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The dynamics of speciation and extinction shape biodiversity
over time. The Red Queen hypothesis attributes these
dynamics to biotic factors, whereas the Court Jester
hypothesis emphasizes abiotic drivers. We investigated how
past environmental changes influenced ants (Formicidae)
diversification using maximum-likelihood diversification
models. We tested whether speciation and/or extinction rates
were constant, time-dependent or shaped by variables such
as angiosperm and gymnosperm diversities, temperature and
sea level fluctuations. We expected biotic factors, particularly
angiosperm diversity, to drive ant diversification. Through
model selection across 22 diversification scenarios for 30 ant
tribes, we found that the environment-dependent models
explain nearly half (46%) of diversification patterns, providing
comparable support for the Court Jester and Red Queen
hypotheses. Angiosperm radiation was not the sole driver
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of ant diversification, acting as a key factor only for several ant tribes. Instead, temperature and sea
level fluctuations often emerged as stronger drivers. These findings suggest abiotic environmental
changes played a greater role in shaping ant evolution than previously thought. Comparisons across
grafted and non-grafted phylogenies further revealed that taxon sampling can strongly influence
diversification analyses. By identifying potential causes of rate variation, this study offers testable
hypotheses for understanding the eco-evolutionary processes underlying ant biodiversity.

1. Introduction
In macroevolution, the fates of clades and their species richness are shaped by the temporal dynamics
of speciation and extinction rates [1]. Estimating how and why these rates vary is fundamental for
understanding the biodiversity changes over long time scales and across different spatial scales [2–
5]. Birth–death models are designed to model speciation and extinction rates, and their variations
through time, allowing to explain the phylogenetic growth and its underlying causes [6–8]. When
the fossil record is still too sparse to infer diversification rates, time-calibrated phylogenies become
precious tools for inferring the evolutionary history of a clade. However, accurately estimating net
diversification rates (i.e. speciation minus extinction) from phylogenies composed solely of extant
species can be challenging [9–12]. Addressing these limitations and developing robust solutions have
become a central objective in research on diversification dynamics based on time-calibrated trees of
extant species. Importantly, several studies indicate that non-identifiability does not render current
methods unusable [13,14]. By adopting hypothesis-driven approaches, implementing priors within
Bayesian frameworks, and penalizing model complexity, it is possible to mitigate these challenges and
effectively use existing diversification methods [14–17].

Birth–death models are effective tools to estimate diversification shifts over time and across clades
using molecular-based phylogenies, which can mirror diversity dynamics observed in the fossil record
[18,19]. Their integration into probabilistic frameworks, such as maximum likelihood and Bayesian
inferences, allows analysing large datasets [7,20–22]. These models can also test the influence of
environmental variables on speciation and extinction rates, help to infer evolutionary scenarios for
clades and even project potential future trends under the influence of environmental changes [23,24].
As a result, these models can assess particular environmental factors that may be linked to major
diversification events or even mass extinctions [25,26].

In macroevolution, two key hypotheses have been proposed to explain changes in diversity through
time [27]. The Red Queen hypothesis [28] posits that diversification is primarily driven by biotic
factors, such as species interactions, species ecology or life-history traits. In contrast, the Court Jester
hypothesis [29] argues that diversification dynamics are mainly shaped by abiotic factors, such as
abrupt climatic changes or tectonic events. These hypotheses, while not mutually exclusive, can explain
rate heterogeneity within a phylogeny, unveil different clade-specific macroevolutionary dynamics
[30–32] and declining diversity [18,19,33].

Explaining how diversification occurred is particularly challenging for organisms such as insects,
which exhibit very specific biotic interactions like mutualism, symbiosis or parasitism with other
species [34,35]. The extraordinary diversity and diversification of insects are presumed to be linked
to the rise of flowering plants, the angiosperms [36,37]. The angiosperms underwent most of their
radiation during the Late Cretaceous and the beginning of the Cenozoic. This period is often referred
to as the Angiosperm Terrestrial Revolution (ATR; 100 to 50 Ma [38]) during which flowering plants
became ecologically dominant (e.g. [39–43]) and crucial components of ecosystems, driving herbivore
adaptation and diversification alongside their rise (e.g. [44–48]). Following the rise of angiosperms,
a series of environmental upheavals occurred, which some studies suggest acted as catalysts for the
diversification of both mammals and insects [3,49,50]. However, there is no consensus on the impact of
these events on insect evolution [36,50–52].

Within this hyper-diverse group, ants (Formicidae) originated during the Jurassic or Early Creta-
ceous and diversified considerably during the ATR, with all major ant lineages emerging during the
Cretaceous [53–59]. Today, ants are remarkably diverse in terms of ecology, behaviour [60], and species
number, with 14,269 extant species (AntWeb). However, this diversity is unevenly distributed across
major lineages (electronic supplementary material, additional file 10, and more details for the topology
in [57]), suggesting different evolutionary trajectories among the clades. Ants possess a wide variety
of morphological, biological and ecological traits [60,61]. Their near-ubiquity in terrestrial ecosystems,
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along with their ancient origin, makes them a highly interesting clade for evolutionary studies. Despite
this, the extent to which their evolutionary history was influenced by past environmental changes
remains unclear.

Previous studies suggested that ant diversification was likely synchronous or linked with the
evolutionary radiation of angiosperms during the ATR [53,62] (figure 1). Alternatively, abiotic factors,
such as temperature, may have played a key role in ant diversification. Indeed, as ectothermic animals,
ants are particularly sensitive to environmental temperature fluctuations. Following the metabolic
theory of biodiversity [64], the combined effects of body size and temperature significantly influence
metabolic rates, which are thought to drive evolutionary rates [65]. Since higher temperatures may
increase mutation rates in ectotherms [66], temperature fluctuations may have played a role in ant
diversification, as observed in other insect groups [26]. Moreover, previous studies proposed that
global geographical factors—such as the distinction between the Northern and Southern Hemispheres
or tropical versus temperate regions— also significantly impacted diversification rates in the evolution-
ary history of ants [57,67,68]. While both biotic and abiotic factors have been proposed as key drivers of
ant diversity, it remains unclear which ones have mostly influenced their diversification dynamics.

In recent years, considerable progress has been made in reconstructing the ant tree of life, including
resolving the main internal nodes [53,58,69–72] and clarifying relationships between subfamilies and
genera (e.g. [73–77]). However, as with many insect taxa, diversification patterns within ant genera
remain a real challenge to explore, as not all genera present a complete and well-resolved phylogeny.
Instead of a complete phylogeny, recent analyses have relied on methods that either incorporate taxa
into trees with uncertainty or apply corrections for missing taxa. While these methods have their
limitations [12], they offer an important starting point for understanding ant diversification patterns
(e.g. [56,57,68]).

In this study, we investigate whether the Red Queen or the Court Jester hypothesis better
explains ant diversification. Among the biotic factors tested, we hypothesize that angiosperm
diversification will have the strongest influence on ant diversification [53,70,78,79]. Given the
importance of ectothermy in insects, we also expect that temperature may have a major impact
on ant diversification, with a predicted positive relationship between temperature and speciation
rates. The main objective of our study is to propose hypothetical links between abiotic or biotic
environmental changes and ant diversification processes using a maximum-likelihood framework
of diversification models.

2. Material and methods
2.1. Ant time-calibrated phylogeny and delimitation into subclades
We used the time-calibrated phylogeny of ants from Economo et al. [57]. This phylogeny was recon-
structed with the available nucleotide sequences mostly coming from nine different previous studies
[53,54,69,80–85]. We chose the time-calibrated tree obtained with a traditional approach using node
calibrations with uniform distributions of ages (uniform prior distributions for 51 fossil calibrations;
more details in supplementary information of [57]). The ant tree included 14,594 extant species [57].
The tree was divided into subclades for the diversification analyses. Selecting the tribe level as
subclades was preferred because it allowed: (i) comparing different evolutionary histories by poten-
tially isolating heterogeneity of diversification, and (ii) working on a diversity of clade ages compatible
with the environmental variables and defined over the geological time scale (see §2.2., §2.3. and §2.4.).
Selecting genera rapidly proved to be difficult to achieve because of the presence of many para- and
polyphyletic genera. Moreover, grouping into subfamilies resulted in too large subclades that can
have high heterogeneity of diversification [56,70]. Ants were divided into 37 distinct tribes rather
than 39 extant tribes officially described (www.antcat.org, 2020). Although most of the tribes were
monophyletic, there were cases where tribes were not recovered as such. Instead of discarding these
tribes or to avoid multiplying many small subclades, we made subclades composed of several tribes or
tribes were split into several subclades (more details in electronic supplementary material, additional
file 1).

The final selection included 30 subclades after excluding those that had less than 10 species (figure
1, in grey). The limited number of species in these tribes did not provide sufficient data for meaningful
diversification analyses (more details of the final species assignments to a subfamily and a tribe in the
electronic supplementary material, additional files 1 and 2).
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2.2. Environmental variables
We selected two categories of environmental variables to model the diversification dynamics of ants
based on biotic (Red Queen hypothesis) or abiotic (Court Jester hypothesis) factors.

For the biotic variables, we used the relative angiosperm and gymnosperm diversities through time
[86,87]. These variables are relevant because they reflect the biological and ecological dynamics of
terrestrial ecosystems [25].

For the abiotic variables, we chose past temperature variations [88] and past sea-level fluctuations
[89,90] over the geological time scale. To reconstruct past temperature dynamics, we used δ18O data
derived from marine shells, capturing oceanic thermal records. The coupling between deep-ocean
temperature and global mean surface temperature is well established, supporting the use of ocean-
derived data as a robust and reliable proxy for global mean surface and continental temperatures
within the temporal scope of our study [91,92]. These variables are commonly used to study the
impact of environmental changes as they represent key aspects of climate change [3,5]. For instance,
it is hypothesized that changes in sea level are a driver for island-dwelling clades, with rising seas
potentially lowering speciation rates and/or increasing extinction rates [93].

All these four environmental variables are likely linked to climatic change and their data are
available at the geological time scale, making them suitable for studying the impact of the environmen-
tal changes over time on ant diversification.

2.3. Diversification models
We fitted 22 diversification models to each of the 30 phylogenies (associated with the 30 selected
tribes; see §2.1.) as well as to the whole phylogeny of the family. These models are birth–death models
of cladogenesis, which account for speciation and extinction events and are fitted to reconstructed
phylogenies using maximum likelihood [6,7].

Anomalomyrmini
Leptanillini
Martialinae
Amblyoponini
Proceratiini 1
Probolomyrmecini
Proceratiini 2
Paraponerini
Ankylomyrmini
Agroecomyrmecini
Platythyreini
Ponerini
Dorylinae
Prionomyrmecini
Myrmeciinae
Pseudomyrmecini
Aneuritinae
Tapinomini
Bothriomyrmecini
Dolichoderini
Leptomyremecini
Myrmelachistini
Lasiini
Plagiolepidini
Melophorini
Oecophyllini
Formicini
Myrmoteratini
Camponotini
Heteroponerini
Ectatommini
Pogonomyrmecini
Myrmicini
Stenammini
Solenopsidini
Attini
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Figure 1. Phylogenetic distribution of ant biodiversity. (A) Simplified ant timetree showing the 37 tribes. The tribes with less
than 10 species are represented in grey. The evolutionary radiation of angiosperms, called the Angiosperm Terrestrial Revolution,
is highlighted in green. Morphological diversity in ants: (B) Daceton armigerum (Latreille, 1802), (C) Neoponera apicalis (Latreille,
1802), (D) Cephalotes atratus (Linnaeus, 1758), (E) Camponotus sp., (F) Acanthomyrmex sp. and (G) Odontomachus hastatus (Fabricius,
1804) (courtesy of © Baptiste Bentameur, used by permission). Abbreviations: Ma = million years ago; LJ = Late Jurassic; EK = Early
Cretaceous; LK = Late Cretaceous; p = Palaeocene; E = Eocene; O = Oligocene; M = Miocene; Pi = Pliocene; Pe = Pleistocene. The
phylogenetic tree was generated by using the FigTree 1.4.3 software [63].
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The models were divided into three categories: those with constant diversification rates (two
models), those with time-varying rates (four models) and those with environment-dependent rates
based on angiosperms, gymnosperms, temperature and sea level dependencies (16 models, four
models for each variable). Maximum likelihood fitting was performed using the fit_bd function (for the
time-constant and time-varying models) and the fit_env function (for environment-dependent models)
from the R package RPANDA 2.0 [94], which also uses the R packages picante 1.6 [95] and pspline 1.0-18
[96,97].

In the constant-rate models, both speciation rates λ and extinction rates μ are fixed and constant
over time, and uniform across clades [98]. We tested two models: (i) constant speciation/no extinction,
and (ii) constant speciation and extinction. These models were used to test the null hypothesis (H0), i.e.
the ant diversification is constant over time.

In the time-dependent models, λ, μ or both vary as a continuous function of time t [18], where t
progresses from the present to the past. We assumed an exponential variation of these functions asλ(t) = λ0 × exp(αt) and/or μ(t) = μ0 × exp(βt) where λ0 (μ0) is the speciation (extinction) rate at present
and α (β) is the correlation coefficient specific to λ (μ). These coefficients measure the sign and pace
of the time-related changes, indicating how speciation and extinction rates have evolved. A positive
α (β) suggests a slowdown in speciation (extinction) process towards the present, while a negative
α (β) indicates a speed-up of speciation (extinction) process. The four time-dependent models tested
were: (i) variable speciation/no extinction, (ii) variable speciation/constant extinction, (iii) constant
speciation/variable extinction, and (iv) both variable speciation and extinction. They were used to test
the first alternative hypothesis (H1), i.e. the ant diversification varies over time.

In the environment-dependent models, λ, μ or both vary as a continuous function of time t
according to environmental variables [23]. The environmental data is first transformed into a continu-
ous function of time by spline interpolation before being plugged into parametric functions describing
how speciation and extinction rates vary with the environment. These models extend time-dependent
diversification models to account for potential dependencies between speciation and/or extinction
rates and one or several measured environmental variable(s). Here, relative angiosperm (A) and
gymnosperm (G) diversities were used as the measured environmental biotic variables and, global
fluctuations of temperatures (T) and sea level (S) as the measured environmental abiotic variables (see
§2.2.). The same exponential dependencies as above were considered but with t replaced by A[t], G[t],
T[t] or S[t] (λ(E[t]) = λ0 × exp(αE[t]) and/or μ(E[t]) = μ0 × exp(βE[t]), with E[t]: A[t], G[t], T[t] or S[t]). In
these cases, λ0 (μ0) is the expected speciation (extinction) rate under a E[t] of 0 and α (β) measures the
sign and strength of the E[t] dependence. Hence, a positive α (β) indicates that speciation (extinction)
rate is higher under high E[t] periods, while a negative α (β) indicates that speciation (extinction)
rate is higher under low E[t] periods. Sixteen models corresponding to the four chosen variables for
each of the four same models mentioned for the time-dependent models (see above) were used to
test the second alternative hypothesis (H2), i.e. the ant diversification varies and is influenced by the
variations of the environment over time. Each of the four environmental variables was considered as
independent from each other, with no collinearity assumed between A[t], G[t], T[t] or S[t] in the tested
environment-dependent models.

2.4. Estimating diversification of the ant family and tribes
Each model was optimized for each clade using the maximum likelihood method. For each clade,
a sampling fraction (f) is specified as the ratio of sampled species over the total number of species
described in this group. The maximum log-likelihood score (logL) was obtained, from which the
corrected Akaike information criterion (AICc) and the Akaike weight (AICω) were calculated. The
model best explaining the diversity dynamics of each tribe was selected based on the lowest AICc and
the highest AICω. This approach allowed to avoid incorrectly favouring a more complex model (higher
logL) over simple ones. All R scripts used for these analyses are provided in the data accessibility
section. The manipulations and generations of datasets were made by using the R 4.4.1 software [99]
and the R package tidyverse 2.0.0 [100].

2.5. Testing the effect of taxon sampling on diversification analyses
Given that the time-calibrated phylogeny of ants was partly reconstructed by grafting species in
the phylogenetic tree, we tested the effect of taxon sampling on our diversification analyses. To do
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so, we compared our results with one alternative phylogenetic tree reconstructed using traditional
approaches: node calibrations and uniform distributions of ages, without grafting missing taxa, also
from [57]. After applying the same tribe selection criteria (discarded the tribes with less than 10
species) to the non-grafted tree, including 673 out of a total of 14,594, we identified 11 tribes in
common. After adjusting the clade-specific sampling fractions, we then compared the best-fitting
models for each tribe across the ‘reduced’ phylogenetic tree using the same analytical pipeline
described above (see supplementary information of [57] for more details about phylogenetic trees).

3. Results
3.1. Diversification of ants over time
The diversity dynamics of the entire family (Formicidae) is best explained by a time-dependent model
(figure 2A; electronic supplementary material, additional file 4A), where both speciation and extinction
rates increase over time, though the variation is stronger for speciation (α = −0.0104 and β = −0.0098).

When considering only constant-rate and time-dependent models (a total of six models), the
diversity dynamics of 14 tribes are best explained by a constant-rate model (H0), while those of
16 tribes are best explained by a time-dependent model (H1) (electronic supplementary material,
additional file 2).

Among the tribes supporting a time-dependent model, speciation rates vary as follows: Amblyopo-
nini, Attini, Bothriomyrmecini, Crematogastrini, Dorylinae, Formicini, Melophorini, Plagiolepidini,
Ponerini and Solenopsidini have increasing speciation rates through time (α < 0), Lasiini shows
decreasing speciation rates through time (α > 0), and Camponotini, Heteroponerini, Leptanillini,
Myrmelachistini, Myrmicini and Pseudomyrmecini have constant speciation rates (α = 0). For
extinction rates, Camponotini, Heteroponerini, Lasiini, Myrmelachistini, Myrmicini and Pseudomyr-
mecini have decreasing rates through time (β > 0), Crematogastrini has a constant extinction rate (β
= 0), and Amblyoponini, Attini, Bothriomyrmecini, Dolichoderini, Formicini, Melophorini, Plagiolepi-
dini, Ponerini and Solenopsidini have no extinction rate.

No tribe’s diversity dynamics supports a model where the extinction rate increases over time (β < 0)
(electronic supplementary material, additional file 2). The time-dependent models tend to have higher
AICω (mean(AICω) = 0.596) compared to the constant-rate models (mean(AICω) = 0.404; figure 2A).

3.2. Influence of past climates on ant diversification
When incorporating models where rates vary with environmental changes, we find that the diversity
dynamics of 14 tribes are best explained by environment-dependent models. However, these models
have relatively higher AICω (mean(AICω) = 0.466) compared with constant-rate (mean(AICω) = 0.227)
and time-dependent (mean(AICω) = 0.307) models for the same tribes (figure 2B; electronic supplemen-
tary material, additional file 3). Consequently, H0 (constant-rate models) and H1 (time-dependent
models) are refuted for Dolichoderini, Leptanillini, Leptomyrmecini, Myrmoteratini and Pogonomyr-
mecini, and Amblyoponini, Crematogastrini, Dorylinae, Heteroponerini, Melophorini, Myrmelachis-
tini, Plagiolepidini, Pseudomyrmecini and Solenopsidini, respectively. For the family (Formicidae),
time-dependent diversification (H1) remains supported (AICω = 0.81; figure 2C; electronic supplemen-
tary material, additional file 3).

Including 22 models, the model selection (tables 1 and 2; figures 2C and 3) reveals the follow-
ing distribution of best-fitting models among the tribes: the diversity dynamics of Ectatommini,
Myrmeciinae, Oecophyllini, Platythyreini, Probolomyrmecini, Proceratiini1, Proceratiini2, Stenammini
and Tapinomini are best explained by constant-rate models (figures 4 and 5A); Attini, Bothrio-
myrmecini, Camponotini, Formicini, Lasiini, Myrmicini and Ponerini by time-dependent models
(figures 4 and 5B); Crematogastrini, Leptanillini and Leptomyrmecini by angiosperm-diversity-
dependent models; Dolichoderini, Melophorini and Myrmoteratini by gymnosperm-diversity-depend-
ent models; Amblyoponini, Heteroponerini and Pseudomyrmecini by temperature-dependent models;
and Dorylinae, Myrmelachistini, Plagiolepidini, Pogonomyrmecini and Solenopsidini by sea-level-
dependent models. Details about relative AICω for the models best explaining the diversity dynamics
of both the entire family and the 30 tribes are provided in electronic supplementary material, addi-
tional files 4A and 5A.
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3.3. Environment-dependent models: second alternative hypothesis (H2)
For the 14 tribes with the diversity dynamics best explained by environment-dependent models, the
speciation and extinction rates and the AICω for these tribes, are as follows (tables 1 and 2; figure 2C;
electronic supplementary material, additional file 6):

Figure 2. Model selection for the best-fitting diversification model based on AICω computed for the family as a whole and
the 30 tribes independently. (A) Sum of AICω of best-fitting constant-rate and time-dependent models: mean(constant-rate
models) = 0.404 and mean(time-dependent models) = 0.596 computed for the 30 tribes. (B) Sum of AICω of best-fitting
constant-rate, time-dependent and environment-dependent models: mean(constant-rate models) = 0.227, mean(time-dependent
models) = 0.307, mean(environment-dependent models) = 0.466 computed for the 30 tribes. (C) Sum of AICω of best-fitting
constant-rate, time-dependent, temperature-dependent, sea-level-dependent, angiosperm-dependent and gymnosperm-dependent
models: mean(constant-rate models) = 0.145, mean(time-dependent models) = 0.237, mean(temperature-dependent models) =
0.173, mean(sea-level-dependent models) = 0.205, mean(angiosperm-dependent models) = 0.138, mean(gymnosperm-dependent
models) = 0.102.
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Among the three tribes supporting an angiosperm-diversity-dependent model as the best fit,
speciation rates vary as follows: Leptanillini and Leptomyrmecini show negative associations with
angiosperm diversity over time (α < 0), while Crematogastrini exhibits a constant speciation rate (α = 0)
but has a varying extinction rate positively associated with angiosperm diversity (β > 0). Leptanillini
and Leptomyrmecini show no dependence on extinction rates (table 1; figures 4, 5C and 5D; electronic
supplementary material, additional file 6C).

Among the three tribes supporting a gymnosperm-diversity-dependent model as the best fit,
speciation rates vary as follows: Dolichoderini and Myrmoteratini show positive associations with
gymnosperm diversity (α > 0), while Myrmoteratini exhibits a negative association (α < 0). Melophorini
has a constant extinction rate (β = 0), and Dolichoderini and Melophorini have no dependence on
extinction rates (table 1; figures 4, 5E and 5F; electronic supplementary material, additional file 6E).

Among the three tribes supporting a temperature-dependent model as the best fit, Heteroponerini
and Pseudomyrmecini show speciation rates positively associated with temperature variations over
time (α > 0), while Amblyoponini exhibits a speciation rate negatively associated with temperature
variations (α < 0). For extinction rates, Heteroponerini and Pseudomyrmecini have rates positively
associated with temperature variations (β > 0), while Amblyoponini shows no extinction rate (table 1;
figures 4, 5G and 5H; electronic supplementary material, additional file 6G).

Among the five tribes supporting a sea-level-dependent model as the best fit, four show vary-
ing speciation rates: positively associated with sea-level fluctuations over time for Plagiolepidini,
Pogonomyrmecini and Solenopsidini (α > 0), negatively associated for Myrmelachistini (α < 0), and

Table 2. Fit of all the diversification models applied to the 30 tribe phylogenies. The number of phylogenies best explained by each
model is reported based on AICω values.

type of model model description model acronym number of
tribes
(phyloge‐
nies)

% of
dataset

constant-rate models constant speciation/no extinction BCST 9 30%

constant speciation/constant extinction BCSTDCST —

time-dependent models variable speciation/no extinction BTimeVar_EXPO 4 24%

variable speciation/constant extinction BTimeVarDCST_EXPO —

constant speciation/variable extinction BCSTDTimeVar_EXPO 2

variable speciation/variable extinction BTimeVarDTimeVar_EXPO 1

temperature-dependent
models

variable speciation/no extinction BTempVar_EXPO 1 10%

variable speciation/constant extinction BTempVarDCST_EXPO —

constant speciation/variable extinction BCSTDTempVar_EXPO —

variable speciation/variable extinction BTempVarDTempVar_EXPO 2

sea-level-dependent
models

variable speciation/no extinction BSeaVar_EXPO 2 16%

variable speciation/constant extinction BSeaVarDCST_EXPO —

constant speciation/variable extinction BCSTDSeaVar_EXPO 1

variable speciation/variable extinction BSeaVarDSeaVar_EXPO 2

angiosperm-dependent
models

variable speciation/no extinction BAngioVar_EXPO 2 10%

variable speciation/constant extinction BAngioVarDCST_ EXPO —

constant speciation/variable extinction BCSTDAngioVar_EXPO 1

variable speciation/variable extinction BAngioVarDAngioVar_EXPO —

gymnosperm-
dependent models

variable speciation/no extinction BGymnoVar_EXPO 2 10%

variable speciation/constant extinction BGymnoVarDCST_EXPO 1

constant speciation/variable extinction BCSTDGymnoVar_EXPO —

variable speciation/variable extinction BGymnoVarDGymnoVar_EXPO —

30

10
royalsocietypublishing.org/rsos 

R. Soc. Open Sci. 13: 251825



with a constant speciation rate for Dorylinae. Dorylinae, Plagiolepidini and Solenopsidini exhibit
extinction rates positively associated with sea-level changes (β > 0), while none show negatively
associated extinction rates (β < 0), and Myrmelachistini and Pogonomyrmecini have no extinction rate
(table 1; figures 4, 5I and 5J; electronic supplementary material, additional file 6I).

3.4. Impact of taxon sampling on ant diversification results
Comparing the best-fitting models for the 11 common tribes across the grafted and non-grafted
phylogenetic trees yields nuanced results (figure 6). The model that best explains the diversity
dynamics of the Formicidae family varies across the trees. The non-grafted tree supports a sea-level-
dependent model (AICω = 0.375; figure 6; electronic supplementary material, additional file 4B). By
contrast, the best-fitting model for the grafted tree supports a time-dependent model (AICω = 0.81;
table 1; electronic supplementary material, additional file 4A).

Second, no dominant pattern emerges for best-fitting models across the two trees, except for the
tribes Crematogastrini, Stenammini, and Tapinomini. Indeed, Crematogastrini consistently supports
an angiosperm-diversity-dependent model, Stenammini and Tapinomoni consistently support a

CrematogastriniAttini

Myrmicini

Pogono-
myrmecini

Heteroponerini

Myrmoteratini

Formicini

Oecophyllini

Melophorini Plagiolepidini Lasiini Myrmelachistini Leptomyrmecini Dolichoderini Bothriomyrmecini

Tapinomini

Pseudomyrmecini

Probolo-
myrmecini

Amblyoponini

Leptanillini

Platythyreini

Ectatommini

Proceratiini 2

Proceratiini 1

Ponerini
Camponotini

Dorylinae

Solenopsidini

Stenammini

Myrmeciinae

-161 -150 -125 -100 -75 -50 -25
0 Ma

Temperature-dependent modelConstant-rate model

Time-dependent model Sea-level-dependent model

Angiosperm-diversity-dependent model

Gymnosperm-diversity-dependent model

Figure 3. Phylogenetic distribution of the best-fitting model across the ant phylogeny. It shows that 30% of the tribes are best
supported by a constant-rate model (9 out of 30), 24% by a time-dependent model (7 out of 30), 10% by a temperature-dependent
model (3 out of 30), 17% by a sea-level-dependent model (5 out of 30), 10% by an angiosperm-dependent model (3 out of 30), and
10% by a gymnosperm-dependent model (3 out of 30). Interestingly, no single model explains all the tribes’ diversification and there
is no clustering of diversification models.
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constant-rate model in both grafted and non-grafted trees (figure 6; electronic supplementary material,
additional file 5).

Third, some tribes show consistent support for an environment-dependent model, but accord-
ing to different environmental variables across the trees. Respectively for the grafted and non-graf-
ted trees, Amblyoponini supports a temperature-dependent and an angiosperm-diversity-dependent
models, Dorylinae supports a sea-level-dependent and a gymnosperm-diversity-dependent models,

Constant-rate model

Time-dependent model

Temperature-dependent model

Sea-level-dependent model

Angiosperm-diversity-dependent model

Gymnosperm-diversity-dependent model

(A)

0%

20%

40%

60%

80%

100%

% α = constant

% α < 0

% α > 0

(B)

0%

20%

40%

60%

80%

100%

% β = constant

% β < 0

% β > 0

Figure 4. Correlation parameters of speciation (α) and extinction (β) for the best-fitting diversification models. For the 30 tribes, the
histograms report the percentage of phylogenies best supported by a model with speciation (A) that is constant through time (light
grey), varies negatively with the variable (dark grey), or varies positively with the variable (in blue). The same applies for extinction
rate (B). Note that α (β) > 0 means that λ (μ) positively depends on the variable of interest, and the opposite when α (β) < 0.
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Figure 5. Temporal dynamic of speciation rates of ant tribes and of the family as a whole. (A) Tribes supporting a constant-rate model.
(B) Tribes (and family) with a best-fitting time-dependent model. (C) Evolution of the relative diversity over time in angiosperms
[86]. (D) Tribes with the best-fitting angiosperm-diversity-dependent model. (E) Evolution of the relative diversity over time in
gymnosperms [86]. (F) Tribes with a best-fitting gymnosperm-diversity-dependent model. (G) Global temperature variations over
time [101,102]. (H) Tribes with the best-fitting temperature-dependent model. (I) Sea-level variations over time [89]. (J) Tribes with
the best-fitting sea-level-dependent model. Abbreviations: Ma = million years ago; EJ = Early Jurassic; MJ = Middle Jurassic; LJ =
Late Jurassic; EK = Early Cretaceous; LK = Late Cretaceous; p = Palaeocene; E = Eocene; O = Oligocene; M = Miocene; Pi = Pliocene;
Pe = Pleistocene.

13
royalsocietypublishing.org/rsos 

R. Soc. Open Sci. 13: 251825



and Leptomyrmecini supports an angiosperm-diversity-dependent and sea-level-dependent models
(figure 6; electronic supplementary material, additional file 5).

Finally, like for the family Formicidae, some tribes support models from different categories,
especially time-dependent versus environment-dependent models for Formicidae, Attini and Lasiini,
time-dependent versus constant-rate models for Camponotini and Ponerini, and environment-depend-
ent versus constant-rate models for Solenopsidini (figure 6; electronic supplementary material,
additional file 5). In particular, for the configuration time-dependent versus environment-dependent
models, the tribes in the non-grafted phylogenetic tree mainly support environment-dependent models
as the best fit (figure 6; electronic supplementary material, additional file 5). More detailed results for
all tribes are provided in electronic supplementary material, additional files 5 and 7.

4. Discussion
This study aimed to determine whether environmental factors, both biotic and abiotic, influenced
ant diversification dynamics over the geological time scales. If so, how did ants respond to these
environmental changes?

4.1. Evidence for diversification rate heterogeneity in ants
Our results show significant heterogeneity in diversification patterns within Formicidae. Indeed, there
is no single prevalent birth-death model that explains the diversification across all ant tribes. In fact,
the six categories of birth–death models show an even distribution of tribes, with no clear pattern
dominating (figure 3). Moreover, the best-fitting model for each tribe produces distinct rate estimates
and correlations (table 1; figures 2 and 4), indicating clade-specific responses to environmental changes
(figure 5).

Notably, we found that a time-dependent model with increasing speciation rates through time
best explains the diversification of the entire family. A first hypothesis to explain this pattern is
that environmental changes had a relatively weak influence on overall diversification dynamics, their
diversification being rather driven by geographical factors and ecological traits of ants [103]. An
alternative hypothesis to explain the overall increase in speciation rates is that radiating clades obscure
the signal of differential diversification across clades. Indeed, when analysing the entire ant phylogeny,
we implicitly assumed that diversification rates are homogeneous across lineages, which is likely
inaccurate at this broad scale (almost 15,000 species diversifying over 160 Myr [57]). However, when
we isolated individual radiating tribes from the phylogeny, we uncovered a range of birth–death
models explaining ant diversification (see §3.). Once rate heterogeneity is accounted for, clade-specific
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Figure 6. Comparison of the model selection for the best-fitting diversification model based on AICω computed for the family
as a whole and the 11 tribes independently across the grafted and non-grafted phylogenetic trees. Sum of AICω of best-fitting
constant-rate, time-dependent, temperature-dependent, sea-level-dependent, angiosperm-diversity-dependent and gymnosperm-
diversity-dependent models. Abbreviations: Eg = grafted phylogenetic tree; E = non-grafted phylogenetic tree.
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drivers of diversification emerge, which would otherwise be hidden within the broad pattern of ant
radiation.

The diversity dynamics of some tribes are best explained by constant-rate models with different
speciation rates, ranging from 0.026 to 0.102 events per million years (figure 5; table 1). These
tribes, relatively young overall (approx. 57.7 Myr on average), display a high heterogeneity in
species richness, ranging from 26 species (Probolomyrmecini) to 482 (Stenammini) (table 1; electronic
supplementary material, additional file 10), but there is no correlation between clade age and spe-
cies richness (R² = 0.0191, p-value = 0.466, electronic supplementary material, additional file 8A).
This suggests that tribe-specific traits would promote differential diversification at a consistent pace
over time (e.g. cuticle investment in workers), implying that ants have independently evolved traits
enabling this steady diversification [104–107]. Alternatively, constant-rate diversification could result
from a spatially heterogeneous landscape that remains dynamic over time, providing favourable
conditions for constant speciation. Indeed, the majority of these tribes are found in tropical regions
[103], which probably serve as evolutionary arenas offering multiple niches in warm climates and
favouring speciation at a steady pace [108–111]. On the other hand, these tribes may be less sensitive
to environmental changes, allowing them to maintain a stable diversification dynamics over time
[68]. This apparent low sensitivity to environmental change does not imply that these clades are
entirely immune to environmental fluctuations. Rather, it suggests that environmental variation does
not necessarily translate into immediate shifts in speciation or extinction rates, owing to biological,
behavioural or ecological traits specific to these groups.

For example, Probolomyrmecini are rare and cryptic foragers inhabiting leaf litter and often
foraging below the ground surface, with nests most of the time located in soil beneath rocks, within
leaf litter, or in decaying wood [112,113]. As a result, gradual and moderate surface environmental
changes are less likely to directly affect these species, which live in concealed microhabitats and are
probably buffered against superficial or short-term external perturbations.

In the case of Stenammini, which are widely distributed, often abundant, and active above-ground
foragers with relatively large nests, the situation is comparable. This tribe includes both relatively
generalist omnivorous lineages (e.g. Stenamma) and more specialized ones (e.g. Messor), and exhibits
good dispersal abilities [114]. It is therefore unlikely that gradual environmental changes had a strong
macroevolutionary impact on the clade, as its ecological flexibility, dispersal capacity, and broad
geographic distribution likely enabled it to track suitable habitats, exploit diverse resources, and
persist across shifting environmental conditions. Such capacities to buffer or accommodate unfavour-
able conditions at local scales may, when integrated over macroevolutionary time scales, contribute
to relatively stable diversification dynamics. More broadly, insect clades have also demonstrated
resilience, continuously developing key innovations that allowed them to cope with the backdrop
of global changes and survive extinction events [50,51,115,116].

It is hypothesized that the increase in fossil ants parallels their increasing abundance and ecological
dominance from the Mesozoic to the Eocene [55], with clear evidence for shifts of diversification [62].
The increase in fossil ants can also be attributed to the growing number of favourable fossilization
sites during the Cretaceous and Cenozoic, particularly due to the numerous amber deposits from this
period [117]. Studying the fossil record and phylogeny of ants jointly could bring additional evidences
for this constant diversification [118].

Rate heterogeneity is also observed within subclades with dynamics best explained by time-
dependent models. It is interesting to find that speciation rates increase through time for the family as
well as for seven out of nine tribes with dynamics best explained by time-dependent models (figure 5B;
table 1). Typically, macroevolutionary patterns show that speciation rates decline through time [119],
often explained by the ‘ecological limits’ hypothesis [120,121], which attributes this decline to negative
diversity-dependent effects on diversification [122,123]. However, in ants, time appears to positively
influence diversification in these seven tribes, suggesting that their diversification is not constrained
by ecological limits (figure 5B; table 1). Instead, the ‘diversity begets diversity’ hypothesis might better
explain the increasing diversification through time, as a positive diversity-dependent effect has been
proposed for herbivorous insects [124]. Resource diversity, particularly for plant-dependent ants, may
correlate with species richness, as ants expand their ecological niches by incorporating new plants into
their repertoire and subsequently specializing. Our results align with the evidence that ants and plants
increasingly relied on one another and incrementally evolved more intricate associations through time
[62,70].

Nonetheless, the diversity dynamics of nearly half of ant tribes (14 out of 30) are better explained
by environment-dependent models (figure 2C). A certain sensitivity (α < 0) and/or adaptation (α > 0)
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to environmental variables has been highlighted (figure 4A). Thus, despite their resilience and high
adaptive capacity, the ant diversification dynamics remain closely linked to environmental variations.

4.2. Has angiosperm evolutionary radiation influenced ant diversification?
Contrary to expectations, we did not find the angiosperm-diversity-dependent models as the most
supported model across ant tribes: the diversity dynamics of three out of 30 tribes are best explained
by this model (table 1; figures 2C, 5C and 5D). Moreover, two of these tribes (Leptanillini and
Leptomyrmecini) show a negative correlation between the increase of angiosperm diversity and their
speciation, suggesting that the rise of angiosperms limited the speciation of these groups (figures
5C, 5D and 4A). The third tribe (Crematogastrini) has extinction rates increasing when angiosperm
diversity increases through time. Hence, the ATR does not seem to foster the diversification of these ant
lineages (figures 5E and 5F), which challenges previous works [53]. This result may seem counterintui-
tive, especially for the tribe Crematogastrini, which benefits from their symbiosis with angiosperms
such as Crematogaster ants forming the ‘ant gardens’ with Bromeliaceae [60]. However, the diversity
dynamics of this tribe strongly support a positive angiosperm-diversity-dependent extinction and a
constant speciation (AICω = 0.898; table 1).

The ATR, particularly the decline in gymnosperm diversity, may have significantly influenced the
evolutionary history of ants by either promoting their diversification or contributing to their extinction,
or through a buffer against the extinction effect [62]. Our results indicate that the diversity dynamics of
three tribes, emerging during the early to middle Eocene, are best explained by a gymnosperm-diver-
sity-dependent model with varying speciation rates (table 1; figures 5E and 5F). However, two of
these tribes (Dolichoderini and Melophorini) exhibit a positive correlation between speciation rates
and gymnosperm diversity, while one tribe (Myrmoteratini) correlates negatively with gymnosperm
diversity. Therefore, the influence of the angiosperm and gymnosperm diversities on the ant diversifi-
cation dynamics does not seem to be as straightforward as previously suggested.

Interestingly, it was demonstrated that living on and feeding on plants do not affect ant diversifica-
tion [70]. This vegetation shift likely impacted ant diets and initiated new ant–plant interactions, but
without leading to increasing speciation rates [70]. It remains possible that new species appeared due
to adaptation to these changes without stimulating overall diversification. Previous study has shown
that changes in diet alone do not appear to have spurred ant diversification, contrary to ant–plant
symbiosis [125]. The influence of the angiosperm and gymnosperm diversities on ant diversification
could therefore be studied in the context of these evolving mutualistic strategies and the changes in
ant–plant symbioses initiated during ATR, which could have occurred with a certain time-lag between
plant diversification and the ant response in terms of diversification. Future studies should go further
in assessing the effect of the varying ant–plant relationships and trait evolution on ant evolutionary
history (see [126,127] for examples).

4.3. Impacts of abiotic environmental changes
It is surprising that the diversity dynamics of only a few clades are best explained by temperature-
dependent models (three out of 30 tribes; figures 3, 4 and 5G, 5H; table 1). Since ants are ectothermic
organisms whose metabolic machinery is dependent on the environmental temperature, which can
influence their diversification dynamics [65], we anticipated that the diversity dynamics of more tribes
would be explained by temperature-dependent models, and have varying speciation rates positively
associated with temperature.

This expectation is partially supported for two tribes (Heteroponerini and Pseudomyrmecini),
which show positive temperature-dependent speciation and extinction rates. Amblyoponini exhibits
a negative temperature-dependent speciation (figures 4A, 5G and 5H; table 1). These three tribes
originated during periods of warm climate but at different times, suggesting they evolved in distinct
environments or under high climatic heterogeneity. These results indicate that climate warming has not
only favoured the origination of new species potentially adapted to these climatic changes, but also the
extinction of species, as we observe a positive correlation between temperatures and extinction rates
(figures 4B, 5G and 5H; table 1). Although the variability of both regional and local temperatures can
depart significantly from global means, especially at the geological time scale [128,129], this suggests
that the diversification of these ant tribes closely followed temperature fluctuations [4].

Our results show that for the five tribes with a diversity dynamics explained by sea-level-dependent
models, with the exception of the tribe Myrmelachistini, speciation rates generally increase with rising
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sea levels (figures 4, 5I and 5J; table 1). This positive correlation between speciation and sea level may
be explained by marine transgressions, which can isolate populations and limit gene flow, thereby
promoting divergence and speciation through vicariance and dispersal [130,131]. Additionally, island
connectivity cycles can lead to population divergence, but not necessarily to speciation [132]. Species
within these tribes are primarily found in the tropical and insular regions (Caribbean Islands and those
of Indonesia and Papua New Guinea), characterized by their numerous transgressive and regressive
events [133,134]. Moreover, the divergence times of these five tribes (from 107.5 to 56.5 Ma; table 1)
align with the continental fragmentation of Laurasia and Gondwana [135], which resulted in vicariance
events. Future studies on the historical biogeography of these five tribes could further explore how
biogeographic processes relate to our inferences on diversification (see [136] for an analysis of the
global biogeographic regions for ants).

4.4. Limitations and perspectives
The study of macroevolution has become an increasingly complex field of evolutionary biology. When
trying to reconstruct deep-time evolutionary histories, we need to keep in mind that macroevolution-
ary studies rely on numerous assumptions, starting with the taxonomy and species delimitation,
passing through the building of a species-level dated tree, and culminating with the estimation of rates
of species diversification and extinction. By doing so, we accumulate a cascade of assumptions at the
expense of accuracy in macroevolutionary studies [13]. Hence, we are aware that our analyses and
results remain in a hypothetical framework and the inferred clade-specific evolutionary histories are
potential scenarios within a myriad of other scenarios [5,9,10,13,18,137–139]. Although the diversifica-
tion rates were estimated using only one tree topology for the family and the subclades of each tribe,
we think this study offers testable hypotheses for ant diversification. Indeed, confirming, refuting or
nuancing the trend toward the Court Jester hypothesis to explain ants’ evolutionary history could be
re-evaluated in a stronger phylogenetic and ecological context.

Equally important is the phylogenetic data used in a macroevolutionary study. Here, the grafted ant
tree includes 14,594 terminals, but most of them lack genetic data [57]. In the last decade, methods have
been developed to place missing (unsampled) taxa in phylogenetic trees, using taxonomic information
alone, and accounting for phylogenetic uncertainty. Several studies of vertebrate clades have used
these approaches to generate dated phylogenetic trees that are complete at the species level, even in
the absence of genetic data for many species (e.g. [140–142]). These comprehensive phylogenies, while
not fully resolved, have proven to be very useful for evolutionary biology and applications in ecology
(e.g. [57,143,144]). However, such a grafting procedure breaks down natural patterns of phylogenetic
structure, which has been demonstrated to provide biased macroevolutionary inferences when trait
data are used [12].

Our study revealed some divergences and congruences of results by comparing inferred clade-spe-
cific evolutionary histories relying on environmental factors varying over time across a selection of
grafted and non-grafted species trees (see electronic supplementary material, additional files 4, 5
and 7). The divergences of results between the two phylogenies are likely linked to the differences
in the total number of species included in each tribe subtree (electronic supplementary material,
additional file 9). To our knowledge, the influence of a grafting procedure on macroevolutionary
inferences from time-dependent and environment-dependent diversification models has not been
tested. Our results suggest that ‘manually added taxa’ have important effects to be considered in
macroevolution. Different methods and statistical tools are developed and continually improved to
mitigate analytical biases associated with diversification models [13,145]. Additionally, using birth–
death models assumes homogenous sampling fractions, whereas the sampling fraction is almost
always heterogeneous, generally leading to some common biases in phylogenetic analyses such as
under-representation of tropical clades. This is why in our study we studied diversification dynamics
at the tribe level in an attempt to minimize this bias. Therefore, we remain cautious about potential
issues in our model selection and corresponding diversification estimates, noting that more compre-
hensive molecular-dated trees could yield different results.

We performed a model selection with a limited set of diversification models: (i) our results may
depend on our choice and availability of environmental and biological variables used as predictors; (ii)
the use of global means of palaeo-environmental variables may not fully capture the ecological and
evolutionary pressures shaping the diversification dynamics at finer spatial scales (e.g. regional or local
levels); (iii) a single environmental variable is incorporated into each of the environment-dependent
models, but it is widely assumed that diversification dynamics are influenced by a combination of
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abiotic and biotic variables [2,21]. It is worth mentioning that other variables, not included in this
study, could be tested in a hypothetico-deductive approach [146]: past fluctuations of atmospheric
carbon [41], volcanic episodes [147] or continental fragmentation [148,149]. In addition, biotic factors
such as mutualism (symbiosis, parasitism) or competition may have also affected ant diversification
[70,125,150], but their effects are difficult to estimate. Currently, diversification models have not been
thoroughly tested for estimating the simultaneous effect of multiple variables on estimating specia-
tion and extinction rates [23,24]. Finally, although it is not always feasible for certain global abiotic
variables (e.g. sea-level fluctuations), incorporating regionally resolved environmental data represents
an important direction of research on environmental dependencies of diversification [151].

Changes in traits and diversity-dependent effects are also classically invoked to explain changes
in diversity dynamics through time, and their effect can be estimated using birth–death models
where speciation and extinction are trait-dependent or diversity-dependent [152–157]. A recent study
explored the impact of cuticular investment in workers, queens and males across different ant lineages
and demonstrated a significant association between this trait and diversification rates [107]). Among
ant subfamilies, the Dorylinae would be a relevant clade to test for trait-dependent diversification
because of its important heterogeneity in life history traits across genera [71,80] and the wide distribu-
tion of its species [103]. Similarly, the extinction of stem ants in the Late Cretaceous might have been
driven by traits that led to the decline of hyper-specialized lineages [62]. To date, no comprehensive
study has explicitly tested for diversity dependence in ants using phylogenetic approaches. This
gap is somewhat surprising given the well-documented inter- and intraclade competitive interactions
within the group, as well as hypotheses suggesting that the rise of certain clades may have coincided
with (e.g. Myrmicinae), or even contributed to, comparatively moderate diversification of others (e.g.
Ponerinae) [78,158]. These hypotheses should be explored and validated through future studies using
the latest advances in modelling extinction and diversification rates in relation to traits.

Interestingly, some of the best-fitting models estimate a non-zero extinction for several groups
despite the fact that diversification models may underestimate the role of extinction [11]. While our
results are not entirely immune to this limitation, the inclusion of an extinction parameter in our
models shows that extinction can still be detected and its variation estimated through birth–death
models. This underscores the potential for such models to capture extinction dynamics, despite known
challenges.

At the geological time scale, effects of the climatic changes can be lineage- and taxonomic-level
specific. For instance, a given genus within a tribe may not be affected in the same way as the rest
of the tribe. Hence, it could be relevant to follow an approach similar to our study by focusing
the analysis on genera instead of tribes. In addition, our results suggest that sea-level fluctuations
would be a more substantial evolutionary driver than traditionally thought. We suggest that sea-level-
dependent models should be tested more often when estimating diversification rates, especially since
this factor is known to be closely linked to other key factors of evolutionary dynamics, such as
temperature.

5. Conclusion
Estimating the underlying causes of variation in speciation and extinction rates through phylogenetic
diversification models provides valuable insights into the evolution of biodiversity over long time
scales. Our analysis focusing on ant diversification reveals significant heterogeneity in diversification
rates, with no single dominant model explaining the diversification dynamics. However, environment-
dependent models seem to better explain the diversity dynamics of nearly half of the ant tribes,
indicating that abiotic factors have a comparable influence to biotic factors. It is also likely that these
environmental variables were interacting jointly, which could explain why no single diversification
model applies across the different phylogenetic trees. At the macroevolutionary scale, temperature
variations and sea-level fluctuations, directly linked with climate change, appear to have impacted ant
diversification, with warmer temperatures and higher sea levels fostering diversification.

Given these associations, one might predict that current global warming and rising sea levels could
benefit ant biodiversity. However, the magnitude of current environmental changes surpasses that of
the past [159], and we are instead witnessing local extinctions and a regional, if not global, decline of
insect biodiversity [160–162]. Ongoing studies are improving our understanding of the ecological and
microevolutionary mechanisms behind past, extant, and future diversification hotspots linked to these
unprecedented environmental changes.
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