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Environmental and climatic changes are expected to redistribute species, altering
the strengths of species interaction networks; however, long-term and large-scale
evaluations remain elusive. One way to infer species interaction networks is by analyzing
their geographical overlaps, which provides indices of species interdependence, such as
mean spatial robustness (MSR), which represents the geographical impact of a species
on other species, and mean spatial sensitivity (MSS), which indicates how a species
is influenced by other species. Integrating MSR and MSS further allows us to assess
community coexistence stability and structure, with a stronger negative relationship
between MSR and MSS (i.e., species are unequally dependent on each other) within
a community at a given time suggesting a more stable community. Here, we assessed
multidecadal changes in adult marine fish communities using bottom trawl datasets
across latitudes from 1982 to 2011 in the Eastern US Continental Shelf, North Sea,
and Eastern Bering Sea. Consistent, significant long-term increasing temporal trends of
MSR and MSS were found in all three large marine communities. MSR exhibited strong
correlations with species’ range sizes, especially in high-latitude communities, while
MSS was strongly positively correlated with species’ median proportion of overlap with
interacting species. The relationships between MSR and MSS were generally negative,
indicating stably coexisting fish communities. However, the negative relationships
weakened over time, implying that the coexisting fish communities gradually became
unstable. Our findings provide an assessment of changes in spatially geographical
aspects of multiple species, for decades and at mid- to high latitudes, to allow the
detection of global ecological changes in marine systems by alternative estimation
of geographic overlaps of species interaction networks. Such species co-occurrence
estimation can help stay vigilant of strategies for accelerating climate change mitigation
particularly at coarser spatial scales.

Keywords: adult marine fish, geographical overlap, species interaction network, community coexistence, species
distribution, Climate change
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INTRODUCTION

Species interactions play an important role in determining
both species- and community-level responses to environmental
and climatic changes, resulting in compositional changes and
reorganization and ultimately leading to a high risk of ecological
imbalance and changes in the dynamics of ecosystem functioning
(Parmesan and Yohe, 2003; Walther, 2010; Singer et al., 2013;
Goldenberg et al., 2018). Increasing numbers of studies have
demonstrated impacts of environmental and climatic changes
on multiple types of species interactions within communities,
particularly in terrestrial (Tylianakis et al., 2008; Lee et al.,
2019) and marine microbial ecosystems (Fuhrman et al.,
2015). However, long-term and large-scale estimates of such
species interaction consequences in higher-trophic-level marine
fish communities remain scarce due to limited underwater
technology, personpower, and financial requirements (Cazelles
et al., 2016; Pulver et al., 2016; Sander et al., 2017; Freilich
et al., 2018). An alternative approach for inferring species
interactions is constructing possible species co-occurrence
networks describing the geographic overlap of co-occurring
species, i.e., the higher species interaction would exist if species
overlap, despite debates about the relationship between co-
occurrences and ecological interactions (Araújo et al., 2011;
Blanchet et al., 2020; Münkemüller et al., 2020). Species
occurrences have recently been employed to reduce difficulties
in assessing the independence of mechanisms underlying
single abiotic and biotic or synergistic controls of changes
in species interactions, particularly at coarser spatial scales
(Araújo et al., 2011; Cazelles et al., 2016; Trivellone et al.,
2017; Freilich et al., 2018; Griffith et al., 2018). Moreover,
the advantages of such species co-occurrence estimation has
revealed its inclusiveness, including the use of presence-absence,
abundance, and fishery observational data; its high applicability
in testing a range of ecological and evolutionary hypotheses,
from individualistic extinction to the degree of connectance
by asymmetrical interactions in communities; and its utility
as a fishery management tool for choosing multispecies quota
allocations (Williams et al., 2014; Freilich et al., 2018; Griffith
et al., 2018).

The spatial robustness and sensitivity of species are important
proxies recently developed to evaluate the potential geographical
interaction networks of species (Bascompte et al., 2006; Araújo
et al., 2011). These two indices separately represent a species’
contribution to the community and/or ecosystem, i.e., its
importance to the community/ecosystem, and its potential
dependence on other species, i.e., the extent to which it is affected
by other species, respectively (Bascompte et al., 2006; Araújo
et al., 2011). More specifically, by emphasizing the ability of
a species to maintain geographical interaction networks after
being subjected to environmental and climatic changes, the
former examines proportions of the geographical distributions
of all other species that overlap with that of a focal species,
while the latter measures the proportions of the geographical
distribution of the focal species that overlap with those of all
other species. Assessing both the robustness and sensitivity of
individual species allows the role of each species in a community

to be determined and provides information on community
coexistence stability and structure. In other words, when a species
has high robustness but low sensitivity, it contributes greatly
to the community/ecosystem as a keystone species, increasing
community strength and coexistence stability, and is not easily
influenced by other species. In contrast, when a species shows low
robustness and high sensitivity, it makes limited contributions
to the community, is easily affected by other species, and is
at risk of being eliminated. When a species shows similar
performance levels in terms of robustness and sensitivity, i.e.,
both high or both low, it has the same level of high or
low influence on its environment and community. However,
few studies have considered species’ spatial robustness and
sensitivity in relation to ecological responses to environmental
and climatic changes. Additionally, without a long-term database,
it is difficult to explore the factors and processes underlying the
proximate causes.

To further bridge species interaction networks and
community-level influences under environmental and
climatic changes, comparing the relationships between spatial
robustness and sensitivity across species within a community
can reveal the degree of asymmetry among geographically
overlapping species in the community, also indicating the
overall interdependency between species in the community
(Araújo et al., 2011; Griffith et al., 2018). Most community
coexistence structures eventually become asymmetrical, thus
forming a stable ecosystem (Bascompte et al., 2006; Rooney et al.,
2006). In general, a community with many species displaying
asymmetrical interaction networks, i.e., a community with
negative relationships between species’ spatial robustness and
sensitivity, is greatly robust to the random loss of species under
environmental and climatic changes because most of its species
are poorly connected, but it simultaneously faces a hidden
crisis driven by high sensitivity to the loss of keystone species.
In contrast, a highly connected community with symmetrical
interaction networks among species, i.e., positive relationships
between species’ spatial robustness and sensitivity, is susceptible
to environmental and climatic changes that, if exacerbated,
may facilitate ecosystem collapse. Thus, quantifying the degree
of asymmetry between species is crucial for determining
community coexistence stability and structure.

Here, we provided a comprehensive, species- to community-
level assessment of changes in adult fish geographical interaction
networks over three decades (1982–2011) in three large
marine communities across latitudes. The three large marine
communities are located in the Eastern US Continental Shelf
and the North Sea in the Atlantic Ocean and the Eastern
Bering Sea in the Pacific Ocean (Figure 1A). Recent observations
have shown that these areas have undergone large changes,
particularly increases in sea surface temperature, indicating that
they are highly vulnerable to climate change, despite a short-
term slowdown in the warming in the Eastern Bering Sea
after a regional remarked decrease in 2008 (Shearman and
Lentz, 2009; Høyer and Karagali, 2016; Siddon and Zador, 2018;
Figure 1B). Our goals were (1) to track temporal changes in
species’ spatial robustness and sensitivity in the communities,
(2) to examine the factors underlying changes in geographical
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FIGURE 1 | Map of the three large marine communities (A), SST anomalies (B), temporal trends of mean spatial robustness (MSR) (C–E), and mean spatial
sensitivity (MSS) (F–H). Annual SST anomalies were calculated with respect to 1982–2011 climatology. SSTs in ◦C were obtained from 1/4◦ daily Optimum
Interpolation Sea Surface Temperature (OISST) data: AVHRR-Only, which used infrared satellite data from the Advanced Very High Resolution Radiometer (AVHRR)
and were downloaded from NOAA’s National Centers for Environmental Information (NCEI). We calculated the mean SST value of each year according to the
extracted spatial range of our study regions. A slowly increasing SST trend after 2008 is observed in the Eastern Bering Sea. Violin plots showing MSR (C–E) and
MSS (F–H) in each year. Orange, purple, and green represent the results for the Eastern US Continental Shelf, North Sea, and Eastern Bering Sea, respectively. In
the violin plots, circles represent median values, and the widths of the gray horizontal regions of the plots represent the density of the data along the Y-axis. The
black dashed lines represent linear temporal correlations of MSR and MSS with year. The time-series correlation coefficients and p-values are shown.

overlap between the species, and (3) to examine the congruence
of changes in community existence stability and structure in
order to better understand the risks posed to marine fish species
by environmental and climatic changes. Significant variation in
species richness and turnover rates has been observed in marine
assemblages, particularly those located in polar regions, due to
the physiological constraints of marine species (Blowes et al.,
2019). Therefore, we hypothesized that under environmental and
climatic changes, the strength of species geographical interaction
networks would exhibit greater changes over time in the high-
latitude oceans than in the mid-latitude oceans in our focal study
areas. In addition, with the importance of regional variability,
such as that in ice melting rates, hydrological cycles, and ocean
currents (Wendler et al., 2014; Xie et al., 2015; Lévy et al., 2018),
in explaining community-level responses under environmental
pressure, marine assemblages may be affected by not only
latitudinal temperature gradients but also the regional climate,
the latter of which is expected to exert stronger influences
than the former. We thus hypothesized that the responses of
marine communities, even at similar latitudes, to environmental
and climatic changes would vary regionally. The changes in
patterns of fish community coexistence structure might be
vital indicators for future marine conservation strategies and
regional ocean management under continued environmental and
climatic changes.

MATERIALS AND METHODS

Species Data
Adult fish species data were compiled from three long-term
bottom trawl datasets from 1982 to 2011 provided by the
Northeast Fisheries Science Center (NEFSC) Bottom Trawl
Project, North Sea International Bottom Trawl Survey (NS-
IBTS), and Eastern Bering Sea Continental Shelf (EBSS) Survey.
These surveys were conducted in the ocean off the eastern US
coast (including regions belonging to the large marine ecosystems
of the Northeast US Continental Shelf and the northern part of
the Southeast US Continental Shelf, hereafter referred to as the
Eastern US Continental Shelf), North Sea, and Eastern Bering
Sea (excluding the Aleutian Islands), respectively, in the Atlantic
and Pacific Oceans. The depth was less than 200 m in most of
the study regions, but it reached a maximum of 500 m in some
regions, especially along the Eastern US Continental Shelf and
in the North Sea (O’Reilly and Zetlin, 1998; Sündermann and
Pohlmann, 2011; Kleisner et al., 2017; Siddon and Zador, 2018).

Fish data from the Eastern US Continental Shelf were collected
seasonally in spring and fall. The continental shelf region was
stratified according to the major stratum boundaries determined
by depth. Large strata were first divided into areas equivalent
to 5 min latitude by 10 min longitude. Stations were sampled
from large strata and smaller, narrower inshore, and offshore
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strata with an area of only 2.5 min latitude by 2 min longitude
to ensure equal chances of being sampled. Approximately,
440–450 stations dispersed within the project region yielded
a complete survey. At each station, a trawl was towed at 3.5
knots relative to the bottom with the tow direction generally
toward the next station. Fish surveys in the North Sea have
been consistently conducted between January and February since
1965, with enhanced sampling between July and August since
1991. We used only the data collected between January and
February in this study to ensure comparability with other large
marine community data collected within the same multidecadal
timeframe. The division of the survey grids was based on the
International Council for the Exploration of the Sea (ICES)
statistical rectangles of approximately 30 by 30 nautical miles,
i.e., approximately 0.5 degrees latitude by 1 degree longitude. The
vessels were free to choose any position in the rectangles as long
as the hauls were separated by at least 10 nautical miles wherever
possible. Tows in adjacent rectangles were also separated by
at least 10 nautical miles. Historically, during the first-quarter
survey, the length of sweeps depended on the bottom depth.
The sweeps included back-strops and connectors with a total
length of 60 m (depths < 70 m) or 110 m (deeper waters).
A standard tow was performed for 30 min. For the fish data
collected in the Eastern Bering Sea, 356 stations were visited
annually, particularly in June and July, and a 30-min trawl was
conducted at each station.

We determined species’ geographical distributions in each
year by drawing the smallest convex polygon that enclosed
the occurrences of each species in ArcGIS version 10.5. The
species distributions were then converted to presence-absence
information grid cells with a spatial resolution of 0.5 degrees
latitude by 0.5 degrees longitude.

Pairs of species with a significant association (<0.05) of their
co-occurrence probabilities were considered to have annual co-
occurrence patterns (Veech, 2013). Species that were randomly
associated with all other species, i.e., without significant
associations, were removed to reduce sampling bias (i.e., random
appearance in each year) and improve the representation of
geographical interaction networks among fish species in each
study region. To emphasize internal changes, only non-randomly
associated species with 30-year occurrences were analyzed. From
1982 to 2011, the Eastern US Continental Shelf had a total of 54
fish species occupying 187 of the 248 total grid cells, the North
Sea had 51 fish species occupying 368 of the 377 total grid cells,
and the Eastern Bering Sea had 34 fish species occupying 337 of
the 338 total grid cells.

Geographical Overlap Between Species
Species’ spatial robustness and sensitivity were considered as
indices of geographical interaction networks in this study (Araújo
et al., 2011; Neeson and Mandelik, 2014; Griffith et al., 2018). The
annual potential strength of geographical interaction networks
between a target species and all other species was estimated
according to relative dependency, which was quantified by the
proportion of geographical overlap between the species. Mean
spatial robustness (MSR) was calculated by normalizing the sum
of proportions of geographical distributions of all other species

B1...n that overlapped with that of a target species A and then
dividing it by the number of all other species n to obtain the
average value:

MSR (A) =

∑n
1 O (Bi,A)

n

High MSR revealed a large geographical overlap proportion
connecting the target species A with all other species, i.e., a strong
geographical interaction network of the target species A with
other species on average. Target species A was then assumed to
make a major contribution to community/ecosystem robustness.

The mean spatial sensitivity (MSS) of an individual species
to the loss of potential interaction networks with other species
was calculated as the sum of the proportions of the geographical
distribution of the target species A overlapping with those of
other species B1...n divided by the number of all other species n
to obtain the average value:

MSS (A) =

∑n
1 O(A,Bi)

n

Here, high MSS implied that a species was highly dependent
on other species, whereas a species with low MSS was not.

Although both MSR and MSS were calculated using
spatial geographical overlap, their focuses were different. MSR
emphasized the impacts of the focal species on the other (non-
focal) species, whereas MSS emphasized the influences of the
other species on the focal species. Unless the geographical
interaction networks between species were totally symmetrical,
species would differ in their MSR and MSS indices due to
differences in the proportion of geographical overlap and the
number of species they had interacted with (Bascompte et al.,
2006; Rooney et al., 2006; Araújo et al., 2011; Griffith et al., 2018).

Statistical Analyses
We quantified temporal trends over 30 years in MSR and
MSS based on annual medians with Pearson correlations.
Regressions between the geographical interaction networks of
individual species and sea surface temperature obtained from
1/4◦ daily Optimum Interpolation Sea Surface Temperature
(OISST) data among the three large marine fish communities
were assessed and evaluated by the t-test for not equal to 0. To
explore the factors underlying changes in species’ geographical
interaction networks in each marine fish community over time,
the temporal relationships of MSR and MSS with species’ range
sizes, the number of interacting species, and the median overlap
proportion with interacting species were estimated. We then
compared frequency distributions by pairwise testing among the
three marine fish communities using a two-sample Kolmogorov-
Smirnov test. The size of a species’ range was calculated as
the number of presence grid cells in the species’ geographical
distribution per year. The number of species whose geographical
distributions overlapped with that of a target species was
considered the number of interacting species for the target
species. We used annual medians to represent the degree of
overlap of the target species with all of its interacting species
every year. Community coexistence stability was evaluated by the

Frontiers in Marine Science | www.frontiersin.org 4 February 2022 | Volume 9 | Article 751094

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-09-751094 February 11, 2022 Time: 16:59 # 5

Lai et al. Species Geographical Overlaps

relationships between the annual MSR and MSS of individual
species using Pearson correlations. Habitat preference and
commercial utilization data for the fish species (Froese and Pauly,
2019) were collected to identify the characteristics of potential
keystone species, which were specifically defined by an MSR
value > 0.8 in this study (Griffith et al., 2018). The individual
species were categorized into seven groups according to their
habitat preferences: pelagic-oceanic, pelagic-neritic, demersal,
benthopelagic, bathypelagic, bathydemersal, and reef-associated.
Species in the first two groups were then defined as pelagic
species, those in the following four groups were defined as
demersal species, and those in the last group were defined as reef-
associated species. Regarding commercial utilization, species with
highly commercial, commercial, and slightly commercial records
were designated commercial species, whereas the remaining
species were designated non-commercial species. All statistical
analyses were performed using RStudio version 1.0.153 (RStudio
Team, 2016).

RESULTS

Temporal Changes in Mean Spatial
Robustness and Mean Spatial Sensitivity
We found significant long-term increasing trends based on the
medians over the 30-year period in both MSR and MSS of
fish species in the three large marine communities: the Eastern
US Continental Shelf, the North Sea, and the Eastern Bering
Sea (all r > 0.38, p < 0.05; Figures 1C–H). The increases in
both MSR and MSS indicated stronger geographical interaction
networks between species and increasing potential species
interaction networks in the communities, implying that all large
marine fish communities may be currently experiencing changes
in coexistence structure in terms of geographical interaction
networks. Moreover, MSR showed greater variability than MSS
(Figures 1C–H), illustrating uneven contributions of individual
species to the communities; i.e., the influences of individual
species on other species varied widely, whereas most species
were little affected by other species. Investigation of the climate
impacts of individual species over time revealed significant
changes both in MSR and MSS among the three large marine
fish communities across latitudes (all p < 0.05; Figure 2).
However, the changes in high-latitude marine communities were
not significantly higher than those in mid-latitude communities.
The strength of long-term temporal correlations was even slightly
lower in the high-latitude Eastern Bering Sea than in the
other communities.

Factors Underlying Species
Geographical Interaction Networks
Overall, we observed temporal changes in three underlying
factors that contributed to subsequent geographical interaction
networks in most species among the communities. A total of
58.8–96.3 % of species exhibited positive temporal correlations
for species’ range sizes, the number of interacting species, and
median overlap proportion with interacting species among the

communities over decades, except for temporal changes in
species’ range sizes in the Eastern US Continental Shelf (42.6
%; Table 1). Among these factors, MSR was most strongly
correlated with species’ range sizes (medians = 0.87, 0.97, and
0.91 and ranges = −0.01–0.99, −0.32–0.99, and −0.15–0.99
in the Eastern US Continental Shelf, North Sea, and Eastern
Bering Sea, respectively), followed by the number of interacting
species (medians = 0.51, 0.73, and 0.60 and ranges = −0.41–
0.86, −0.14–0.91, and −0.06–0.86), and was weakly correlated
with the median overlap proportion with interacting species
(medians = 0.001, 0.03, and 0.02 and ranges = −0.60–0.66,
−0.77–0.87, and −0.52–0.70; Figures 3A–C). The frequency
distributions of correlation coefficient values between MSR and
underlying factors in the large marine fish communities did not
differ according to pairwise testing (all D = 0.1–0.3, all p > 0.05),
although the frequency distributions for the relationships of MSR
with species’ range sizes and the number of interacting species
in the Eastern US Continental Shelf were slightly left-skewed
relative to the others. In contrast, MSS exhibited the strongest
correlations with median overlap proportion with interacting
species (medians = 0.63, 0.74, and 0.66 and ranges =−0.37–0.86,
−0.61–0.88, and −0.45–0.84; Figures 3D–F) but relatively weak
correlations with species’ range sizes (medians = −0.41, −0.34,
and −0.40 and ranges = −0.86–0.25, −0.85–0.52, and −0.77–
0.54) and the number of interacting species (medians = −0.48,
−0.33, and −0.61 and ranges = −0.89–0.27, −0.91–0.38, and
−0.92–0.23). The correlation coefficient values between MSS
and median overlap proportion with interacting species were
distributed differently between the mid-latitude Eastern US
Continental Shelf and the high-latitude North Sea marine fish
communities (D = 0.6, p = 0.05).

Temporal Changes in Community
Coexistence Stability and Structure
Negative correlations were found between MSR and MSS,
and there were decreases in correlation strength in all
three large communities of marine fishes over the past
three decades (Figure 4 and Supplementary Figure 1).
This indicated that the large marine fish communities in
this study exhibited asymmetrical geographical structures in
coexistence that gradually became more symmetrical over time,
demonstrating that these communities became unstable under
environmental and climatic changes. The decreases in correlation
strength were mainly caused by potential keystone species, i.e.,
the species with MSR values greater than 0.8 specifically defined
in this study (Figure 5). The increases in MSS of these potential
keystone species showed that these important species might be
exposed to increasing risks from climate disturbance, which
might trigger extinction cascades in food webs and threaten
long-term community network persistence (Christianou and
Ebenman, 2005; Gilljam et al., 2015).

Subtropical species, including the scup (Stenotomus chrysops),
Gulf Stream flounder (Citharichthys arctifrons), spotted codling
(Urophycis regia), and blueback shad (Alosa aestivalis) recorded
in the Eastern US Continental Shelf and the Mediterranean
scaldfish (Arnoglossus laterna), solenette (Buglossidium luteum),
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FIGURE 2 | Boxplots illustrating regression trends between mean sea surface temperature and mean spatial robustness (A) and mean spatial sensitivity (B) of
individual species over time in the Eastern US Continental Shelf, the North Sea, and the Eastern Bering Sea. The horizontal dashed lines indicate regression
coefficients, i.e., slope, equal to 0.

TABLE 1 | Number of species showing different responses to underlying factors with time correlating species geographical interaction networks.

Temporal change over the 30-year period Underlying factors

Species’ range
sizes

Number of interacting
species

Median overlap proportion with
interacting species

Eastern US Continental Shelf (N = 54)

Increase 23 (12) 46 (16) 52 (42)

Decrease 31 (9) 6 (0) 2 (0)

Maintenance 0 2 0

North Sea (N = 51)

Increase 39 (27) 34 (22) 48 (30)

Decrease 12 (1) 11 (3) 3 (0)

Maintenance 0 6 0

Eastern Bering Sea (N = 34)

Increase 27 (14) 20 (4) 25 (10)

Decrease 7 (2) 10 (3) 9 (0)

Maintenance 0 4 0

Pearson correlations and a significance level of 0.05 were used to estimate the temporal changes, i.e., increase (r > 0), decrease (r < 0) or maintenance (r = 0), in each
factor and large marine fish community. Numbers in parentheses indicate the number of species with significant changes.

and small-spotted catshark (Scyliorhinus canicula) in the North
Sea, became new potential keystone species during the studied
decades (Figure 5 and Supplementary Table 1). Decreasing
trends in the proportions of both demersal and commercial
species in the communities of the Eastern US Continental Shelf
and North Sea over time were observed, whereas a largely
consistent community composition was found in the Eastern
Bering Sea, indicating the decreasing importance of specific
guilds of species and shifts in the main influential species in the
two former large marine fish communities (Figure 5).

DISCUSSION

Long-term information at large scales would substantially
improve the understandings of both the species interaction

networks underpinning spatiotemporal species co-occurrences
and the consequences of ecological community coexistence,
information that is needed to address irreversible threats of
environmental and climatic changes to ecosystems. Increasing
evidence suggests that the accelerated and comprehensive
impacts of environmental and climatic changes on marine
ecosystems may be greater than those on terrestrial ecosystems,
leading to faster rates of colonization, higher sensitivity and
greater vulnerability to warming and more frequent extirpations
in marine ecosystems (Blowes et al., 2019; Pinsky et al., 2019). We
sought to provide a complete assessment of changes in spatially
geographical aspects of multiple species, for three decades and
at mid- to high latitudes, to allow the detection of global
ecological changes in marine systems by alternative estimation of
geographic overlaps of species interaction networks.
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FIGURE 3 | Density distributions of correlation coefficients between species’ mean spatial robustness and species’ range sizes (A), the number of interacting
species (B), median overlap proportion with interacting species (C), correlation coefficients between species’ mean spatial sensitivity and species’ range sizes (D),
number of interacting species (E), and median overlap proportion with interacting species (F) in the Eastern US Continental Shelf (orange), North Sea (purple), and
Eastern Bering Sea (green). The vertical dashed lines indicate correlations equal to 0.

FIGURE 4 | Relationships between species’ mean spatial robustness and sensitivity in the (A) Eastern US Continental Shelf, (B) North Sea, and (C) Eastern Bering
Sea large marine fish communities. The linear relationships between species’ mean spatial robustness and sensitivity for each year are plotted to display correlation
patterns year-by-year. Darker points and solid lines represent later years. The right-top panels provide linear temporal correlations and asterisks indicate significance
(*p < 0.05; **p < 0.01).
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FIGURE 5 | List of potential keystone species defined according to a mean spatial robustness > 0.8 among species in the (A) Eastern US Continental Shelf,
(B) North Sea, and (C) Eastern Bering Sea large marine fish communities. Habitat preference (demersal vs. pelagic species) is indicated by color (blue vs. pink,
respectively), and commercial utilization (commercial vs. non-commercial species) is indicated by shape (circles vs. diamonds, respectively). The right panels provide
the proportions of different guild groups (black: commercial species; blue: demersal species) in species compositions.

We acknowledge that binary presence/absence data of species
may merely reflect limited interaction networks between species
and cause underestimations of the interaction strength of

species in communities where abundance strongly influences
guild aggregation and segregation (Ulrich and Gotelli, 2010;
Newbold et al., 2013). In addition, characteristics and traits of

Frontiers in Marine Science | www.frontiersin.org 8 February 2022 | Volume 9 | Article 751094

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-09-751094 February 11, 2022 Time: 16:59 # 9

Lai et al. Species Geographical Overlaps

species may influence the effectiveness of interaction assessments.
For example, positive non-trophic interactions appear to be
more detectable than either negative non-trophic interactions or
trophic interactions when using species co-occurrence methods
(Sander et al., 2017; Freilich et al., 2018). However, we believe
that the results of this study lend credence to the need for
cross-scale integration, at least at the species and community
levels, in studies of biodiversity changes through long-term
monitoring across latitudes and greater consideration of changes
in community composition based on species attributes.

The upward temporal trends of fish species’ MSR and MSS
geographical interaction networks corresponded closely to those
of sea surface temperature anomalies. This provides important
evidence of climate change impacts on species geographical
interaction networks, which have not been given much attention
to date. The greater strength of geographical interaction networks
between species in all three large marine fish communities
over the past few decades revealed that the communities may
be more sensitive to random removal of species due to the
strong associations between species if any species are susceptible
to global warming (Kaiser-Bunbury et al., 2010; Araújo et al.,
2011). Previous studies also showed that strong contributors
to nestedness, i.e., interactions among species, were prone
to extinction, although they were more important for the
persistence of the entire community network (Almeida-Neto
et al., 2008; Saavedra et al., 2011). When more fish species
make stronger contributions to the geographical interaction
networks of the entire community, the persistence of community
coexistence structure and the ecological network could be
disturbed and lost under environmental and climatic changes.

Based on our analyses, we suggest that the regional climate
may influence species geographical interaction networks more
than latitudinal effects. Greatest variation in species richness and
turnover rate were observed in polar marine regions (Blowes
et al., 2019). The observed patterns of consistently increasing
MSR and MSS values for individual species among the three
large marine fish communities in this study are likely to
challenge the expectations because different latitudinal gradients
had been speculated to exist regionally in individual large
marine communities (Baumann and Doherty, 2013). Besides, a
significant decrease in the correlation over time was observed
only in the Eastern Bering Sea fish community, which might
have been caused by a sudden steep decrease in sea surface
temperature modulated by the Pacific Decadal Oscillation (PDO)
since 2003 in the area. The PDO, related to the warm or cold
sea surface waters in the North Pacific, changed from having
predominantly positive values to having predominantly negative
values in the last decade, reflecting the weakening semipermanent
Aleutian Low and causing a sudden steep decrease in sea
surface temperature beginning in 2008 in the Eastern Bering
Sea (Wendler et al., 2014; Figure 1B). This may counteract
the negative effects of ocean warming under contemporary
environmental and climatic changes and mitigate the increases
in MSR and MSS within 30 years in the region. This finding
not only indicated the importance of the regional climate,
such as ice melting rates and the effects of hydrological cycles
and ocean currents, in shaping the regional responses of large

marine fish communities but also explained why mild temporal
trends in MSR and MSS were observed in the Eastern Bering
Sea. Furthermore, importantly, regional climatic gradients allow
species to track thermal niches without certain shifts and provide
refugia for species without significant ecological consequences
(Burrows et al., 2019). As a result, these gradients can moderate
the responses of organisms to global macroclimate warming
unless losses of food resources or habitat fragmentation occur
(Bertrand et al., 2011; Devictor et al., 2012; De Frenne et al., 2013).

Consistent with the importance of regional variability in the
Eastern Bering Sea highlighted in this study, regional climate
effects have been observed in dense temperate European and
North American forests, with cooler forest-floor temperatures
attenuating species’ responses to global warming via increased
shading during the growing season (De Frenne et al., 2013).
Similarly, regional changes in water masses, sea surface
temperature, the El Niño-Southern Oscillation (ENSO), and
the seasonal Northern Atlantic Oscillation (NAO) have driven
phytoplankton variation and bottom-up trophic cascades in
marine ecosystems (Liu et al., 2019). However, many other
constraints, including biotic mutualism, trophic competition
(Araújo et al., 2011) and other abiotic anthropogenic effects, such
as habitat destruction (Colorado-Zuluaga, 2015), also regulate
the geographically interactive dependency between species.
Additional research on the fundamental interactive dependence
of species is needed to clarify the roles of these constraints and
to understand how changes in species distributions can affect
the interactive mechanisms of disassembly and reassembly of
community coexistence networks.

Our findings showed that the range expansion of high-latitude
fish species in search of more suitable habitats and food resources
or opportunities for enemy escape under environmental and
climatic changes aggravated the increases in MSR and MSS. With
range expansion, the number of interacting species and median
overlap proportion with interacting species also increased. These
results are consistent with changes in a marine community
observed off eastern Australia (Hellmann et al., 2012; Griffith
et al., 2018; Platts et al., 2019). However, species might suffer from
habitat constraints that instead reinforce species’ range limits and
thus be unable to continuously expand their range if disturbances
such as climate change and fishing pressure continuously worsen
in these marine areas or if range expansion is prevented by
limitation of hosts, such as specialized herbivorous species or
mutualists (Hellmann et al., 2012).

Unlike the high-latitude large communities of marine fishes,
which underwent significant range expansion, the mid-latitude
fish species exhibited range shifts, particularly toward slightly
north of the central area, i.e., the Gulf of Maine, in the Eastern
US Continental Shelf. This explained the lower percentage of
species with increasing temporal changes in range size in the
Eastern US Continental Shelf than in the North Sea and Eastern
Bering Sea, and even more species decreased their range sizes
over time. Furthermore, these movements led to geographical
interaction networks between formerly allopatric species (i.e.,
significant increases in the number of interacting species over
time) or increases in geographical interaction networks between
sympatric species (i.e., significant increases in the median overlap
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proportion with interaction species over time; Westerbom et al.,
2018). Both MSR and MSS in the mid-latitude fish community
thus increased. Our observed bimodal distribution of MSR with
increasing latitudinal shifts also supported opposing migration
directions of fish species seeking more suitable habitats in that
area (Supplementary Figure 2; Rogers et al., 2019). We speculate
that the richest nutrients being located in the upper layer may be
one of the main reasons for species’ range shifts toward the Gulf
of Maine (Townsend et al., 2010; Rogers et al., 2019), where the
species will also face a non-negligible challenge imposed by great
warming of the sea surface over decades within the study region.

Nevertheless, regardless of latitude, several studies have
notably suggested that fish species may prefer migrating vertically
to deeper habitats over migrating poleward (Pinsky et al., 2013;
Rutterford et al., 2015; Kleisner et al., 2017). Depth-associated
niches have been predicted to become another primary factor
constraining fish species distributions, which may alter the
strengths of species geographic interaction networks and cause
them to differ from those measured in this study. Therefore,
different drivers of fish distributional characteristics would have
generated large variation across time or species and thus biases in
our inferences and conclusions.

Negative relationships formed structurally asymmetrical but
stable coexisting communities, according to empirical estimates
of the MSR and MSS of species from real-world networks
of communities from arctic to tropical ecosystems as well as
from diverse ecological and biogeographical settings (Bascompte
et al., 2006). The compositional changes in potential keystone
species and/or changes in the strength of geographic interaction
networks of potential keystone species observed in the three
large marine communities in this study changed community
coexistence structures from asymmetrical to symmetrical,
resulting in increasing community coexistence instability. One
caveat is that these oceanic areas may experience changes in
top-down influences on lower trophic levels and monopolization
of critical resources (Wagner, 2010). Moreover, some studies
have shown that the Eastern US Continental Shelf and North
Sea are two of the marine ecosystems most severely impacted
by climate and fishing (Kirby and Beaugrand, 2009; Olsen
et al., 2011), which may explain the declining importance of
demersal and commercial fish species in the two assemblages of
large marine fish communities. Our findings suggest that both
marine community coexistence structures and functions have
been affected and may be significantly depleted across the full
ranges of such fish under environmental and climatic changes
(Eggers et al., 2014; Flanagan et al., 2019).

CONCLUSION

Our findings highlight the changes in geographical interaction
networks of species and community coexistence stability over
the past few decades and the need for a better understanding
and monitoring of future changes. In particular, consistent
trends across latitudes have been observed, implying a common
crisis and challenge among marine fish communities under
environmental and climatic changes. Notably, the regional

climate is emerging as a critical moderator of changes in
marine community interactions. Moreover, despite different
latitudes, the underlying factors structuring fish species reflect
differences in the resilience of species MSR and MSS in
different marine communities under environmental and climatic
change. Our findings further demonstrate that demersal and
commercial species showed larger changes under environmental
and climatic changes than other species and their important
roles in stabilizing communities by contributing to asymmetrical
species co-occurrences. Ultimately, as higher levels of ecological
impacts, e.g., community-level changes, occur, we should be more
vigilant of the effects of modern-day global environmental and
climatic changes.
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