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The ~15,000 living marine fish species1 known globally con-
stitute a major source of protein for billions of humans. 
Balancing fish conservation with human needs is difficult 

because a myriad of direct and indirect relationships among species 
make the dynamics of diverse food webs challenging to understand 
and predict2,3. For example, predators require the occurrence of prey 
species for their existence and, consequently, the disappearance of 
a species at the bottom of the food chain can trigger cascades of 
extinction right up to the top predators4. However, disappearance 
of species at any position in the food web can lead to community 
disassembly and profound transformation in ecosystem productiv-
ity5. The consequences of loss of species, due for example to human 
activities6, for the functioning of marine ecosystems will depend on 
the robustness of the network of trophic interactions7. As ecological 
interactions are critical to community functioning, any attempt to 
understand marine fish communities must account for their struc-
ture and spatiotemporal distribution.

Because most species have patchy, uneven and not entirely over-
lapping distributions, interactions among them may vary across 
time, regions and ecosystems8. Such variation can affect trajecto-
ries of network reorganizations after disturbances9. Mapping the 
structure of food webs in space could thus help in anticipating the  

consequences of global changes on biodiversity. However, the time 
and expense required to empirically document the spatial vari-
ability of millions of interactions is prohibitive10. Consequently, 
although the ocean covers approximately 71% of the Earth’s surface, 
we do not know how food webs across the global marine realm are 
organized. Rather than relying solely on empirical methods, we can 
infer the probability of the occurrence of a trophic interaction based 
on measurable information on species distributions, body mass and 
local environmental conditions that are known to influence preda-
tion. Given empirical data on the occurrence of interactions among 
species under varying conditions, it is feasible then to estimate the 
probability of interaction among species in other locations11. The 
resulting structure is a ‘metaweb’, describing potential interactions 
based on extant knowledge12 (Fig. 1).

In this study, we investigate how the distribution of trophic inter-
actions in marine fishes influences the structure of their ecologi-
cal networks globally. We expect the latitudinal gradient in species 
richness13 and sea surface temperature (SST) to influence the struc-
ture of marine fish ecological networks and, consequently, metrics 
such as connectance and mean trophic level should peak around the 
tropics. Then, we expect that the heterogeneous spatial distribution 
of species across biogeographic regions will concentrate interactions  
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within groups of species and that the fish metaweb will exhibit mod-
ules corresponding to these regions. Therefore, modules should 
limit propagation of perturbations and the robustness of marine 
food webs to species extinctions should be strongly localized. The 
robustness of networks may also vary along environmental gradi-
ents in correspondence to the global distribution of marine fish 
diversity (for example, SST)13, and is also dependent on the inter-
nal network structure such as connectance14. We investigate these 
expectations by reconstructing all possible predator–prey interac-
tions among 11,365 marine fish species distributed across the globe. 
We extracted local food webs across the globe at 1° × 1° resolution 
and computed network structure metrics and robustness that were 
related to environmental gradients. We then mapped the structure 
of ecological networks and identified those areas with the greatest 
complexity of interactions and those most sensitive to extinctions.

The metaweb was assembled based on life history traits docu-
mented in FishBase15 (body size, bathymetry and diet), and on spe-
cies co-occurrence data for 75% of the known marine fish species 
(n = 11,365) from the Ocean Biogeographic Information System 
(OBIS)16 database (see Methods and Supplementary Fig. 1). These 
data were assigned to a spatial location in a grid system covering the 
global oceans at 1° × 1° resolution. Trophic interactions were pre-
dicted using a probabilistic model of trait-matching calibrated on a 
published dataset of >34,000 observed predator–prey interactions17, 
and evaluated using 999-fold cross-validation methods by retaining 
only unique combinations of predator–prey body sizes in the dataset 
(mean Boyce index = 0.55, s.d. = 0.08, n = 999; Supplementary Fig. 2).  
The metaweb was further trimmed using known information about 
species habitat requirements (position in the water column) and 
knowledge of fish diet. The final metaweb has 7.062,647 potential 
interactions (Fig. 1) and a connectance (realized links/potential 

links) of 0.055 (Fig. 2e,f), a value that falls within the range of most 
reported food webs14,18. Moreover, the metaweb is well connected 
considering the path length distribution, with most species pairs 
separated by two or fewer links (Fig. 3a).

Results
The occurrence of network subgroups of species can be measured as 
the difference between observed and expected intra-group interac-
tions, divided by the total number of interactions19. This measure 
is called modularity (Q), positive values of Q indicating that inter-
actions occur predominantly within groups and negative values 
indicating that interactions are more frequent between than within 
groups19. Generally this modular organization can have stabilizing 
effects19 and enhances the persistence of ecological networks20. Sub-
biogeochemical provinces (Supplementary Table 1) are potentially 
strong candidate locations for modules in the metaweb, as these are 
defined by environmental conditions driving specific assemblages, 
especially among low trophic levels21,22. To test this, we extracted 
all the species present in each pair of biogeochemical provinces 
(BGCPs) according to the range maps obtained from the OBIS 
occurrences, then crossed this information with the metaweb to 
acquire the links between species in each pair of BGCPs. Finally, 
we summed the number of links between provinces. On this new 
matrix we calculated (1) the connectance among provinces and (2) 
the modularity of the network using the Walktrap community algo-
rithm that maximizes the modularity index (Q)

Contrary to that expectation, we found that all 56 BGCPs are 
equally connected with each other (mean connectance = 0.047, 
s.d. = 0.005, n = 56; Fig. 2). The modularity is null when groups 
are forced to belong to BGCPs, while the maximum modular-
ity (Q = 1.42 × 10−7) indicates that no other cluster of interactions  
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Fig. 1 | Construction of the metaweb. The size-based metaweb (step 1) is obtained by fitting an empirical allometric niche model. Links from herbivores are 
subsequently removed (step 2), as well as those between species that are found at different positions in the water column (step 3); for example, a pelagic 
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exists in the metaweb. This modularity value was lower than 
expected by chance, based on a benchmark distribution of 
999 modularity values calculated on randomized metawebs pre-
senting the same connectance and species richness as the observed 
metaweb (Z-score = −20.6, P < 0.0001). Many large-ranged spe-
cies are distributed across several BGCPs, increasing the con-
nectivity of the global network. Species with the largest ranges 
(up to 423,000 km2; third quartile of the range’s distribution) fre-
quently overlap, spanning on average approximately 18 BGCPs 
(mean = 17.75, s.d. = 9.28, n = 56). In addition, one-third of the 

species pairs co-occur in at least one 1° × 1° cell (connectance of 
the co-occurrence matrix = 0.29). The path length distribution and 
the lack of modularity confer global connectivity to the metaweb 
and should increase the propagation of disturbances across species 
and provinces23. Annual migrations and movement of individuals 
within their range will connect species across provinces, even if 
they do not interact directly together. However, global connectivity 
may also increase the opportunity for interaction redundancy of 
species at higher trophic levels and may therefore promote robust-
ness to species extinctions.
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While the global connectivity of the metaweb suggests that 
marine food webs are robust, or persistent despite extinctions, we 
assess whether this is also true of local food webs. Within each of 
the grid cells, we measured structural properties of food webs and 
explored their geographical distribution (Fig. 4 and Supplementary 
Fig. 3). We found that the mean trophic level (Fig. 4b) is corre-
lated positively with species richness (Spearman’s rank correlation 
ρS = 0.94, P < 0.001), and decreased from the equator to the poles 
(Fig. 4c,d). Connectance was almost constant between −40° and 
40° of latitude (mean = 0.047, s.d. = 0.048, n = 21053; Fig. 4e,f). 
Outside this latitudinal range, connectance increased sharply 
because of a drop in species richness (ρS = −0.61, P < 0.001), 
especially near the poles24. Because diversity in fish species usu-
ally increases with SST13, we therefore looked at the relationship 
between network properties and SST (Supplementary Table 2 and 
Supplementary Fig. 4). At the local level we found a significant cor-
relation between SST and species richness (ρS = 0.55, P < 0.001), 
number of herbivorous species (partial Spearman correlation 
(PSC) controlled by species richness = 0.17, P < 0.001), number of 
links (PSC; ρS = 0.52, P < 0.001), food chain length (PSC; ρS = 0.29, 
P < 0.001), vulnerability (mean number of predators per prey spe-
cies; PSC; ρS = −0.42, P < 0.001; Supplementary Figs. 3 and 5) and 

connectance (PSC; ρS = −0.36, P < 0.001). These results indicate 
that more energy at the bottom of the food chain supports food 
webs with higher species richness, more links and more elongated 
trophic chains25. Overall, spatial variation in food web structure is 
strongly related to the underlying latitudinal gradients in species 
richness, the proportion of herbivorous fish species in the local 
food web (Supplementary Fig. 6) and the average and variance in 
local body size (Supplementary Fig. 7).

Within each cell, we characterized the network robustness to 
extinctions by sequentially removing species according to four 
different scenarios: (1) the largest-bodied species that are fished 
intensively and may disappear first; (2) species with the widest geo-
graphic range and that predominantly connect the local networks 
spatially; (3) species with the most restricted geographic range,with 
smaller population size and that are more vulnerable to perturba-
tion; and (4) randomly selected species for comparison to other 
scenarios (99 random deletion sequences initiated for each web; 
Supplementary Fig. 8). For each sequential removal, we quanti-
fied the number of secondary extinctions occurring after loss by a 
non-basal species of all of its prey. We then measured robustness 
as the fraction of species that had to be removed to result in a loss  
of ≥50% of species5. We found that marine fish food webs were  

1.0
a

c

b

d

Metaweb

Corrected metaweb

Co-occurrence0.8

0.6

0.4

F
ra

ct
io

n 
of

 s
pe

ci
es

 p
ai

rs

0.2

0

Robustness

(0, 0.1)

(0.1, 0.2)

(0.2, 0.3)

(0.3, 0.34)

(0.34, 0.38)

(0.38, 0.44)

(0.44, 0.49) Pixels with fewer
than five species(0.49, 0.5)

Land

180° 135° W 90° W 45° W 0°

Longitude

45° E 90° E 135° E 180°

180° 135° W 90° W 45° W 0°

Longitude

45° E 90° E 135° E 180°180° 135° W 90° W 45° W 0°

Longitude

45° E 90° E 135° E 180°

1 2

Shortest path length

3

75° N

La
tit

ud
e

50° N

25° N

0°

25° S

50° S

75° S

75° N

La
tit

ud
e

50° N

25° N

0°

25° S

50° S

75° S

75° N

La
tit

ud
e

50° N

25° N

0°

25° S

50° S

75° S

Fig. 3 | The global connectivity of the metaweb and local webs provides robustness against species extinctions. a, Distribution of shortest path length 
in the metaweb based only on body size (black bars), the corrected metaweb based on body size, bathymetry, diet and species co-occurrence (dark grey 
bars) and that based only in the matrix of species co-occurrence (light grey bars). b, Spatial distribution of local food web robustness to species extinctions 
ordered by decreasing species body size. c,d, Spatial distribution of local food web robustness to species extinctions ordered by decreasing species range 
size (c) and by increasing species range size (d). The random scenario is presented in Supplementary Fig. 9, and the correlation among scenarios in 
Supplementary Table 3.

NATuRe eCoLoGy & evoLuTioN | VOL 3 | AUGUST 2019 | 1153–1161 | www.nature.com/natecolevol1156

http://www.nature.com/natecolevol


ArticlesNature ecology & evolutioN

generally robust to species loss, with no detectable difference in 
robustness from the tropics to the poles (Fig. 3b–d), and among the 
four sequential removal scenarios (Supplementary Table 3).

Rather, the strongest difference we observed was between open 
ocean and coastal areas (Wilcoxon rank test; mean coastal robust-
ness, 0.45; mean open water robustness, 0.38; P < 0.05; Fig. 3b,c 
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Fig. 4 | Spatial distribution of food web properties globally. a–f, The maps represent the distribution of species richness (a), trophic levels (c) and 
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and Supplementary Table 4), even when accounting for the effect of 
species richness (Supplementary Table 5). Coastal area was defined 
as all cells of depth 0–200 m. This difference was confirmed by the 
inverse correlation between all robustness scenarios and distance 
to land (for the body size scenario; PSC; ρS = −0.24; P < 0.001) 
and the first split observed in the regression tree between body 
size scenario robustness and environmental data (Supplementary  
Fig. 9a). This result can be explained by a combination of environ-
mental factors and internal network characteristics. The coastal 
robustness of networks is mainly associated with species rich-
ness and SST (Supplementary Fig. 9b; R2 = 0.61). However, when 
controlling by species richness, the coastal robustness of net-
works was related to SST whereas the open water robustness was 
related to primary productivity (Supplementary Fig. 9b; R2 = 0.21). 
Moreover, when considering network proprieties, the difference 
between coastal and open water robustness can be explained by 
shorter chain length, shortest path length and difference in con-
nectance (Supplementary Fig. 9c), all probably associated with 
differences in species richness between open ocean and coastal 
areas (Supplementary Fig. 9d). All of these observations led to the 
conclusion that robustness relates to SST and connectance, even 
though species richness also plays a major role. Overall, species are 
highly connected within local food webs such that in 67% of local 
food webs, 95% of the species pairs are separated by no more than 
three links (Supplementary Fig. 3i). That most species pairs are 
separated by so few links means that, topologically, top predators 
are close to the bottom of the food web. This implies that, when 
intermediate or even basal species are lost, there will be alterna-
tive pathways for energy to move up marine food chains and that 
cascading extinctions should be rare.

Discussion
Our simulations of species extinction emphasize the spatial het-
erogeneity of robustness in marine food webs between coastal and 
open-water areas. The elevated connectance observed globally 
(across the metaweb) and locally (in each grid cell) indicates that a 
local perturbation, such as pollution or overfishing, causing popula-
tion collapse may impact several trophic levels within the food web 
relatively quickly23,26. Nevertheless, disturbances on well-connected 
nodes are less likely to have a strong impact on neighbouring nodes 
than those on nodes with only a few links26. Consequently, the struc-
ture of marine fish food webs is expected to be able to absorb per-
turbations up to a critical point. An analysis of how major marine 
perturbations, such as commercial fishing, may affect the robustness 
of marine fish local and metawebs is required to better understand 
the buffering capacity of the food web structure27. For example, in 
ref. 28 it was demonstrated that fishing affects the Caribbean coastal 
marine food web structure by eroding food web robustness and 
persistence. Simulated perturbations may represent a simplification 
of real perturbations observed in nature. Here, under the assump-
tion that because fish species rely equally on all available prey items, 
we considered only the structure of the food web and not interac-
tion strength. Our interpretation of elevated robustness would be 
reinforced by integration of invertebrate and vertebrate taxa other 
than fish in the food web, since these could increase connectivity 
at the global scale and robustness at the local scale. Other processes 
such as movement, dispersal or, more broadly, migration, which are 
fundamental to marine systems, could act to increase robustness 
against species extinctions. Indeed, by linking and creating more 
complex food webs, migration could have a stabilizing effect29 and 
enhance food web robustness30. Migration is implicitly considered 
in our modelling approach because we looked at the spatial over-
lap between ranges, thereby connecting species across populations. 
Range dynamics from colonization–extinction processes is not, 
however, considered a phenomenon that might contribute to net-
work rewiring and a further increase in robustness.

While there has been an intense research effort in macro-ecology 
to determine why biodiversity peaks in the tropics, the distribution 
of biotic interactions along environmental gradients in both terres-
trial and marine environments, neglected to date, is now increas-
ingly studied31,32. Indeed, a community is more than just a list of 
species because its dynamics and stability depend critically on the 
myriad interactions shaping it10. The next challenge faced by ecolo-
gists, if they wish to explore variation in ecosystem services, is there-
fore to move beyond description and prediction of the biodiversity 
structuration to consider the relationships among its components33. 
Here, we propose a trait-based methodology to circumvent data 
limitations and to estimate the structure of fish food webs. While 
the role of temperature in driving biological rates and biodiversity 
distribution is recognized34, a full understanding of the large-scale 
variation in trophic regulation35 requires that we also document 
how it influences key properties of the network of interactions  
linking species.

Our approach, estimating local fish-to-fish interaction  
networks across the globe, highlights new challenges for empiri-
cal research in macro-ecology. Food web studies are usually per-
formed at either a single or several locations because of the amount  
of work required to observe large numbers of species and their  
interactions. As a consequence, such local data are too scarce for 
large-scale analyses of the distribution of network properties  
such as that conducted here. We therefore had to rely exclusively 
on fish data because of their wide availability, while acknowledg-
ing the need to expand eventually to invertebrate and vertebrate  
taxa other than fish, and on models to simulate where and  
which species will interact. We also focused on binary interac-
tion matrices to limit model assumptions and to acquire a first 
approximation of their spatial variation. Network topology has 
been shown to be more important than distribution of inter-
action strength in estimation of stability36, lending support to  
our approach. Nevertheless, integration of the interaction strength 
in our approach will facilitate progression from study of the food 
web structure to ecosystem functioning and the provision of  
services by ecosystems.

We performed validation at the lowest level of our hierarchical 
modelling approach, first by cross-validating the allometric model 
of interactions fitted on the ~34,000 interaction records and sec-
ond by cross-checking distributions derived from the OBIS occur-
rences with published range maps and check-lists of well-known 
and tropical species (see Methods for further details). Both pro-
cedures demonstrated that we had good model performance (see 
Methods), giving us confidence in the reliability of our predic-
tions. Several other marine food web datasets available in different 
regions of the world (for example, refs. 37,38) could theoretically be 
used to test our predictions. Nevertheless, after verification these 
datasets were deemed unsuitable. They were either incompletely 
sampled (nodes often representing tropho-species or guilds) or had 
been collected using different methodologies (from expert knowl-
edge to gut contents). The various maps we provide should also be 
interpreted carefully: these are not meant to predict the structure 
of local food webs (although we have used the method successfully 
for this purpose39), but rather the expected global variation in their 
properties. These maps are interpretations of extensive species rich-
ness variation combined with the distribution of body size and her-
bivory, and it is at this large scale that validation testing should be 
performed by analysis of the global tendencies of trophic indicators. 
Our study attempts to reveal large-scale variation in marine food 
web structure and, as such, to encourage testing of novel predictions 
in macro-ecology with a new generation of food web data. Recent 
progress in the development of DNA meta-barcoding techniques 
and their application to documenting of trophic interactions40 is 
highly promising, and suggests that such research will progress in 
the near future.
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We show that the integration of open global databases, new 
computing tools and statistical approaches facilitates the mapping 
of trophic interactions at the global level. This new approach to 
macro-ecological research overcomes the limitations of sampling 
by reliance on existing data. The sampling effort required to esti-
mate species interactions is orders of magnitude larger than that 
required to detect species presence and, while not perfect, synthetic 
datasets provide opportunities to generate testable predictions 
about the outcomes of future large-scale management scenarios. 
Fish are an integral component of the marine food web, and some 
countries are advocating for a holistic, ecosystem-based approach 
to sustainable ocean biodiversity management and conservation 
(for example, in Europe41). Such a commitment requires not only 
a deep understanding of the distribution of biodiversity, but also 
of biotic interactions, in inferring its functioning. The observation 
that fish food webs are globally connected further illustrates the 
global dimension of marine biodiversity. Our results should thus 
strengthen the importance of global negotiations, such as those cur-
rently under way aiming towards a new United Nations treaty to 
conserve and use sustainably marine biological resources of areas 
beyond national jurisdictions.

Methods
Data preparation. Species data were obtained from OBIS (http://www.iobis.org)  
on 27 August 2014, representing the best available dataset for a global study 
of marine fish food webs. We inventoried 16,238,200 occurrence records from 
34,883 entries. We cleaned the data by identifying the synonyms, misspellings and 
rare species (only one occurrence) and by restricting them to species present in 
the marine environment according to FishBase15. Synonyms were converted to 
accepted names. This resulted in a set of 13,916,517 occurrences for 11,365 fish 
species around the world. We considered every occurrence available in the OBIS 
database spanning the period 1826–2013, as occurrences before 1950 represent 
only 0.28% of the entire dataset. To counteract certain known biases in OBIS data 
(for example, not all species/regions are equally represented), we reconstructed 
distribution maps for each species, defined as the convex polygon surrounding 
the area where each species was observed (for details see Supplementary Fig. 10). 
The resulting polygon was divided into four parts across the world to integrate 
possible discontinuity between the two hemispheres and the Atlantic and Pacific 
Oceans. We then refined each species distribution map by removing areas where 
maximal depths fell outside the minimum or maximum known depth range 
of the species15. Final distribution maps of 500 species randomly chosen were 
checked visually and reviewed by the authors according to their expertise. We also 
compared the distribution of ~3,500 tropical species present in this database to 
the Gaspar database frequently used in reef fish analyses42. Finally, we aggregated 
fish distributions on a 1°-resolution grid covering all oceans. This scale allows 
computational feasibility and reproducibility of all analysis conducted here. 
All the data are freely available (https://doi.org/10.6084/m9.figshare.7034789). 
We compiled the following environmental descriptors: distance to land, SST, 
sea surface salinity and primary productivity. Environmental descriptors were 
compiled from different sources and resolutions, and were fit to our grid system 
(Supplementary Table 2).

Data analyses. We used a global interaction dataset derived from ref. 17 to calibrate 
a model of trophic interactions43 using the log of observed body size for predators 
(Mpred) and prey (Mprey). This dataset comprises 34,931 marine predator–prey 
interactions from 27 locations covering a wide range of environmental conditions, 
from the tropics to the poles, for 93 predator species of size 0.3–309.69 cm and 
174 prey species of size 4.16 µm to 122.66 cm. In the database, 226 predator–prey 
pairs were identified. Interactions were compiled from published literature and, if 
predator or prey length was not measured in the original study, that was calculated 
using length–mass relationships17. We inferred the probability of interactions using 
a trait-matching function based on the niche model for food web structure44, where 
the main niche axis is log body size. The log body size of the predator determines 
its optimum and the range of its niche, while log prey size determines its niche 
position45. We consider a Gaussian function to represent the probability of an 
interaction given the size of the predator (pred) and prey:
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where α0, α1, β0 and β1 are fitted parameters describing the relationship between 
predator size, optimal prey size and the range of the feeding niche. The model 
parameters were estimated by simulated annealing. To evaluate the model, the 
dataset provided in ref. 17 was cleaned by retaining only unique combinations of 

predator/prey body sizes and then splitting it into two parts—70% of the dataset 
was randomly chosen to calibrate the model while the remaining 30% was used 
to evaluate it. We calculated the Boyce index to evaluate the quality of the model 
(mean Boyce index = 0.55, s.d. = 0.08, n = 999; Supplementary Fig. 2). This index 
varies from −1 to +1, with positive values indicating a model whose predictions 
are consistent with the presence of interactions in the evaluation dataset; values 
close to zero mean that the model is not different from a null model, while 
negative values indicate an incorrect model. This cross-validation procedure was 
repeated 999 times. Once the model was calibrated and evaluated, it was applied 
to the 11,365 fish species using common body sizes extrapolated from the linear 
relation between common and maximum body size. Maximum body size data 
were extracted from FishBase15. We calculated the median body size among 
congeneric species (n = 1,509) to fill in missing data. To correct this size-based 
metaweb, we first removed links when large herbivorous fish eat smaller fish. 
Second, we removed links between fish that do not co-occur vertically in the 
water column and then we deleted interactions between fish that do not co-occur 
spatially (no range overlap). Finally, we considered the primary and secondary 
producers as two compartments that we combined to each other and to each 
appropriated fish species that feed on these resources (Supplementary Fig. 1). We 
hypothesized that both primary and secondary producers were distributed around 
the global ocean.

We used the 56 BGCPs established in 2013 (ref. 46) to search for spatial structure 
in the metaweb. The BGCPs were improved compared to the previous hand-made 
Longhurst BGCPs47 by using a non-parametric statistical methodology based on 
four environmental parameters (bathymetry, chlorophyll-a concentration, SST and 
sea surface salinity) for the period 1997–2007. These parameters directly affect 
the species abundance of lower trophic levels21. We also tested whether modules of 
tightly interacting species were associated with the BGCPs. To do this, we extracted 
all species present in each pair of provinces according to range maps obtained from 
OBIS occurrences, then crossed this information with the metaweb to determine 
the links between species in each pair of provinces. Finally we summed the number 
of links between regions to create a provincial-based metaweb. On this new matrix, 
we calculated (1) the connectance between provinces as the number of links 
between pairs of provinces divided by the number of potential links between pairs 
of provinces, and (2) the modularity of the network using the Walktrap community 
algorithm that maximizes the modularity index (Q)48. This index denotes the 
proportion of links falling within modules minus the expected proportion based 
on an equivalent network where links were placed at random. Modularity has a 
value between 0 and 1, with 1 corresponding to a perfectly modular matrix.

Food web descriptors. We calculated descriptors of local food web structure for 
fish assemblages12,44,49 for each cell. We used the number of species (S), the number 
of actual links (L) and the fraction of all possible links (S2) that are realized in 
the network, called connectance (L/S2). These indices have been highlighted as 
important predictors of population stability and community structure49. We also 
calculated the prey-averaged trophic level of each species as one plus the mean 
trophic level of all of the species resources44, and the associated omnivory index 
expressed as the trophic level variance of a consumer’s prey. For each food web 
(n = 43,041), we simulated species loss by sequentially removing species using 
one of four criteria: removal of (1) the largest-bodied species, (2) species with the 
widest range, (3) species with the most restricted range and (4) randomly chosen 
species (99 random deletion sequences initiated for each web). We calculated the 
total trophic connections (‘degree’) for each species and computed the number of 
potential secondary extinctions. Secondary extinction occurs when a non-basal 
species loses all of its prey items. We then quantified the robustness of food webs to 
species loss by measuring the fraction of species that had to be removed to result in 
a total loss of ≥50% of the species (that is, primary species removal plus secondary 
extinctions). Maximum possible robustness is 0.50 and minimum is 1/S (refs. 14,50). 
All trophic indicators were mapped and the coastline was defined using the data 
from ref. 51.

To examine whether the robustness of networks (1) varies along environmental 
gradients and (2) is dependent on the internal network structure, we performed 
four different regression trees52. Before running the regression trees, we checked 
for collinearity among predictors using the variance inflation factor (VIF)53. A 
VIF without collinearity has a value of 1, while VIF values >3 are indicative of 
collinearity issues. We first explored the effect of environmental factors (primary 
productivity, distance from land, SST, salinity) on the robustness of networks 
with and without inclusion of species richness in the regression tree models. The 
variable distance from land was transformed in a categorical variable—that is, 
cells with a depth of 0–200 m were identified as coastal and the remainder as open 
ocean. Collinearity among variables was found to be low (VIF values: species 
richness = 1.27, salinity = 1.38, primary productivity = 1.24, SST = 1.42). In the 
same way, we explored the effect of internal structure networks. After performing 
VIF analyses we selected four indicators that present low VIF values: the number 
of links (1.28), chain length (1.95), the modularity (2.12) and the shortest path 
length (2.3). We substituted the number of links by species richness, because these 
variables are highly correlated. To avoid overfitting, we selected the number of 
splits in each model as a compromise between the best R2 value and the minimum 
number of splits.
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Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
All data used to calibrate the trophic model are available at http://esapubs.org/
archive/ecol/E089/051/. The source data on fish presence are available at https://
obis.org/ and the presence/absence data extrapolated from these data are available 
at https://doi.org/10.6084/m9.figshare.7034789.

Code availability
The code to create the metaweb has been published and is available at https://doi.
org/10.6084/m9.figshare.650228.
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