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Independent evolution of similar traits in lineages inhabiting similar environments
(convergent or repeated evolution) is often taken as evidence for adaptation by nat-
ural selection, and used to illustrate the predictability of evolution. Yet convergence
is rarely perfect for two reasons. First, environments may not be as similar as they
appear. Second, responses to selection are contingent upon available genetic variation
and independent lineages may differ in the alleles, genetic backgrounds, and even
the developmental mechanisms responsible for the phenotypes in question. Both
impediments to convergence are predicted to increase as the length of time separat-
ing two lineages increases, making it difficult to discern their relative importance.
We quantified environmental similarity and the extent of convergence to show how
habitat and divergence time each contribute to observed patterns of morphological
evolution in 212 species of stick and leaf insects (order Phasmatodea). Dozens of
phasmid lineages independently colonized similar habitats, repeatedly evolving in
parallel directions on a 23-trait morphospace, though the magnitude and direction of
these shifts varied. Lineages converging toward more similar environments ended up
closer on the morphospace, as did closely related lineages, and closely related lineages
followed more parallel evolutionary trajectories to arrive there than more distantly
related ones. Remarkably, after accounting for habitat similarity, we show that diver-
gence time reduced the extent of convergence at a constant rate across more than 100
My of separation, suggesting even the magnitude of contingency can be predictable,
given sufficient spans of time.

Phasmatodea | ecomorph | repeated evolution | homoplasy | macroevolution

When does convergent evolution happen? Examples of lineages independently evolving
similar phenotypes are numerous and conspicuous (also referred to as “repeated evolution”)
(1-5) [e.g., gliding mammals (6), cave amphipods (7, 8), Hawaiian spiders (9)], and likely
result from adaptation to similar ecological niches [(3, 9, 10), but see ref. 11]. Yet con-
vergence is rarely perfect and sometimes does not occur at all, even when habitats are
similar. When it does occur, the extent of phenotypic similarity varies widely (6, 10, 12)
and the factors causing this variation and, by extension, influencing the repeatability of
evolutionary outcomes, are not well understood (13, 14).

One important determinant of the likelihood and extent of convergent evolution is
the degree of relatedness among lineages. Repeated evolution usually involves closely
related taxa (11) [e.g., Caribbean Anolis lizards (15, 16), three-spined stickleback fish
(17)], suggesting that strong convergence is most likely when the time separating lin-
eages is brief [i.c., phylogenetic bias (14)]. Gould famously argued that evolutionary
outcomes are contingent on the intricate series of historical events uniquely experienced
by each lineage (18-20). Closely related lineages share more of their evolutionary history
and, consequently, more of their genetic variation (17, 21-26). They are also more
likely to share the same ancestral niche and associated ancestral phenotypes (13).
Three-spine stickleback repeatedly colonized lakes and streams from the same marine
habitat, for example (21, 27). In these instances, adaptation to the new niche is likely
to proceed through similar sequences of phenotypic changes [i.e., parallel or collinear
evolutionary trajectories (5)] arriving at phenotypes that are strongly resemblant. More
disparate lineages may approach a shared environmental challenge from different start-
ing phenotypes, with weaker convergence as a result. And lineages with enough accu-
mulated differences may not converge at all. Aye-ayes (Primates) and woodpeckers
(Aves) each catch and eat insect larvae found under the bark of trees, yet they forage
in strikingly different ways (13). Aye-ayes use their teeth to break through the bark and
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an elongated middle finger to catch larvae, while woodpeckers
use hammering beaks to get through the bark and long, barbed
tongues to catch insects.

Consequently, the extent of shared evolutionary history and
the similarity of phenotypic ancestral states should each affect the
likelihood of repeated phenotypic evolution. Specifically, the lower
the opportunity for contingency—less accumulated time since
their split—the more likely any two lineages should be to converge
strongly in response to a shared selection environment. A 2015
meta-analysis supported this prediction: Convergent evolution
was more likely to be documented among closely related than
distantly related taxa, particularly when considering morphology
(11). This pattern also holds at the molecular level, as the degree
of gene reuse decreases with divergence time when lineages repeat-
edly adapt to similar environments (23-26, 28), or evolve analo-
gous individual traits (22). Yet explicit tests of Gould’s predicted
link between divergence time and the extent of phenotypic con-
vergence are lacking.

Narrow sticks

[ Hanging from branches and leaves

Lime green morphs

Quantifying the role of divergence time on convergence requires
a system i) where the extent of phenotypic convergence and envi-
ronmental similarity can be quantified precisely; ii) where instances
of convergence span vast periods of time from recently diverged
to much more distantly genetically related lineages; and iii) where
there are enough instances of convergence to allow suflicient sta-
tistical power. Here, we use the morphological diversity of stick
and leaf insects (order Phasmatodea, ~3,500 described species) to
provide such test. Most species exhibit stunning forms of camou-
flage through background matching [crypsis (29)] and the mim-
icry of objects irrelevant to predators [masquerade (30)] such as
sticks, leaves, bark pieces, or moss (31-33). Selection to match
such diverse objects produced a spectacular morphological diver-
sity ranging from elongated tubular bodies with long slender legs
to bodies so wide and flattened they look like leaves (Fig. 1).
Recent phylogenetic studies of phasmids conflict with prior tax-
onomic classifications based on morphological characters, sug-
gesting a high degree of morphological convergence across the
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Fig. 1. Photographs of adult females in situ. The color surrounding each picture corresponds to a habitat use category. White arrows point to the head, orange
arrows point to the end of the abdomen of the specimens. Pictures included under the same ecomorph name represent cases of convergent evolution (i.e.,
unrelated lineages). (A) Ctenomorpha marginipennis (Australia, Lanceocercata) (CC-BY-NC 4.0 Julie Graham, inaturalist.org/observations/73831515); (B) Phobaeticus
kirbyi (Malaysia, Pharnaciini) (CC-BY-SA 2.0 Bernard Dupont, flickr.com). (C) Monandroptera acanthomera (Réunion, Lanceocercata) (© Nicolas Cliquennois,
used by permission); (D) Cranidium gibbosum (French Guiana, Diapheromerinae) (CC-BY-NC 4.0 Sébastien Sant, inaturalist.org/observations/75953936). (E)
Apterograeffea reunionensis (Réunion, Lanceocercata) (© Nicolas Cliquennois, used by permission); (F) Graeffea crouanii (French Polynesia, Lanceocercata) (CC-BY-
NC 4.0 Tahiticrabs, inaturalist.org/observations/165663078). (G) Leosthenes aquatilis (New Caledonia, Lanceocercata) (CC-BY-NC 4.0 Damien Brouste, inaturalist.
org/observations/24180348); (H) Pseudoleosthenes irregularis (Madagascar, African/Malagasy clade) (© Paul Bertner, used by permission). (/) Epicharmus marchali
(Mauritius, Lanceocercata) (© Sylvain Hugel and Nicolas Cliquennois, used by permission); (/) Prisopus berosus (Belize, Pseudophasmatinae) (CC-BY-NC 4.0 Thomas
Shahan, inaturalist.org/observations/50919578). (K) Denhama sp. (Australia, Lonchodinae) (CC-BY-NC 4.0 Enot Poluskuns, inaturalist.org/observations/166373254);
(L) Clonopsis gallica (Spain, European clade) (CC-BY 2.0 Ramoén Portellano, flickr.com). (M) Parectatosoma sp. (Madagascar, African/Malagasy clade) (© Paul Bertner,
used by permission); (N) Taraxippus samarae (Panama, Cladomorphinae) (© Paul Bertner, used by permission, inaturalist.org/observations/19995010). (O)
Dryococelus australis (Australia, Lanceocercata) (© Angus McNab, used by permission); (P) Eurycantha immunis (Papua, Indonesia, Lonchodinae) (© Chien C. Lee,
used by permission). (Q) Pulchriphyllium bioculatum (Singapore, Phylliidae) (CC-BY-NC 4.0, Catalina Tong, inaturalist.org/ observations/154447000); (R) Agathemera
crassa (Chile, Pseudophasmatinae) (CC-BY-NC-SA 4.0 Ariel Cabrera Foix, inaturalist.org/observations/29411794).
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Phasmatodea (34-38). For example, the “tree lobsters”™—flightless,
robust, and strongly armored species, including the famous Lord
Howe Island stick insect—had been grouped into the subfamily
Eurycanthinae but were later shown to be highly polyphyletic,
illustrating a dramatic case of morphological convergence (34)
(Fig. 1 O and P). Moreover, several authors have suggested that
apterous, stockier, spinier, and darker body forms tend to be found
close to the ground, while more elongated and winged forms tend
to rest higher up in the vegetation, implicating a role of ecological
niche in driving these convergent patterns (32, 39).

We quantitatively assessed the presence and extent of convergent
evolution in body morphology in stick insects using a time-calibrated
multilocus phylogeny of the order and an associated morphospace
of female body morphology. Our analyses identified 21 distinct
body types (ecomorphs) and revealed dozens of instances of mor-
phological convergence. These repeated invasions of restricted and
distinct portions of the morphospace were associated with behav-
ioral transitions toward similar habitat uses. Using the independent
transitions to resting on the leaf litter and trunks (n = 16), and to
resting on leaves and branches (n = 16), we then examined how
divergence time, ancestral habitat use, and environmental distance
affected the extent of morphological convergence.

Results

Repeated Evolution of Ecomorphs in Phasmatodea. To recon-
struct the evolutionary history of Phasmatodea, we used genetic
data from three nuclear and four mitochondrial genes across
314 phasmid taxa, and applied Bayesian inferences with six
unambiguous crown-group phasmid fossils as minimum calibration
points (S/ Appendix, Table S1). The relationships between the major
euphasmatodean clades that arose during an ancient radiation
were constrained to match the basal topology inferred in previous
phylotranscriptomic studies (36, 40). The inferred Maximum
Clade Credibility (MCC) tree was overall strongly supported
and was largely congruent with previous studies (Fig. 2 and
SI Appendix, Fig. S1) (35, 38, 41), providing a robust framework
for all subsequent comparative analyses. 16 major clades were
recovered and appeared largely defined by geographic distribution
and ecozones (Fig. 2 and ST Appendix, Fig. S1). The split between
Embioptera and Phasmatodea is estimated to have occurred 125 Mya
[95% Highest Posterior Density (HPD): 122 to 130 Mya] and
between Timematidae and Euphasmatodea to 102 Mya [95%
HPD: 99 to 108 Myal.

We assembled a morphological dataset comprising 1,359 adult
female specimens from 212 species included in the phylogeny and
including 21 quantitative size-controlled measurements (i.e., phy-
logenetic residuals against body volume) and qualitative data on
cuticle texture of the thorax and abdomen (i.e., spiny/rough versus
smooth) (87 Appendix, Fig. S2). From this dataset, we recon-
structed a size-controlled multidimensional morphospace using a
mixed Principal Component Analysis (PCAmix) (42). PCAmix
combines a PCA with a multiple correspondence analysis, allowing
the inclusion of both numerical and categorical variables. This
analysis revealed large variation between phasmid species in rela-
tive body width (PC1, 50.7% of the total variation), relative wing
size (PC2, 11.5%), relative body height (i.e., how flattened the
body is; PC3, 9.8%), body texture (i.e., how smooth or rough the
body cuticle is; PC4, 7.0%), and relative head size (PC5, 5.3%)
(Fig. 3 A and B and S/ Appendix, Fig. S3). The first five PCs
together accounted for 84.4% of the total variation. The clade
Phylliidae (i.e., true leaf insects) stands out from the rest of the
phasmids on the morphospace (dark green in Fig. 3 A and B) as
phylliids are characterized by an exceptionally widened and flat
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abdomen giving them the appearance of wide angiosperm leaves
(Fig. 1Q) (43). Other phasmid clades appeared more centered on
the morphospace, varying mostly in relative body width ranging
from extremely elongated to more robust body silhouettes (Fig. 3
A and B). Species with extreme morphologies were scattered at
the periphery of this central core, often only projecting out along
a single axis. For instance, the large-headed palm stick insects
(subfamily Megacraniinae) mostly stand out along the PC5 axis
that separates species based on relative head size (Fig. 1 £and F
and S/ Appendix, Table S3). Most of the morphological diversity
is found in the Euphasmatodea, consistent with their much greater
species diversity (n > 3,400 species), compared to Timematodea
(n = 21 species), which is morphologically homogeneous (Fig. 3C).
The reconstructed morphological diversification of Euphasmatodea
can be visualized in Movie S1.

We then used an agglomerative hierarchical clustering approach
to define and assign species to clusters occupying relatively distinct
regions of the multidimensional morphospace (Figs. 3 A and B
and 4 and SI Appendix, Figs. S4-S6) (7, 8, 44). The optimum
number of clusters (k = 21) was determined using the biological
homogeneity index [BHI, (45)] to maximize the homogeneity of
habitat use within each cluster (S7 Appendix, Fig. S7). BHI meas-
ures the average proportion of taxon pairs with similar habitat
uses and which are clustered together morphologically. For 21
clusters, BHI was 0.81, which highlights the strong association
between habitat use and the defined morphological clusters, there-
after referred to as ecomorphs following the definition by Williams
(i.e., species with a similar habitat, morphology, and behavior, but
not necessarily closely related) (46). As expected, among the 21
ecomorphs, we recovered the wide leaf mimic ecomorph (only
comprising the Phylliidae clade, Fig. 1Q) and the previously rec-
ognized tree lobster ecomorph (Fig. 1 O and P), which includes
the thorny devil stick insects (Eurycantha spp.) and the Lord Howe
Island stick insects (Dryococelus australis) (34). Using random for-
est machine learning models (47), we identified the main mor-
phospace axes that were most helpful for these predictive models
to infer ecomorph from the morphological data and therefore the
axes best distinguishing each ecomorph (87 Appendix, Table S3).
This analysis revealed that ecomorphs are often distinguished by
only a few dimensions of the morphospace. For instance, spiny
robust morphs were best distinguished by PCl1 (i.e., relative body
width) and PC4 (i.e., body texture) due to their stocky and rough
or spiny bodies, often mimicking bark pieces or moss (Fig. 1 M
and N and SI Appendix, Fig. S5 and Table S3).

A discrete ancestral state reconstruction based on stochastic
character mapping (48-50) suggested that the wide leaf mimic
ecomorph (clade Phylliidae, Fig. 1Q) was the only one with a
unique origin (Fig. 3C and SI Appendix, Table S3). All other eco-
morphs appeared to have originated at least twice (e.g., Diminutive
spiny morph) and up to at least 10 times (e.g. broad stick eco-
morph), indicating widespread morphological convergence in the

order (Fig. 30).

Phasmid Morphology and Habitat Use Are Closely Associated. A
stochastic character mapping of habitat use reconstructed the ancestor
of all phasmatodeans as most likely having rested on the leaf litter,
trunks, or logs during the day (Fig. 54). However, the ancestors of
most euphasmatodean clades were inferred as hanging from branches
and leaves (Fig. 5A4). Overall, this reconstruction indicated between
15 and 19 secondary transitions to resting on the leaf litter, logs,
and trunks, 18 transitions to resting on branches and leaves, five to
hanging from grass, and two to resting on palm leaves (Fig. 54). We
calculated the size of the multidimensional hypervolumes occupied
by each habitat category on the morphospace using range boxes and
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Fig. 2. Time-calibrated MCC tree and geographic distribution of stick and leaf insects. Fossil calibration points are denoted with numbered yellow circles
(S/ Appendix, Table S1). Orange circles correspond to constrained nodes based on the topology inferred from transcriptomes of Tihelka et al. (40). 95% Cl around
node ages are indicated by blue bars and Bayesian posterior probabilities are indicated by the color of each node (for detailed values see S/ Appendix, Fig. S1).
Tips are colored by ecozone following the colors of the map on the bottom left (taxon names are indicated in S/ Appendix, Fig. S1). The red rectangle on the
world map indicates islands of the Mascarene plateau. Scaled adult female silhouettes were drawn by the first author and correspond to the species listed in

Sl Appendix, Table S2.

kernel density estimates (51, 52). Species hanging from branches
occupied the largest volume on the morphospace, species hanging
from grass or resting on palm leaves the smallest (Fig. 5 Band C'and
SI Appendiix, Figs. S8 and §9). This reflects the considerable variation
in body morphology of species hanging from branches going from
extremely elongated and cylindrical stick-like species (e.g., Fig. 1 A
and B) to wide and flat leaf-like species (e.g., Fig. 1Q). Hypervolume
overlap, as measured by different methods, was overall relatively low
between habitat categories (Jaccard similarity ranged from 0 t0 0.17,
Sorensen similarity from 0 to 0.29) (87 Appendix, Figs. S10 and
S11). Random forest models (i.e., machine learning classification
algorithms) reached 84.3% accuracy when classifying the habitat use
of taxa based solely on morphospace coordinates (Fig. 5 D and E).
‘The accuracy of predictions was limited when only based on the first
morphospace axis, despite PC1 accounting for more than half of the
phenotypic variance (50.7%, SI Appendix, Fig. S3), but plateaued

https://doi.org/10.1073/pnas.2319485121

after including the first five axes only (Fig. 5E). Clades varied widely
in their occupied hypervolume: Clades displaying diverse habitat
uses (e.g., Lanceocercata, African clade) occupied the largest volumes
on the morphospace while clades displaying largely uniform habitat
uses (e.g., Phylliidae, Heteropterygidae) occupied restricted volumes
(Fig. 5A and SI Appendix, Fig. S12).

Habitat Transitions Are Associated with Parallel Shifts Toward the
Same Morphospatial Regions. We used a series of complementary
process- and pattern-based approaches to quantitatively assess
the strength of morphological convergence between lineages
independently transitioning toward the same habitat use category
(thereafter called “convergentlineages”). First, we compared the relative
fit of a set of multivariate models of trait evolution [mvMORPH,
(53)] and found support for the multiregime Brownian motion
model (BMMm), with distinct regimes corresponding to the five

pnas.org
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each internal node is in each state. The color legend applies to all panels.

different habitat use categories (i.e., habitat-dependent trait mean and
evolutionary rate; SI Appendix, Table S4). Thus, habitat use appears
to affect morphological evolution but categories did not correspond
to unique optima (i.e., specific and restricted morphospatial regions),
as BMM models do not model attraction toward optima [in contrast
with Ornstein—Uhlenbeck (OU) models, which provided worse fits
of our data (87 Appendix, Table $4)].

We then assessed the phenotypic similarity between convergent
taxa and distinctiveness from other taxa [ Wheatsheaf index (w), (54,
55)] and the increase in similarity between the convergent taxa
through time [C1 to C4 metrics (C-metrics), (10)]. w identified
significantly stronger convergence for lineages that independently
transitioned to resting on the ground/trunks, to resting on or hanging
from branches, and to hanging from grass than would be expected
from a random distribution of trait values simulated under a BM
model (P < 0.04, ST Appendix, Tables S5 and S6). Likewise, most of
the C1 to C4 statistics were higher than expected under random
evolution for all habitats except lineages secondarily transitioning

back to hanging from branches (S7 Appendix, Tables S5 and S6).

PNAS 2025 Vol.122 No.1 2319485121

The C-metrics rely on the difference between the contemporary
distance on the morphospace between two convergent lineages
(Dy,) and the maximum distance attained between any two points
(not necessarily synchronous) along the evolutionary trajectories of
the two lineages (D,,,,,, Fig. 6C). Consequently, these metrics can
be equally high for lineages that had very dissimilar ancestors at
some point in time but then subsequently became more similar,
and for lineages shifting in parallel toward a similar region of the
morphospace (56). To distinguish between these two scenarios, we
computed the recently developed C, measures, which compare the
extant phenotypic distance between the convergent lineages to the
maximum reconstructed ancestral distance at a given time point
during their evolution (i.e., between synchronous points along the
evolutionary trajectories) (56). Unlike C-metrics, C-metrics are
only expected to be high when lineages diverged morphologically
from one another at some point in their evolutionary history and
then subsequently got closer (i.e., converged). C, measures were
only significantly higher than expected by chance for transitions to

resting on the leaf litter or trunks (S7 Appendix, Tables S5 and S6).
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But even in this case, C, values were relatively close to zero, indi-
cating that convergent taxa are not necessarily morphologically
closer to one another than their ancestors. This suggests that lineages
independently evolving similar habitat uses shifted in parallel
toward the same broad region of the morphospace, and sometimes
even diverged in that novel region [i.e., “imperfect” convergence
(57)] (Fig. 6 A and B). Parallelism [or collinearity (5)] was further
confirmed by calculating the pairwise angles between the evolu-
tionary trajectories on the morphospace of convergent lineages

https://doi.org/10.1073/pnas.2319485121

following the independent invasion of a given habitat (0, Fig. 6C)
(27, 58, 59). 0 was lower than expected by chance—indicating
parallel evolutionary trajectories — for all habitat transitions except
one, secondary transitions to hanging from branches (57 Appendix,
Tables S5 and S6).

Convergence metrics were generally lower when not controlling
for size to build the morphospace (ST Appendix, Table S7), high-
lighting that convergence in habitat use is mainly associated with
convergence in body shape, not size.
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Environmental Similarity and Phylogenetic Relatedness Promote
Stronger Morphological Convergence. Whether two lineages
evolve toward close or distant morphospatial regions following
a similar habitat use transition may be affected by several factors
including whether they started from the same ancestral habitat, the
extent of environmental similarities between their new habitats,
and their phylogenetic relatedness. We capitalized on the prolific
repeated independent habitat transitions in our study (toward
resting on the leaf litter and trunks, n = 16, Fig. 64; and toward
resting on branches and leaves, n = 16, Fig. 6B) to quantify the
relative importance of ancestral habitat similarity, environmental
distance between derived habitats and time since divergence, on
the strength of morphological convergence (the other habitat

PNAS 2025 Vol.122 No.1 2319485121

transitions were too rare to allow sufficient statistical power [n
< 4, Fig. 5A4)]. We calculated pairwise environmental distances
between convergent lineages as the distance on a multidimensional
environmental space built from various macroecological variables
relating to habitat height, climatic conditions, plant productivity,
and predator diversity (SI Appendix, Fig. S13). For each pair of
convergent lineages, we also scored whether they transitioned from
the same habitat category or not (binary) and their divergence
time as the age of their most recent common ancestor (MRCA).
Convergence between pairs of lineages was quantified as pairwise
Dy Dy €y, and 0 (Fig. 60).

For both types of habitat use transition, multiple matrix regressions
revealed that environmentally closer lineages (i.c., lineages colonizing

https://doi.org/10.1073/pnas.2319485121
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shows the current morphological distance between the two tips of interest. D,

shows the maximum distance between the lineages at any point in time between the tips and the MRCA. C, calculates the proportion of the maximum distance
between two lineages that has been erased by convergent evolution (0 < C, < 1). 6 represents the angle between the two vectors starting from the first nodes in the
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more similar selective environments) and more closely related lineages
transitioned toward closer positions on the morphospace (i.c., lower
D, Fig. 6 DandEand ST Appendix, Table S8). D,,,,, was only signif-
icantly affected by divergence time between the lineages: Lineages
that diverged a long time ago were more likely to exhibitalarge D,
relative to more closely related ones (Fig. 6 Fand G and SI Appendix,
Table S8). Consequently, C, decreased with environmental distance
indicating weaker convergence between lineages experiencing more
dissimilar environmental conditions (Fig. 6H and SI Appendix,
Table S8), and was only weakly affected by divergence time (Fig. 6/
and ST Appendix, Table S8). 6 was primarily affected by divergence
time: More closely related species pairs tended to follow more parallel
evolutionary trajectories (Fig. 6 /~K and S/ Appendix, Table S8).
Lineages that transitioned toward the same habitat use category from
different ancestral categories and thus potentially starting from further

https://doi.org/10.1073/pnas.2319485121

apart on the morphospace exhibited less parallel trajectories. However,
this effect was only significant for the repeated transitions to resting
on branches and leaves (S7 Appendix, Table S8). These patterns were
largely similar when using coordinates from a PCA controlling for
phylogenetic covariance but excluding the two categorical variables
on body texture (S/ Appendix, Table S9). However, they were not
recovered when using coordinates from a PCA not controlling for
size (SI Appendix, Table S10) as habitat use appears to mainly drive
convergence in body shape but not in body size.

Discussion
When adapting to shared environmental challenges, lineages often

vary in the extent to which they evolve similar traits, indicating
that evolutionary outcomes are more predictable in some instances
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than in others. Explaining this variation will be critical as scientists
increasingly base medical (vaccine design, pandemic preparedness,
antibiotic resistance, cancer therapies), agricultural (application
of herbicides and pesticides, anticipating crop responses to climate
change), and conservation (wildlife responses to anthropogenic
disturbance and climate change) practices on predicted evolution-
ary responses to selection (60, 61). Here, we used the dozens of
instances of repeated habitat use transition in stick and leaf insects
to quantify the relative contributions of divergence time (phyloge-
netic relatedness), similarity of most recent ancestral habitat, and
the similarity of invaded environments, to the repeatability—and
therefore the predictability—of phenotypic evolution. As in earlier
studies of repeated evolution, we show that closely related lineages
(i.e., likely sharing more genetic variation) followed more parallel
evolutionary trajectories and ended up relatively closer on the
morphospace, consistent with the idea that in the absence of
opportunity for contingency, phenotypic responses to selection
will be highly predictable (27, 62). Our study encompassed a wide
range of divergence times (10 to 100 My) and a large number of
repeated habitat use transitions, permitting us to also show that
the strength of morphological convergence decreases steadily with
time since divergence (Fig. 6 D-K and S/ Appendix, Table S8).
Ironically, this suggests that for morphological evolution even the
stochastic contributions of contingency are predictable, in the
sense that they accrue at a rather constant rate over time.

Classic examples of morphological convergence are often found
among closely related taxa [e.g., Anolis lizards (15, 16), stickleback
fish (17), cichlid fish (44)], suggesting that the repeatability of
phenotypic evolution increases with relatedness (11). Closely
related lineages appear predisposed to adapt in more similar ways
when confronted with similar challenges, consistent with Gould’s
idea that evolution is less inclined to repeat itself at large macro-
evolutionary time scales (18). Here, we provide an original and
direct test of this idea in a system spanning vast divergence times
(10 to 100 My) (36, 40). In phasmids Gould’s pattern was man-
ifest in two ways: More closely related lineages responding inde-
pendently to similar environmental challenges ended up looking
more similar (i.e., more extensive convergence), and they followed
more parallel paths on the morphospace to arrive there, than more
distantly related lineage pairs. Closely related lineages likely share
more standing genetic variation, and segregating variants are
expressed against more similar genetic backgrounds (22, 63-65);
and they are more likely to reuse the same genes when they adapt
to similar environmental challenges (23-26).

The other factor influencing the strength of convergence is the
environment: The more similar the selective conditions experi-
enced by two lineages, the closer the resulting convergent pheno-
types. Studies of phenotypic convergence often categorize
ecological niches to identify associations between patterns of mor-
phological evolution and the repeated adaptation to these discrete
niches [e.g., diet types (57), lakes/streams (7, 12)]. This categori-
zation hides potential heterogeneities in environmental conditions
among instances of the same category. Conditions that appear
similar to a human observer may actually be disparate to the organ-
isms, and this can confound studies attempting to explain varia-
tion in the strength of convergence. For example, stickleback fish
independently colonizing stream habitats varied in the extent of
their phenotypic convergence in part because habitats categorized
as “stream” actually differed in water clarity, temperature, parasite
abundance, and food availability (27). Once these additional var-
iables had been included, habitat similarity predicted the resulting
strength of convergence more accurately (27).

Here we quantified niche similarity using various macroecolog-
ical variables, and our results suggest that some of the niches

PNAS 2025 Vol.122 No.1 2319485121

invaded by phasmids (e.g., grass) were largely uniform and thus
likely experienced very similarly across lineages, while others (e.g.,
resting on branches and leaves) encompassed much wider and
potentially less similar environmental conditions (i.e., they likely
included “cryptic” dissimilarities between habitat use categories)
(SI Appendix, Fig. S14). We show that environmental similarity
of invaded habitats also predicted strength of convergence:
Lineages switching to more similar environments within a given
habitat use category ended up in closer regions of the morphospace
(Fig. 6 D and H), even across large macroevolutionary time scales
and despite the higher associated opportunities for contingency.

Finally, we accounted for similarity of the most recent ancestral
habitats of convergent pairs of lineages, to test whether transitioning
from the same or different habitat categories affected the extent of
the resulting convergence in this group of insects. Lineages that
transitioned toward the same habitat from the same ancestral habitar
tended to follow more parallel or collinear trajectories, but this
effect was only significant for transitions to resting on branches and
leaves (SI Appendix, Table S8). It is possible that there were not
enough transitions from the same versus different ancestral habitats
for transitions to resting on trunks and leaf litter to detect this effect.

The Euphasmatodea show a deep radiation at the base of the
group (~65 to 55 Mya) following the K-T boundary (36), corre-
sponding with the origin of most major clades and with dispersal
across vast regions of the globe (Fig. 2 and S/ Appendix, Fig. S1).
Although a few of these clades seem to have undergone speciation
without niche differentiation, and species within these clades are
morphologically homogeneous [e.g., Phylliidae (wide leaf mimics
and canopy-dwellers) and the Heteropterygidae (spiny and robust
ground-dwellers), which are distributed on many islands of
Indomalaya and Australasia (Figs. 3C and 4A4 and S/ Appendix,
Fig. S12) (43, 66)], the majority of euphasmatodean clades sub-
sequently radiated into multiple different ecomorphs colonizing
diverse habitats [e.g., Lanceocercata (Australasia and Mascarene
islands), Cladomorphinae (Caribbean islands), Lonchodinae
(Indomalaya/Australasia), Necrosciinae (Indomalaya), African/
Malagasy clade (Afrotropics), Pseudophasmatinae (Nearctic and
Neotropics), and Diapheromerinae (Nearctic and Neotropics);
Figs. 3Cand 54 and S7 Appendix, Fig. S12) (34, 43, 66, 67)]. We
characterized 21 different phasmid ecomorphs and reconstructed
dozens of evolutionary transitions between ecological niches,
resulting in repeated instances of convergence toward these phas-
mid body forms. Overall, our results suggest the extremely diverse
morphologies of stick and leaf insects result from replicated radi-
ations in different geographic regions, each associated with wide-
spread parallel shifts on the morphospace as independent lineages
adapted to similar habitats.

Conclusion

Stick and leaf insects exemplify the extraordinary power of natural
selection to shape organismal phenotypes. The animals themselves
are charismatic champions of crypsis and masquerade, and our
comprehensive quantification of their trajectories of morphological
evolution, using process-based (i.e., evolutionary modeling) and
pattern-based methods, reveals dozens of instances of convergence.
We show that the details of the environmental conditions experi-
enced by the organisms—the closeness of the invaded niches and
the similarity of their starting, or ancestral, niche—predict the
extent of convergence even when the lineages in question have been
evolving independently for tens of millions of years, and therefore
have had ample opportunity for contingency. Furthermore, we show
that even the effects of contingency are predictable, eroding the
strength of convergence at a gradual and steady rate across vast spans
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of time. We suggest that precise quantification of selective environ-
ments, as well as divergence times, will be critical as studies increas-
ingly attempt to predict the outcomes of evolution.

Materials and Methods

Extended materials and methods are reported in S/ Appendix, Supplementary
Materials and Methods, and include details on definitions and choices of con-
vergence metrics.

Taxonomic Sampling and Phylogenetic Reconstruction. Well-supported phy-
logenies for 38 phasmid lineages representing all major clades of Phasmatodea
were recently reconstructed using next-generation sequencing (transcriptomes),
yielding topologies that resolved most of the deep nodes within this group with
high confidence (36,40). Here we reconstructed a phylogeny with 314 species rep-
resenting all major phasmid lineages (9% of the known phasmid species diversity
and 33% of currently recognized generic diversity), and one species of Embioptera
(the sister clade of Phasmatodea) as outgroup, constraining the basal topology
to match the transcriptome-based trees (40). Regions of three nuclear[18S rRNA
(18S),28S rRNA(28S), and histone subunit 3 (H3)] and four mitochondrial genes
[12S rRNA(12S), 16S rRNA(16S), cytochrome-c oxidase subunit | (COl) and COII]
were extracted from Genbank, aligned and concatenated (6,778 bp total) to recon-
struct a MCC tree for phasmids using Bayesian inferences in BEAST 2 (v. 2.6.3)
(Dataset S1)(68). Divergence time was estimated using six unambiguous crown-
group phasmid fossils as minimum calibration points (S/ Appendix, Table S1).

Morphological Data. \We examined 1,359 adult female specimens from 212 spe-
ciesincluded in the phylogeny. High-quality photographs, captured in dorsal and/or
lateral views, were obtained from our own collection at the University of Gottingen
(Germany), other museum collections, the published literature, and other online
sources (Dataset S1). Depending on material availability, we measured pictures of
between 1and 18 differentindividuals per species (mean = 5.5 individuals per spe-
cies).We collected 21 continuous measurements (S Appendix, Fig. S2) that together
contained biologically relevant information about overall body size and shape, width,
and length of different body segments (notably the head), leg length, hindwing size,
and the length of the subgenital plate (whose function is often related to oviposition).
We also qualitatively scored the texture of the mesothorax and abdomen (1: spiny/
rough, 0: smooth). Body volume was used as a proxy for body size and was calculated
as the volume of an elliptical cylinder of the same length, average width, and height
as the body of the insect (SI Appendix, Fig. S2).

The Phasmid Morphospace. We built a multidimensional morphospace using
a PCAmixing continuous and categorical data (PCA,,;,) (42).To avoid differences in
body size (which can vary by as much as 300-fold in volume) dominating differences
in body shape and to remove allometric effects, we size-corrected the continuous
measurements (6, 12, 69). We substituted original measurement values with the
residuals calculated from a phylogenetically corrected linear regression against body
volume (R package “"phytools") (50, 70), after log,-transformation. Because wing
length and wing area included zeros for wingless species, we divided the non-
transformed measurements by body length or body length squared respectively, to
obtainand include measures of relative wing length and area. In total, we included
21 continuous (previously mean-centered on zero and scaled to unit variance) and
two categorical variables (S/Appendix, Figs. 52 and S3).To make sure that categorical
variables and size correction were not biasing our results, we also ran PCAs including
a phylogenetic correction and excluding the two categorical variables. The contin-
uous variables were either corrected for size (pPCA,) or not (pPCA, ) (SI Appendix,
Figs. S15 and S16 and Supplementary Materials and Methods).

Habitat Data. We broadly classified the habitat use of stick insects based on the
typical resting posture and substrate preferences exhibited by adult females when
hiding during the day (i.e., when they are exposed to visually hunting predators).
We surveyed the literature, field guides, and iNaturalist (https://www.inaturalist.
org/,accessed July 2021) for observations of where each species is typically found
(Dataset S1). We defined five habitat use categories: resting on the ground or
trunks (including the base of trunks, mossy logs, under bark, in the leaf litzter),
resting on branches and leaves, hanging from branches and leaves, hanging from
grass, and resting on palm leaves. We acknowledge that this classification is broad

https://doi.org/10.1073/pnas.2319485121

and consequently does not fully encompass the entire spectrum of substrates and
host plants upon which phasmids may be found (31-33).

Environmental Data. We gathered information about the geographic range of
each species based on sampling location of type specimens and observations on
iNaturalist (available from https://www.inaturalist.org, accessed July 2021). For
each species, we then selected the median location with the most central lati-
tude. From the GPS coordinates of the most central location for each species, we
extracted data on 17 environmental variables that together contained information
about climatic conditions (temperature, precipitation, seasonality), vegetation
density and food availability (primary production), predator diversity, and habitat
vegetation layer (Dataset S1). Variation in these variables was summarized by
running a PCA (S/ Appendix, Fig. S13).

Definition of Ectomorphs. We used our multidimensional morphospace data
(PCA,,;,) to cluster species into distinct ecomorphs by running a hierarchical clus-
tering algorithm (using the Ward's method) to define ecomorphs based on overall
proximity on the morphospace (defined by the first seven PC axes, accounting
for 90% of the total variation). We defined the optimal number of clusters using
the BHI, which measured how homogeneous clusters are, based on habitat use
(R package "clValid") (45, 71). Clusters were defined by a fixed height threshold
on the clustering dendrogram. The optimal number of clusters was then chosen
to minimize the number of clusters while maximizing BHI (i.e., start of a plateau,
Sl Appendix, Fig. S7). We then identified the morphospace axes that best distin-
guished each ecomorph by training random forest models (R package “random-
Forest") (47) to classify a taxon in either an ecomorph of interest or in a different
one, given the first seven axes of the PCA,,;, morphospace (S/ Appendix, Table S3).

Overlap between Habitat Categories on the Morphospace. 1o quantify mor-
phospace occupation by species exhibiting different habitat uses (Fig. 5 B and
(), we estimated multidimensional hypervolumes using dynamic range boxes
(R package "dynRB") (51) and high-dimensional kernel density estimations (R
package "hypervolume”) (52), including either PC1 to PC7 of PCA,, (90.1% of
the total variation), PC1 to PC8 of pPCA,.(91.5%), or PC1 to PC6 of pPCA (92.1%)
(51 Appendix, Figs. S8 and S9). Pairwise hypervolume overlap was quantified for
the PCA,,;, morphospace as the portion of the hypervolume of habitat A covered
by the hypervolume of habitat B and vice versa, as the Jaccard similarity index
(ratio of the intersection to the union of the hypervolumes), or as the Sgrensen-
Dice similarity index (ratio of twice the size of the intersection to the sum of the
individual hypervolumes) (S/Appendix, Figs.S10 and S11).The distance between
the hypervolumes was also quantified as the Euclidean distance between the
hypervolume centroids and the minimum Euclidean distance between points
of the two hypervolumes (S/ Appendix, Fig. S11). Finally, we also quantified
the overlap between the habitat categories on the PCA,;, morphospace using
machine learning random forest models (47). These models were used to predict
the habitat category of a species given its position on the morphospace. The
predictive error rate of the models was used to quantify overlap between habitat
categories (Fig. 5 D and E).

Ancestral State Reconstruction of Ecomorphs and Habitat Use. Habitat use
was mapped on the MCC tree to uncover the number of independent transitions
toward each of the five categories (Fig. 54). We ran ancestral state reconstruc-
tions using stochastic character mapping asimplemented in the R package “phy-
tools"(50). The transition matrix was calculated using maximum likelihood and
using an all-rates-different model (model= "ARD"). Ecomorphs, as defined by our
hierarchical clustering analysis, were similarly mapped to establish whether they
had single or multiple origins (Fig. 3C). Given the large number of ecomorphs (n
= 21), only the "equal rate” transition model (assuming a single transition rate
between ecomorphs) could be run.

Process-Based Tests of Convergence—Evolutionary Model Fitting. To test
formorphological convergence among lineages that independently transitioned
to the same habitat, we fitted multivariate models of continuous trait evolution
to PC1 to PC5 (PCA,,, 84% of the total variance) using the “mvMORPH" R pack-
age (53). We first fit the single-regime Brownian motion (BM1, modeling sto-
chastic trait changes over time), Ornstein-Uhlenbeck (OU1, modeling attraction
toward an optimal trait value), and early burst models (EB, modeling stochastic
changes with a decrease in evolutionary rate over time), which represent the null
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hypotheses. Then, for each habitat category, we fit two-regime models where the
given habitat category was considered its own evolutionary regime while the rest
belonged to another unique regime. We also ran five-regime models including
each habitat as a separate regime. The ancestral histories for each of the tested
regime assignments were reconstructed on the MCC tree using 100 stochastic
character maps (50). We fitted multiregime OU models allowing trait optima to
vary among regimes, and BM models allowing on one hand the phylogenetic
means to vary among regimes, and on the other hand holding the evolutionary
rate constant (BM1m) or not (BMMm).

Pattern-Based Tests of Convergence. To quantify the strength of morphological
convergence associated with repeated habitat transitions, we calculated the C1 to
C4 pattern-based metrics (R package “convevol”) (10) as well as the Wheatsheaf
index (w)("windex") (54, 55)for PC1 to PC7 of PCA,,;, (90.1% of the total variation),
PC1 to PC8 of pPCA, (91.5%), and PC1 to PC6 of pPCA, (92.1%). C;-C, are based
on the ratio between the current distance between two lineages (Dy;,) on the mor-
phospace to the maximum reconstructed distance between the two lineages atany
point in the past (D,,) (Fig. 6C). C;-C, will be high when independent lineages
diverged substantially after splitting and then subsequently re-evolved similarities,
or when convergent lineages shifted in parallel toward the same direction on the
morphospace (56). To distinguish between these two scenarios, we computed the
recently developed Ct;-Ct, metrics, which restrict D,,,,, to synchronous nodes (56).
Ct;-Ct, are only expected to be high in the first scenario (divergence first, then
convergence). Finally, we quantified parallelism in the evolutionary trajectories of
convergent lineages by calculating the angle (6) between these trajectories on the
morphospace (58,59, 72). We reconstructed the trajectories of convergent lineages
from the position of the node immediately prior to the inferred habitat transition,
to that of the tip of interest (Fig. 6C). For each above-described variable, P-values
were inferred following 1,000 simulations of random character evolution, testing
the hypothesis that convergence is significantly stronger (or that trajectories are
more parallel) in the habitat category of interest than would be expected by chance.

Explaining Variation in the Extent of Morphological Convergence. We
tested the effects of three factors on the extent of morphological convergence:
the phylogenetic relatedness between the convergent lineages, their environ-
mental similarity, and whether they started from the same ancestral habitat use
category. We only considered the repeated transitions toward resting on the leaf
litter and trunks (n = 16, Fig. 6A) and toward resting on branches and leaves (n =
16, Fig. 6B) for these analyses as other transitions were too rare to allow sufficient
statistical power (n < 4, Fig. 54). For each transition type, phylogenetic related-
ness, environmental distance, ancestral habitat difference, and morphological
convergence were computed for all possible pairs of taxa corresponding to sep-
arate independent transitions toward the habitat category, and then assembled
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