaborate on these incongruences, discuss their under-
lying causes and drivers, and discuss the associated ecological consequences.

Differences in time and space

Despite similar increasing temporal trends, the close match between SRic and TRic starts to
break down when the spatial dimension is taken into account. While similar increases in both
SRic and TRic were observed throughout the Southern Bight, a limited degree of spatial over-
lap was found in the northern North Sea. This suggests that species gains in the southern Bight
have contributed with novel trait values, while the widespread increase in SRic noted in the
northern North Sea has contributed only locally to novel trait values. The observed spatial dif-
ferences can be driven by the introduction of new species and range shifts of already existing
species. Interestingly, the distribution range of species with different biogeographic affinities
has shifted unevenly within the North Sea [65] with small-sized Lusitanian species expanding
their distribution ranges compared to large-bodied Boreal (northerly) species [37]. Thus, their
expansion into the North Sea can likely explain the contribution of new trait values, particu-
larly along the “entry point” in the southern North Sea, i.e. the Southern Bight. The high
degree of spatial differentiation in the contribution of new species and traits into existing local
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assemblages highlights that immigration from adjacent regions into the North Sea is an impor-
tant factor in structuring fish diversity and community composition.

As in the case of the temporal dynamics described above, the spatial patterns of the biodi-
versity indicators displayed both similarities and differences. The similarities are illustrated by
a pronounced north-south gradient in both SRic and TRic. This supports earlier studies show-
ing a clear separation in community composition between the northern and southern North
Sea [38,66,67]. Despite these similarities, the two indicators demonstrate pronounced local dif-
ferences, particularly in the central North Sea—an area characterized by considerably higher
TRic compared to its corresponding level of SRic. This indicates a high degree of trait hetero-
geneity between assemblages across levels of species richness. This is in accordance with find-
ings from the Barents and Baltic Seas demonstrating similar spatial differentiation between
species richness and trait richness, albeit at lower levels of species richness [23,42].

It is recognized that the ecological effect of a species on ecosystem processes is generally
proportional to its relative biomass in the community [68], with the notable exception of key-
stone species showing a disproportionally large effect compared to their biomass [69,70]. Fur-
thermore, biodiversity patterns depend not only on the presence and absence of the species
and their traits, but also on their relative abundance and biomass [17]. In order to account for
species biomasses, we therefore included indicators of species and trait evenness. The North
Sea was generally characterized by low SEve during the study period which suggests a commu-
nity with a few dominating species (e.g. whiting (Merlangius merlangus), common dab
(Limanda limanda), and Atlantic cod (Gadus morhua)). This is in contrast to TEve which
despite showing a significant decrease over the study period, remained relatively high over
time and throughout space. These contrasts may indicate a community characterized by a few
dominant species, but also with high regularity in the distribution of biomass across traits.
Similar differences in evenness indicators have previously been found for tropical fish across
several lagoon systems [21]. Many marine ecosystems have been impacted by marked environ-
mental changes [27] and the North Sea fish community has undergone major distributional
shifts during the last four decades especially due to increasing sea bottom temperatures [71].
These shifts, in addition to the effect of fishing and the appearance of novel species potentially
affected the relative biomass distribution across species and traits. Shifts in evenness patterns
can lead to changes in interspecific interactions, ecosystem processes and ecosystem stability
[72]. More importantly, evenness indicators might respond more rapidly to changes in com-
munities than species or trait richness, as changes in abundances or biomass often precede
local species extinctions [73].

Natural and anthropogenic drivers

The observed similarities and differences between biodiversity indicators suggest that the
investigated components of the North Sea demersal fish biodiversity may respond differently
to environmental and anthropogenic drivers. One of the most influential drivers in this study,
sea bottom temperature had a positive effect on both SRic and TRic. This suggests that temper-
ature is an important driver for structuring of communities by determining patterns of species
occurrences. This is in concordance with previous studies linking temperature increases to
changes in community composition [2,74-76]. In addition to temperature, depth was found
one of the most influential explanatory variables. Although depth has shown to be a suitable
predictor for community structure [50,67,75] it is unlikely the actual driving force behind the
observed patterns, but rather a proxy for factors of more direct influence, such as water col-
umn mixing or geographical proximity to the highly diverse species pool of the Northeast
Atlantic. In addition to temperature and depth, substrate richness demonstrated a strong
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positive relationship with all biodiversity indicators, except SEve. This supports the habitat het-
erogeneity hypothesis [77], stating that structurally more complex habitats provide more niches
thereby increasing species and trait richness. The higher evenness, particularly in terms of
traits may also be linked to the higher number of niches available in environments with high
habitat heterogeneity. More niches may support a more diverse community at relatively even
abundances compared to niche poor environments, where single or few species might domi-
nate. This opposite end of the spectrum may be evident in the southeastern North Sea, which
was characterized by both low species and trait richness, as well as by low species evenness and
low substrate richness.

In addition to the natural drivers, three out of the four biodiversity indicators were nega-
tively correlated to beam trawl effort, but uncorrelated to otter trawl effort. Although fishing
can significantly impact marine communities [78], particularly in terms of evenness (i.e. by
affecting the underlying population abundances of target and non-target species), the negative
correlation may not necessarily reflect a true effect on the biodiversity indicators, but rather
may be a result of the clear spatial preference of the beam trawl fisheries for the southern
North Sea. This preference has previously been explained by external environmental factors
such as primary productivity, depth and sediment grain size, largely favoring the main targeted
flatfish species [79]. However, the potential effects of trawling have been investigated in other
studies [58] and historical records show that the southern North Sea used to have a much
higher proportion of large-bodied elasmobranchs and diadromous fishes [80,81] than is the
case today. This suggests that fishing has had a clear effect on community composition in the
southern North Sea. In addition, fishing pressure affects fish communities non-randomly,
often targeting large, predatory species and individuals [29,82,83], leading to changes in both
the presence and abundance of certain key traits, such as body length, which may lead to a loss
of trait heterogeneity and potentially affecting the trophic structures of marine communities
[84]. The historical records and the non-random effects of fishing pressure highlight the need
to adopt trait-based approaches in long-term perspectives to understand fishing impacts on
community composition and marine ecosystems. One such example is the Large Fish Indica-
tor [85], indicating the proportion of large fish (>>40 cm) in the North Sea demersal fish com-
munity. The indicator has been used to detect the positive effects of recent effort reductions in
the North Sea fishing fleet [58].

Causes and consequences of differences between biodiversity
indicators

Assessing differences between biodiversity components can provide information on the
underlying abiotic or biotic processes shaping community assembly [22]. The null model
results revealed areas where local assemblages are either more or less diverse in traits than if
assembled at random and illustrated a clear spatial separation between assembly processes in
the North Sea. The significant underdispersion of the southeastern North Sea indicate a strong
effect of environmental filtering acting on community composition through a stressful habitat
characterized by pronounced seasonal fluctuations in temperature and salinity, low substrate
richness and shallow depths. These environmental conditions, along with pronounced bed
stress via waves and tides, as well as bottom trawling, make the southern North Sea a relatively
stressful environment, where only species with a limited set of traits enabling them to cope
with these conditions can exist. In contrast, the central North Sea is characterized by pro-
nounced overdispersion, wherein biotic interaction and resource competition likely serve to
increase trait dissimilarity through the process of limiting similarity. Some communities may
also exhibit overdispersion due to external factors or phenological events. For example, the
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pronounced overdispersion around the Thames estuary may be linked to a contraction of the
distribution range of several elasmobranch species into the coastal estuarine areas [86], or
because these areas serve as spawning and nursing grounds for some shark and skate species
[87]. Both of these mechanisms would lead to an expansion of the existing trait space through
unique traits, such as large body size, low fecundity, large offspring size, and high age at matu-
rity; characteristics of elasmobranch species.

Areas of over- or underdispersion potentially reveal not only mechanisms of community
assembly, but also information on the potential ecological consequences of biodiversity loss in
ecosystems. Whether the loss of an individual species may lead to a functional degradation
depend on whether this species carries a unique trait (or combination of traits) or not. In the
former case, degradation is likely to occur, especially if the actual trait also supports a particu-
lar ecosystem function. In the latter case, functionally similar species (sharing the same traits
and ecological niche) may show a compensatory increase, hence buffering for the lost species
and ensuring a continued support for any associated ecosystem function. High redundancy
within communities may indicate that ecosystem processes and functions are less likely to be
altered than in ecosystems exhibiting low redundancy, as each species will account for a dis-
proportionally large amount of the trait diversity in the latter case. Temporal studies of trait
redundancy in the North Sea demersal fish communities have shown that trait-wise similar
groups with a larger number of species showed higher stability in terms of biomass than
groups with fewer species [88]. The degree of trait redundancy in species-rich ecosystems may
therefore act as an insurance promoting stability of ecosystem processes and functions against
species loss [89-92].

Conclusions

Protection and conservation efforts are often based on the spatial distribution of biodiversity
hotspots, focusing on a single or a few parameters [93]. Differences between biodiversity indi-
cators and trait redundancy are presently receiving increasing attention in the support of man-
agement and biodiversity conservation [33,94] as marine and freshwater ecosystems remain
vulnerable to loss of species [30,95]. However, trait diversity may still be significantly under-
represented in protected areas [16,96]. This study shows that using trait-based approaches can
provide information relevant to conservation and management which could not be obtained
through the use of taxonomy-based biodiversity indicators alone. These results emphasize the
importance of investigating multiple components of biodiversity (e.g. taxonomy, traits and
abundances) to reveal temporal and spatial incongruences, and community assembly rules,
but also to inform conservation efforts to protect a broader scope of biodiversity components
in general.

Supporting information

S1 Table. Overview of species aggregations into multi-species groups.
(DOCX)

$2 Table. Abundance to biomass-conversion parameters.
(DOCX)

$3 Table. Trait information on all species.
(DOCX)

$4 Table. Summary statistics of natural and anthropogenic environmental covariates used
in the relative variable importance analysis.
(DOCX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0189731 December 18, 2017 14/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0189731.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0189731.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0189731.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0189731.s004
https://doi.org/10.1371/journal.pone.0189731

@° PLOS | ONE

Differences in biodiversity indicators in large marine ecosystem

S1 Fig. Relative biomass of all species.
(DOCX)

S2 Fig. Ratios of TRic to SRic, and TEve to SEve over the study period.
(DOCX)

S1 Dataset. Biomass of species per year per ICES rectangle.
(XLSX)

S2 Dataset. Values of biodiversity indicators per year per ICES rectangle.
(XLSX)

$3 Dataset. Temporally averaged values of natural and anthropogenic environmental
covariates.
(XLSX)

Acknowledgments

We are grateful for the work done by the CEFAS project MF1228 “Fizzyfish”, the STECF on
the fishing effort data for the North Sea, SAFHOS for providing the phytoplankton color index
data and the scientists and crew members involved with the North Sea International Bottom
Trawl Survey.

Author Contributions

Conceptualization: Tim Spaanheden Dencker, Laurene Pecuchet, Katherine Richardson,
Mark R. Payne, Martin Lindegren.

Data curation: Tim Spaanheden Dencker, Laurene Pecuchet, Esther Beukhof, Mark R. Payne,
Martin Lindegren.

Formal analysis: Tim Spaanheden Dencker, Katherine Richardson, Mark R. Payne, Martin
Lindegren.

Funding acquisition: Martin Lindegren.
Investigation: Tim Spaanheden Dencker, Esther Beukhof, Mark R. Payne, Martin Lindegren.

Methodology: Tim Spaanheden Dencker, Laurene Pecuchet, Mark R. Payne, Martin
Lindegren.

Project administration: Tim Spaanheden Dencker, Martin Lindegren.

Resources: Tim Spaanheden Dencker, Mark R. Payne.

Software: Tim Spaanheden Dencker, Laurene Pecuchet, Esther Beukhof, Mark R. Payne.
Supervision: Katherine Richardson, Mark R. Payne.

Validation: Tim Spaanheden Dencker, Laurene Pecuchet, Martin Lindegren.
Visualization: Tim Spaanheden Dencker, Mark R. Payne.

Writing - original draft: Tim Spaanheden Dencker.

Writing - review & editing: Tim Spaanheden Dencker, Laurene Pecuchet, Esther Beukhof,
Katherine Richardson, Mark R. Payne, Martin Lindegren.

PLOS ONE | https://doi.org/10.1371/journal.pone.0189731 December 18, 2017 15/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0189731.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0189731.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0189731.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0189731.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0189731.s009
https://doi.org/10.1371/journal.pone.0189731

@° PLOS | ONE

Differences in biodiversity indicators in large marine ecosystem

References

1.

10.

11.

12,

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

von Humboldt A, Bonpland A. Essai sur la géographie des plantes: accompagné d’un tableau physique
des régions équinoxiales, fondé sur des mesures exécutées, depuis le dixieme degré de latitude bor-
éale jusqu’au dixieme degré de latitude australe, pendant les années 1799. Paris: Chez Levrault,
Schoell et compagnie, libraires, XIl1; 1805.

Tittensor DP, Mora C, Jetz W, Lotze HK, Ricard D, Berghe E Vanden, et al. Global patterns and predic-
tors of marine biodiversity across taxa. Nature. 2010; 466(7310):1098-101. https://doi.org/10.1038/
nature09329 PMID: 20668450

Sutherland WJ, Freckleton RP, Godfray HCJ, Beissinger SR, Benton T, Cameron DD, et al. Identifica-
tion of 100 fundamental ecological questions. J Ecol. 2013; 101(1):58-67.

Convention on Biological Diversity. Convention on Biological Diversity, The Strategic Plan for Biodiver-
sity 2011-2020 and the Aichi Biodiversity Targets. 2010.

Pianka ER. Latitudinal Gradients in Species Diversity: A review of concepts. Source Am Nat Tue Am
Nat. 1966; 100(910):33—46.

Chaudhary C, Saeedi H, Costello MJ. Bimodality of Latitudinal Gradients in Marine Species Richness.
Trends Ecol Evol. 2016; 31(9):670-6. https://doi.org/10.1016/j.tree.2016.06.001 PMID: 27372733

Luck GW, Harrington R, Harrison PA, Kremen C, Berry PM, Bugter R, et al. Quantifying the contribution
of organisms to the provison of ecosystem services. Bioscience. 2009; 59(3):223-35.

Petchey OL, Gaston KJ. Functional diversity (FD), species richness and community composition. Ecol
Lett. 2002 May; 5(3):402—11.

Mason NWH, Mouillot D, Lee WG, Wilson JB. Functional richness, functional evenness and functional
divergence: The primary components of functional diversity. Oikos. 2005; 111(1):112-8.

Violle C, Navas ML, Vile D, Kazakou E, Fortunel C, Hummel |, et al. Let the concept of trait be functional!
Oikos. 2007; 116(5):882-92.

Litchman E, Ohman MD, Kigrboe T. Trait-based approaches to zooplankton communities. J Plankton
Res. 2013; 35(3):473-84.

Cadotte MW, Arnillas CA, Livingstone SW, Yasui SLE. Predicting communities from functional traits.
Trends Ecol Evol. 2015; 30(9):510-1. https://doi.org/10.1016/j.tree.2015.07.001 PMID: 26190136

Violle C, Jiang L. Towards a trait-based quantification of species niche. J Plant Ecol. 2009; 2(2):87-93.

Mouillot D, Graham NAJ, Villéger S, Mason NWH, Bellwood DR. A functional approach reveals commu-
nity responses to disturbances. Trends Ecol Evol. 2013 Mar; 28(3):167-77. https://doi.org/10.1016/j.
tree.2012.10.004 PMID: 23141923

Duffy JE, Lefcheck JS, Stuart-Smith RD, Navarrete SA, Edgar GJ. Biodiversity enhances reef fish bio-
mass and resistance to climate change. Proc Natl Acad Sci. 2016;6230-5. https://doi.org/10.1073/
pnas.1524465113 PMID: 27185921

Devictor V, Mouillot D, Meynard C, Jiguet F, Thuiller W, Mouquet N. Spatial mismatch and congruence
between taxonomic, phylogenetic and functional diversity: the need for integrative conservation strate-
gies in a changing world. Ecol Lett. 2010; 13(8):no-no.

Stuart-Smith RD, Bates AE, Lefcheck JS, Duffy JE, Baker SC, Thomson RJ, et al. Integrating abun-
dance and functional traits reveals new global hotspots of fish diversity. Nature. 2013; 501(7468):539—
42. hitps://doi.org/10.1038/nature12529 PMID: 24067714

Toérnroos A, Bonsdorff E, Ab H, Warzocha J, Bremner J, Blomqvist M, et al. Marine benthic ecological
functioning over decreasing taxonomic richness. J Sea Res. 2014; 98:49-56.

Mindel BL, Neat FC, Trueman CN, Webb TJ, Blanchard JL. Functional, size and taxonomic diversity of
fish along a depth gradient in the deep sea. Peerd. 2016; 4:2387.

Mayfield MM, Bonser SP, Morgan JW, Aubin |, McNamara S, Vesk PA. What does species richness tell
us about functional trait diversity? Predictions and evidence for responses of species and functional trait
diversity to land-use change. Glob Ecol Biogeogr. 2010; 19(4):423-31.

Villéger S, Miranda JR, Hernandez DF, Mouillot D, Ramos Miranda J, Flores Hernandez D, et al. Con-
trasting changes in taxonomic vs. functional diversity of tropical fish communities after habitat degrada-
tion. Ecol Appl. 2010; 20(6):1512—-22. PMID: 20945756

Mouillot D, Dumay O, Tomasini JA. Limiting similarity, niche filtering and functional diversity in coastal
lagoon fish communities. Estuar Coast Shelf Sci. 2007; 71(3—4):443-56.

Pécuchet L, Térnroos A, Lindegren M. Patterns and drivers of fish community assembly in a large
marine ecosystem. Mar Ecol Prog Ser. 2016; 546:239-48.

MacArthur R, Levins R. The Limiting Similarity, Convergence, and Divergence of Coexisting Species.
Am Nat. 1967; 101(921):377-85.

PLOS ONE | https://doi.org/10.1371/journal.pone.0189731 December 18, 2017 16/19


https://doi.org/10.1038/nature09329
https://doi.org/10.1038/nature09329
http://www.ncbi.nlm.nih.gov/pubmed/20668450
https://doi.org/10.1016/j.tree.2016.06.001
http://www.ncbi.nlm.nih.gov/pubmed/27372733
https://doi.org/10.1016/j.tree.2015.07.001
http://www.ncbi.nlm.nih.gov/pubmed/26190136
https://doi.org/10.1016/j.tree.2012.10.004
https://doi.org/10.1016/j.tree.2012.10.004
http://www.ncbi.nlm.nih.gov/pubmed/23141923
https://doi.org/10.1073/pnas.1524465113
https://doi.org/10.1073/pnas.1524465113
http://www.ncbi.nlm.nih.gov/pubmed/27185921
https://doi.org/10.1038/nature12529
http://www.ncbi.nlm.nih.gov/pubmed/24067714
http://www.ncbi.nlm.nih.gov/pubmed/20945756
https://doi.org/10.1371/journal.pone.0189731

@° PLOS | ONE

Differences in biodiversity indicators in large marine ecosystem

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M,

42,

43.

44.

45.

46.

47.

48.

49.

Grime JP. Trait convergence and trait divergence in herbaceous plant communities: Mechanisms and
consequences. J Veg Sci. 2006; 17(2):255-60.

Jennings S, Greenstreet SPR, Reynolds JD. Structural change in an exploited fish community: A conse-
quence of differential fishing effects on species with contrasting life histories. J Anim Ecol. 1999; 68
(3):617-27.

Halpern BS, Walbridge S, Selkoe K, Kappel C. A Global Map of Human Impact on Marine Ecosystems.
Science (80-). 2008; 319(5865):948-52. https://doi.org/10.1126/science.1149345 PMID: 18276889

Sharpe DMT, Hendry AP. Life history change in commercially exploited fish stocks: an analysis of
trends across studies. Evol Appl. 2009; 2(3):260-75. https://doi.org/10.1111/j.1752-4571.2009.00080.x
PMID: 25567879

Fisher JAD, Frank KT, Leggett WC. Breaking Bergmann'’s rule: truncation of Northwest Atlantic marine
fish body sizes. Ecology. 2010; 91(9):2499-505. PMID: 20957939

Mouiillot D, Villeger S, Parravicini V, Kulbicki M, Arias-Gonzalez JE, Bender M, et al. Functional over-
redundancy and high functional vulnerability in global fish faunas on tropical reefs. Proc Natl Acad Sci.
2014; 111(38):13757-62. https://doi.org/10.1073/pnas.1317625111 PMID: 25225388

Bremner J, Rogers S, Frid C. Assessing functional diversity in marine benthic ecosystems: a compari-
son of approaches. Mar Ecol Prog Ser. 2003; 254:11-25.

Fonseca CR, Ganade G. Species functional edundancy,random extinctions and the stability of ecosys-
tems. J Ecol. 2001; 89:118-25.

Micheli F, Halpern BS. Low functional redundancy in coastal marine assemblages. Ecol Lett. 2005 Apr;
8(4):391-400.

Micheli F, Mumby PJ, Brumbaugh DR, Broad K, Dahligren CP, Harborne AR, et al. High vulnerability of
ecosystem function and services to diversity loss in Caribbean coral reefs. Biol Conserv. 2014;
171:186-94.

Mouchet MA, Villéger S, Mason NWH, Mouillot D. Functional diversity measures: An overview of their
redundancy and their ability to discriminate community assembly rules. Funct Ecol. 2010; 24(4):867—
76.

Cadotte MW, Carscadden K, Mirotchnick N. Beyond species: Functional diversity and the maintenance
of ecological processes and services. J Appl Ecol. 2011; 48(5):1079-87.

Hiddink JG, ter Hofstede R. Climate induced increases in species richness of marine fishes. Glob
Chang Biol. 2008; 14(3):453-60.

Dulvy NK, Rogers S, Jennings S, Stelzenmilller V, Dye SR, Skjoldal HR. Climate change and deepen-
ing of the North Sea fish assemblage: A biotic indicator of warming seas. J Appl Ecol. 2008; 45
(4):1029-39.

ICES. ICES Database of Trawl Surveys (DATRAS), North Sea International Bottom Trawl Survey (NS-
IBTS) [Internet]. Copenhagen; 2015. Available from: http://datras.ices.dk

Heessen HJL, Daan N, Ellis JR. Fish atlas of the Celtic Sea, North Sea, and Baltic Sea. Heessen HJL,
Daan N, Ellis JR, editors. Wageningen Academic Publishers; 2015. 572 p.

Fung T, Farnsworth KD, Reid DG, Rossberg AG. Recent data suggest no further recovery in North Sea
Large Fish Indicator. ICES J Mar Sci. 2012; 69(2):235-9.

Wiedmann M, Aschan M, Certain G, Dolgov A, Greenacre M, Johannesen E, et al. Functional diversity
of the Barents Sea fish community. Mar Ecol Prog Ser. 2014; 495:205-18.

Froese R, Pauly D. Fishbase [Internet]. World Wide Web electronic publication. 2015. Available from:
www.fishbase.org

Ciannelli L, Bailey K, Olsen EM. Evolutionary and ecological constraints of fish spawning habitats. ICES
J Mar Sci. 2015; 72(2):285-96.

Pielou EC. Species-diversity and pattern-diversity in the study of ecological succession. J Theor Biol.
1966; 10(2):370-83. PMID: 5964400

Laliberté E, Legendre P, Shipley B. Package “FD"—Measuring functional diversity (FD) from multiple
traits, and other tools for functional ecology. 2015;

Cornwell WK, Schwilk DW, Ackerly DD. A trait-based test for habitat filtering: convex hull volume. Ecol-
ogy. 2006; 87(6):1465—-71. PMID: 16869422

Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, McGlinn D, et al. vegan: Community Ecol-
ogy Package [Internet]. 2017. Available from: https://cran.r-project.org/package=vegan

Hastie TJ, Tibshirani R. Generalized additive models. Vol. 1, Statistical Science. 1986. p. 297-318.

PLOS ONE | https://doi.org/10.1371/journal.pone.0189731 December 18, 2017 17/19


https://doi.org/10.1126/science.1149345
http://www.ncbi.nlm.nih.gov/pubmed/18276889
https://doi.org/10.1111/j.1752-4571.2009.00080.x
http://www.ncbi.nlm.nih.gov/pubmed/25567879
http://www.ncbi.nlm.nih.gov/pubmed/20957939
https://doi.org/10.1073/pnas.1317625111
http://www.ncbi.nlm.nih.gov/pubmed/25225388
http://datras.ices.dk
http://www.fishbase.org
http://www.ncbi.nlm.nih.gov/pubmed/5964400
http://www.ncbi.nlm.nih.gov/pubmed/16869422
https://cran.r-project.org/package=vegan
https://doi.org/10.1371/journal.pone.0189731

@° PLOS | ONE

Differences in biodiversity indicators in large marine ecosystem

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.
70.

71.

72.

73.

74.

Reiss H, Degraer S, Duineveld GCA, Kroéncke |, Aldridge J, Craeymeersch JA, et al. Spatial patterns of
infauna, epifauna, and demersal fish communities in the North Sea. ICES J Mar Sci. 2010; 67(2):278—
93.

Nunez-Riboni |, Akimova A. Monthly maps of optimally interpolated in situ hydrography in the North Sea
from 1948 to 2013. J Mar Syst. 2015; 151:15-34.

SAFHOS. SAHFOS DOl Library [Internet]. 2016. Available from: http://doi.sahfos.ac.uk/doi-library/tim-
dencker.aspx

SAFHOS. Sir Alister Hardy Foundation for Ocean Science (SAFHOS) [Internet]. DOI: 10.7487/2016.
109.1.969. Available from: https://www.sahfos.ac.uk/

Reid PC, Colebrook JM, Matthews JBL, Aiken J. The Continuous Plankton Recorder: concepts and his-
tory, from Plankton Indicator to undulating recorders. Prog Oceanogr. 2003; 58(2—4):117-73.

EMODnet. European Marine Observation Data Network (EMODnet) Seabed Habitats project [Internet].
European Commission’s Directorate-General for Maritime Affairs and Fisheries (DG MARE). 2015.
Available from: http://www.emodnet.eu/

Jennings S, Alvsvag J, Cotter AJR, Ehrich S, Greenstreet SPR, Jarre-Teichmann A, et al. Fishing
effects in northeast Atlantic shelf seas: patterns in fishing effort, diversity and community structure. Il
International trawling effort in the North Sea: An analysis of spatial and temporal trends. Fish Res. 1999;
40(2):125-34.

STECF. Scientific, Technical and Economic Committee for Fisheries (STECF)—Evaluation of Fishing
Effort Regimes in European Waters—Part 2. (STECF-14-20). Luxembourg; 2014.

Engelhard GH, Lynam CP, Garcia-Carreras B, Dolder PJ, Mackinson S. Effort reduction and the large
fish indicator: spatial trends reveal positive impacts of recent European fleet reduction schemes. Envi-
ron Conserv. 2015; 42(3):227-36.

Gelman A, Carlin JB, Stern HS, Rubin DB. Bayesian Data Analysis. Am J Epidemiol. 1995; 146
(45):800—42.

Burnham KP, Anderson DR. Model Selection and Multimodel Inference: A Practical Information-Theo-
retic Approach (2nd ed). Vol. 172, Ecological Modelling. 2002. 488 p.

Cinner JE, Huchery C, MacNeil MA, Graham NAJ, McClanahan TR, Maina J, et al. Bright spots among
the world’s coral reefs. Nature. 2016;1-17.

Barton K. MuMIn: Multi-Model Inference [Internet]. 2016. Available from: https://cran.r-project.org/
package=MuMIn

Anderson DR. Model Based Inference in the Life Sciences: A Primer on Evidence. New York, NY:
Springer New York; 2008.

R Core Team. R: A Language and Environment for Statistical Computing [Internet]. Vienna, Austria;
2016. Available from: https://www.r-project.org/

Engelhard GH, Ellis JR, Payne M, ter Hofstede R, Pinnegar JK. Are ecotypes a meaningful and useful
concept for exploring responses to climate change in fish assemblages? ICES J Mar Sci. 2011; 68
(ii):580-91.

Daan N. Spatial and temporal trends in species richness and abundance for the southerly and northerly
components of the North Sea fish community separately, based on IBTS data 1977-2005. Int Counc
Explor Sea. 2006;ICES CM 20:10pp.

Callaway R, Alsvag J, de Boois I, Cotter J, Ford A, Hinz H, et al. Diversity and community structure of
epibenthic invertebrates and fish in the North Sea. ICES J Mar Sci. 2002; 59(6):1199-214.

Grime JP. Benefits of plant diversity to ecosystems: inmediate, filter and founder effects. J Ecol. 1998;
86(6):902—-10.
Paine RT. Food Web Complexity and Species Diversity. Am Nat. 1966; 100(910):65-75.

Paine RT. A Note on Trophic Complexity and Community Stability American Society of Natural. Am
Nat. 1969; 103(929):91-3.

Perry AL, Low PJ, Ellis JR, Reynolds JD. Climate Change and Distribution Shifts in Marine Fishes. Sci-
ence (80-). 2005; 308(5730):1912-5. https://doi.org/10.1126/science.1111322 PMID: 15890845

Hillebrand H, Bennett DM, Cadotte MW. Consequences of dominance: A review of evenness effects on
local and regional ecosystem processes. Ecology. 2008; 89(6):1510—1520. PMID: 18589516

Chapin FS, Zavaleta ES, Eviner VT, Naylor RL, Vitousek PM, Reynolds HL, et al. Consequences of
changing biodiversity. Nature. 2000; 405(6783):234—42. https://doi.org/10.1038/35012241 PMID:
10821284

Beare DJ, Burns F, Greig A, Jones EG, Peach K, Kienzle M, et al. Long-term increases in prevalence of
North Sea fishes having southern biogeographic affinities. Mar Ecol Prog Ser. 2004; 284(1998):269—
78.

PLOS ONE | https://doi.org/10.1371/journal.pone.0189731 December 18, 2017 18/19


http://doi.sahfos.ac.uk/doi-library/tim-dencker.aspx
http://doi.sahfos.ac.uk/doi-library/tim-dencker.aspx
https://doi.org/10.7487/2016.109.1.969
https://doi.org/10.7487/2016.109.1.969
https://www.sahfos.ac.uk/
http://www.emodnet.eu/
https://cran.r-project.org/package=MuMIn
https://cran.r-project.org/package=MuMIn
https://www.r-project.org/
https://doi.org/10.1126/science.1111322
http://www.ncbi.nlm.nih.gov/pubmed/15890845
http://www.ncbi.nlm.nih.gov/pubmed/18589516
https://doi.org/10.1038/35012241
http://www.ncbi.nlm.nih.gov/pubmed/10821284
https://doi.org/10.1371/journal.pone.0189731

@° PLOS | ONE

Differences in biodiversity indicators in large marine ecosystem

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.
90.

91.

92,

93.

94,

95.

96.

Ehrich S, Stelzenmdlller V, Adlerstein S. Linking spatial pattern of bottom fish assemblages with water
masses in the North Sea. Fish Oceanogr. 2009; 18(1):36-50.

Simpson SD, Jennings S, Johnson MP, Blanchard JL, Schén P-J, Sims DW, et al. Continental Shelf-
Wide Response of a Fish Assemblage to Rapid Warming of the Sea. Curr Biol. 2011; 21(18):1565-70.
https://doi.org/10.1016/j.cub.2011.08.016 PMID: 21924906

Tews J, Brose U, Grimm V, Tielbérger K, Wichmann MC, Schwager M, et al. Animal species diversity
driven by habitat heterogeneity/diversity: the importance of keystone structures. J Biogeogr. 2004; 31
(1):79-92.

Martins GM, Arenas F, Neto Al, Jenkins SR. Effects of Fishing and Regional Species Pool on the Func-
tional Diversity of Fish Communities. PLoS One. 2012; 7(8):1-9.

van Denderen PD, Hintzen NT, Rijnsdorp AD, Ruardij P, van Kooten T. Habitat-Specific Effects of Fish-
ing Disturbance on Benthic Species Richness in Marine Soft Sediments. Ecosystems. 2014; 17:1216—
26.

Bennema FP, Rijnsdorp AD. Fish abundance, fisheries, fish trade and consumption in sixteenth-century
Netherlands as described by Adriaen Coenen. Fish Res. 2015; 161:384-99.

Wolff WJ. The south-eastern North Sea: Losses of vertebrate fauna during the past 2000 years. Biol
Conserv. 2000; 95(2):209-17.

Myers RA, Worm B. Rapid worldwide depletion of predatory fish communities. Nature. 2003 May 15;
423(6937):280-3. https://doi.org/10.1038/nature01610 PMID: 12748640

Genner MJ, Sims DW, Southward AJ, Budd GC, Masterson P, Mchugh M, et al. Body size-dependent
responses of a marine fish assemblage to climate change and fishing over a century-long scale. Glob
Chang Biol. 2010; 16(2):517-27.

Hildrew AG, Raffaelli DG, Edmonds-Brown R. Body size: the structure and function of aquatic ecosys-
tems. Cambridge, UK: Cambridge University Press; 2007.

Greenstreet SPR, Rogers SI, Rice JC, Piet GJ, Guirey EJ, Fraser HM, et al. Development of the
EcoQO for the North Sea fish community. ICES J Mar Sci. 2011 Jan 1; 68(1):1-11.

Sguotti C, Lynam CP, Garcia-Carreras B, Ellis JR, Engelhard GH. Distribution of skates and sharks in
the North Sea: 112 years of change. Glob Chang Biol. 2016; 22(8):2729-43. https://doi.org/10.1111/
gcb.13316 PMID: 27082729

Ellis JR, Milligan SP, Readdy L, Taylor N, Brown MJ. Spawning and nursery grounds of selected fish
species in UK waters. [Internet]. Lowestoft; 2012. Available from: https://www.cefas.co.uk/publications/
techrep/TechRep147.pdf

Rice J, Daan N, Gislason H, Pope J. Does functional redundancy stabilize fish communities? ICES J
Mar Sci. 2013; 70(4):734—42.

Naeem S, Li S. Biodiversity enhances ecosystem reliability. Nature. 1997; 390(6659):507-9.
Yachi S, Loreau M. Biodiversity and ecosystem productivity in a fluctuating environment: the insurance
hypothesis. Proc Natl Acad Sci U S A. 1999; 96(4):1463-8. PMID: 9990046

Bellwood DR, Hoey AS, Howard Choat J. Limited functional redunduncy in high diversity systems: resil-
ience and ecosystem function of coral reefs. Ecol Lett. 2003; 6:281-5.

Boyer AG, Jetz W. Extinctions and the loss of ecological function in island bird communities. Glob Ecol
Biogeogr. 2014; 23(6):679-88.

Mouillot D, Albouy C, Guilhaumon F, Ben Rais Lasram F, Coll M, Devictor V, et al. Protected and
Threatened Components of Fish Biodiversity in the Mediterranean Sea. Curr Biol. 2011 Jun 21; 21
(12):1044-50. https://doi.org/10.1016/j.cub.2011.05.005 PMID: 21658949

Stelzenmiiller V, Maynou F, Martin P, Martin P. Patterns of species and functional diversity around a
coastal marine reserve: a fisheries perspective. Aquat Conserv Mar Freshw Ecosyst. 2009; 19:554—65.

Toussaint A, Charpin N, Brosse S. Global functional diversity of freshwater fish is concentrated in the
Neotropics. Nat Publ Gr. 2016;(Umr 5174):1-16.

Guilhaumon F, Albouy C, Claudet J, Velez L, Ben Rais Lasram F, Tomasini J-A, et al. Representing tax-
onomic, phylogenetic and functional diversity: new challenges for Mediterranean marine-protected
areas. Divers Distrib. 2015; 21(2):175-87.

PLOS ONE | https://doi.org/10.1371/journal.pone.0189731 December 18, 2017 19/19


https://doi.org/10.1016/j.cub.2011.08.016
http://www.ncbi.nlm.nih.gov/pubmed/21924906
https://doi.org/10.1038/nature01610
http://www.ncbi.nlm.nih.gov/pubmed/12748640
https://doi.org/10.1111/gcb.13316
https://doi.org/10.1111/gcb.13316
http://www.ncbi.nlm.nih.gov/pubmed/27082729
https://www.cefas.co.uk/publications/techrep/TechRep147.pdf
https://www.cefas.co.uk/publications/techrep/TechRep147.pdf
http://www.ncbi.nlm.nih.gov/pubmed/9990046
https://doi.org/10.1016/j.cub.2011.05.005
http://www.ncbi.nlm.nih.gov/pubmed/21658949
https://doi.org/10.1371/journal.pone.0189731

