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Genetic diversity is estimated to be declining faster than species diversity under escalating
threats, but its spatial distribution remains poorly documented at the global scale. Theory
predicts that similar processes should foster congruent spatial patterns of genetic and species diversity, but empirical studies are scarce. Using a mined database of 50,588 georeferenced mitochondrial DNA barcode sequences (COI) for 3,815 marine and 1,611
freshwater ﬁsh species respectively, we examined the correlation between genetic diversity
and species diversity and their global distributions in relation to climate and geography.
Genetic diversity showed a clear spatial organisation, but a weak association with species
diversity for both marine and freshwater species. We found a predominantly positive relationship between genetic diversity and sea surface temperature for marine species. Genetic
diversity of freshwater species varied primarily across the regional basins and was negatively
correlated with average river slope. The detection of genetic diversity patterns suggests that
conservation measures should consider mismatching spatial signals across multiple facets of
biodiversity.
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he ongoing sixth mass extinction crisis, under ever
increasing human pressures, urgently calls for a better
understanding of the main processes shaping the distribution of biological diversity on Earth. However, most global
studies are investigating biodiversity at the species level1–4, while
a few studies examine the diversity of genes within organisms, i.e.
genetic diversity5. Indeed, the cost of sampling and genotyping a
sufﬁcient number of individuals within species has limited our
understanding of the determinants of intraspeciﬁc genetic
diversity, particularly at large scale. Spatial patterns of genetic
diversity are mainly documented locally or regionally, mostly for
a single species or a few species in phylogeographic6 or landscape
genetics studies7,8.
Yet, determining the global distribution of intraspeciﬁc genetic
variation and its main drivers is urgent, given that genetic
diversity might be undergoing silent and poorly documented
erosion under global changes9. Genetically distinct local populations may go extinct before the whole species does10–12, resulting
in the erosion of genetic diversity and adaptive potential for many
species13. In this context, investigating the key determinants
of genetic diversity patterns and their underlying biological
processes would help to design comprehensive conservation
schemes, i.e. protected areas, for this neglected component of
biodiversity14–16. Surprisingly, there is currently only a limited
description and comprehension of the large-scale organisation of
genetic diversity17,18.
Intraspeciﬁc genetic diversity might show biogeographic
patterns congruent with those of species diversity as a result of
processes acting along a micro- to macroevolution continuum19–22.
Among the hypotheses explaining spatial congruence between
intra- and inter-speciﬁc levels of diversity, the evolutionary speed
hypothesis posits that higher temperatures foster higher metabolic
and mutation rates, as well as faster generation times, which
should in turn increase genetic divergence, speciation rate and,
ultimately, species diversity23. Under this hypothesis, species and
genetic diversity are both expected to be higher in warmer regions.
A positive association between species, genetic diversity, and
temperature is also expected under the “colonisation hypothesis”
(or “stability hypothesis”) where demographic ﬂuctuations are
associated with environmental instability which in turn limits
diversity. These events are generally followed by stochastic recolonisation generating bottlenecks, which may lower both species
and genetic local diversity24. Typically, warmer areas in the tropics
have experienced less historical variability, whereas cold areas were
highly unstable, generating species diversity clines along temperature gradients4. The energy hypothesis assumes that more
productive areas sustain larger population sizes, which should
favour higher genetic diversity and allow the persistence of more
species along with, eventually, a higher speciation rate25,26. Finally,
the physical complexity hypothesis states that areas with higher
habitat complexity should provide more ecological niches
and hence support higher species diversity27,28, but also more
spatially structured populations in a given area so a higher genetic
diversity29. This physical complexity hypothesis strongly depends
upon the spatial grain and extent of the study area. For instance, at
a large scale, a complex network of watercourses, typically characterising freshwater habitats, should promote higher genetic (and
species) diversity than more homogenous and continuous marine
waters.
Miraldo et al.18 were the ﬁrst to take advantage of the vast and
ongoing accumulation of georeferenced genetic information on
DNA sequences. From a compilation of thousands of short
genetic sequences for terrestrial vertebrates (<600 bp), they
revealed higher genetic diversity in tropical than in temperate
regions. Although this ﬁnding seems coherent with known patterns of species diversity in vertebrates30, the extent to which
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intraspeciﬁc genetic and species diversity show similar distributions across regions or ecosystems remains to be explored31.
Ray-ﬁnned ﬁshes (Actinopteyigii) are an old clade of vertebrates that radiated into diverse habitats including marine and
freshwater environments, from the tropics to the poles32,33. They
represent a fascinating case study to investigate the association
between genetic diversity, species diversity and the environment
in different regions and ecosystems. Freshwater ﬁsh diversity
(total number of species) is higher than marine ﬁsh diversity
(~15,200 and ~ 14,800 species, respectively) while marine environments cover ~70% of Earth and 97% of all waters34,35.
In marine ecosystems, ﬁsh species diversity is concentrated in
coastal waters (depths of <200 m) that represent <1% of the
world’s sea surface36. Marine and freshwater ﬁsh diversity also
declines with decreasing temperature at large spatial scale3,37.
These global patterns suggest that differences in ecosystem productivity, environmental conditions and habitat connectivity or
complexity likely shape ﬁsh species diversity27. Whether these
patterns hold at the intraspeciﬁc level, i.e. genetic diversity, has
not yet been investigated.
Here, from a macro-genetic perspective, we study the global
distribution of genetic diversity in ray-ﬁnned ﬁshes using data for
1611 freshwater and 3815 marine species. Genetic diversity patterns are produced by assembling 50,588 georeferenced mitochondrial sequences in the Barcode of Life Database (BOLD). We
then estimate nucleotide diversity for each species in each grid
cell at a spatial resolution of 200 km. This nucleotide diversity is
averaged across the species in each cell. We ﬁrst investigate the
correlation between genetic and species diversity separately for
marine and freshwater ﬁshes. Next, we explore the global environmental and geographic determinants of the mean nucleotide
diversity across species per cell, hereafter called genetic diversity.
We interpret our results according to the micro-macro continuum concept and in the light of the evolutionary speed,
colonisation, energy and habitat complexity hypotheses.
Results
Global patterns of ﬁsh genetic diversity. In total 34,782 and
15,806 sequences were retrieved for marine and freshwater
ﬁsh species, respectively, and were used to estimate the mean
nucleotide diversity across species within each cell on a worldwide grid with a 200-km spatial resolution (Supplementary
Tables 1 and 2). We showed that intraspeciﬁc genetic diversity in
marine and freshwater species was heterogeneously distributed
across the globe (Fig. 1) with a strong and signiﬁcant signal of
spatial autocorrelation (Supplementary Fig. 1). Regions with high
genetic diversity (above the 90th percentile; top 10% richest cells)
are located in the Western Paciﬁc, the North Indian Ocean and
the Caribbean seas for marine species (Fig. 1a; Supplementary
Fig. 2a), and in South America for freshwater species (Fig. 1c,
Supplementary Fig. 2c). Regions with low genetic diversity
(below the 10th percentile of the distribution) are located in the
North-Eastern and Western Atlantic and the Southern Atlantic
for marine species (Fig. 1a, Supplementary Fig. 2b) and in Europe, Asia and North of South America for freshwater species
(Fig. 1c, Supplementary Fig. 2d). When averaging genetic diversity across cells within latitudinal bands of 10°, a peak is observed
at latitude 10°–20° S for both marine and freshwater species
(mode = 0.025 and 0.036, respectively, Fig. 1b, d).
Congruence between ﬁsh genetic and species diversity patterns. We found a positive and signiﬁcant, albeit weak, relationship between genetic and species diversity for both marine
and freshwater ﬁshes (Fig. 2; modiﬁed t-test for spatially
dependent variables = 0.21; p = 0.010 for marine species;
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Fig. 1 Biogeographic patterns of ﬁsh genetic diversity. Genetic diversity was estimated as the mean number of mutations per base pair for Cytochrome
Oxidase Subunit 1 sequence across species (a) 514 cells for marine ﬁshes and (c) 343 cells for freshwater ﬁshes. The colour gradient represents the relative
variation of intraspeciﬁc genetic diversity: the reddest square cells have the highest genetic diversity. The colour scale of Fig. 1a, c is deﬁned in the Fig. 1c: the
bluest square cells have the lowest genetic diversity. Genetic diversity was averaged across cells within latitudinal band of 10° and is plotted as a function of
latitude for marine species (b) and freshwater species (d) with error bars representing conﬁdence intervals (standard deviation of mean genetic diversity
across cells/square root of the number of cells) and indicates variability of genetic diversity among cells. The grey colour gradient indicates the number of cells
used in each latitudinal band. The grey colour scale is deﬁned in Fig. 1d. For the ﬁsh silhouette in Fig. 1d, credit given to U.S. Fish and Wildlife Service
(illustration) and T. J. Bartley with licence at: http://www.phylopic.org/image/f8369dec-bdf6-432b-a0c4-41ee5d75286d/. Drawn with R version 3.2.3.

modiﬁed t-test = 0.36, p = 0.015 for freshwater species). Speciﬁcally, the median value of genetic diversity per cell is two times
higher in freshwater (0.011; interquartile range: 0.0041–0.0200)
than in marine ﬁshes (0.0052; interquartile range: 0.0023–0.012),
this difference being signiﬁcant when accounting for latitude
(Supplementary Table 3). Species diversity per cell tends to
be higher for freshwater (median = 300 species; interquartile
range = 109–741 species) than for marine ﬁshes (median =
268 species; interquartile range = 97–797 species, Supplementary Fig. 3a), although the difference is not signiﬁcant
accounting for latitude (Supplementary Table 3). For freshwater
ﬁsh, species diversity peaks in the South latitudinal band ranging
10°–20° as for genetic diversity, while for marine species
the main peak is in the North latitudinal band of 30°–40°
(Supplementary Fig. S3b, c).
Relationship with environmental and geographic factors.
We used linear models to explore the relationship between
ﬁsh genetic diversity per cell and three types of factors (environmental, geographic and sampling) (see Methods for more
details, Supplementary Table 4). Since genetic diversity is spatially
autocorrelated (Supplementary Fig. 1), we included an autocovariate to account for the spatial structure in our data that was
not explained by our factors. This term integrates the spatial
dependency among the 200-km spaced cells. The variance

inﬂation factor (vif), which assesses potential collinearity among
factors (here we chose to remove all factors with a vif > 5),
eliminated oxygen concentration for marine species. Oxygen
concentration was highly and negatively correlated with sea
surface temperature (r = −0.98, p < 0.001). For freshwater, river
slope range was removed from the analysis because it was identiﬁed as highly collinear with average river slope (vif > 5).
The most parsimonious models were selected based on the
lowest Akaike Information Criterion (AIC) to obtain parameter
coefﬁcients and partial plots. For marine species, sea surface
temperature, regions, the spatial autocovariate and the number of
species were retained in the ﬁnal model (Supplementary Table 5).
For freshwater species, air temperature, average slope, regions and
the spatial autocovariate were retained (Supplementary Table 5)
while elevation, basin area and ﬂow accumulation were not
selected in the ﬁnal model. There was no residual autocorrelation
signal in the ﬁnal models (Moran I = −0.05, p = 0.76 for marine
species and Moran I = −0.018, p = 0.573 for freshwater species).
The model for marine ﬁsh explained 16% of the variation in
genetic diversity globally (Supplementary Table 6). Genetic
diversity increased positively with sea surface temperature
(Fig. 3a), which had the highest level of explanation (relative
variance: 75%; Fig. 3b). The region factor indicated slightly higher
genetic diversity in the Indo-Paciﬁc than in the Atlantic region
(Fig. 3a; Supplementary Fig. 4a). For freshwater ﬁsh, the most
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Fig. 2 Congruence between ﬁsh genetic and species diversity. Classiﬁcation of cells depending simultaneously of their values of genetic and species
diversity for marine (a) and freshwater (c) species. Values of diversity were reported on the global map using a colour gradient depending on the values of
the genetic and species diversities for marine species (b) and freshwater species (d) respectively. The colour scale of Fig. 2a–d is deﬁned in the Fig. 2d. The
line was represented as the output of a linear model (lm) of the correlation between genetic diversity and species diversity. Person coefﬁcient of
correlations calculated in linear regressions (r) are reported on the ﬁgure. Drawn with R version 3.2.3.

parsimonious model explained 19% of the variation in genetic
diversity globally (Supplementary Table 6). South America hosted
ﬁsh populations with signiﬁcantly higher genetic diversity than
the other regions (Wilcoxon test = 18142, p < 0.0001) (Fig. 3c;
Supplementary Fig. 4b). The geographical factors, including
regions, average slope and the spatial autocorrelation factor
explained the highest cumulative relative variance (88.9%)
compared to the other factors (Fig. 3d).
In order to test the inﬂuence of the number of sequences and
species in each cell as well as cell taxonomic coverage on the
estimate of genetic diversity and model outputs, we re-ran both
the modiﬁed t-test for spatially dependent variables applied on
genetic and species diversity, and the models while selecting cells
with more stringent ﬁlters (≥5 sequences, ≥8 species and ≥5% of
taxonomic coverage) (Supplementary Tables 7 and 8). Filtering
for taxonomic coverage per cell when estimating genetic diversity
decreased the correlation between genetic and species diversity
in comparison to the values obtained in the main analysis
(≥2 sequences; ≥2 species; no taxonomic coverage) (Supplementary Table 7). The modiﬁed t-test of the spatial dependence was
not signiﬁcant when the taxonomic coverage per cell was higher
than 1% for marine species and 0% for freshwater species
(Supplementary Table 6). Conversely, ﬁltering the number of
sequences or species used as surrogates for the sampling effect
4

always increased the values of the modiﬁed t-test, except for
marine species with more than three sequences, which were
almost always signiﬁcant (Supplementary Table 6). For marine
species, removing cells with less than three sequences (at least
2 species), or ﬁltering for a taxonomic coverage >2% when
estimating genetic diversity decreased the effect of temperature
(Supplementary Table 8). However, the explanatory power
(adjusted r2) of the models always increased with more stringent
ﬁlters except when only <34% of cells were retained and ﬁltering
for cells with at least two species and with more than four
sequences or with a taxonomic coverage per cell of 5% in each
cell. For freshwater species, the effect of average river slope always
decreased with more stringent ﬁlters (lower absolute values).
The effect is less clear on the region coefﬁcient but this main
factor (region) was signiﬁcant in all cases (Supplementary
Table 8). The explanatory power of the model (adjusted r2)
increased in all cases.
Discussion
Here we show that the genetic diversity of marine and freshwater
ﬁshes is not distributed uniformly across the globe but displays
clear biogeographic patterns (Figs. 1 and 2). The congruence
between genetic and species diversity is weak but signiﬁcant,
for both marine and freshwater ﬁshes, suggesting common
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Fig. 3 Determinants of ﬁsh genetic diversity patterns. Outputs of the linear models (lm) testing the effect of geographic, environmental and sampling
factors on the global pattern of marine (a, b) and freshwater (c, d) genetic diversity (See Supplementary Table 3 and 5 for details on models). Coefﬁcients
and conﬁdence intervals for the factors of the models for marine (a) and freshwater ﬁshes (c). Conﬁdence intervals were estimated from the standard error
of each coefﬁcient at a level of 5% and were obtained with the command conﬁnt in the R package lm. Autocor is a spatial autocovariate that takes into
account spatial autocorrelation in both our predicted and predictive variables. Relative variance of genetic diversity explained by the various factors was
estimated and represented as partial plots with the package hier.part in marine (b) and in freshwater ﬁshes (e).

underlying processes especially those linked to temperature for
marine species (Fig. 3a, b, Supplementary Fig. 3). For freshwater
ﬁshes, we highlight marked contrasts in diversity across geographic regions as well as a strong inﬂuence of the average
slope of river basins (Fig. 3a, b). These latter results suggest
that unmeasured region-speciﬁc properties (e.g. biogeographic
history), but also characteristics related to the shape of the river
basins might shape the distributions of genetic diversity in these
ecosystems.
For marine species, the energy, evolutionary speed and
colonisation hypotheses are all candidate mechanisms to explain
the positive relation between genetic diversity and sea
temperature38,39. The higher ﬁsh genetic diversity in warmer cells
could result from the positive effect of energy on population
sizes25,26. However chlorophyll a, as a surrogate for productivity40, was not retained in the ﬁnal model and was weakly and
negatively correlated to temperature (r = −0.10, p = 0.018). This
result suggests that its effect on genetic diversity through population size, if any, is masked by other factors, such as temperature
stability. In contrast, our results are consistent with the evolutionary speed hypothesis, which posits that warm temperatures
shorten generation times and speed-up mutation rates thus,
potentially increasing genetic diversity41. Our results are also
consistent with the colonisation hypothesis and with the idea that
past demographic events can shape the current global patterns
of marine genetic diversity. For example, in the Indo-paciﬁc,

climatic stability buffered the effect of Quaternary climatic ﬂuctuations on species extinction4 and might have limited genetic
diversity erosion. Our study cannot disentangle the predictions of
the speed and colonisation hypotheses to explain the global
pattern of genetic diversity in marine ﬁsh. However, our ﬁndings
represent one of the ﬁrst study suggesting that temperature might
be causally linked to global patterns of intraspeciﬁc diversity.
All these patterns and potential effects are conserved in
marine species when selecting only one-third of cells with more
reliable estimations of genetic diversity (higher number of
sequences or species), suggesting that our conclusions are robust
to sampling bias.
Our study reveals contrasts in ﬁsh genetic diversity between
freshwater and marine environments. Marine systems are known
to host a lower alpha diversity globally than freshwater systems
despite occupying much larger surface area35,42. Our analyses do
not show a marked difference in median species diversity per cell
(median value of 300 species for freshwater vs. 268 species for
marine ﬁshes, Supplementary Fig. 3a), but show a difference
in ﬁsh genetic diversity between marine and freshwater cells
(Supplementary Table 3), with freshwater genetic diversity being
about twice higher than marine genetic diversity. This ﬁnding
might appear surprising, since the greater connectivity in marine
systems compared to rivers27 and the high effective population
sizes expected in marine ﬁshes43 might have sustained genetic
diversity at least as large as that observed in freshwater. It is
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noteworthy that at a given latitude, habitat difference (freshwater
vs. marine) explains 67% of partial variation in genetic diversity
(Supplementary Table 3). Every measure of diversity has a
dependence on the spatial scale. Our results reﬂect the size of
the cells used for this study (200 km). At this spatial scale, the
difference in genetic diversity between marine and freshwater
species is most likely explained by the different horizontal physical complexity of marine vs. freshwater environments since we
do not observed any effect of bathymetry (marine species) or
altitude (freshwater species). In particular, freshwater systems are
often considered as island-like in which evolutionary dynamics
are driven by structural components such as the river or lake
network complexity and by the steep physical gradients over
relatively short geographical distances14,44. The horizontal habitat
complexity may promote genetic diversity in these ecosystems
much than in marine systems. Moreover, this habitat complexity
may also promote genetic diversity much more than species
diversity, because it can favour the persistence of isolated populations within species in a very restricted area, but not the
coexistence of a large number of species in competition within the
same water segment.
We highlight an association between temperature and genetic
diversity in the marine environment. A positive association
between temperate and genetic diversity, was also observed in
freshwater species, although less marked than in marine species.
Freshwater ﬁsh genetic diversity was, conversely, mainly associated with the region and the average slope of river basins
(Fig. 3). In more homogenous and connected marine systems,
large-scale environmental gradients such as sea surface temperature can play a dominant structuring role as regard to genetic
diversity. In contrast, in freshwater systems, landscape characteristics might have more pronounced effects on the spatial
patterns of genetic diversity than environmental gradients14,42,45.
The negative relationship between the average slope of river
basins and genetic diversity is theoretically expected given that
steeper rivers are characterised by less stable hydrological conditions46 and, hence, lower population sizes and lower genetic
diversity. Moreover, steeper rivers are more difﬁcult to reach and
have hence been less prone to rapid re-colonisation after the last
glaciation, which also tends to decrease genetic diversity14,47. The
lack of association between total basin area and genetic diversity
combined with the fact that genetic diversity is negatively associated to the river slope suggests that colonisation processes might
be more important than contemporary population sizes in
explaining patterns of genetic diversity in freshwater systems, as
previously suggested by studies at the river basin scale14.
Intraspeciﬁc genetic diversity in freshwater systems shows a
strong biogeographic signal, with the highest level found in South
America, a region also supporting the highest species diversity48.
The high freshwater ﬁsh diversity observed in South America has
been attributed to the presence of large and complex river systems
owing to the species-area relationship and spatial habitat complexity35, but also to the high availability of energy, which reduces
species extinction rate, and to historical contingencies3,48–51.
Interestingly, the diversity-area hypothesis is unlikely to explain
freshwater ﬁsh genetic diversity distribution since basin area was
not detected as a predictor of freshwater ﬁsh genetic diversity.
The congruence of the high level of intra- and interspeciﬁc
diversity in that region suggests that the complex river system of
South America might promote diversity at both micro and
macroevolutionary scales and reinforces the idea that this area is a
major hotspot for multiple biodiversity facets and taxonomic
groups52,53.
In summary, the physical habitat complexity, the evolutionary
speed and the colonisation hypotheses are likely the best candidates to explain global patterns of genetic diversity in freshwater
6

species. However, the weakness of the relationship between
genetic and species diversity also indicates that the processes
underlying genetic diversity patterns might not be completely
similar to those underlying species diversity patterns. These differences might be explained by disparities in temporal and spatial
scales or in responses to environmental changes at which parallel
ecological and evolutionary processes operate (mutation vs. speciation; genetic vs. ecological drift; gene ﬂow vs. dispersal; selection vs. environmental ﬁlter)54.
Although spatially extensive, our study has some limitations
associated with the data mining and the analyses performed. The
samples used in Fig. 1 represent only 26% of marine and 11% of
freshwater species worldwide, but cover globally 100% of ﬁsh
orders and 70% of families (Supplementary Fig. 5; Supplementary
Table 9). When one-third of the cells with at least two species and
more than four sequences for marine species and ﬁve sequences
for freshwater species were ﬁltered out, the taxonomic coverage of
our full dataset only decreased to 95% for orders and 61% for
families. With this stringent ﬁlter based on minimum absolute
number of sampled species and consistently high global taxonomic coverage, the correlations between genetic and species
diversity increase and the signiﬁcance of the main parameters
remains nearly signiﬁcant (Supplementary Table 7). In all other
cases, the global taxonomic coverage (of our full dataset) is largely
maintained (98% of orders and 69% of families covered). The
dataset has some major gaps across the globe, which might
inﬂuence the estimation of associations between genetic diversity
and environmental factors (Supplementary Fig. 6). For example,
the African realm has been largely under-sampled compared to
other realms (Supplementary Fig. 6). Sampling efforts should be
expanded to improve the global coverage of biodiversity information at the intraspeciﬁc level18,31. Moreover, we only focus on
a small barcode representing mostly neutral genetic variation,
while genetic diversity should be best studied across the whole
genome55. The explanatory power of statistical models is relatively low. A large part of the unexplained variation can be due to
noise in the data at different levels (e.g. limited sample size within
each cell, unbalanced species representation). The remaining
variation might be due to a lack of factors that may contribute to
better explain variations in genetic diversity (e.g. prevalence of
ecological strategies). In addition, past demography history can
also have a strong effect on current genetic patterns and is
probably not fully integrated into the models, or absorbed by the
regional structure. To partially account for missing underlying
factors, we used a spatial autocovariate at a resolution of ~200
km, which is reasonable given the large scale of our analyses56.
We used sea-surface temperature to explain patterns of genetic
diversity for ﬁshes while some inhabit deep waters. They represent ~40% of ﬁsh species (bathymersal, bathypelagic and
demersal species) potentially not living close to the surface among
the 3815 marine species considered in our study. Yet, sea surface
temperature is strongly correlated with sea bottom temperature at
the scale of continental shelf (0–200 m)57. In addition, in our case,
if sea surface temperature was a poor predictor for those species
living in deeper seawaters, we should have detected an effect of
the distance to the shore in the model. However, this factor was
not shown to signiﬁcantly inﬂuence mean genetic diversity
per cell.
In conclusion, by adding a spatial perspective, our study
provides one missing piece of the current debate on the global
determinants of genetic diversity that was lacking in recent
works5,55, but see18. The positive, albeit weak, association
between genetic and species diversity can facilitate the conservation of both biodiversity components where those metrics
are congruent58. Conversely, more conservation challenges arise
where those metrics are not congruent59,60. As ﬁsh genetic
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diversity shows a spatial signature, this information can be used
to frame conservation actions at global scale to maintain multilayered biodiversity in the Anthropocene15 and to better guide
future attempts to mitigate the impacts of global changes on
vulnerable aquatic vertebrates61. Therefore, genetic diversity, as
well as functional and phylogenetic diversity, should be taken into
account when protecting biodiversity in its broadest sense, and
this complexity requires a multifaceted framework in conservation62. Future studies using recent population genomics approaches (such as pool-sequencing63), which allow for the sequencing
and/or genotyping of thousands of molecular markers (such as
SNPs) evenly spread over the entire genome (both nuclear and
mitochondrial genomes) in both neutral and adaptive regions
should greatly improve our understanding of large-scale patterns
of genetic diversity over space, time and taxa. Such studies would
tell us how past demographic events (ﬂuctuation in effective
population size, substructure, migration) as well as genetic processes such as mutation, selection, gene ﬂow or drift have shaped
genomes in space and time64, in order to ultimately better inform
conservation strategies under ever more ﬂuctuating and uncertain
conditions.
Methods
Georeferenced sequence collection. Following on from Miraldo et al.18, we
collected mitochondrial “actinopterygii” gene sequences BOLD (http://www.
boldsystems.org at 09/17/2018) using customised scripts. We only kept sequences
with species, coordinates (latitude, longitude) and region name information.
Sequences with the region information were georeferenced using GeoNames.org
(http://api.geonames.org). This tool assigns GPS coordinates to locality names. We
removed sequences with IUPAC ambiguity. We kept sequences longer than 500 bp
and annotated as Cytochrome Oxidase Subunit 1–5′ Region (CO1). Species with
only one sequence were also removed. The number of sequences and species
retrieved at each ﬁltering step is reported in Supplementary Table 1. We collected a
total of 58,565 CO1 sequences from 5,912 actinopterygii species (Supplementary
Table 1).
Mapping ﬁsh genetic diversity. Mean ﬁsh genetic diversity per cell was estimated
across all species and mapped on a grid cell covering the study area for marine
(Fig. 1a) and freshwater species (Fig. 1c). We created the worldwide grid at 200 km
resolution using an equal area Behrmann projection. We selected the 1299 cells
containing sequence collection by making an intersection between the grid and the
coordinates of the sequence using the gIntersects function from the rgeos package
in R. Multiple sequence alignments of the 58,565 COI sequences of the 5912 species
using MUSCLE3 were performed to estimate genetic diversity per cell65. The
alignments were checked manually using the software ugene66. In addition, only
pairwise alignments with overlap >50% were kept to calculate genetic diversity.
Aligned sequences were separated out for the freshwater (1781) and marine species
(4131). The list of marine species was extracted from ﬁshbase67. We assigned each
of these aligned sequences to its cell in the grid based on its coordinates. We
calculated the genetic diversity per cell following Miraldo et al.18. Based on its
geographic coordinates, each sequence is assigned to a cell on the grid. For each
cell, we estimated the nucleotide diversity (Π) of each species as the average
number of variable sites in each pairwise sequence comparison following Eq. (1)68.
n1 X
n k
1 X
ij
Π¼ 
n i¼1 j¼iþ1 mij
2

ð1Þ

where kij the number of nucleotides that are different
  between sequence i and
n
is the number of possible
2
pairwise comparisons, and mij is the number of shared base pairs between sequence
i and j. We estimated the genetic diversity (GD) in each cell of the grid as the mean
of all species nucleotide diversities averaged across species.
sequence j. n is the number of sequences and

Mapping ﬁsh species diversity. Marine ﬁsh species data were obtained from the
Ocean Biogeographic Information System (OBIS, http://www.iobis.org). We
inventoried 16,238,200 occurrence records from 34,883 entries. We cleaned the
data by identifying synonyms, misspellings and rare species (only one occurrence)
and restricted them to species present in the marine environment according to
FishBase67. We reconstructed distribution maps for each species, deﬁned as the
convex polygon surrounding the area where each species was observed. 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.
For example, antitropical species are distributed in northern and southern
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hemisphere, but show range discontinuity near the tropics69 and a polygon division
can account for this singularity. We reﬁned each species distribution map by
removing areas where maximum depths fell outside the minimum or maximum
known depth range of the species70. As the OBIS database does not properly
represent tropical ﬁsh assemblages, we merged this database with the Gaspar
database at 1° resolution that encompass 6316 coral reef species4. We obtained a
world database containing most marine ﬁsh species that we aggregated on a 1°
resolution grid covering all oceans, as this resolution is useful for other projects.
A freshwater dataset was obtained from the occurrence data provided by Tedesco
et al.71. We ﬁrst compiled the polygon of each available species from the occurrence
table, and then aggregated this information into a presence-absence matrix. We
obtained a world database containing freshwater ﬁsh species on a 1° resolution grid
covering all terrestrial parts of the Earth. Considering the scale and resolution of
the current study (200 km), our polygons represent the distribution of species with
sufﬁcient accuracy compared to those commonly used in macroecological
studies72,73.
For marine and freshwater species, genetic diversity per cell was aggregated by
latitude bands of 10°. We then plotted the genetic diversity per band of latitude
using R. The conﬁdence interval for genetic diversity by latitude band (standard
deviation of the genetic diversity per cell divided by the square root of the number
of cells) was reported in the plot representing the variability of genetic diversity at
latitudinal bands amongst cells (Fig. 1b, d). We also reported a grey gradient to
indicate the number of cells used in each latitudinal band (Fig. 1b, d).

Statistical analyses. We tested the Pearson correlation between ﬁsh genetic and
species diversity using a linear model. However, as these spatial variables were
observed over the same locations, we tested the signiﬁcance of the association using
the modiﬁed t-test of spatial association (function modiﬁed.ttest; R package spatialpack)74. To test for the difference between marine and freshwater diversity
(both at the intra- and interspeciﬁc levels respectively) while accounting for latitudinal variation, we applied a linear model between genetic (or species) diversity
and two factors: latitude and a binary variable indicating whether the sequences are
from marine (1) or freshwater (0) ﬁshes. Diversity metrics were log-transformed
and standardised to produce variables following a normal distribution before the
linear regressions. Genetic Diversity (GD) is, in theory, a proportion. However, in
practice it takes only small values (Supplementary Fig. 1b, d). Therefore, previous
transformations of GD produced a variable following a normal distribution.
To explore the determinants of ﬁsh genetic diversity (GD), we used linear
models to test the inﬂuence of geographic (Z), environmental (Y) and sampling (S)
factors (Supplementary Table 4). All analyses were conducted independently for
marine and freshwater species. The GD variable was again log-transformed and
standardised for all statistical models using the scale R function to produce a
normal variable. The geographical factors included regions, bathymetry and
distance to shore that increases with ocean depth for marine species only, and
elevation, basin area, slopes (average and range) and ﬂow accumulation for
freshwater species only (Supplementary Table 4). Basin area has the same value for
all the cells from a given basin, whereas ﬂow accumulation provides a local cell
estimation of the watershed size, with upstream cells having lower values than
downstream cells. Theoretically, basin area should correlate positively with genetic
diversity since higher regional (basin-scale) effective population sizes should be
supported in larger river basins. An effect of the basin area reﬂects regional-scale
processes and can be interpreted for instance in terms of past history (e.g. founder
effects due to past colonisation) or connectivity at the scale of the basin. We are
also expecting a positive correlation between ﬂow accumulation and genetic
diversity through processes acting at the local scale; for instance, higher ﬂow
accumulation suggests higher local effective populations sizes and hence higher
genetic diversity, irrespective of the basin area. For slope-related variables, a
negative relationship between the average slope of river basins and genetic diversity
is theoretically expected given that steeper rivers are characterised by smaller and
less stable hydrological conditions46, and that steeper rivers might have been less
prone to post-glacial colonisation47. This habitat instability is higher for large
values of range slope. The environmental variables included temperature (sea
surface temperature for marine species and air temperature for freshwater species),
and, for marine species oxygen concentration and chlorophyll-a (Supplementary
Table 4). The variable chlorophyll-a is theoretically associated with higher
productivity and hence higher population size. The environmental variables were
standardised before analysis. Regions were deﬁned as Atlantic vs Indo-paciﬁc for
marine species and Africa, Antarctica, Europe, North America, Oceania and South
America for freshwater species. We also included the effect of sampling in all
models (number of sequences and number of species in each cell of the grid).
Before any calculations were made, we checked for factor collinearity in the model
using a variance inﬂation factor (VIF) procedure. Highly collinear variables with a
VIF >5 were removed from the model.
Both the environmental factors and the diversity metrics inevitably show some
spatial autocorrelation. We investigated the spatial autocorrelation in genetic
diversity with a Moran spatial autocorelogramme using the R function pgi.cor
(package pgirmess). We built an autocovariate variable for the ﬁsh genetic diversity
metrics (function autocov_dist in spdep R package) to account for spatial
dependency and estimate how any cell reﬂects the values of the neighbouring
cells75. This autocovariate reﬂects variations at the geographic resolution of and
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above 200 km and accounts for most of the spatial dependence in ﬁsh genetic
diversity not explained by the selected factors. However, since this autocovariate
was unconditional to the environmental variation (i.e. the response variable could
show a spatial autocorrelation because the environment is itself autocorrelated), we
regressed each autocovariate variable against the whole set of environmental factors
using a linear model. We extracted the model residuals and then used them as a
spatial variable independent of the environmental factors considered in the study
to predict ﬁsh genetic diversity. This new spatial variable (i.e. model residuals) was
called autocor in our analyses.
We then applied a stepAIC regression procedure to each linear model and
considered the model with the smallest AIC as the best, i.e. most parsimonious,
model. The sampling factors (S) were forced in all models, even those which were
not signiﬁcant since they account for data structure. Relative variance of genetic
diversity explained by the various factors was estimated and represented as partial
plots with the package hier.part. We visually checked the independence and
normality of the residuals of all models. In addition, we performed a spatial
analysis of the residuals (Moran I test; 1000 permutations considering the nearest
neighbour value (R function moran.mc, k = 1)) to test whether they are not
spatially autocorrelated (H0) indicating that the model is not missing a major
variable with a spatial structure and that the coefﬁcients of explanatory variables
are not biased. It represents an a posteriori analysis evaluating whether the model
outputs are reliable.
We ﬁnally investigated the inﬂuence of more stringent thresholds for absolute
species or sequences number and taxonomic coverage to estimate genetic diversity
per cell and thus test the robustness of our ﬁndings to some arbitrary choices
(number of species and sequences per cell and taxonomic coverage per cell). We
choose thresholds that allowed to select around one-third and two-third of the
“best” grid cells when possible (Supplementary Tables 7 and 8). The taxonomic
coverage used for this analysis is mapped in the Supplementary Fig. 7.
Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability
The datasets generated during and/or analysed during the current study are available in
the worldmap_ﬁsh_genetic_diversity repository, https://gitlab.mbb.univ-montp2.fr/
reservebeneﬁt/worldmap_ﬁsh_genetic_diversity. The source data underlying Fig. 1b, d,
2a, c, 3a, c and Supplementary Figs. 1 to 7 are provided as a Source Data ﬁle.

Code availability
All the scripts to reproduce the results are available in the
worldmap_ﬁsh_genetic_diversity repository: https://gitlab.mbb.univ-montp2.fr/
reservebeneﬁt/worldmap_ﬁsh_genetic_diversity.

Received: 15 February 2019; Accepted: 6 January 2020;

References
1.

Tittensor, D. P. et al. Global patterns and predictors of marine biodiversity
across taxa. Nature 466, 1098–U1107 (2010).
2. Gaston K., Blackburn T. Pattern and Process in Macroecology (Blackwell
Science, 2009).
3. Oberdorff, T. et al. Global and regional patterns in riverine ﬁsh species
richness: a review. Int. J. Ecol. 2011, ID 967631 (2011).
4. Pellissier, L. et al. Quaternary coral reef refugia preserved ﬁsh diversity. Science
344, 1016–1019 (2014).
5. Ellegren, H. & Galtier, N. Determinants of genetic diversity. Nat. Rev. Genet.
17, 422–433 (2016).
6. National Academy of Sciences. In the Light of Evolution: Volume X: Comparative
Phylogeography Avise, J. C., Ayala, F. J. eds (The National Academies Press,
Washington, 2017).
7. Manel, S., schwartz, M., Luikart, G. & Taberlet, P. Landscape genetics:
combining landscape ecology and population genetics. Trends Ecol. Evol. 18,
157–206 (2003).
8. Manel, S. et al. Long-distance beneﬁts of marine reserves: myth or reality?
Trends Ecol. Evol. 34, 342–354 (2019).
9. Leigh, D. M., Hendry, A. P., Vázquez-Domínguez, E. & Friesen, V. L.
Estimated six percent loss of genetic variation in wild populations since the
industrial revolution. Evol. Appl. 12, 1505–11512 (2019).
10. Bellard, C., Bertelsmeier, C., Leadley, P., Thuiller, W. & Courchamp, F.
Impacts of climate change on the future of biodiversity. Ecol. Lett. 15, 365–377
(2012).
11. Wiens J. J. Climate-related local extinctions are already widespread among
plant and animal species. PLoS Biol. 14, e2001104 (2016).
8

12. Hughes, J. B., Daily, G. C. & Ehrlich, P. R. Population diversity: its extent and
extinction. Science 278, 689 (1997).
13. Hoffmann, A. A., Sgro, C. M. & Kristensen, T. N. Revisiting adaptive potential,
population size, and conservation. Trends Ecol. Evol. 32, 506–517 (2017).
14. Paz-Vinas, I. & Blanchet, S. Dendritic connectivity shapes spatial patterns of
genetic diversity: a simulation-based study. J. Evol. Biol. 28, 986–994 (2015).
15. Paz-Vinas I. et al. Systematic conservation planning for intraspeciﬁc genetic
diversity. Proc. R. Soc. B Biol. Sci. 285, 20172746 (2018).
16. Devictor, V. et al. Spatial mismatch and congruence between taxonomic,
phylogenetic and functional diversity: the need for integrative conservation
strategies in a changing world. Ecol. Lett. 13, 1030–1040 (2010).
17. Blanchet, S., Prunier, J. G. & De Kort, H. Time to go bigger: emerging patterns
in macrogenetics. Trends Genet. 33, 579–580 (2017).
18. Miraldo, A. et al. An Anthropocene map of genetic diversity. Science 353,
1532–1535 (2016).
19. Vellend, M. & Geber, M. A. Connections between species diversity and genetic
diversity. Ecol. Lett. 8, 767–781 (2005).
20. Vellend, M. Species diversity and genetic diversity: parallel processes and
correlated patterns. Am. Nat. 166, 199–215 (2005).
21. Laroche, F., Jarne, P., Lamy, T., David, P. & Massol, F. A neutral theory for
interpreting correlations between species and genetic diversity in
communities. Am. Nat. 185, 59–69 (2015).
22. Stewart, L. et al. The regional species richness and genetic diversity of Arctic
vegetation reﬂect both past glaciations and current climate. Glob. Ecol.
Biogeogr. 25, 430–442 (2016).
23. Fine, P. V. A. Ecological and evolutionary drivers of geographic variation in
species diversity. Annu. Rev. Ecol. Evol. Syst. 46, 369–392 (2015).
24. Mittelbach, G. G. et al. Evolution and the latitudinal diversity gradient:
speciation, extinction and biogeography. Ecol. Lett. 10, 315–331 (2007).
25. Storch D., Bohdalková E., Okie J. The more-individuals hypothesis revisited:
The role of community abundance in species richness regulation and the
productivity-diversity relationship. Ecol. Lett. 21, 920–937 (2017).
26. Currie, D. J. et al. Predictions and tests of climate-based hypotheses of broadscale variation in taxonomic richness. Ecol. Lett. 7, 1121–1134 (2004).
27. Grosberg, R. K., Vermeij, G. J. & Wainwright, P. C. Biodiversity in water and
on land. Curr. Biol. 22, R900–R903 (2012).
28. Kovalenko, K. E., Thomaz, S. M. & Warfe, D. M. Habitat complexity:
approaches and future directions. Hydrobiologia 685, 1–17 (2012).
29. Bertin, A. et al. Genetic variation of loci potentially under selection confounds
species-genetic diversity correlations in a fragmented habitat. Mol. Ecol. 26,
431–443 (2017).
30. Willig, R., Kaufman, M. & Stevens, D. R. Latitudinal gradients of biodiversity:
pattern, process, scale, and synthesis. Annu. Rev. Ecol. Evol. Syst. 20, 273–309
(2003).
31. Gratton, P. et al. Which latitudinal gradients for genetic diversity? Trends Ecol.
Evol. 32, 724–726 (2017).
32. Rabosky, D. L. et al. An inverse latitudinal gradient in speciation rate for
marine ﬁshes. Nature 559, 392–395 (2018).
33. Hughes, L. C. et al. Comprehensive phylogeny of ray-ﬁnned ﬁshes
(Actinopterygii) based on transcriptomic and genomic data. Proc. Natl Acad.
Sci. USA 115, 6249 (2018).
34. May, R. M. Biological diversoty - differences between land and sea. Philos.
Trans. R. Soc. B 343, 105–111 (1994).
35. Carrete Vega, G. & Wiens John, J. Why are there so few ﬁsh in the sea? Proc.
R. Soc. Lond. Ser. B 279, 2323–2329 (2012).
36. Albouy C. et al. The marine ﬁsh food web is globally connected. Nat. Ecol.
Evol. 3, 1153–1161 (2019).
37. Chaudhary, C., Saeedi, H. & Costello, M. J. Bimodality of latitudinal gradients
in marine species richness. Trends Ecol. Evol. 31, 670–676 (2016).
38. Brown, J. H. Why are there so many species in the tropics? J. Biogeogr. 41,
8–22 (2014).
39. Gillman, L. N. & Wright, S. D. Species richness and evolutionary speed: the
inﬂuence of temperature, water and area. J. Biogeogr. 41, 39–51 (2014).
40. Grémillet D. et al. Spatial match–mismatch in the Benguela upwelling zone:
should we expect chlorophyll and sea-surface temperature to predict marine
predator distributions? J. Appl. Ecol. 45, 610–621 (2008).
41. Oppold, A.-M. et al. Support for the evolutionary speed hypothesis from
intraspeciﬁc population genetic data in the non-biting midge Chironomus
riparius. Proc. R. Soc. Lond. Ser. B 283, 20152413 (2016).
42. Thomaz, A. T., Christie, M. R. & Knowles, L. L. The architecture of river
networks can drive the evolutionary dynamics of aquatic populations.
Evolution 70, 731–739 (2016).
43. Riginos, C., Crandall, E. D., Liggins, L., Bongaerts, P. & Treml, E. A.
Navigating the currents of seascape genomics: how spatial analyses can
augment population genomic studies. Curr. Zool. 62, 581–601 (2016).
44. Morrissey, M. B. & de Kerckhove, D. T. The maintenance of genetic variation
due to asymmetric gene ﬂow in dendritic metapopulations. Am. Nat. 174,
875–889 (2009).

NATURE COMMUNICATIONS | (2020)11:692 | https://doi.org/10.1038/s41467-020-14409-7 | www.nature.com/naturecommunications

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-14409-7

45. Labonne, J., Ravigné, V., Parisi, B. & Gaucherel, C. Linking dendritic network
structures to population demogenetics: the downside of connectivity. Oikos
117, 1479–1490 (2008).
46. Benda, L. et al. The Network Dynamics Hypothesis: how channel networks
structure riverine habitats. BioScience 54, 413–427 (2004).
47. Altermatt F. Diversity in riverine metacommunities: a network perspective.
Aquat. Ecol. 47, 365–377 (2013).
48. Lévêque C., Oberdorff T., Paugy D., Stiassny M., Tedesco P. Freshwater
Animal Diversity Assessment. Developments in Hydrobiology (Springer,
Dordrecht, 2008).
49. Oberdorff, T., Guegan, J. F. & Hugueny, B. Global scale patterns of ﬁsh species
richness in rivers. Ecography 18, 345–352 (1995).
50. Guegan, J. F., Lek, S. & Oberdorff, T. Energy availability and habitat
heterogeneity predict global riverine ﬁsh diversity. Nature 391, 382–384 (1998).
51. Dias, M. S. et al. Global imprint of historical connectivity on freshwater ﬁsh
biodiversity. Ecol. Lett. 17, 1130–1140 (2014).
52. Antonelli, A. & Sanmartín, I. Why are there so many plant species in the
Neotropics? Taxon 60, 403–414 (2011).
53. Wiens, J., Alexander Pyron, R. & Moen, D. Phylogenetic origins of local-scale
diversity patterns and causes of Amazonian megadiversity. Ecol. Lett. 14,
643–652 (2011).
54. Fourtune, L., Paz-Vinas, I., Loot, G., Prunier, J. G. & Blanchet, S. Lessons from
the ﬁsh: a multi-species analysis reveals common processes underlying similar
species-genetic diversity correlations. Freshw. Biol. 61, 1830–1845 (2016).
55. Romiguier J. et al. Comparative population genomics in animals uncovers the
determinants of genetic diversity. Nature 515, 261–263 (2014).
56. Fortin M.-J., Dale M. Spatial analysis. A guide for ecologists. Vol. 365
(Cambridge University Press, New York, 2005).
57. Cheung, W., Pauly, D. L. & Sarmiento, J. How to make progress in projecting
climate change impacts. J. ICES J. Mar. Sci. 70, 1069–1074 (2013).
58. Lamy, T. et al. Variation in habitat connectivity generates positive correlations
between species and genetic diversity in a metacommunity. Mol. Ecol. 22,
4445–4456 (2013).
59. Taberlet, P. et al. Genetic diversity in widespread species is not congruent with
species richness in alpine plant communities. Ecol. Lett. 15, 1439–1448 (2012).
60. Whitlock, R. Relationships between adaptive and neutral genetic diversity and
ecological structure and functioning: a meta-analysis. J. Ecol. 102, 857–872 (2014).
61. Cinner J. E. et al. Gravity of human impacts mediates coral reef conservation
gains. Proc. Natl Acad. Sci. USA. 115, E6116–E6125 (2018).
62. Pollock, L. J., Thuiller, W. & Jetz, W. Large conservation gains possible for
global biodiversity facets. Nature 546, 141 (2017).
63. Schlötterer C., Tobler R., Koﬂer R., Nolte V. Sequencing pools of individuals mining genome-wide polymorphism data without big funding. Nat. Rev.
Genet. 15, 749–763 (2014).
64. Tishkoff, S. A. & Verrelli, B. C. Patterns of human genetic diversity:
Implications for human evolutionary history and disease. Ann. Rev. Genomics
Hum. Genet. 4, 293–340 (2003).
65. Edgar, R. C. MUSCLE: multiple sequence alignment with high accuracy and
high throughput. Nucleic Acids Res. 32, 1792–1797 (2004).
66. Okonechnikov, K., Golosova, O. & Fursov, M. the Ut. Unipro UGENE: a
uniﬁed bioinformatics toolkit. Bioinformatics 28, 1166–1167 (2012).
67. Boettiger, C., Lang, D. T. & Wainwright, P. C. rﬁshbase: exploring,
manipulating and visualizing FishBase data from R. J. Fish. Biol. 81,
2030–2039 (2012).
68. Nei, M. & Li, W. H. Mathematical model for studying genetic variation in
terms of restriction endonucleases. Proc. Natl Acad. Sci. USA 76, 5269 (1979).
69. Briggs J. Biogeography and plate tectonics, Vol. 10 (Amsterdam, Elsevier, 1987).
70. Pellissier, L., Heine, C., Rosauer, D. F. & Albouy, C. Are global hotspots of
endemic richness shaped by plate tectonics? Biol. J. Linn. Soc. 123, 247–261
(2018).
71. Tedesco, P. A. et al. A global database on freshwater ﬁsh species occurrence in
drainage basins. Sci. Data 4, 170141 (2017).

ARTICLE

72. Marin, J. & Hedges, S. B. Time best explains global variation in species richness
of amphibians, birds and mammals. J. Biogeogr. 43, 1069–1079 (2016).
73. Hurlbert, A. H. & Jetz, W. Species richness, hotspots, and the scale
dependence of range maps in ecology and conservation. Proc. Natl Acad. Sci.
USA 104, 13384 (2007).
74. Clifford, P., Richardson, S. & Hemon, D. Assessing the signiﬁcance of the
correlation be- tween two spatial processes. Biometrics 45, 123–134 (1989).
75. Dormann, C. F. et al. Methods to account for spatial autocorrelation in the
analysis of species distributional data: a review. Ecography 30, 609–628 (2007).

Acknowledgements
We thank Michel Kulbicki for his helpful input. This work beneﬁted from the Montpellier Bioinformatics Biodiversity platform supported by the LabEx CeMEB, an ANR
“Investissements d'avenir” programme (ANR-10-LABX-04-01). P.E. is funded by 2015
−2016 BiodivERsA COFUND call for research proposals, with the national funders ANR
(France). We would also like to thank the scientists who collected the data and generated
the sequences used in the meta-analysis. L.P. was supported by the SNF project REEFISH
no. 310030E-164294.

Author contributions
S.M. and L.P. designed the study. L.V. and P.E.G. extracted the data and designed the
spatial grid. P.E.G., S.M. and D.M. co-analysed the data. P.E.G. produced the workﬂow of
all scripts. P.E.G. and C.A. produced the ﬁgures. S.M. produced a ﬁrst draft of the paper.
S.M., P.E.G., D.M., S.B., L.V., C.A. and L.P. contributed to the writing and valuable
scientiﬁc interpretations.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467020-14409-7.
Correspondence and requests for materials should be addressed to S.M.
Peer review information Nature Communications thanks David Nogues Bravo, Paolo
Gratton, Spyros Theodoridis and the other, anonymous, reviewer for their contribution
to the peer review of this work. Peer reviewer reports are available.
Reprints and permission information is available at http://www.nature.com/reprints
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional afﬁliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
© The Author(s) 2020

NATURE COMMUNICATIONS | (2020)11:692 | https://doi.org/10.1038/s41467-020-14409-7 | www.nature.com/naturecommunications

9

