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of Cataglyphis desert ants

Nathan Lecocq de Pletincx,1,5,* Xim Cerdà,2 Kadri Kiran,3 Celal Karaman,3 Ahmed Taheri,4 and Serge Aron1
SUMMARY

Biological diversity often arises as organisms adapt to new ecological conditions (i.e., ecological opportu-
nities) or colonize suitable areas (i.e., spatial opportunities). Cases of geographical expansion followed by
local ecological divergence are well described; they result in clades comprising ecologically heteroge-
neous subclades. Here, we show that the desert ant genus Cataglyphis likely originated in open grassland
habitats in the Middle East �18 million years ago and became a taxon of diverse species specializing in
prey of different masses. The genus then colonized the Mediterranean Basin around 9 million years
ago. The result was the rapid accumulation of species, and the appearance of local assemblages containing
species from different lineages that still displayed ancestral foraging specialties. These findings highlight
that, in Cataglyphis, ecological diversification preceded geographical expansion, resulting in a clade
composed of ecologically homogeneous subclades.

INTRODUCTION

Evolutionary radiation is an event during which there is species proliferation within a taxonomic clade. It is a phenomenon commonly

thought to be stimulated by the appearance of new ecological or spatial opportunities.1,2 Ecological opportunities arise when unoccupied

niches with novel abiotic and biotic conditions become available3 and can lead to the emergence of multiple, ecologically distinct species

from a shared ancestor. Competition plays a crucial role herein, promoting the initial divergence process and driving subsequent niche

partitioning. Some well-known examples of these dynamics include Darwin’s finches in the Galapagos4 and cichlids in the African Great

Lakes.5 In both cases, the emergence of distinct ecological conditions appears to encourage rapid species accumulation and results in

clades composed of phenotypically divergent species. Spatial opportunities, on the other hand, occur when existing species colonize

new areas with suitable abiotic and biotic conditions or when the species’ current habitat becomes fragmented.2,6 Geographical isolation

may then spur the emergence of multiple species with similar ecological requirements, whose coexistence is precluded by competition.

Such dynamics are illustrated by North American woodland salamanders7 and cold-climate lizards.8 In these cases, the accumulation of

ecologically equivalent species was apparently facilitated by geographical isolation, leading to clades predominantly composed of allo-

patric species.

Although ecological and spatial opportunities represent distinct pathways for evolutionary radiation, evidence is mounting that they could

act in tandem, as seen in various continental-scale events (e.g., Australian lizards9; soil diatoms,10 and Saxifragales flowering plants11). During

these events, spatial opportunities occurred first and prompted species diversification via geographical isolation. Next, new species ap-

peared by adapting to local ecological conditions while in situations of sympatry or following secondary contacts (ecological diversification).

Ecological and spatial opportunities may also jointly shape biological diversification, as seen in caviomorph rodents12 and Espeletiinae

plants.13 In the literature, there are numerous descriptions of circumstances in which spatial opportunities preceded or co-occurred with

ecological opportunities; such situations seem to typically produce clades containing ecologically heterogeneous subclades. In contrast,

to our knowledge, there is no reported example of ecological opportunities preceding spatial opportunities.

Here, we describe the case of Cataglyphis desert ants, a genus for which ecological diversification was followed by spatial expansion and

species diversification. There are approximately 100 species of Cataglyphis organized into 9 species groups; their geographical distribution

spans from western Europe to central Asia.14 Research suggests that Cataglyphis originated about 20 MA (range: 30–10 MA)15 in the Middle

East,16 a region that was then featuredby open grassland habitats.17–19 At present, allCataglyphis species are found in open, arid habitats and

share extensive ecological similarities. They are thermophilic scavengers: workers leave the colony during the hottest hours of the day, search
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individually for heat-stricken arthropods, and return single food items to the nest.20 This unique ecological niche allowsCataglyphis species to

limit competitive interactions with ecologically dominant species from other genera.21

However, competition for food resources may be intense within the genus. In ants, worker size can shape competition by placing con-

straints on the size of items that individuals can transport and process.22,23 In Cataglyphis, worker size is highly similar within species groups

but significantly different between species groups. Accordingly, phylogeographic studies have shown that species from the same species

group rarely co-occur24–27; instead, instances of co-existence involve species from different species groups (pers. obs.). These observations

suggest that worker size could have had a pivotal role in ecological divergence in Cataglyphis and could thus be an informative trait when

investigating evolutionary radiation within the genus.

In this study, we explored the evolutionary radiation ofCataglyphis desert ants using a comprehensive approach. We utilized comparative

phylogeneticmethods, biogeographic analyses,morphological measurements, and field observations to achieve six objectives. First, we con-

structed a phylogeny and inferred lineage divergence times for Cataglyphis employing data from 36 species belonging to the 6 main Cata-

glyphis species groups found in the Mediterranean Basin and Middle East. Second, we characterized the dynamics of lineage diversification;

we hypothesized that species accumulated rapidly after the genus originated in the open grassland habitats of theMiddle East (�20MA),17–19

with a second round of rapid speciation occurring in response to the aridification of the Mediterranean Basin (�11–5 MA).19,28,29 Third, we

explored the biogeographical history of the genus: we expected that the genus was able to effectively exploit the aridification of the Med-

iterranean Basin, resulting in its ancestral lineages moving westward between 11 and 5 MA. Fourth, we performed field research to test

whether differences in worker head width, a proxy for worker size, could facilitate coexistence among Cataglyphis species by partitioning

food resources. Fifth, we evaluated evolutionary patterns of worker head width, hypothesizing that head width diversification may have

occurred early on and thus allowed the genus to fill available ecological niches shortly after it arose in the Middle East. Sixth, using model

comparisons, we tested whether interspecific competition within Cataglyphis could have promoted divergence in worker head width and

species geographical distributions over evolutionary time.
RESULTS

Objective 1: Phylogeny construction and inference of divergence times

First, we constructed amultilocus phylogeny of 36 species representing the 6main species groups of the genus (Figure 1A). Our DNA dataset

consisted of 2,294 ultra-conserved elements (UCEs),30 whose mean sequence length was 1,159 bp (Data S1 and S2). There was a high degree

of concordance and support for the topologies recovered based on maximum-likelihood analyses (i.e., concatenated, by-locus, and SWSC-

EN partitioning strategies)31 and coalescent-based estimators32 (Figures S1–S4). As expected, the analyses all confirmed the presence of six

monophyletic species groups within the genus. Moreover, we found that Cataglyphis is paraphyletic because it includes Rossomyrmex, a

result that is consistent with a previous phylogenetic analysis.16

Using primary and secondary node calibrations33 (Data S3), we discovered that the genus Cataglyphis originated in the early Miocene

(mean = 18.5 MA, 95% highest posterior density interval = 16.5–20.5 MA; Figure 1A; Figure S5). This dating estimate and those for the out-

groups are consistent with findings from recent phylogenetic studies.15,34,35 During this period, open grassland habitats were present in the

Middle East,17–19 where the genus seems to have emerged.16
Objective 2: Characterization of lineage diversification

Weevaluated lineagediversificationdynamics forCataglyphisusinga lineage-through-time (LLT)plot.36 TheLTTplot revealedapatternof early

gradual lineage diversification (Figure 2A). The diversification rate increased suddenly�9 MA and then progressively slowed (MCCR test: g =

�3.55, p = 0.02, number of simulations = 1000). These dynamics are further supported by our comparison of multiple lineage diversification

models,37,38 which point to a significant upturn in diversification �9.2 MA. The underlying cause could be increased speciation or reduced

extinction accompanied by greater clade carrying capacity (Data S4). This rise in diversification was seen in most species groups (Figure 1A).

These results do not support our hypothesis thatCataglyphis species rapidly accumulated after the genus arose in the open grasslands of

the Middle East. Instead, rapid species diversification seems to have been a response to the aridification of the Mediterranean Basin during

the late Miocene (�11–5 MA).19,28,29
Objective 3: Evaluating the geographical origin of rapid lineage diversification

To test whether the above trend in species diversification coincidedwith the spread ofCataglyphis from theMiddle East to theMediterranean

Basin, we reconstructed the ancestral distributions of the genus’ lineages39 based on 1,128 observations of species presence (Data S5). Six

biogeographical regions were inferred from species distributions40 (Figures 1A and C; Data S6). As predicted, our biogeographic analyses

(Data S7) indicated that Cataglyphis probably began colonizing the Mediterranean, moving from east to west, around 9 MA (Figures 1A–

C). The results suggest the cursor species group spread northward, frommodern-day Türkiye to Crete and southern France. In contrast, spe-

cies groups albicans, bicolor, altisquamis, bombycinus, and emmaemoved south, from Türkiye to Israel, northern Africa and, later, the Iberian

Peninsula. The colonization of the latter by Cataglyphis most likely followed the appearance of a land bridge connected to northern Africa

during the Messinian salinity crisis and the subsequent, sudden reopening of the Straits of Gibraltar (�5.33 MA).26,41

These findings support the idea that a spatial opportunity, namely the aridification of the Mediterranean Basin, triggered geographical

spread and rapid species diversification in Cataglyphis �9 MA.
2 iScience 27, 109852, June 21, 2024
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Figure 1. Phylogenetic relationships, biogeographical history, worker head width, and species diversification in Cataglyphis

(A) The 36 Cataglyphis species included in this study represent 6 monophyletic species groups: emmae, bombycina, altisquamis, bicolor, albicans, and cursor.

The genus originated�18 MA and, at�9 MA, began to spread from the area around modern-day Türkiye (green) to the areas around modern-day Israel (yellow)

and northern African (dark blue). It reached the Iberian Peninsula (light blue) �5 MA. Southern France (red) and Crete (mauve) were colonized by two and one

species, respectively. The 95% highest posterior density intervals for node age are indicated (blue bars). Mean worker head width (mm) varies amongCataglyphis

species but is conserved within species groups. For each species, the standard deviation of worker head width among colonies is shown (black bars).

(B) Cataglyphis originated in arid regions that emerged in the Middle East �18 MA (in red).

(C) From the Middle East (in red), Cataglyphis ants colonized the southern and northern Mediterranean Basin beginning at �9 MA (black arrows), when these

regions began to experience aridification. The color code is the same as in Figure 1A.

(D) Illustration of worker morphology diversification in Cataglyphis, a process that started early in genus history. When members of the genus began colonizing

the Mediterranean Basin (�9 MA), the new species that arose conserved the worker head widths (a proxy for worker size) of their ancestors. The scale is the same

for all the pictures.
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Figure 2. Lineage diversification and disparities in worker head width over time in Cataglyphis

(A) Lineage diversification significantly accelerated�9MA (black line). The results of the 1,000 iterations of the pure-birth-processmodel are indicated (gray lines),

as is the linear increase in species number (red dashed line).

(B) Disparities in worker head width remained low within clades over evolutionary time, a pattern that was especially marked after the rapid increase in species

number that started�9MA (solid black line; rank envelope test: p = 0.025; p interval = 0.023–0.046). Also shown are the expectations arising from the null model:

trait disparity (dashed black line) with its 95% confidence interval (solid gray area).
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Objective 4: Assessing the ecological significance of worker head width

In nature, Cataglyphis species with different worker head widths frequently co-occur, while those with similar worker head widths do not. We

conducted field research to determine whether differences in worker head width were related to food resource partitioning among species in

the genus. To this end, we studied the relationship between prey mass and worker head width at four sites hosting threeCataglyphis species

with distinct worker head widths: Cataglyphis rosenhaueri (mean worker head width within colonies = 1.51 G 0.07 mm; range: 1.1–1.8 mm),

Cataglyphis velox (1.79 G 0.04 mm; range: 1.0–2.3 mm), and Cataglyphis hispanica (1.81 G 0.08 mm; range: 1.0–2.5 mm). Within the sites,

species differed in mean forager head width (Figure 3A) and mean prey mass (Figure 3B) (Data S8 and S9). In addition, mean forager

head width was positively correlated with mean prey mass (linear regression: slope coefficientGSE = 2.07G 0.45, p = 0.004, number of pop-

ulations studied across sites and species = 8): the small-headed C. rosenhaueri gathered the smallest prey, while the large-headed

C. hispanica collected the largest prey.

Thus, worker head width is strongly tied to resource use and likely reduces interspecific competition among Cataglyphis ants via niche

partitioning.

Objective 5: Exploring evolutionary patterns in worker head width

We explored the diversification of mean worker head width in 36 Cataglyphis species using phylogenetic comparative methods (Fig-

ure 1A; Data S10). We found a strong phylogenetic signal for worker head width (Blomberg’s K = 1.76, randomization procedure—

1,000 iterations, p = 0.001; Pagel’s l = 1.08, p = 0.001),36 which signifies that more closely related species displayed a greater degree

of trait similarity than expected based on the null model. A disparity-through-time (DTT) analysis42 confirmed that disparity within clades

contributed little to total clade disparity over evolutionary time (rank envelope test; p = 0.025; p interval = 0.023–0.046) (Figure 2B). More-

over, disparity within clades decreased over evolutionary time; indeed, the rate of evolution for worker head width decreased over time

(node height test: df = 33, t = �3.053, p = 0.004; Figure S6).43 Notably, disparity within clades was particularly low starting at �6 MA,

during the burst of species accumulation, supporting that emerging species retained the worker head width of their ancestors. Ancestral

state estimation unveiled that ancestors of the different species groups were already distinguishable based on their worker head width

(cursor’s ancestor worker head width = 1.28 mm; albicans = 1.51 mm; bicolor = 1.93 mm; altisquamis = 1.63 mm; emmae = 1.24 mm;

bombycinus = 1.32 mm).

Collectively, our findings (objectives 2–5) indicate that, inCataglyphis, spatial opportunities promoted species diversification. The eventual

result was the emergence of morphologically homogeneous species groups (Figure 1D), whose members each arose from a common

ancestor. Within each group, worker head width is highly similar and reflects the shared ancestral value. Among groups, worker head with

is strikingly different because ancestral values were strikingly different.
4 iScience 27, 109852, June 21, 2024
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Figure 3. Field observations of forager head width and prey mass for three coexisting Cataglyphis species

(A) Forager head width varied significantly among the three species. Across all sites, it was large for C. hispanica (CH, circles), medium for C. velox (CV, squares),

and small forC. rosenhaueri (CR, triangles). However, at the colony level, worker head width was similar forC. hispanica andC. velox (see text). Standard errors are

indicated (black bars). The p-value for each comparison can be found in Data S9.

(B) Prey mass (mg) was small for C. rosenhaueri, medium for C. velox, and large for C. hispanica across all sites. Standard errors are indicated (black bars). The

p-value for each comparison can be found in Data S9.
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Objective 6: Exploring the effects of interspecific competition over evolutionary time

Finally, we explored whether interspecific competition could have affected patterns of worker head width and species geographical distribu-

tion in Cataglyphis over evolutionary time. To this end, we compared the results of multiple evolutionary models that included or excluded

competition37,43,44 (see STARMethods). TheMCmodel45 takes into account trait values and geographical overlap. It provided the best fit for

our data (Data S11), indicating that competition likely had a strong influence on worker head width evolution in the genus, and affected spe-

cies geographical distribution.

Because within-colony variation in worker head width (worker polymorphism) can affect the range of prey collected, we investigated the

evolution of worker headwidth variation using the same phylogenetic comparative methods as for mean worker head width. Our results show

that the evolution of worker head width variation appears to be random in Cataglyphis (Data S12, Figures S7 and S8). Thus, over evolutionary

time, worker polymorphism does not appear to have been affected by interspecific competition.

DISCUSSION

Our study strongly suggests that evolutionary radiation in Cataglyphis desert ants was the product of ecological diversification followed by

geographical expansion. These findings concur with the idea that Cataglyphis originated approximately �18 MA, likely in open grassland

habitats in the Middle East (Figures 1A and 1B).16–19 Ants in the genus developed a range of adaptations, including heightened physiological

thermotolerance and elongated legs, which enabled them to become thermophilic scavengers. Initially, species diversification occurred at a

slow pace. Around 9MA,Cataglyphis lineages had diverged in worker head width, reflecting that a difference in foraging ecology had devel-

oped. Ath this time, a spatial opportunity presented itself: new arid habitats became available in theMediterranean Basin,19,28,29 which seem-

ingly promoted the geographical expansion of the genus and triggered a surge in species diversification. Each lineage gave rise to new spe-

cies, which formedmorphologically homogeneous species groups in which the ancestral value for worker head width was retained. Next, the

rate of species diversification progressively declined. At present,Cataglyphis remains a clade of several morphologically homogeneous spe-

cies groups that occur in the Mediterranean Basin and beyond. Geographical overlap is rare within species groups but frequent between

species groups, a pattern that is likely linked to worker size and food resource partitioning.

Within the species groups, species diversification was accompanied by minimal ecological divergence. The mechanisms underlying this

niche conservatism remain unclear,6 although past research suggests that intrinsic or extrinsic factors may commonly prevent species from

undergoing ecological shifts. Intrinsic factors may include physicochemical, developmental, and genetic constraints, while extrinsic factors

may include dispersal limitations, competition, and predation.6,46 Evidence suggests that intrinsic factors are unlikely to be acting in the

case of Cataglyphis. Indeed, in the genus, worker head width is greatly variable, and many species are polymorphic, producing small and

large workers. Additionally, Cataglyphis species display pronounced diversity in social organization and reproductive strategies.20

Extrinsic causes seemmore likely and are inherent to our explanation of the observed patterns. Our results suggest that ancestral values of

worker head width were conserved within species groups because the Mediterranean Basin was simultaneously colonised by species that

already differed in worker head width. As species with larger worker head widths spread geographically, they consistently coexisted with spe-

cies with smaller worker head widths. The reverse was also true. As a result, species were less likely to develop smaller or larger worker head
iScience 27, 109852, June 21, 2024 5
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widths over evolutionary time. Instead, resource competitionmay have acted to prevent the coexistence of species having similar worker head

widths (i.e., species of the same species group) within the samegeographical area. Evidence for this hypothesis comes from the biogeograph-

ical species distribution patterns seen in this study (support for the MCmodel) and from previous studies conducted at smaller spatial scales

that have highlighted the predominance of allopatric species distributions within species groups.24–27 Thus, in the evolutionary radiation of

this genus, it may be the precedence of worker head width diversification over the geographic expansion that caused the current homoge-

neous species groups.

Interspecific competition has traditionally been considered the hallmark of ant ecology47 and a key driver of ant morphological adapta-

tions.22 Recent research supports a more tempered view: other forces, including predation, parasitism, and habitat disturbance have been

reported to affect the evolutionary trajectories of worker morphology48 and the assemblage of communities.47Cataglyphis ants are behavior-

ally subordinate, display low levels of aggressiveness, and avoid resource competition by foraging under thermal conditions that other genera

cannot tolerate.21 However, our study indicates that, within Cataglyphis, interspecific competition has had large macroevolutionary implica-

tions for both species geographical distributions and worker head width. The reasons for these findings are an open question. Worker

headwidthmay be a key trait inCataglyphis because it affectsmany aspects of desert life. Indeed, worker size has impacts in domains beyond

food resource partitioning; it also influences temporal foraging patterns and levels of heat resistance.49,50 Larger workers are more heat

tolerant and can remain active during the hottest period of the day. Furthermore, all Cataglyphis species are thermophilic scavengers, and

it couldbe thatonly a few traits are responsible for finer-scale ecological nichedifferentiationwithin thegenus.However, even rare, coexistence

of closely relatedCataglyphis species does occur, supporting that other traits thanworker headwidthmay still promote sympatry in the genus.

For instance, in central Tunisia, the close relativesC.bicolorandCiona savignyihavepartially overlappingdistributions.51 These speciesdisplay

similarities in worker size, foraging strategies, and nest site preference. Yet, when they occur in sympatry, nest site specialization is observed:

themoredominantC.bicolorestablishes nests in nutritionally richermicrohabitats thandoes themore subordinateC. savignyi. Thus, the coex-

istence of these two species is facilitated by microhabitat segregation, where C. savignyi is able to tolerate lower-quality conditions.

Our results also reveal that mean worker head width, but not worker head width variation (polymorphism), reduced resource competition

over evolutionary time in Cataglyphis ants. However, such result does not preclude worker polymorphism from helping to somewhat limit

interspecific competition. Worker polymorphism allows for more flexible exploitation of food resources because colonies can gather food

items of different shapes and sizes. Species may be better able to compete under variable environmental conditions if they have polymorphic

workers. Indeed, we observed that C. rosenhaueri foragers have smaller head widths when they coexist with the medium-headed C. velox

versus the large-headedC. hispanica (Figure 2A). Similarly, in the polymorphicC. bicolor, foragers have smaller size in Greece than in Tunisia,

where they coexist with the smallC. albicans.52 The world’s arid regions harbor the highest densities of polymorphic ants,53 perhaps because

worker polymorphism can reduce interspecific competition and because the diversity of food resources is limited (for desert ants, essentially

seeds and dead arthropods). However, our findings indicate that niche partitioning can be strongly tied to mean worker head width, and we

therefore call for more research that focuses on this trait.
Limitations of the study

Our study utilized data from 36 of the approximately 56Cataglyphis species that occur in theMediterranean Basin. As a result, wemight have

missed instances of co-occurrence for species of the same species group, which could have potentially have affected our macroevolutionary

analyses. However, we believe that our results are reliable since previous phylogenetic and geographical studies have reported that such in-

stances of co-occurrence are indeed rare. Furthermore, our biogeographic analyses could have been affected by the fact that there are

around 100 Cataglyphis species in total, whose range spans from the Mediterranean Basin to China; we did not include any species from

Asia (�15–20 species). It is worth noting that a prior study that did include Asian species identified the same region of origin for the genus

as we did (theMiddle East).16 Future research should include the full range ofCataglyphis species tomore thoroughly unravel the evolutionary

history of this genus.
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N., et al. (2019). BEAST 2.5: An advanced
software platform for Bayesian evolutionary
analysis. PLoS Comput. Biol. 15, e1006650.

34. Borowiec, M.L., Cover, S.P., and Rabeling, C.
(2021). The evolution of social parasitism in
Formica ants revealed by a global phylogeny.
Proc. Natl. Acad. Sci. USA 118, e2026029118.

35. van Elst, T., Eriksson, T.H., Gadau, J.,
Johnson, R.A., Rabeling, C., Taylor, J.E., and
Borowiec, M.L. (2021). Comprehensive
phylogeny of Myrmecocystus honey ants
highlights cryptic diversity and infers
evolution during aridification of the American
Southwest. Mol. Phylogenet. Evol. 155,
107036.

36. Revell, L.J. (2012). phytools: an R package for
phylogenetic comparative biology (and other
things). Methods Ecol. Evol. 3, 217–223.

37. Morlon, H., Lewitus, E., Condamine, F.L.,
Manceau, M., Clavel, J., and Drury, J. (2016).
RPANDA: an R package for
macroevolutionary analyses on phylogenetic
trees. Methods Ecol. Evol. 7, 589–597.

38. Etienne, R.S., and Haegeman, B. (2020). DDD:
Diversity-Dependent Diversification. R
package version 4.3.
8 iScience 27, 109852, June 21, 2024
39. Matzke, N.J. (2016). Trait-dependent
dispersal models for phylogenetic
biogeography, in the R package
BioGeoBEARS. Integr. Comp. Biol. 56, E330.

40. Edler, D., Guedes, T., Zizka, A., Rosvall, M.,
and Antonelli, A. (2017). Infomap bioregions:
interactive mapping of biogeographical
regions from species distributions. Syst. Biol.
66, 197–204.

41. Achalhi, M., Münch, P., Cornée, J.J.,
Azdimousa, A., Melinte-Dobrinescu, M.,
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

SPAdes assembly contigs, concatenated UCE

matrices, tree files, and the UCE bait sequence file

This study Dryad: https://doi.org/10.5061/dryad.sbcc2frck

Raw Illumina reads – deposited to NCBI This study NCBI BioProject: PRJNA1087578 and Data S1

Experimental models: Organisms/strains

Cataglyphis species This study Data S1

Software and algorithms

PHYLUCE pipeline Faircloth https://phyluce.readthedocs.io/en/latest/

AMAS Borowiec https://github.com/marekborowiec/AMAS

IQ-TREE v. 2.0 Minh et al.31 http://www.iqtree.org/

SWSC-EN Tagliacollo and Lanfear54 https://github.com/Tagliacollo/PFinderUCE-SWSC-EN

ASTRAL-III Zhang et al.28 https://github.com/smirarab/ASTRAL

Newick utilities Junier and Zdobnov55 https://github.com/tjunier/newick_utils

Clocklikeness script Borowiec et al.34 https://github.com/marekborowiec/metazoan_phylogenomics

BEAST v. 2.6.2 Bouckaert et al.33 https://www.beast2.org/

Infomap Bioregions Edler et al.40 https://www.mapequation.org/bioregions/
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Nathan Lecocq de

Pletincx (nathan.lecocq@outlook.com).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� Raw Illumina reads have been deposited at the NCBI Sequence Read Archive and are publicly available as of the date of publication.

Accession numbers are listed in the Data S1; see key resources table. SPAdes assembly contigs, concatenated UCEmatrices, tree files,

and the UCE bait sequence file have been deposited at Dryad: https://doi.org/10.5061/dryad.sbcc2frck). DOI is given in the key re-

sources table.
� This paper does not report original code.
� Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The ant genus Cataglyphis (RRID:NCBITaxon_47732) contains�100 described species organised into 9 species groups.14,56 Its geographical

range includes the arid habitats of the Palearctic, from western Europe and Africa to central Asia. Between 2009 and 2021, we collected spec-

imens for 36 out of the 56Cataglyphis species found around theMediterranean Basin (Data S1); they were representative of the genus’ 6 main

species groups. We sampled entire colonies to fully characterise their worker size distributions. To control for variation in worker size due to

colony ontogeny, we only collectedmature colonies (i.e., those producing sexuals). Samples included individuals at all stages of development

(eggs, larvae, nymphs as well as adult workers and sexuals).

METHOD DETAILS

Dataset

We used worker head width as a proxy for worker size.57 We specifically measured maximum head width (MHW), which includes the

eyes. MHW is an ant trait that is meaningful, widely used, highly repeatable, and markedly variable in polymorphic species.58 We used
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a sample-size-corrected coefficient of variation (CV*), which is the ratio of the median absolute deviation of worker MHW (MAD) to median

worker MHW (Mdn)59:

CV � =

�
1 +

1

4N

�
3
MAD

Mdn

CV* values climb as worker polymorphism increases. Furthermore, this estimator performs better than others in the case of non-normal

distributions,59 which are common in Cataglyphis ants.57

We measured MHW for 40 randomly chosen workers per colony, which is the number of workers at which CV* plateaued.57 Four colonies

per species were used for the 18 species characterised in previous research,57 and 2 colonies per species were used for the 18 other species

sampled in this study. In C. bombycina, the helper caste is dimorphic, composed of workers and soldiers. We excluded the latter from our

analyses. Measurements were performed to the nearest 0.01 mm using a MZ6 stereomicroscope (Leica Microsystems, Wetzlar, Germany).
Objective 1: Phylogeny construction and inference of divergence times

Ultra-conserved elements data generation

To generate a genome-scale dataset of all 36 Cataglyphis species, we employed ultra-conserved elements (UCE) phylogenomics,60 an

approach that uses targeted enrichment of conserved genomic regions. We sent tissue samples to Rapid Genomics, Florida, USA, where

the DNAwas extracted. The genomic libraries were then prepared and enriched using 31,829 baits targeting 2,590 UCE loci conserved across

ants (Hymenoptera 2.5Kv2).30 Sequencing was performed utilising an Illumina NovaSeq 2x150 system. We used one to five individuals per

species.

We cleaned and processed the resulting reads using PHYLUCE software v. 1.7.1.61 We trimmed raw reads for adapter contamination using

Illumiprocessor v. 2.0,62 which incorporates Trimmomatic.63 Trimmed reads were assembled de novo into contigs using SPAdes.64

Next, we added assemblies for 11 outgroup species (Data S2) that were obtained from previous studies.34,35 To identify and extract UCE

contigs from the bulk set of contigs for all 47 species, we employed a PHYLUCEprogram (match_contigs_to_probes) that uses Lastz v. 1.065 to

match probe sequences to contig sequences and to create a database of hits. Our min-identity and min-coverage settings were 80. We

aligned each UCE locus usingMAFFT v. 7.130b66 and the default algorithm setting in PHYLUCE (FFT-NS-i). We tested different trimming stra-

tegies: (i) no trimming, (ii) edge trimming, and (iii) trimming internal and external alignment regions using GBLOCKS,67 implemented with

reduced stringency parameters (b1:0.5, b2:0.5, b3:12, b4:7). Based on the descriptive statistics generated by PHYLUCE and AMAS,68 we

decided to use the GBLOCKS strategy in further analyses because it achieved a good compromise between the number of informative sites

and the percentage of missing data (Data S3). We then concatenated all the loci to form a supermatrix and filtered the alignments for taxon

occupancy, requiring the loci to be found in 0, 50, 75, 85, 90, 95, and 100% of the taxon. For each of the seven supermatrices, we generated

descriptive statistics using PHYLUCE and AMAS. For further analyses, we decided to use the locus set filtered for 75% taxon occupancy

because it achieved a good compromise between the number of informative sites and the percentage of missing data (Data S3). The resulting

matrix contained 2,294 loci (mean length = 1,159 bp), 560,008 informative sites, and a gaps/missing data level of 18.5%.

Phylogeny inference

We assessed the robustness of our phylogenetic inference methods using a range of sensitivity analyses. First, we performed an unparti-

tioned phylogenetic analysis with IQ-TREE v. 2.0.31 We selected GTR+F+G4 as the model of sequence evolution and performed 1,000

ultrafast bootstrap replicates (UFB)69 and 1,000 replicates of the SH-like approximate likelihood-ratio test.70 We employed the GTR+F+G4

model because using more complex models does not negatively impact the phylogenetic results.71 We did not utilise the proportion of

invariant sites (+I) model with gamma distributed rates (+G) for among-site rate heterogeneity because these parameters cannot be collec-

tively optimised.72

Second, we tested the effect of partitioning the concatenated datamatrix by locus and with the sliding-window site characteristics method

based on site entropy (SWSC-EN).54 Given the high number of partitions obtained using SWSC-EN, we implemented ModelFinder273 within

IQ-TREE to merge the data subsets, using the rclusterf algorithm (set to check only the top 10% of merging schemes), the corrected Akaike

information criterion (AICc), and the GTR+F+G4 model. For both partitioning strategies, we inferred a maximum-likelihood tree using IQ-

TREE and the same parameters as for the concatenated analysis, except that we employed the -spp option to link branch lengths.

Finally, we estimated a coalescent-based species tree using ASTRAL-III.32 Our first step was to estimate individual gene trees via IQ-TREE.

Then, for each gene tree, we performed model testing and generated 1,000 UFB replicates. Across all the gene trees, we collapsed nodes

whose UFB support was less than or equal to 10% using Newick utilities.55 We then fed the collapsed gene trees into ASTRAL-III for species

tree inference.

Divergence time inference

To estimate divergence times, we simplified the analysis by creating data subsets and by constraining the tree search. To create the data

subsets, we ranked loci by their clocklikeness using an R script74 and concatenated the alignments of the corresponding 100 best-performing

loci (i.e., those with the smallest variation in root-to-tip lengths). To constrain the tree search, we used the best tree from the concatenated

analysis (root = Gnamptogenys simulans). We made it ultrametric by performing a quick dating analysis with the chronos function in R.75,76
iScience 27, 109852, June 21, 2024 11
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We estimated the time-measured tree using BEAST v. 2.6.2.33 We employed the HKY+G model of sequence evolution, a strict clock

model, and a yule model for the tree prior. Using more complex models did not affect the results (data not shown). Tree topology search

parameters were turned off. We calibrated the tree using three fossil records and one form of secondary calibration (Data S4). The age of

the crown group, Formicinae (all species except Gnamptogenys simulans), was constrained using the New Jersey Cretaceous amber fossil

yKyromyrma neffi,77 while the age of the clade containing Nylanderia terricola and Paratrechina longicornis was constrained using the Pria-

bonian Baltic amber fossil yNylanderia pygmaea.78 Priabonian Baltic amber fossils yFormica were used to constrain the age of the Formicini

node (represented by the clade containing all Cataglyphis species, Formica fuscocinerea, Iberoformica subrufa, Polyergus vinosus, Profor-

micamongolica, and Rossomyrmexminuchae) because recent studies suggest that these fossils should be included in the ancestral Formicini

lineage rather than in the extant genus Formica.15,34 Our form of secondary calibrationwas to employ Lasiini as a crown group (represented by

the clade containing Nylanderia terricola, Paratrechina longicornis, Lasius arizonicus, and Myrmecocystus pyramicus) because it displays

consistent dating across different studies.15,35,79,80 We executed two independent Markov chain Monte Carlo (MCMC) runs that each

comprised 75million generations, where sampling occurred every 100,000 generations.We evaluatedMCMC convergence andmixing prop-

erties using the BEAST programs Log Combiner v. 1.10.4 and Tracer v. 1.7.181 to ensure that the combined effective sample size (ESS) values

associated with the estimated parameters were all greater than 200. Finally, a maximum clade credibility (MCC) tree was retrieved from the

posterior distribution of the trees using the BEAST programs Log Combiner v. 1.10.4 and Tree Annotator v. 1.10.4; we discarded the first 10%

of the trees sampled from the posterior distribution as burn-in. All phylogenies were edited for clarity in FigTree v. 1.4.4.82
Objective 2: Characterisation of lineage diversification

We used several methods to investigate lineage diversification. First, we computed the g statistic,83 a metric that reflects declines in diver-

sification rates over time. Significant negative g values indicate a slowdown in speciation ratemoving toward the present.We used theMonte

Carlo constant-rate (MCCR) g-test to assess metric significance and to account for incomplete clade sampling.36

Second, we assessed lineage diversification dynamics using a lineage-through-time (LTT) plot in association with the MCC tree.36 For our

null model, we simulated 1,000 trees assuming a pure birth process.

Third, we compared the fit of different diversification models using AICc84: (i) a pure birth model37; (ii) several birth-death models with

constant, linear, or exponential variation in l (speciation rate) and m (extinction rate)37; (iii) diversity-dependent models incorporating K (clade

carrying capacity); and (iv) diversity-dependent models incorporating estimated shifts in time for l, m, and/or K.38 We included models that

allowed shifts in diversification parameters (l, m, K) because the LTT plot revealed a shift in lineage diversification rate.
Objective 3: Evaluating the geographical origin of rapid lineage diversification

We discretised the contemporary ranges of Cataglyphis ants using Infomap Bioregions40 and 1,128 records of occurrence for extant species

obtained from various sources, including AntMaps85 and Cataglyphis studies24,25,86 (Data S5). Six bioregions were defined (Data S6). Each

species was classified as being present or absent in each bioregion. We then used the R package BioGeoBEARS39 to infer the biogeograph-

ical history of the genus by evaluating six models: the dispersal–extinction–cladogenesis model (DEC),87 an ML version of the dispersal-vicar-

iance model (DIVA-like),88 and an ML version of the Bayesian analysis of biogeography model (BayArea-like).89 In addition, we also tested

models that included founder-event speciation (+j). Proformica mongolica was used as an outgroup representing the actual distribution

of genus Proformica.
Objective 4: Assessing the ecological significance of worker head width

We explored the relationship between worker head width and resource utilisation in Cataglyphis species in situ. We focused on three species

that are known to coexist and that have workers of contrasting sizes: C. rosenhaueri (small-headed workers), C. velox (medium-headed

workers), and C. hispanica (large-headed workers) (see text). We carried out our field observations at four sites with varying species combi-

nations. Site 1 hosted only C. rosenhaueri; site 2 hosted C. rosenhaueri and C. hispanica; site 3 hosted C. rosenhaueri and C. velox; and site 4

hosted C. rosenhaueri, C. hispanica, and C. velox. The sites were separated by a few kilometers. At each site, between 10 am and 4 pm, we

collected foragers returning to the nest with naturally captured prey during 2–4 periods of 25–45 min. Sampling was carried out over 10 non-

consecutive days at each site in alternation in July, a month during whichCataglyphis activity levels are high. For each forager collected, head

width and preymass weremeasured.We compared forager headwidth andpreymass among species within and among sites using a crossed

ANOVA. Prey mass was log transformed to meet the assumption of data normality.
Objective 5: Exploring evolutionary patterns in worker head width

First, we examinedwhether the evolution ofmorphological traits (worker headwidth andworker polymorphism) departed from the null model

of Brownianmotion using a disparity-through-time (DTT) analysis. We employed a rank envelopemethod to compare the empirical data with

the null model’s expectations,42 which were generated from 1,000 iterations of trait distributions simulated under Brownian motion. The

explanation of convergent evolution is supported if trait disparities are predominantly found within subclades. In contrast, the explanation

of divergent evolution is supported if trait disparities occur among subclades. In other words, morphological differences should be greater

between than within subclades.
12 iScience 27, 109852, June 21, 2024
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Second, we performed the univariate node height test, which checks for accelerations or decelerations in trait evolution rates via phylo-

genetically independent contrasts and the heights of the respective nodes.90 We also performed an ancestral state reconstruction analysis to

obtain estimates of the worker head width of the ancestors of each species group.
Objective 6: Exploring the effects of interspecific competition over evolutionary time

To explore the role of competition over evolutionary time, it has proven fruitful to look for phylogenetic signals in trait data and evaluate sup-

port for phenotypic models that incorporate competition.91 We explored whether competition had influenced the evolution of worker

morphology by estimating the phylogenetic signal for worker head width across the phylogeny using Blomberg’s K (Blomberg et al. 2003)

and Pagel’s l (Pagel 1999) statistics. Phylogenetic signals are expected to be large for competition-driven radiation events.91 Next, we

compared the fit of different diversification models using the AICc.84 We tested a range of models that do not account for interspecific

competition: the Brownian motion model92; the Ornstein-Uhlenbeck model of adaptation to an optimum trait value93; the early-burst

model94; the delta, kappa, and lambda models that transform the tree using a single parameter prior to model fitting95; a white noise model

that assumes the data come from a single normal distribution with no covariance structure among species43; and models that incorporate

time shifts, using the time shifts estimated in the lineage diversification models.96 We also tested three models that do account for interspe-

cific competition: two diversity-dependent models (Ddlin and Ddexp), in which the rate of evolution varies as a positive linear, negative linear,

or exponential function of lineage number in the reconstructed phylogeny,97 and the matching competition (MC) model, in which the trait

values of competing lineages repel each other.98 The MC model is process based and designed to directly test for the role of competition

in trait evolution. It requires identifying lineages that are likely to encounter one another throughout clade history, which requires information

about species’ past and present geographical distributions. We thus used the results of the biogeographic analyses as input, after discarding

the outgroup, Proformica mongolica.
QUANTIFICATION AND STATISTICAL ANALYSIS

We performed all statistical analyses using the R packages phytools,36 RPANDA,37 DDD,38 Geiger,43 BioGeoBEARS,39 mvMORPH,44 and

ape.76 Significance level was set to p < 0.05.

For objective 2, we computed the g statistic and used the Monte Carlo constant-rate (MCCR) g-test to assess metric significance and to

account for incomplete clade sampling (see Results). We compared the fit of different diversification models using AICc. The best models

were selected based on DAICc < 2 (see Data S4).

For objective 3, we compared the fit of different biogeographic models using AICc. The best models were selected based on DAICc < 2

(see Data S7).

For objective 4, we compared forager headwidth andpreymass among species within and among sampling sites using a crossedANOVA.

Preymass was log transformed tomeet the assumption of data normality (Shapiro-Wilk test). Sample sizes can be found in Data S8.1. p-values

for the ANOVAs can be found in Data S9. We performed a linear regression between population mean forager head width and mean prey

mass (see Results).

For objective 5, we estimated the phylogenetic signal for worker headwidth using Blomberg’sK (Blomberg et al. 2003) and Pagel’s l (Pagel

1999) statistics (see Results). We examined whether the evolution of morphological traits (worker head width and worker polymorphism)

departed from the null model of Brownian motion using a disparity-through-time (DTT) analysis. We employed a rank envelope method

to compare the empirical data with the null model’s expectations, which were generated from 1,000 iterations of trait distributions simulated

under Brownian motion (see Results). We performed a univariate node height test (see Results). We compared the fit of different diversifica-

tion models using AICc. The best models were selected based on DAICc < 2 (see Data S11 and S12).
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