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Change in species’ climatic niches is a key mechanism influencing species distribution 

patterns. The question of which factors impact niche change remains a highly debated 

topic in evolutionary biology. Previous studies have proposed that rates of climatic niche 

change might be correlated with climatic oscillations at high latitude or adaptation to 

new environmental conditions. Yet, very few studies have asked if those factors are also 

predominant in aquatic environments. Here, we reconstruct the climatic niche changes 

of fish species on a new phylogeny encompassing 12,616 species. We first confirm that 

the rate of niche change is faster at high latitude and show that this association is steeper 

for freshwater than for marine species. We also show that freshwater species have 

slower rates of niche change than marine species. These results may be explained by the 

fact that freshwater species have larger climatic niche breadth and thermal safety 

margin than marine species at high latitude. Overall, our study sheds a new light on the 

environmental conditions and species features impacting rates of climatic niche change 

in aquatic habitats. 

 

Species response to different environmental conditions across geological time is an 

essential process shaping global macro-ecological patterns of species distribution
1–5

. The 

increasing availability of large scale phylogenetic and distributional data has allowed for the 

explore the temporal dynamic of species ecological niches by calculating rates of niche 

change (or niche shifts) through time
6–9

. Understanding the factors affecting rates of niche 

change remains an open question at the crossroad between ecology and evolution
10

. Previous 

studies in terrestrial environments have shown a potential role of endothermy
11

, life-history 

strategy
12,13

, niche breadth
5,14

 and latitude
15

. Interestingly, it is still unknown whether those 

factors are ubiquitous and drive niche change in other environments than terrestrial. We 

propose to study the relationship between latitude and rates of climatic niche change in 
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aquatic species (marine and freshwater) and explore how inhabiting different environments 

affects rates of climatic niche change. For this, we studied ray-finned fish (Actinopterygii) 

given that they occur in both freshwater and marine environments with similar diversity 

levels
16

, and that deep phylogenetic relationships for fish are well resolved
17

. 

Recent work on terrestrial endotherms has proposed that rates of climatic niche change 

might be higher in the temperate regions than in the tropics
7,15,18

. Indeed, higher rate of niche 

change might be related to an increase of the strength of divergent selection at high latitude
15

. 

For example, extinction related to climatic oscillations
19

 should promote ecological 

opportunity at high latitude
20,21

 whereas competition related to high species richness in the 

tropics may impede change in distributions and niche change
22

.  

Besides latitude, we also expect that differences between marine and freshwaters 

environments
23

 would potentially impact rates of climatic niche change. We can formulate 

two competing hypotheses concerning the rates of change between freshwater and marine 

environments. First, the rate of climatic niche change might be faster in freshwaters than in 

marine habitats, because freshwaters are more spatially fragmented
24

, which would potentially 

facilitate speciation
25,26

 and niche divergence related to the colonization of isolated rivers and 

lakes. Second, climatic niche change might be faster in marine lineages which live in larger 

volumes of water with larger distributional ranges
27

 and can potentially have access to a 

higher number of niches
28

 leading to more opportunities for niche change. Combining a new 

phylogeny of more than 12,000 species of fish with a large dataset of distribution and climatic 

data, we explore the differences in rates of climatic niche change across latitude in marine and 

freshwater environments. 

We compiled a dataset of 6,104,127 georeferenced occurrences for 6,627 species of 

fish (3,622 marine, 3,005 freshwater species) across the world. For each species, we 

calculated the average of the maximum water temperature of warmest month (Tmax) and the 

minimum water temperature of coldest month (Tmin) for all the occurrences as an estimation 

of species current climatic niche (see Methods). We also reconstructed a dated phylogeny for 

12,616 fish species (40% of the 28,900 described species) combining mitochondrial genetic 

data with a backbone topology built from the phylogenetic classification of bony fish
17

 

(version v4, see Methods and Supplementary Methods). Independently for each fish family 

(aged between 4.8 and 139.48 Myr), we modeled temperature change along the branches of 

the phylogeny as a Brownian motion process and reconstructed ancestral values. From the 

reconstructed values, we computed species rates of absolute temperature (Tmax and Tmin) niche 

change to investigate the intensity of change of species niche position (see Methods). 
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Following this approach, we found that rates of absolute temperature niche change 

were lower at lower latitudes (Fig. 1, Supplementary Table 1). Using Bayesian mixed-effect 

models, which account for phylogenetic relatedness, the age of the family and the species 

sampling, we found a positive quadratic effect of latitude on rates of Tmax and Tmin change 

(Fig. 2, Supplementary Table 2). To illustrate the geographical pattern of rate of temperature 

niche change, we mapped mean rates of temperature niche change for the species community 

of each 5° grid cell of marine environment and each freshwater drainage basin. We revealed a 

tropical belt of low rates of absolute temperature niche change while rates were higher toward 

the poles in particular in the northern hemisphere (median rate of Tmax change in the tropics 

(between -23.4 and 23.4°): 0.043 [Interquartile range: 0.018, 0.103] °C.Myr
-1

 against 0.100 

[0.044, 0.250] °C.Myr
-1

 in the temperate region and Tmin in the tropics 0.089 [0.050, 0.171] 

°C.Myr
-1 

against 0.111 [0.055, 0.229] °C.Myr
-1 

in the temperate region) (Fig. 1). We also 

investigated the direction of the niche change to identify whether niche change was toward 

hotter or colder temperatures (Supplementary Fig. 1, Supplementary Fig. 2). In addition to 

show higher rates of change for species climatic niche position toward the pole, we show that 

rates of absolute niche breadth change are faster in the temperate region meaning that niche 

breadth varied more through time in this region than in the tropics (Supplementary Fig. 3).  

Several reasons can explain why rates of temperature change are higher in the 

temperate region
15

. First, climate heterogeneity in the temperate zone may be one of the 

factors driving climatic niche change
29

. Climate seasonality is much stronger in the temperate 

region as reflected by the larger niche breadth of temperate species (Supplementary Fig. 4). 

At a larger temporal scale, paleo-climatic fluctuations have been more intense in the 

temperate region
30,31

 while the tropical climate has been much more stable. Both levels of 

climatic heterogeneity may have increased the opportunity for climatic niche change resulting 

in higher rates of temperature change for temperate species. Second, higher species richness 

in the tropics may prevent species geographic expansion (through competitive exclusion) and 

thus reduce the opportunity for climatic niche change
22

. On the contrary, species richness is 

lower in the temperate zone partially due to high levels of extinction as a result of the rapid 

changes in ecological conditions which might facilitate ecological opportunity and climatic 

niche change
32,33

. Low species diversity and high ecological opportunity have also been 

proposed as an explanation for the higher rates of recent speciation in the temperate region
21

. 

Specifically, Rabosky et al.
34

 showed that current speciation rates for marine fish are faster in 

the temperate zone. Although we cannot demonstrate a causal effect of rates of climatic niche 
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change on speciation with our data, we provide a new piece of evidence suggesting that 

speciation in fish could be related to species ability to adapt to new climatic conditions
3,5,35

.  

Although we found a latitudinal gradient in the rates of niche change for both marine 

and freshwater species, we showed that rates of temperature change were different between 

the two habitats. For a given latitude, we found that rates of Tmax and Tmin change, were lower 

for freshwater species (Tmax median rate: 0.033 [Interquartile range: 0.013, 0.074] °C.Myr
-1

 

and Tmin median rate: 0.090 [0.045 0.176] °C.Myr
-1

) than for marine species (Tmax: 

0.100°C.Myr
-1

 [0.044 0.245] °C.Myr
-1

 and Tmin: 0.103 [0.057 0.210] °C.Myr
-1

) (Fig. 3). 

Phylogenetic generalized least square (pgls) regressions accounting for phylogenetic 

relatedness and phylogenetic uncertainty confirmed that rates of Tmax change were lower for 

freshwater species (Fig. 3, Supplementary Table 3). The result was similar when we separated 

freshwater species from brackish water species (Supplementary Fig. 5, Supplementary Table 

4). Higher rates of temperature change in marine environment were also found at the family 

level (Appendix 1 and Supplementary Fig. 6). We suggest that this result might be related to 

the differences in habitat heterogeneity and dispersal constraints between marine and 

freshwater habitats. Marine species tend to occupy a well-connected environment
28

 with a 

larger range of depths. They also have high dispersal capacities and large population sizes 

across wide ranges
36,37

, which may lead them to be exposed to a wider range of climatic 

conditions resulting in more opportunities for climatic niche change. Moreover, modes of 

speciation might influence rates of climatic niche change. As freshwater habitats are more 

spatially fragmented
24

, they are thought to provide more opportunities for allopatric speciation 

without niche change
26

 whereas oceans might provide greater opportunities for speciation 

along ecological boundaries
38

. 

Along the latitudinal gradient, the association between latitude and rates of climatic 

niche change was stronger for freshwater species (Fig. 1, Fig. 3). We propose two possible 

explanations for the steeper increase of rates of climatic niche change with latitude for 

freshwater species: first, the relationship between climatic niche breadth and latitude is 

steeper for freshwater fish (Supplementary Fig. 4). We suggest that this could strongly 

accelerate climatic niche change for freshwater species at high latitude and offset their overall 

lower rates of climatic niche change. Indeed, consistently with the literature, we found a 

positive relationship between rates of temperature change and niche breadth (Fig. 2). 

Temperate species having wider niches seem to be more prone to climatic niche change
13,14

. 

On the contrary, climatic specialization in the tropics may hinder climatic niche change as 

species with narrow niches might be constrained in their ability to evolve their thermal 
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tolerances or to expand their geographical ranges
14

. Niche breadth showed a steeper increase 

with latitude for freshwater than for marine species (quadratic effect of latitude on niche 

breadth average from 100 pgls tests for freshwater species: 0.017 °C/° of latitude and P<0.001 

against 0.0005 °C/° of latitude and P <0.001 for marine species, Supplementary Fig. 4) which 

might explain the higher increase in rates of temperature change with latitude for freshwater 

than marine species. Secondly, the relationship between latitude and species distance to their 

critical thermal maxima seems to be steeper for freshwater species than for marine species
6,39

. 

This might favor climatic niche change in the temperate region for freshwater species. 

However, using the measures of critical thermal maxima (CTmax) gathered by Comte & 

Olden
6
, we calculated species thermal safety margin (distance to CTmax) and found only a 

weak positive relationship between rates of climatic niche change and thermal safety margin 

(Supplementary  Fig. 7). 

By combining an unprecedented dataset of distributional and phylogenetic data for 

Actinopterygii, we demonstrated that rates of climatic niche change are higher in the 

temperate regions where climate has been less stable through time. Although we did not 

account for changes in species geographical distribution
19

 when calculating rates of climatic 

niche change, we found that the latitudinal pattern still hold for species that have not 

underwent change in distribution (Appendix 2 and Supplementary Fig. 8). We also showed 

that the association between latitude and rates of climatic niche change was stronger for 

freshwater species which also had lower rates of change. We propose that habitat 

heterogeneity, niche breadth and distance to thermal tolerances explain differences in rates of 

niche change between freshwater and marine environments. Our results shed a new light on 

the environmental conditions and species features impacting rates of climatic niche change in 

aquatic habitats which on the long term, will be key to understand species vulnerability 

related to climate change. 
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Fig. 1: Geographical pattern of rates of absolute temperature change. Distribution of (a) 

rates of maximum temperature (Tmax) and (c) minimum temperature (Tmin) change across the 

globe (mean rate for the species community in each grid cell for marine species and mean rate 

for the fish community in each drainage basin for freshwater species). Absence of data is 

shown in grey on land and in white in the oceans. Relationship between rate of (b) Tmax and 

(d) Tmin change and latitude. Curves are built using the median estimate of the effect of 

latitude on rates of temperature change obtained using bayesian mixed-effect models 

accounting for phylogenetic relatedness between species (Supplementary Table S6). 
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Fig. 2: Effect of latitude, niche breadth, species sampling and clade age on rates of 

absolute Tmax (a, b) and Tmin (c, d) change for freshwater (a, c) or marine species (b, d). 

We used Bayesian mixed-effect models (MCMCglmm) to account for phylogenetic 

relatedness between species. Variables were scaled to obtain comparable estimates. The 

species sampling (sp sampling) is the number of species in the family analysed. Models were 

run on the 100 phylogenies using the R package Multree
57

. Boxplots represent the 95 per cent 

highest posterior density. Boxplots colored in grey show significant effects as they do not 

overlap zero. See Supplementary Table 2 for detailed results. 
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Fig. 3: Rates of temperature change for freshwater and marine species according to 

latitude. The boxes represent the median, the first quartile and the third quartile of species 

(A) rates of Tmax and (B) Tmin change. Violin plots represent sideways density plots of the rate 

values. 23.4° and -23.4° of latitude are defining the limits between tropical and temperate 

regions. Pgls performed on the 100 phylogenies showed lower rates of change for freshwater 

species (Supplementary Table 3). Percentages above the violin plot show the proportion of 

significant Pgls tests. 
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Methods 

Phylogenetic reconstruction and dating 

We used a three-step hierarchical approach adapted from Chesters
40

 to constrain deep level 

relationships using taxonomic information and resolve mid and species level relationships 

from complete mitochondrial DNA and mitochondrial genes: (1) the phylogenetic 

classification of bony fishes version 4
17

 was used as a backbone topology ; (2) Keeping the 

backbone, we reconstructed a phylogeny from complete mitochondrial DNA for 2,386 species 

(see Supplementary Methods, Supplementary Fig. 9) ; (3) the phylogeny from complete 

mitochondria was used as a constraint to reconstruct the species level phylogeny. Complete 

mitochondrial data and mitochondrial genes were not combined in the same DNA matrix to 

avoid poor data overlap thus ensuring homogeneity. Species level relationships were resolved 

based on two mitochondrial genes classically used for fish barcoding: Cytochrome Oxidase 

subunit 1 [COX1] and Cytochrome b [CYTB]. All sequences were retrieved from GenBank
41

. 

GenBank annotations were checked by protein profile identification using MitoPhAST
42

. 

Alignments were performed using translatorX
43

 and MAFFT v7.222
44

 to ensure conservation 

of the reading frame. Species names were checked and corrected following the FishBase 

taxonomy
45

. Rigorous care was taken to remove low quality sequences (see Supplementary 

Methods). In particular, SATIVA
46

 was used to identify sequences with taxonomic annotation 

not supported by the tree reconstruction. The final matrix of mitochondrial genes combined 

10,576 COX1 and 8,020 CYTB sequences for 12,616 fish species. Tree reconstruction was 

performed using RAxML v8.2.4
47

. We reconstructed 100 replicate trees to account for the 

topology uncertainty. Time-calibration of each of the 100 trees was obtained from a 

secondary calibration approach (see Supplementary Methods) using treePL
48

. We finally 

provided a species level phylogeny for 12,616 species of Actinopterygii representing around 

40% of the known diversity, a larger coverage than the previous phylogenies of Mirande
49

 

and Rabosky et al. (when considering the number of species with DNA data)
34

. 

 

Distribution data 

We obtained 10,177,303 present-day geographical occurrences for ‘Actinopterygii’ in the 

form of geographical coordinates from global and regional databases covering both marine 

and terrestrial ecosystems (Supplementary Table 5). We then removed duplicated occurrences 

and unknown species following the FishBase valid taxonomy and synonymies
45

. All species 

whose range included freshwater habitats were considered as freshwater following Vega & 
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Wiens
27

. We retrieved polygons of estimated species geographical ranges and removed 

occurrences falling outside the polygons. Polygons were retrieved from the International 

Union for Conservation of Nature website (IUCN, http://www.iucnredlist.org) (4,762 species) 

or from Carvajal-Quintero et al.
50

 (2,434 species), both following the same methods. For 

marine species with no polygons of geographical ranges available (13’185 species), we 

removed occurrences falling outside the Major Fishing Areas where marine species have been 

recorded by the Food and Agriculture Organization of the United Nations (FAO, 

http://www.fao.org/fishery/area/search/en). For freshwater species (4,971 species), we 

removed occurrences outside the drainage basins where species are known to occur
23

. At this 

stage, we had compiled a total of 9,042,510 occurrences, 7,928,290 in marine environment 

and 1,114,220 in freshwaters representing the distribution of 25,812 species. For the 

following analyses, we only kept species with more than 10 occurrences and selected the 

species also present in the phylogeny. As later calculation will be performed on each family 

independently, we extracted the list of monophyletic families in each of the 100 trees. We 

selected families for which we had distribution data for more than 50% of the species to 

control the representativeness of our results and families with more than 10 species to ensure 

model convergence. We obtained a list of 244 families (among the 446 families included in 

the phylogeny) and kept only the species belonging to these families. This let us with a set of 

6,104,127 occurrences representing the distribution of 6,627 species (3,622 marine, 3,005 

freshwater species). We obtained for each species an estimate of the mean latitude of 

occurrence by averaging the latitude of each occurrence point. 

 

Climatic data 

Minimum and maximum temperatures were calculated for each occurrence from different sets 

of climatic data according to species habitat. We selected two variables instead of performing 

a Principal Component Analysis on all the climatic variables available (as it was previously 

done by Kozak & Wiens
3
 and Fisher-Reid et al.

14
) because the relationship between variables 

can change through time
51

. We used the equation proposed by Punzet et al.
52

 to calculate 

water temperature on land from the maximum temperature of the warmest month (BIO5) and 

the minimum temperature of the coldest Month (BIO6) provided by WorldClim v2 

(http://www.worldclim.org) (5 arc-minute resolution)
53

. We distinguished marine species 

living near the surface (reef-associated and pelagic species) or near the bottom 

(bathydemersal, bathypelagic, benthopelagic and demersal species) as indicated in FishBase
45
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and used, respectively, minimum and maximum sea surface temperature layers or minimum 

and maximum temperature at maximum depth layers, all downloaded from Bio‐ORACLE 

(Ocean Rasters for Analysis of Climate and Environment, http://www.bio-oracle.org)
54

. When 

occurrences were covered by both freshwater and marine climatic data (i.e. occurrences for 

brackish water species), we extracted the temperature using the two types of climatic layers 

and took the average. 

 

Rate of temperature niche change 

To obtain rates of climatic niche change at the species level, we first calculated for each 

species an estimate of minimum (Tmin) and maximum (Tmax) temperatures on their current 

distribution by averaging the temperatures at their occurrences. We decided to investigate 

both maximum and minimum temperatures as tolerance to heat and tolerance to cold are not 

always correlated
55

. We modeled temperature change through time using a Brownian motion 

(BM) process. For each of the 451 monophyletic families from our phylogeny, we fitted a BM 

model of trait evolution and reconstructed ancestral values at the internal nodes of the tree 

using the mvMORPH
56

 package in R (functions mvBM and estim). We also calculated at 

each node the reconstructed niche breadth as the absolute difference between Tmin and Tmax. 

We estimated rates of climatic niche change in 3 different ways: (1) rate of temperature niche 

change, (2) rate of absolute temperature change and (3) rate of niche breadth change. Rates of 

temperature (Tmax and Tmin) niche change on each branch were obtained by calculating the 

difference between the descendant and the ancestral values divided by the branch length. 

Rates of niche breadth were calculated using the same procedure. Rates of absolute 

temperature niche change were calculated as the absolute difference between the ancestral and 

the descendant values divided by the branch length. Each species was assigned to all the 

branches of the phylogeny joining this species to the root of its family. For each species, we 

extracted the rates from all the branches it was assigned to and down-weighted each rate by a 

factor 2 at each step toward the root because the evolutionary history carried by each branch 

is shared by more and more species when we go back in time (Supplementary Fig. 10). We 

finally computed the average of these rates, also averaged over the 100 trees of our 

phylogeny. Rates of temperature and niche breadth change were compared to species mean 

latitude using linear mixed models in a Bayesian framework (MCMCglmm) while controlling 

for the sampling of the clade (number of species of the family analysed) and the clade age. 

Models were run on the 100 phylogenies using the package Multree which incorporates 
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checking of model convergence
57

. The Markov chain Monte Carlo (MCMC) simulations of 

model parameters were run using an uninformative prior for 1.e
05

 iterations, eliminating the 

first 100 samples as burn-in, and thinning to every 100
th

 sample. All other comparisons were 

performed using phylogenetic Generalized least squares model to account for the 

phylogenetic relatedness between species.  

Supplementary methods 

 

Phylogenetic reconstruction 

Our goal was to provide the most species rich global mega phylogeny of fish while 

maintaining a consistent backbone and correct branch lengths in order to use it in macro 

ecological studies. We used a method similar to the one proposed to reconstruct a species-

level tree of life for Insects
40

. The method uses a 3 steps hierarchical approach to combine 

mitochondrial genetic markers with taxonomic information (see Supplementary Fig. 9 for a 

diagram summarizing the method). We used three species of rays (Potamotrygon motoro, 

Pristis clavata and Pristis pectinata) to root the topology. We provide a species level 

phylogeny for 12,616 species of Actinopterygians representing around 40% of the known 

diversity of fish. We do not provide a completely automated pipeline but a succession of 

automated steps allowing an easy update of the phylogeny in order to exploit the rapidly 

growing DNA databases (Supplementary Fig. 9). 

Deep level relationships 

We used the fourth version of the phylogenetic classification of bony fish
17

 up to the family 

level to constrain the deeper relationships. This classification is based on the analysis of 

molecular and genomic data for c. 2,000 species, resolving phylogenetic placement for 80% 

of the bony fish families.  

Mid level relationships 

We retrieved from GenBank
41

 the list of complete mitochondrion available for Actinopterygii 

using the R package Rentrez
58

. We first removed from this list sequences of hybrids, 

unverified species and unidentified species by filtering names containing: “_x_”, “_sp_”, 

“UNVERIFIED”, “sp.”, “spp.”, “spn.”,“_cf_”, “aff.”. We then verified synonymous or 

misspelled names using the Fishbase dataset
59

 on R and the online list matching tool of 

catalogue of life
60

. For the remaining list of sequences, we downloaded the mitochondrial 

protein-coding sequences and sorted them by gene using MitoPhAST
42

. The software checks 
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the validity of Genbank gene annotation through protein profile identification and performs a 

first alignment which results in 13 Fasta files containing amino acid sequences for the 13 

protein coding genes. We used amino acid sequences to avoid dealing with genetic saturation. 

From these alignments, we only kept one sequence per species. When multiple sequences 

were available, we selected the Reference Sequence (RefSeq with accession number starting 

with ‘NC_’) or the longer one. For each gene independently, a second alignment was 

performed using the most accurate algorithm (L-INS-I) in MAFFT v7.222
44

. Misaligned 

sequences were visually identified on Geneious 9.0.5
61

 and deleted. We realigned the 

alignments if necessary. Alignments were trimmed using Gblocks
62

 with the basic options and 

concatenated to form a supermatrix using FasConcat v1
63

. At this stage, species having 

sequences with more than 4 missing genes were removed. Using the final alignment, we 

performed a preliminary tree search without any constraints. We removed species not 

clustering in the correct order. We finally obtained a supermatrix of 3,475 amino acids for 

2’386 species.  

Species level relationships 

We retrieved information on all available mitochondrial sequences belonging to 

Actinopterygii on Genbank
41

. As in the previous step, we corrected and checked species 

names with reference databases; verified gene annotation with protein profiling and selected 

one sequence per gene and per species. From all the mitochondrial protein coding sequences 

available, COX1 and CYTB were the most abundant as they are usual barcodes for species 

identification. Although we could have incorporated all available sequences in the matrix to 

maximize the number of species, we decided to only keep these two barcodes to minimize 

heterogeneity. As COX1 and CYTB are short and quite conserved barcodes, we kept 

nucleotide sequences to catch as much variation as possible. For species having a complete 

mitogenome, the barcode sequences were replaced by the sequences from the mitogenome. 

Alignment accuracy was increased by aligning sequences independently for each fish order 

using TranslatorX
43

. Alignments were checked on Geneious 9.0.5
61

 and concatenated per 

gene using the option mafft-profile in MAFFT v7.222
44

. For each gene, we selected on 

Geneious
61

 the largest group of sequences which had at least 100 nucleotide positions in 

common 
64

 and removed sequences with large gaps. Sequences were trimmed using Gblocks
62

 

with basic options. We checked whether identical sequences belonged to closely related 

species and removed them if not. We used SATIVA
46

 to identify species with taxonomic 

annotations not supported by the tree reconstructed. We performed several iterations (3 times 
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for CYTB, 10 times for COX1) until no more misplaced species was identified. We only 

provided information on species families and higher taxonomic ranks in order to detect 

species not falling in the right family. 246 sequences were removed for COX1, 110 for 

CYTB. The two matrices of barcode sequences were then concatenated, resulting in a matrix 

of 1,655 nucleotides for 12,616 species (10,576 species for COX1, 8,020 for species CYTB of 

which 5,980 species had both COX1 and CYTB). Our pipeline allowed the filtering of 362 

sequences of COX1 and 180 of CYTB which was a necessary step to build a reliable 

phylogeny
64

.  

Final phylogenetic inference 

The phylogenetic classification, the mitogenome matrix and DNA barcode matrix were 

combined in order to obtain the final species-level tree.  

(1) The taxonomic classification of the species in the mitogenome matrix was 

transformed into a taxonomic tree in R (function as.phylo from the APE package
65

). 

Monophyly was relaxed when families were indicated as “not validated”, “not examined”, 

“not monophyletic”, “awaiting for formal description” and for orders having an uncertain 

position within the series (marked as Incertea sedis).  

(2) Tree search from the mitogenome matrix was performed with the taxonomic tree 

as a constraint. In order to find the best partitioning and the best model of evolution scheme, 

we performed a preliminary estimation using PartitionFinder
66

 on a subset of 362 species 

representing every family. We subsequently used four partitions and the MtREV model of 

protein evolution. Maximum likelihood tree search was performed using RAxML 8.2.4
47

 with 

the GAMMA model of rate heterogeneity. The best ML tree obtained containing 2386 species 

from 362 families did not have enough species coverage to be a sufficient constraint for the 

final tree search with 12,616 species. Therefore, we artificially added to the tree from 

complete mitochondrion every species contained in the barcode matrix to ensure their correct 

position. Whenever possible, species were added to the tree as polytomies (at the basis of a 

group with no branch length) in the family they belong to. As not all fish families were 

represented in the mitogenome tree, 656 species were bound at the order and 50 at the series 

level.  

(3) The tree built from complete mitochondrial data with species attached as 

polytomies was used as a constraint in the final tree search using the matrix of 12,616 barcode 

sequences. One partition per gene was used under the GTR model. We reconstructed 100 
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replicate trees to account for the topology uncertainty (bootstrap search using RAxML 8.2.4 

with the additional option –k to obtain branch length on bootstrap trees). 

Time-calibration 

Time calibration was performed using a secondary calibration approach. We retrieved the age 

of the main monophyletic taxonomic groups defined in Betancur-R et al.
17

, from families to 

megaclasses. These ages were used as priors to time-calibrate individually the 100 replicate 

trees. For each of the 100 replicate trees, we only selected ages for which the taxonomic 

group was also monophyletic in the tree. Dating was performed using TreePL
48

. For each tree, 

we used the best smoothing parameters obtained from a cross-validation procedure. We 

finally combined the 100 replicate trees into one phylogeny (multiPhylo object). 

 

Supplementary results 

 

Appendix 1: Family rates of temperature change. 

Besides calculating rates of climatic niche change at the species level, we calculated family 

rates of climatic niche change. For each monophyletic family extracted from the tree, we 

modeled temperature change along the phylogeny using a BM model of trait evolution. We 

extracted the evolutionary rate (sigma) as an estimate of the rate of temperature change at the 

family level. We considered families to be freshwater or marine when they contained 

respectively more than 75% of freshwater or marine species and labeled families ‘mix’ 

otherwise. As for rates at the species level, we found that freshwater families have lower rate 

of Tmax change than marine families (Supplementary Fig. 6). 

 

Appendix 2: Species rates of temperature change are lower for tropical than temperate species 

when considering species that have been restricted to one of these region in the recent past. 

In our analyses, we assumed species distributions to be fixed through time. However, species 

distribution likely changed during their evolutionary history and species current position on 

the latitudinal gradient may not reflect their past position thus skewing the latitudinal pattern 

we present. We tested whether the difference between rate of climatic niche change in the 

tropics and the temperate zone still holds when considering only species that have been 

restricted to one zone since the emergence of their family, temporal scale at which we do our 

calculation. In order to select species that have been restricted either to the tropics or the 

temperate region since the emergence of their family, we selected species belonging to 
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families containing only species currently restricted to one of the two regions. First, species 

were treated as currently restricted to one region when their whole distribution was within this 

region : minimum and maximum latitude contained in the area (56 temperate and 67 tropical 

species from 13 families). As this yielded very few species, in a second comparison, species 

were treated as currently restricted to one region when their mean latitude fell within this 

region (351 temperate and 942 tropical species from 97 families). Again, we found that for 

these selected species that may not have underwent shifts in distribution during their 

evolutionary history, rates of temperature change were lower for tropical than for temperate 

species  (Supplementary Fig. 8). 

 

Appendix 3: Trends are maintained when removing outlier rates of temperature change 

Although, extreme rate values have already been filtered when selecting families with more 

than 10 species and more than 50% of their species covered, extreme values might still be 

artifacts coming from unresolved and very short branches in the phylogeny. To ensure that 

these extreme values do not affect the latitudinal gradient we demonstrate, we tested for the 

latitudinal gradient while removing the outliers’ values outside the inter-quartile range of rate 

values. We found again a significant and positive quadratic effect of latitude on rate of 

temperature change (Supplementary Fig. 11, Supplementary Fig. 12). 

 

Appendix 4: Robustness of rate of temperature change estimation 

To test for the robustness of our rate of temperature change estimation, we compared the rates 

of temperature change calculated in the main text with those obtained from the last branch 

leading to the species as done in Quintero & Wiens 
9
 and Comte & Olden

6
. We found that 

rates calculated with the two methods are highly correlated (Supplementary Fig. 13). We also 

found that the phylogeny recently published by Rabosky et al.
34

 produced similar rates 

(Supplementary Fig. 14). 
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Supplementary figures 

Supplementary Figure 1: Geographical pattern of rates of non absolute temperature 

change. Distribution of rate of maximum (Tmax, a) and minimum (Tmin, b) temperature change 

across the globe (mean rate for species community in each grid cell for marine species and 

mean rate for fish community in each drainage basin for freshwater species). Rate values were 

transformed using the square root of the absolute values before putting the sign back. Positive 

and negative rates mean respectively change toward hotter or colder temperatures.  
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Supplementary Figure 2: Rates of non absolute Tmax (a) and Tmin (b) change according 

to species mean latitude. Rate values were transformed using the square root of the absolute 

values before putting the sign back. Positive and negative rates mean respectively changes 

toward hotter or colder temperatures. Using Bayesian generalized linear mixed-effect models 

to account for phylogenetic relatedness between species, we found a negative quadratic effect 

of latitude on rate of temperature change. Thick and dashed lines are built from the median 

value of the model posterior distribution. 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted November 25, 2019. ; https://doi.org/10.1101/853374doi: bioRxiv preprint 

https://doi.org/10.1101/853374


19 

Supplementary Figure 3: Geographical pattern of rates of niche breadth change. As 

temperatures were reconstructed for ancestral nodes along the phylogeny, we calculated niche 

breadth at each ancestral node as the absolute difference between the reconstructed maximum 

and minimum temperatures. We then calculated rate of absolute niche breadth change for 

each species as previously done for rate of temperature change. (a) Distribution of rate of 

absolute niche breadth change (mean rate for the species community in each grid cell for 

marine species and mean rate for the fish community in each drainage basin for freshwater 

species). (b) Rate of niche breadth change according to species mean latitude. Using Bayesian 

mixed-effect models, we found a positive quadratic effect of latitude for both marine and 

freshwater species. Thick and dashed lines are built from the median value of the model 

posterior distribution.   
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Supplementary Figure 4: Climatic niche breadth according to species mean latitude. 

Climatic niche breadth was calculated as the difference between Tmax and Tmin across species 

current distribution. Pgls showed a significant quadratic effect of latitude for both freshwater 

(quadratic effect of latitude averaged across the 100 pgls tests for freshwater: 0.017, all p-

values <0.001, light grey and dashed curve) and marine species (0.0005, all p-values <0.001, 

dark grey curve).  
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Supplementary Figure 5: Rate of temperature change for freshwater (light grey), 

marine (dark grey) species and brackish species (green). The boxes represent the median, 

the first quartile and the third quartile of the rate of change for maximum (Tmax, left) and 

minimum (Tmin, right) temperature reconstructed for each species. Violin plots represent 

sideways density plots of the rate values. Phylogenetic generalized least square regressions 

were performed on the 100 phylogenies. Percentages above the violin plot show the 

proportion of significant tests when different from 0. See Table S6 for detailed results.  
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Supplementary Figure 6: Family rates of temperature change. (a) The boxes represent the 

median, the first quartile and the third quartile of the family rate of maximum (Tmax, left) and 

minimum (Tmin, right) temperature change for freshwater (light grey), marine (dark grey) and 

mixed families (green). Violin plots represent sideways density plots of the rate values. 

Wilcoxon signed-rank tests showed lower rate of Tmax change for ‘freshwater’ families than 

‘marine’ families (***p < 0.001 for Tmax) and lower rates of temperature change for 

‘freshwater’ families than mixed families (***P< 0.001 for Tmax and **P=0.002 for Tmin). 

Rates of Tmin change were lower for ‘marine’ families than mixed families (*P=0.048). (b) 

Rate of temperature change for each family with dot size representing species coverage.  
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Supplementary Figure 7: Species rates of Tmax change according to thermal safety 

margin (CTmax-Tmax). We obtained CTmax values from Comte & Olden (2017) and took the 

averaged value for each of the 200 freshwater and 67 marine species. Thermal safety margin 

was calculated as the difference between CTmax and Tmax. Phylogenetic generalized least 

square regressions were performed on the 100 trees. We found a positive relationship between 

rate of niche change and thermal safety margin for freshwater (mean effect of thermal safety 

margin on rates of Tmax change: 0.015, 11% of significant tests) and marine species (0.021, 

6% of significant tests).  
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Supplementary Figure 8: Species rate of Tmax (left) or Tmin (right) change according to 

species latitudinal distribution. We selected species belonging to families containing only 

species currently restricted to the tropics (latitude -30° to 30°) or the temperate region. (a) 

Species were treated as restricted to one region when the whole distribution was within this 

region : minimum and maximum latitude contained in the area (56 temperate and 67 tropical 

species from 13 families). (b) Species were treated as restricted to one region when their mean 

latitude fell within this region (351 temperate and 942 tropical species from 97 families). 

Wilcoxon signed-rank tests showed lower rate of temperature change in the tropical than in 

the temperate species (P < 0.001 for both Tmax and Tmin). Pgls did not show a significant 

difference in rates for tropical or temperate species.  
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Supplementary Figure 9: Diagram summarizing the 3 step method used to reconstruct 

the species-level phylogeny of fish.  
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Supplementary Figure 10: Estimation of species rate of temperature change. The 

example shows a hypothetic ultrametric tree of a monophyletic family of fish that would have 

been extracted from the main phylogeny. At the tip of the tree, circles of differing size 

represent species current climatic niche estimated as the temperature (Tmax or Tmin) measured 

on species current distribution. Using a Brownian motion model of evolution, we estimated 

the ancestral value at each node within the phylogeny (black circles). For each branch, rates 

were calculated as the difference between the descendant and the ancestor values. For each 

species, we extracted the rates from all the branches of the phylogeny joining the species tip 

to the root of its family (red path). Rates on selected branches were down-weighted by a 

factor 2 at each step toward the root because the evolutionary history carried by each branch 

is shared by more and more species when we go back in time. We obtained niche change for 

each species as the average of the down-weighted rates obtained on each branch. This 

procedure was repeated independently on 100 trees and rates were averaged for each species.  
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Supplementary Figure 11: Relationship between rate of Tmax (a) and Tmin (b) change and 

species mean latitude without outlier rate values. Curves are built from the output of 

generalized linear mixed-effect models relating rate of temperature change to latitude² and 

accounting for phylogenetic relatedness between species. We found a significant quadratic 

effect of latitude on rate of temperature change. Thick and dashed lines are built from the 

median value of the model posterior distribution.  
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Supplementary Figure 12: Effect of latitude, niche breadth, species sampling and family 

age on rates of Tmax (A,B) and Tmin (C, D) change for freshwater (A, C) or marine (B, D) 

species without outlier rate values. We used generalized linear mixed-effect models in a 

Bayesian framework to account for phylogenetic relatedness between species. The species 

sampling is the number of species in the family analysed. Models were run on the 100 

phylogenies using the R package Multree
57

.  

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted November 25, 2019. ; https://doi.org/10.1101/853374doi: bioRxiv preprint 

https://doi.org/10.1101/853374


30 

Supplementary Figure 13: Correlation between rates of maximum (Tmax, left) and 

minimum (Tmin, right) temperature change used in the main text or calculated on the 

last branch of the tree (log scale).  
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Supplementary Figure 14: Correlation between rates of maximum (Tmax, left) and 

minimum (Tmin, right) temperature change as used in the main text or calculated from 

the phylogeny by Rabosky et al.
34

 (log scale). We followed the same method as in the main 

text to calculate rates of temperature change using the phylogeny from Rabosky et al.
34

. Here, 

we compare rates for the 2,114 species representing 82 families that were present in the 

analyses using the two different phylogenies.  
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Estimate Std.Error t pvalue 

Freshwater Tmax 

Intercept -3.757 0.033 -113.760 < 0.001 

latitude 0.006 0.001 4.440 < 0.001 

latitude² 0.001 0.000 14.780 < 0.001 

Marine Tmax 

Intercept -2.566 0.026 -97.872 < 0.001 

latitude 0.006 0.001 7.618 < 0.001 

latitude² 0.000 0.000 16.299 < 0.001 

Freshwater Tmin 

Intercept -2.376 0.028 -85.503 < 0.001 

latitude -0.005 0.001 -4.623 < 0.001 

latitude² 0.000 0.000 1.863 0.063 

Marine Tmin 

Intercept -2.300 0.024 -97.701 < 0.001 

latitude 0.003 0.001 4.343 < 0.001 

latitude² 0.000 0.000 7.070 < 0.001 

 

Supplementary Table 1: Results of linear models relating rate of temperature change 

with latitude  
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median 

estimate 

lower.CI  

(2.5) 

lower.CI  

(25) 

upper.CI  

(75) 

upper.CI  

(97.5) 

Freshwater Tmax 

intercept -3.846 -6.611 -4.779 -2.893 -1.064 

latitude -0.005 -0.059 -0.023 0.015 0.051 

latitude² 0.129 0.055 0.103 0.152 0.200 

species sampling 0.141 -0.185 0.032 0.249 0.454 

niche breadth 0.120 0.045 0.094 0.145 0.194 

family age -0.486 -0.752 -0.571 -0.387 -0.209 

phylogenetic variance 7.230 5.674 6.731 7.829 11.750 

residual variance 0.441 0.260 0.419 0.464 0.514 

Marine Tmax 

intercept -2.013 -4.134 -2.749 -1.302 0.094 

latitude 0.033 -0.007 0.020 0.047 0.073 

latitude² 0.131 0.077 0.112 0.148 0.182 

species sampling 0.235 -0.124 0.114 0.361 0.601 

niche breadth 0.022 -0.015 0.009 0.035 0.060 

family age -0.553 -0.807 -0.644 -0.472 -0.307 

phylogenetic variance 7.056 5.648 6.633 7.499 8.742 

residual variance 0.337 0.267 0.318 0.360 0.426 

Freshwater Tmin 

intercept -2.807 -5.177 -3.606 -2.002 -0.427 

latitude -0.052 -0.105 -0.069 -0.032 0.002 

latitude² 0.100 0.028 0.074 0.122 0.169 

species sampling 0.151 -0.118 0.060 0.241 0.418 

niche breadth 0.180 0.108 0.157 0.208 0.256 

family age -0.439 -0.675 -0.518 -0.359 -0.205 

phylogenetic variance 5.258 3.831 4.821 5.743 8.749 

residual variance 0.499 0.366 0.475 0.519 0.575 

Marine Tmin 

intercept -2.237 -4.165 -2.906 -1.573 -0.289 

latitude 0.020 -0.019 0.006 0.033 0.058 

latitude² 0.077 0.027 0.060 0.094 0.127 

species sampling 0.221 -0.112 0.107 0.333 0.552 

niche breadth 0.032 -0.006 0.018 0.043 0.067 

family age -0.435 -0.662 -0.512 -0.355 -0.204 

phylogenetic variance 5.976 4.740 5.592 6.426 7.421 

residual variance 0.344 0.278 0.324 0.365 0.420 

 

Supplementary Table 2: Results of bayesian mixed-effect models (MCMCglmm). We 

tested for the effect of latitude and niche breadth on rates of absolute temperature change (log 

values) for freshwater or marine species while controlling for family age and species coverage 

(formula: log(rate)~latitude+latitude²+species.coverage+niche.breadth+family.age). Variables 

were scaled to obtain comparable estimates. Median estimated effects and confidence 

intervals (CI (%)) are provided for each variable.  
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 Rates of Tmax change Rates of Tmin change 

Latitude IQR of pvalue % of significant tests IQR of pvalue % of significant tests 

latitude > 23.4° [0.017, 0.239] 41% [0.347, 0.846] 0% 

-23.4 >latitude > 23.4° [0.008, 0.785] 29% [3.321e-05, 0.523] 33% 

-23.4 >latitude [4.722e-29, 1.042e-04] 92% [0.169, 0.646] 16% 

 

Supplementary Table 3: Detailed output of phylogenetic generalized least square (Pgls) 

regression testing for a difference in rates of temperature change between marine and 

freshwater species along the latitudinal gradient. Pgls were performed on the 100 

phylogenies. The table gives the interquartile range of p-value obtained and the percentage of 

significant tests as reported in Fig. 3.  
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 Rates of Tmax change Rates of Tmin change 

Comparison IQR of pvalue % of significant tests IQR of pvalue % of significant tests 

Marine-Freshwater [0.0003, 0.043] 78% [0.514, 0.884] 0% 

Marine-Brackish [0.001, 0.211] 58% [5.779e-06, 0.025] 83% 

Freshwater-Brackish [0.550, 0.797] 0% [0.473, 0.838] 0% 

 

Supplementary Table 4: Detailed output of phylogenetic generalized least square (Pgls) 

regression testing for pairwise differences in rates of temperature change between 

marine, freshwater and brackish species. Pgls were performed on the 100 phylogenies. The 

table gives the interquartile range of p-value obtained and the percentage of significant tests 

as reported in Supplementary Fig. 5.  
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Database Date Website Coverage 

Bold 02/05/2018 http://www.boldsystems.org/index.php/ World 

Fishnet2 02/05/2018 http://www.fishnet2.net/aboutFishNet.html World 

GBIF 02/05/2018 https://www.gbif.org/ World 

IdigBio 02/05/2018 https://www.idigbio.org/ World 

Obis 03/05/2018 http://iobis.org/ World 

FaunAFRI 03/05/2018 http://www.poissons-afrique.ird.fr/faunafri/ Africa 

Atlas of Life 02/05/2018 http://spatial.ala.org.au/webportal/ Australia 

Biofresh 03/05/2018 http://project.freshwaterbiodiversity.eu/ Europe 

SpeciesLink 02/05/2018 http://splink.cria.org.br/index?criaLANG=pt Brazil 

ICMbio 02/05/2018 https://portaldabiodiversidade.icmbio.gov.br/portal/ Brazil 

AmazonFISH 09/04/2018 https://www.amazon-fish.com/ Amazon basin 

Museo NoelKempf 05/02/2016 http://museonoelkempff.org/museo/ Bolivia 

PUCRS 05/02/2016 http://www.pucrs.br/mct/colecoes/ictiologia/ Brazil 

SiBBr 05/02/2016 http://www.sibbr.gov.br/ Brazil 

Fundacion OGA 15/06/2010 https://museoscasso.com.ar/fundacion-oga/ Argentina 

NeoDatIII 30/06/2010 http://www.mnrj.ufrj.br/search.htm Brazil 

 

Supplementary Table 5: List of databases queried to obtain geographical occurrences 

for fish species.  
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median estimate lower.CI(2.5) lower.CI(25) upper.CI(75) upper.CI(97.5) 

Freshwater Tmax 

intercept -3.994 -6.789 -4.941 -3.040 -1.189 

latitude -0.001 -0.003 -0.001 0.000 0.002 

latitude² 0.000 0.000 0.000 0.000 0.000 

phylogenetic variance 7.353 5.815 6.847 7.959 11.996 

residual variance 0.442 0.258 0.419 0.464 0.515 

Marine Tmax 

intercept -2.621 -4.762 -3.371 -1.927 -0.547 

latitude 0.001 0.000 0.001 0.002 0.003 

latitude² 0.000 0.000 0.000 0.000 0.000 

phylogenetic variance 7.264 5.858 6.824 7.685 8.934 

residual variance 0.334 0.263 0.314 0.356 0.421 

Freshwater Tmin 

intercept -2.995 -5.388 -3.798 -2.162 -0.566 

latitude -0.003 -0.005 -0.004 -0.002 0.000 

latitude² 0.000 0.000 0.000 0.000 0.000 

phylogenetic variance 5.477 4.023 5.041 5.989 9.333 

residual variance 0.496 0.351 0.474 0.520 0.576 

Marine Tmin 

intercept -2.746 -4.682 -3.411 -2.086 -0.812 

latitude 0.001 0.000 0.000 0.001 0.002 

latitude² 0.000 0.000 0.000 0.000 0.000 

phylogenetic variance 6.167 4.931 5.761 6.588 7.585 

residual variance 0.341 0.274 0.319 0.360 0.415 

 

Supplementary Table 6: Relationship between latitude and rates of temperature change. 

We used bayesian mixed-effect models to estimate and plot (Fig. 1) the relationship between 

latitude and rates of absolute temperature change (log values) while controlling for the 

phylogenetic relatedness between species. Median estimated effects and confidence intervals 

(CI (%)) are provided for each variable. 
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Supplementary files: 

We provide as supplementary files: the list of GenBank accession codes used to build the 

phylogeny along with species taxonomic classification (accession_phylo_species.xlsx); the 

estimated temperatures (Tmax and Tmin) on species distribution and species mean latitude of 

occurrence (estimated_climatic_niche.xlsx). 
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