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Rely on crypsis for survival against visual predators
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We first tested whether shifts between conifers and flowering
plants occurred multiple times. We used the reduced-represen-
tation sequence data from the 57 geographical populations
previously studied in [25] to infer phylogenetic relationships
among Timema species and populations. This was done using
data deposited in the Dryad Digital Repository (https://doi.org/
10.5061/dryad.nq67q; linkage-group multiple alignments under
the section ‘Phylogenetic inference and molecular dating’) to pro-
duce two new multiple alignments: selecting only the sites with
at least two different nucleotides (‘strict-ASC’; 5797 variable sites),
which allows using ascertainment bias models for inferences, and
selecting also the sites with at least one ambiguity (‘relaxed’;
19 556 variable sites). We used IQTREE 1.6.2 [44] to carry out auto-
matic substitution and partitioning model selection and to infer
maximum-likelihood trees using topological constraints in order
to test five different hypotheses: clustering by host-plant division
(‘division’, implies a single shift between conifers and flowering
plants), clustering by Timema species (‘species’, allow for multiple
shifts within species), clustering by Timema species and host-plant
division within Timema species (‘division within species’, allows a
single shift within each species), using the previous Bayesian infer-
ence from [25] (BEAST) and a maximum-likelihood tree inferred
with IQTREE for this study (‘free’, no topological constraint what-
soever). Then, we estimated site-wise log-likelihoods and
performed Shimodaira–Hasegawa (SH, [45]), weighted Shimo-
daira–Hasegawa (WSH, [45]) and approximately unbiased (AU,
[46]) tests using IQTREE and consel 1.20 [47].

Subsequently, we reconstructed ancestral states using the func-
tion rayDISC from the R package corHMM 1.24 [48] in R v. 3.4.4
[49]. This function allows estimates of transition rates and ancestral
states for multistate traits given a tree, allowing for polymorphism
on the tips (i.e. assigning equal likelihoods to several hosts for a
given population in our case), and recognizing both gains and
losses of host-plant genera. First, we estimated ancestral states
using the Bayesian maximum credibility tree from [25], coding
the hosts of each of the 57 geographical populations as conifer, flow-
ering plant or both, and estimating the root probability with the
method described in [50,51]. This allowed us to visualize ancestral
state marginal probabilities on the nodes of the tree (figure 3).

Additionally, however, we were interested in comparing the
transition rates between hosts in different genera or families

belonging to the same division (‘within’, i.e. conifer to conifer or
flowering plant to flowering plant) to those between different div-
isions (‘between’, i.e. conifer to flowering plant or vice versa).
Therefore, we used the host genera as states and fit five different
models (figure 4): (i) r1: all transitions forced to have the same
rate, (ii) r2: one rate from transitions between conifers
and flowering plants and vice versa, and another rate for tran-
sitions within conifers or within flowering plants; (iii) r3a: one
rate for transitions within either conifers or flowering plants,
one rate for transitions from conifer to flowering plant and another
rate for flowering plant to conifer; (iv) r3b: one rate for transitions
within conifers, one rate for transitions within flowering plants
and another rate for transitions between conifers and flowering
plants and vice versa; and (v) r4: one rate for transitions from con-
ifer to flowering plant, another rate for flowering plant to conifer,
another rate for transitions within conifers and another rate for
within flowering plants.

To assess the robustness of our results, we used five priors for
the root: sameprobability for all host genera (flat), root probabilities
weighted using estimated transition rates following [52] (yang) or
[50,51] (madd), same probability for all conifer host genera (con)
and same probability for all flowering plant genera (flo).

The results were similar in most of the cases, but we focus our
description of the results on the inferences using the method
of [50,51]. We ran the analyses on 1000 trees taken randomly
from the posterior distribution of time-calibrated trees (from [25])
to account for phylogenetic uncertainty. Rates and states were
estimated jointly (node.states = ‘joint’, state.recon = ‘estimate’),
because such an approach is less prone to getting stuck in local
optima [53]. However, most other studies commonly carry out
marginal reconstructions (i.e. rate inference followed by ancestral
states estimation), and we also did that here for comparative
purposes (node.states = ‘marginal’, state.recon = ‘subsequently’).

(b) Host preference trials
We carried out host preference experiments with 3492 individuals
from 70 populations (35 pre-determined population/species
pairs; see electronic supplementary material, table S2 for details
of species, populations, sample sizes, hosts tested, etc.). Tested indi-
viduals were captured with sweep nets and placed in plastic cups
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Figure 2. Timema species and populations, and host-plant use. (a) Timema species ranges (from [25]). (b) Host-plant species used by Timema populations used in
this study (conifers have blue labels, flowering plants have orange labels).
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missing data (total n = 3470; mean yearly n =
193; SD = 268).

Results
Temporal change in allele frequencies

We tested the hypothesis that temporal change
in allele frequencies at the genetic region under-
lying the morphs is due, in part, to natural selec-
tion. Although past studies support selection on
themorphs (23–27), these results donotmean that
all temporal changes are due to selection, because
selection and drift are not mutually exclusive
(29, 30). Genomic data fromdifferent time points
provide a means to test for selection, because
strongly selected regions are expected to show
greater change through time than the more neu-
tral genomic background (29, 31). Genomic data
are further required in our specific instance be-
cause genetic dominance and heterozygote excess
complicate inference of allele frequency change
using phenotypic data alone (23, 24).
We used de novo genome sequencing of a

melanistic and greenmorph, with Dovetail hi-rise
scaffolding of Illumina reads (N50 = ~16 and
8 megabases, respectively) (32), linkage map-
ping (25), and genome-wide association (GWA)
mapping to explicitly delimit a single, contiguous
genomic region (~10.5 megabases in size) asso-
ciated with color and pattern variation (Fig. 2 and
figs. S1 and S2). Consistent with a similar study
with a more fragmented reference genome,

this region exhibits three core haplotypes (i.e.,
alleles), one corresponding to each morph,
designated s, u, andm for green-striped, green-
unstriped, and melanistic, respectively (i.e., in
terms of diploid genotypes and phenotypes:
uu, us, and um are green-unstriped; ss and sm
are green-striped;mm is melanistic) (23). We
refer to this region as the Mel-Stripe locus
hereafter.
We quantified allele frequency changes at

Mel-Stripe over time within three published
data sets: (i) genotyping-by-sequencing (GBS)
data collected in a natural population on
Adenostoma [FHA (locality Far Hill on
Adenostoma] in 2011 and 2013 (30, 33); (ii)
resequenced whole genomes from individuals
collected in FHA and used in an 8-day (i.e.,
within-generation) release and recapture field
experiment (30); and (iii) GBS data in a between-
year (i.e., between-generation) field transplant
experiment (25).
In each case, we contrasted change through

time at Mel-Stripe to that of the remainder of
the genome (to all genomic scaffolds, i.e., loci,
that harbored as many single-nucleotide poly-
morphisms as Mel-Stripe, which was 40, 16, and
39 loci, respectively, for the three data sets noted
above). Due to our explicit interest inMel-Stripe,
we did not attempt to delimit other loci under
selection. If such loci exist, they could upwardly
bias our estimates of genome-wide change rela-

tive to a case of neutrality, making our results
for Mel-Stripe conservative.
We found thatMel-Stripe showed the greatest

temporal allele frequency change of all genomic
regions, in all three data sets (FHA: change =
0.0273, P = 0.024; within-generation experiment:
change = 0.0340, P = 0.059; between-generation
experiment: change = 0.0988, P = 0.025; exact
probabilities; Fisher’s combined probability test
across data sets: X2 = 20.50, df = 6, P = 0.0023)
(Fig. 2). Dispersal alone is unlikely to drive these
observed patterns because FHA was sampled
over an area that is larger (>10,000m2) than the
dispersal capacity of T. cristinae (i.e., one to a few
dozen meters per generation) (30, 33, 34). Fur-
thermore, field surveys detected essentially no
dispersal off experimental bushes in the recap-
ture study (30), and selection on pattern has been
previously observed in the presence, but not the
absence, of predation (with dispersal possible in
both treatments) (35, 36). Thus, selection likely
contributed to the genetic change we observed
at theMel-Stripe locus. We thus next turned to
whether such selectionwas associatedwithweakly
or strongly predictable patterns of evolution.

Predictability of the evolution of body
color and complex selection regimes

Wequantified the predictability of evolution using
autoregressive moving average (ARMA) models
(28). This analysis revealed that color morphs
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Fig. 2. Genomic change through time at the Mel-Stripe locus.
(A) Manhattan plots showing results for genome-wide association
mapping of color. The y axes show P values, with red denoting genome-
wide significance. The left-hand plot shows results genome-wide (LG,
linkage group). The right-hand plot is zoomed in on LG8, which shows the
bulk of association, and here numbers below the x axis delimit different
genomic scaffolds. The Mel-Stripe locus is evident by the block of strong

association spanning scaffolds 702.1 and 128. (B) Allele frequency change
through time in the natural population FHA (2011 versus 2013). (C) Allele-
frequency change through time in the within-generation experiment.
(D) Allele frequency change through time in the between-generation
experiment. In (B) to (D), the vertical red line shows change at the Mel-Stripe
locus and the histogram shows the distribution of change across other
similar-sized scaffolds in the genome (i.e., the genomic background).
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We first tested whether shifts between conifers and flowering
plants occurred multiple times. We used the reduced-represen-
tation sequence data from the 57 geographical populations
previously studied in [25] to infer phylogenetic relationships
among Timema species and populations. This was done using
data deposited in the Dryad Digital Repository (https://doi.org/
10.5061/dryad.nq67q; linkage-group multiple alignments under
the section ‘Phylogenetic inference and molecular dating’) to pro-
duce two new multiple alignments: selecting only the sites with
at least two different nucleotides (‘strict-ASC’; 5797 variable sites),
which allows using ascertainment bias models for inferences, and
selecting also the sites with at least one ambiguity (‘relaxed’;
19 556 variable sites). We used IQTREE 1.6.2 [44] to carry out auto-
matic substitution and partitioning model selection and to infer
maximum-likelihood trees using topological constraints in order
to test five different hypotheses: clustering by host-plant division
(‘division’, implies a single shift between conifers and flowering
plants), clustering by Timema species (‘species’, allow for multiple
shifts within species), clustering by Timema species and host-plant
division within Timema species (‘division within species’, allows a
single shift within each species), using the previous Bayesian infer-
ence from [25] (BEAST) and a maximum-likelihood tree inferred
with IQTREE for this study (‘free’, no topological constraint what-
soever). Then, we estimated site-wise log-likelihoods and
performed Shimodaira–Hasegawa (SH, [45]), weighted Shimo-
daira–Hasegawa (WSH, [45]) and approximately unbiased (AU,
[46]) tests using IQTREE and consel 1.20 [47].

Subsequently, we reconstructed ancestral states using the func-
tion rayDISC from the R package corHMM 1.24 [48] in R v. 3.4.4
[49]. This function allows estimates of transition rates and ancestral
states for multistate traits given a tree, allowing for polymorphism
on the tips (i.e. assigning equal likelihoods to several hosts for a
given population in our case), and recognizing both gains and
losses of host-plant genera. First, we estimated ancestral states
using the Bayesian maximum credibility tree from [25], coding
the hosts of each of the 57 geographical populations as conifer, flow-
ering plant or both, and estimating the root probability with the
method described in [50,51]. This allowed us to visualize ancestral
state marginal probabilities on the nodes of the tree (figure 3).

Additionally, however, we were interested in comparing the
transition rates between hosts in different genera or families

belonging to the same division (‘within’, i.e. conifer to conifer or
flowering plant to flowering plant) to those between different div-
isions (‘between’, i.e. conifer to flowering plant or vice versa).
Therefore, we used the host genera as states and fit five different
models (figure 4): (i) r1: all transitions forced to have the same
rate, (ii) r2: one rate from transitions between conifers
and flowering plants and vice versa, and another rate for tran-
sitions within conifers or within flowering plants; (iii) r3a: one
rate for transitions within either conifers or flowering plants,
one rate for transitions from conifer to flowering plant and another
rate for flowering plant to conifer; (iv) r3b: one rate for transitions
within conifers, one rate for transitions within flowering plants
and another rate for transitions between conifers and flowering
plants and vice versa; and (v) r4: one rate for transitions from con-
ifer to flowering plant, another rate for flowering plant to conifer,
another rate for transitions within conifers and another rate for
within flowering plants.

To assess the robustness of our results, we used five priors for
the root: sameprobability for all host genera (flat), root probabilities
weighted using estimated transition rates following [52] (yang) or
[50,51] (madd), same probability for all conifer host genera (con)
and same probability for all flowering plant genera (flo).

The results were similar in most of the cases, but we focus our
description of the results on the inferences using the method
of [50,51]. We ran the analyses on 1000 trees taken randomly
from the posterior distribution of time-calibrated trees (from [25])
to account for phylogenetic uncertainty. Rates and states were
estimated jointly (node.states = ‘joint’, state.recon = ‘estimate’),
because such an approach is less prone to getting stuck in local
optima [53]. However, most other studies commonly carry out
marginal reconstructions (i.e. rate inference followed by ancestral
states estimation), and we also did that here for comparative
purposes (node.states = ‘marginal’, state.recon = ‘subsequently’).

(b) Host preference trials
We carried out host preference experiments with 3492 individuals
from 70 populations (35 pre-determined population/species
pairs; see electronic supplementary material, table S2 for details
of species, populations, sample sizes, hosts tested, etc.). Tested indi-
viduals were captured with sweep nets and placed in plastic cups
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Figure 2. Timema species and populations, and host-plant use. (a) Timema species ranges (from [25]). (b) Host-plant species used by Timema populations used in
this study (conifers have blue labels, flowering plants have orange labels).
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Studied Redwood and Ceanothus feeding populations

We first tested whether shifts between conifers and flowering
plants occurred multiple times. We used the reduced-represen-
tation sequence data from the 57 geographical populations
previously studied in [25] to infer phylogenetic relationships
among Timema species and populations. This was done using
data deposited in the Dryad Digital Repository (https://doi.org/
10.5061/dryad.nq67q; linkage-group multiple alignments under
the section ‘Phylogenetic inference and molecular dating’) to pro-
duce two new multiple alignments: selecting only the sites with
at least two different nucleotides (‘strict-ASC’; 5797 variable sites),
which allows using ascertainment bias models for inferences, and
selecting also the sites with at least one ambiguity (‘relaxed’;
19 556 variable sites). We used IQTREE 1.6.2 [44] to carry out auto-
matic substitution and partitioning model selection and to infer
maximum-likelihood trees using topological constraints in order
to test five different hypotheses: clustering by host-plant division
(‘division’, implies a single shift between conifers and flowering
plants), clustering by Timema species (‘species’, allow for multiple
shifts within species), clustering by Timema species and host-plant
division within Timema species (‘division within species’, allows a
single shift within each species), using the previous Bayesian infer-
ence from [25] (BEAST) and a maximum-likelihood tree inferred
with IQTREE for this study (‘free’, no topological constraint what-
soever). Then, we estimated site-wise log-likelihoods and
performed Shimodaira–Hasegawa (SH, [45]), weighted Shimo-
daira–Hasegawa (WSH, [45]) and approximately unbiased (AU,
[46]) tests using IQTREE and consel 1.20 [47].

Subsequently, we reconstructed ancestral states using the func-
tion rayDISC from the R package corHMM 1.24 [48] in R v. 3.4.4
[49]. This function allows estimates of transition rates and ancestral
states for multistate traits given a tree, allowing for polymorphism
on the tips (i.e. assigning equal likelihoods to several hosts for a
given population in our case), and recognizing both gains and
losses of host-plant genera. First, we estimated ancestral states
using the Bayesian maximum credibility tree from [25], coding
the hosts of each of the 57 geographical populations as conifer, flow-
ering plant or both, and estimating the root probability with the
method described in [50,51]. This allowed us to visualize ancestral
state marginal probabilities on the nodes of the tree (figure 3).

Additionally, however, we were interested in comparing the
transition rates between hosts in different genera or families

belonging to the same division (‘within’, i.e. conifer to conifer or
flowering plant to flowering plant) to those between different div-
isions (‘between’, i.e. conifer to flowering plant or vice versa).
Therefore, we used the host genera as states and fit five different
models (figure 4): (i) r1: all transitions forced to have the same
rate, (ii) r2: one rate from transitions between conifers
and flowering plants and vice versa, and another rate for tran-
sitions within conifers or within flowering plants; (iii) r3a: one
rate for transitions within either conifers or flowering plants,
one rate for transitions from conifer to flowering plant and another
rate for flowering plant to conifer; (iv) r3b: one rate for transitions
within conifers, one rate for transitions within flowering plants
and another rate for transitions between conifers and flowering
plants and vice versa; and (v) r4: one rate for transitions from con-
ifer to flowering plant, another rate for flowering plant to conifer,
another rate for transitions within conifers and another rate for
within flowering plants.

To assess the robustness of our results, we used five priors for
the root: sameprobability for all host genera (flat), root probabilities
weighted using estimated transition rates following [52] (yang) or
[50,51] (madd), same probability for all conifer host genera (con)
and same probability for all flowering plant genera (flo).

The results were similar in most of the cases, but we focus our
description of the results on the inferences using the method
of [50,51]. We ran the analyses on 1000 trees taken randomly
from the posterior distribution of time-calibrated trees (from [25])
to account for phylogenetic uncertainty. Rates and states were
estimated jointly (node.states = ‘joint’, state.recon = ‘estimate’),
because such an approach is less prone to getting stuck in local
optima [53]. However, most other studies commonly carry out
marginal reconstructions (i.e. rate inference followed by ancestral
states estimation), and we also did that here for comparative
purposes (node.states = ‘marginal’, state.recon = ‘subsequently’).

(b) Host preference trials
We carried out host preference experiments with 3492 individuals
from 70 populations (35 pre-determined population/species
pairs; see electronic supplementary material, table S2 for details
of species, populations, sample sizes, hosts tested, etc.). Tested indi-
viduals were captured with sweep nets and placed in plastic cups
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Figure 2. Timema species and populations, and host-plant use. (a) Timema species ranges (from [25]). (b) Host-plant species used by Timema populations used in
this study (conifers have blue labels, flowering plants have orange labels).
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We first tested whether shifts between conifers and flowering
plants occurred multiple times. We used the reduced-represen-
tation sequence data from the 57 geographical populations
previously studied in [25] to infer phylogenetic relationships
among Timema species and populations. This was done using
data deposited in the Dryad Digital Repository (https://doi.org/
10.5061/dryad.nq67q; linkage-group multiple alignments under
the section ‘Phylogenetic inference and molecular dating’) to pro-
duce two new multiple alignments: selecting only the sites with
at least two different nucleotides (‘strict-ASC’; 5797 variable sites),
which allows using ascertainment bias models for inferences, and
selecting also the sites with at least one ambiguity (‘relaxed’;
19 556 variable sites). We used IQTREE 1.6.2 [44] to carry out auto-
matic substitution and partitioning model selection and to infer
maximum-likelihood trees using topological constraints in order
to test five different hypotheses: clustering by host-plant division
(‘division’, implies a single shift between conifers and flowering
plants), clustering by Timema species (‘species’, allow for multiple
shifts within species), clustering by Timema species and host-plant
division within Timema species (‘division within species’, allows a
single shift within each species), using the previous Bayesian infer-
ence from [25] (BEAST) and a maximum-likelihood tree inferred
with IQTREE for this study (‘free’, no topological constraint what-
soever). Then, we estimated site-wise log-likelihoods and
performed Shimodaira–Hasegawa (SH, [45]), weighted Shimo-
daira–Hasegawa (WSH, [45]) and approximately unbiased (AU,
[46]) tests using IQTREE and consel 1.20 [47].

Subsequently, we reconstructed ancestral states using the func-
tion rayDISC from the R package corHMM 1.24 [48] in R v. 3.4.4
[49]. This function allows estimates of transition rates and ancestral
states for multistate traits given a tree, allowing for polymorphism
on the tips (i.e. assigning equal likelihoods to several hosts for a
given population in our case), and recognizing both gains and
losses of host-plant genera. First, we estimated ancestral states
using the Bayesian maximum credibility tree from [25], coding
the hosts of each of the 57 geographical populations as conifer, flow-
ering plant or both, and estimating the root probability with the
method described in [50,51]. This allowed us to visualize ancestral
state marginal probabilities on the nodes of the tree (figure 3).

Additionally, however, we were interested in comparing the
transition rates between hosts in different genera or families

belonging to the same division (‘within’, i.e. conifer to conifer or
flowering plant to flowering plant) to those between different div-
isions (‘between’, i.e. conifer to flowering plant or vice versa).
Therefore, we used the host genera as states and fit five different
models (figure 4): (i) r1: all transitions forced to have the same
rate, (ii) r2: one rate from transitions between conifers
and flowering plants and vice versa, and another rate for tran-
sitions within conifers or within flowering plants; (iii) r3a: one
rate for transitions within either conifers or flowering plants,
one rate for transitions from conifer to flowering plant and another
rate for flowering plant to conifer; (iv) r3b: one rate for transitions
within conifers, one rate for transitions within flowering plants
and another rate for transitions between conifers and flowering
plants and vice versa; and (v) r4: one rate for transitions from con-
ifer to flowering plant, another rate for flowering plant to conifer,
another rate for transitions within conifers and another rate for
within flowering plants.

To assess the robustness of our results, we used five priors for
the root: sameprobability for all host genera (flat), root probabilities
weighted using estimated transition rates following [52] (yang) or
[50,51] (madd), same probability for all conifer host genera (con)
and same probability for all flowering plant genera (flo).

The results were similar in most of the cases, but we focus our
description of the results on the inferences using the method
of [50,51]. We ran the analyses on 1000 trees taken randomly
from the posterior distribution of time-calibrated trees (from [25])
to account for phylogenetic uncertainty. Rates and states were
estimated jointly (node.states = ‘joint’, state.recon = ‘estimate’),
because such an approach is less prone to getting stuck in local
optima [53]. However, most other studies commonly carry out
marginal reconstructions (i.e. rate inference followed by ancestral
states estimation), and we also did that here for comparative
purposes (node.states = ‘marginal’, state.recon = ‘subsequently’).

(b) Host preference trials
We carried out host preference experiments with 3492 individuals
from 70 populations (35 pre-determined population/species
pairs; see electronic supplementary material, table S2 for details
of species, populations, sample sizes, hosts tested, etc.). Tested indi-
viduals were captured with sweep nets and placed in plastic cups
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Figure 2. Timema species and populations, and host-plant use. (a) Timema species ranges (from [25]). (b) Host-plant species used by Timema populations used in
this study (conifers have blue labels, flowering plants have orange labels).
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Delimited the Perform locus and studied its evolution



Delimited the Perform locus and studied its evolution



Perform is an ancient (~5-10 MYA) chromosomal inversion



Perform is an ancient (~5-10 MYA) chromosomal inversion
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Perform affects fitness via a life-history trade-off
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Perform affects fitness via a life-history trade-off



Perform affects fitness via a life-history trade-off

Balancing selection



We first tested whether shifts between conifers and flowering
plants occurred multiple times. We used the reduced-represen-
tation sequence data from the 57 geographical populations
previously studied in [25] to infer phylogenetic relationships
among Timema species and populations. This was done using
data deposited in the Dryad Digital Repository (https://doi.org/
10.5061/dryad.nq67q; linkage-group multiple alignments under
the section ‘Phylogenetic inference and molecular dating’) to pro-
duce two new multiple alignments: selecting only the sites with
at least two different nucleotides (‘strict-ASC’; 5797 variable sites),
which allows using ascertainment bias models for inferences, and
selecting also the sites with at least one ambiguity (‘relaxed’;
19 556 variable sites). We used IQTREE 1.6.2 [44] to carry out auto-
matic substitution and partitioning model selection and to infer
maximum-likelihood trees using topological constraints in order
to test five different hypotheses: clustering by host-plant division
(‘division’, implies a single shift between conifers and flowering
plants), clustering by Timema species (‘species’, allow for multiple
shifts within species), clustering by Timema species and host-plant
division within Timema species (‘division within species’, allows a
single shift within each species), using the previous Bayesian infer-
ence from [25] (BEAST) and a maximum-likelihood tree inferred
with IQTREE for this study (‘free’, no topological constraint what-
soever). Then, we estimated site-wise log-likelihoods and
performed Shimodaira–Hasegawa (SH, [45]), weighted Shimo-
daira–Hasegawa (WSH, [45]) and approximately unbiased (AU,
[46]) tests using IQTREE and consel 1.20 [47].

Subsequently, we reconstructed ancestral states using the func-
tion rayDISC from the R package corHMM 1.24 [48] in R v. 3.4.4
[49]. This function allows estimates of transition rates and ancestral
states for multistate traits given a tree, allowing for polymorphism
on the tips (i.e. assigning equal likelihoods to several hosts for a
given population in our case), and recognizing both gains and
losses of host-plant genera. First, we estimated ancestral states
using the Bayesian maximum credibility tree from [25], coding
the hosts of each of the 57 geographical populations as conifer, flow-
ering plant or both, and estimating the root probability with the
method described in [50,51]. This allowed us to visualize ancestral
state marginal probabilities on the nodes of the tree (figure 3).

Additionally, however, we were interested in comparing the
transition rates between hosts in different genera or families

belonging to the same division (‘within’, i.e. conifer to conifer or
flowering plant to flowering plant) to those between different div-
isions (‘between’, i.e. conifer to flowering plant or vice versa).
Therefore, we used the host genera as states and fit five different
models (figure 4): (i) r1: all transitions forced to have the same
rate, (ii) r2: one rate from transitions between conifers
and flowering plants and vice versa, and another rate for tran-
sitions within conifers or within flowering plants; (iii) r3a: one
rate for transitions within either conifers or flowering plants,
one rate for transitions from conifer to flowering plant and another
rate for flowering plant to conifer; (iv) r3b: one rate for transitions
within conifers, one rate for transitions within flowering plants
and another rate for transitions between conifers and flowering
plants and vice versa; and (v) r4: one rate for transitions from con-
ifer to flowering plant, another rate for flowering plant to conifer,
another rate for transitions within conifers and another rate for
within flowering plants.

To assess the robustness of our results, we used five priors for
the root: sameprobability for all host genera (flat), root probabilities
weighted using estimated transition rates following [52] (yang) or
[50,51] (madd), same probability for all conifer host genera (con)
and same probability for all flowering plant genera (flo).

The results were similar in most of the cases, but we focus our
description of the results on the inferences using the method
of [50,51]. We ran the analyses on 1000 trees taken randomly
from the posterior distribution of time-calibrated trees (from [25])
to account for phylogenetic uncertainty. Rates and states were
estimated jointly (node.states = ‘joint’, state.recon = ‘estimate’),
because such an approach is less prone to getting stuck in local
optima [53]. However, most other studies commonly carry out
marginal reconstructions (i.e. rate inference followed by ancestral
states estimation), and we also did that here for comparative
purposes (node.states = ‘marginal’, state.recon = ‘subsequently’).

(b) Host preference trials
We carried out host preference experiments with 3492 individuals
from 70 populations (35 pre-determined population/species
pairs; see electronic supplementary material, table S2 for details
of species, populations, sample sizes, hosts tested, etc.). Tested indi-
viduals were captured with sweep nets and placed in plastic cups
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We first tested whether shifts between conifers and flowering
plants occurred multiple times. We used the reduced-represen-
tation sequence data from the 57 geographical populations
previously studied in [25] to infer phylogenetic relationships
among Timema species and populations. This was done using
data deposited in the Dryad Digital Repository (https://doi.org/
10.5061/dryad.nq67q; linkage-group multiple alignments under
the section ‘Phylogenetic inference and molecular dating’) to pro-
duce two new multiple alignments: selecting only the sites with
at least two different nucleotides (‘strict-ASC’; 5797 variable sites),
which allows using ascertainment bias models for inferences, and
selecting also the sites with at least one ambiguity (‘relaxed’;
19 556 variable sites). We used IQTREE 1.6.2 [44] to carry out auto-
matic substitution and partitioning model selection and to infer
maximum-likelihood trees using topological constraints in order
to test five different hypotheses: clustering by host-plant division
(‘division’, implies a single shift between conifers and flowering
plants), clustering by Timema species (‘species’, allow for multiple
shifts within species), clustering by Timema species and host-plant
division within Timema species (‘division within species’, allows a
single shift within each species), using the previous Bayesian infer-
ence from [25] (BEAST) and a maximum-likelihood tree inferred
with IQTREE for this study (‘free’, no topological constraint what-
soever). Then, we estimated site-wise log-likelihoods and
performed Shimodaira–Hasegawa (SH, [45]), weighted Shimo-
daira–Hasegawa (WSH, [45]) and approximately unbiased (AU,
[46]) tests using IQTREE and consel 1.20 [47].

Subsequently, we reconstructed ancestral states using the func-
tion rayDISC from the R package corHMM 1.24 [48] in R v. 3.4.4
[49]. This function allows estimates of transition rates and ancestral
states for multistate traits given a tree, allowing for polymorphism
on the tips (i.e. assigning equal likelihoods to several hosts for a
given population in our case), and recognizing both gains and
losses of host-plant genera. First, we estimated ancestral states
using the Bayesian maximum credibility tree from [25], coding
the hosts of each of the 57 geographical populations as conifer, flow-
ering plant or both, and estimating the root probability with the
method described in [50,51]. This allowed us to visualize ancestral
state marginal probabilities on the nodes of the tree (figure 3).

Additionally, however, we were interested in comparing the
transition rates between hosts in different genera or families

belonging to the same division (‘within’, i.e. conifer to conifer or
flowering plant to flowering plant) to those between different div-
isions (‘between’, i.e. conifer to flowering plant or vice versa).
Therefore, we used the host genera as states and fit five different
models (figure 4): (i) r1: all transitions forced to have the same
rate, (ii) r2: one rate from transitions between conifers
and flowering plants and vice versa, and another rate for tran-
sitions within conifers or within flowering plants; (iii) r3a: one
rate for transitions within either conifers or flowering plants,
one rate for transitions from conifer to flowering plant and another
rate for flowering plant to conifer; (iv) r3b: one rate for transitions
within conifers, one rate for transitions within flowering plants
and another rate for transitions between conifers and flowering
plants and vice versa; and (v) r4: one rate for transitions from con-
ifer to flowering plant, another rate for flowering plant to conifer,
another rate for transitions within conifers and another rate for
within flowering plants.

To assess the robustness of our results, we used five priors for
the root: sameprobability for all host genera (flat), root probabilities
weighted using estimated transition rates following [52] (yang) or
[50,51] (madd), same probability for all conifer host genera (con)
and same probability for all flowering plant genera (flo).

The results were similar in most of the cases, but we focus our
description of the results on the inferences using the method
of [50,51]. We ran the analyses on 1000 trees taken randomly
from the posterior distribution of time-calibrated trees (from [25])
to account for phylogenetic uncertainty. Rates and states were
estimated jointly (node.states = ‘joint’, state.recon = ‘estimate’),
because such an approach is less prone to getting stuck in local
optima [53]. However, most other studies commonly carry out
marginal reconstructions (i.e. rate inference followed by ancestral
states estimation), and we also did that here for comparative
purposes (node.states = ‘marginal’, state.recon = ‘subsequently’).

(b) Host preference trials
We carried out host preference experiments with 3492 individuals
from 70 populations (35 pre-determined population/species
pairs; see electronic supplementary material, table S2 for details
of species, populations, sample sizes, hosts tested, etc.). Tested indi-
viduals were captured with sweep nets and placed in plastic cups
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We first tested whether shifts between conifers and flowering
plants occurred multiple times. We used the reduced-represen-
tation sequence data from the 57 geographical populations
previously studied in [25] to infer phylogenetic relationships
among Timema species and populations. This was done using
data deposited in the Dryad Digital Repository (https://doi.org/
10.5061/dryad.nq67q; linkage-group multiple alignments under
the section ‘Phylogenetic inference and molecular dating’) to pro-
duce two new multiple alignments: selecting only the sites with
at least two different nucleotides (‘strict-ASC’; 5797 variable sites),
which allows using ascertainment bias models for inferences, and
selecting also the sites with at least one ambiguity (‘relaxed’;
19 556 variable sites). We used IQTREE 1.6.2 [44] to carry out auto-
matic substitution and partitioning model selection and to infer
maximum-likelihood trees using topological constraints in order
to test five different hypotheses: clustering by host-plant division
(‘division’, implies a single shift between conifers and flowering
plants), clustering by Timema species (‘species’, allow for multiple
shifts within species), clustering by Timema species and host-plant
division within Timema species (‘division within species’, allows a
single shift within each species), using the previous Bayesian infer-
ence from [25] (BEAST) and a maximum-likelihood tree inferred
with IQTREE for this study (‘free’, no topological constraint what-
soever). Then, we estimated site-wise log-likelihoods and
performed Shimodaira–Hasegawa (SH, [45]), weighted Shimo-
daira–Hasegawa (WSH, [45]) and approximately unbiased (AU,
[46]) tests using IQTREE and consel 1.20 [47].

Subsequently, we reconstructed ancestral states using the func-
tion rayDISC from the R package corHMM 1.24 [48] in R v. 3.4.4
[49]. This function allows estimates of transition rates and ancestral
states for multistate traits given a tree, allowing for polymorphism
on the tips (i.e. assigning equal likelihoods to several hosts for a
given population in our case), and recognizing both gains and
losses of host-plant genera. First, we estimated ancestral states
using the Bayesian maximum credibility tree from [25], coding
the hosts of each of the 57 geographical populations as conifer, flow-
ering plant or both, and estimating the root probability with the
method described in [50,51]. This allowed us to visualize ancestral
state marginal probabilities on the nodes of the tree (figure 3).

Additionally, however, we were interested in comparing the
transition rates between hosts in different genera or families

belonging to the same division (‘within’, i.e. conifer to conifer or
flowering plant to flowering plant) to those between different div-
isions (‘between’, i.e. conifer to flowering plant or vice versa).
Therefore, we used the host genera as states and fit five different
models (figure 4): (i) r1: all transitions forced to have the same
rate, (ii) r2: one rate from transitions between conifers
and flowering plants and vice versa, and another rate for tran-
sitions within conifers or within flowering plants; (iii) r3a: one
rate for transitions within either conifers or flowering plants,
one rate for transitions from conifer to flowering plant and another
rate for flowering plant to conifer; (iv) r3b: one rate for transitions
within conifers, one rate for transitions within flowering plants
and another rate for transitions between conifers and flowering
plants and vice versa; and (v) r4: one rate for transitions from con-
ifer to flowering plant, another rate for flowering plant to conifer,
another rate for transitions within conifers and another rate for
within flowering plants.

To assess the robustness of our results, we used five priors for
the root: sameprobability for all host genera (flat), root probabilities
weighted using estimated transition rates following [52] (yang) or
[50,51] (madd), same probability for all conifer host genera (con)
and same probability for all flowering plant genera (flo).

The results were similar in most of the cases, but we focus our
description of the results on the inferences using the method
of [50,51]. We ran the analyses on 1000 trees taken randomly
from the posterior distribution of time-calibrated trees (from [25])
to account for phylogenetic uncertainty. Rates and states were
estimated jointly (node.states = ‘joint’, state.recon = ‘estimate’),
because such an approach is less prone to getting stuck in local
optima [53]. However, most other studies commonly carry out
marginal reconstructions (i.e. rate inference followed by ancestral
states estimation), and we also did that here for comparative
purposes (node.states = ‘marginal’, state.recon = ‘subsequently’).

(b) Host preference trials
We carried out host preference experiments with 3492 individuals
from 70 populations (35 pre-determined population/species
pairs; see electronic supplementary material, table S2 for details
of species, populations, sample sizes, hosts tested, etc.). Tested indi-
viduals were captured with sweep nets and placed in plastic cups
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Figure 2. Timema species and populations, and host-plant use. (a) Timema species ranges (from [25]). (b) Host-plant species used by Timema populations used in
this study (conifers have blue labels, flowering plants have orange labels).
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We first tested whether shifts between conifers and flowering
plants occurred multiple times. We used the reduced-represen-
tation sequence data from the 57 geographical populations
previously studied in [25] to infer phylogenetic relationships
among Timema species and populations. This was done using
data deposited in the Dryad Digital Repository (https://doi.org/
10.5061/dryad.nq67q; linkage-group multiple alignments under
the section ‘Phylogenetic inference and molecular dating’) to pro-
duce two new multiple alignments: selecting only the sites with
at least two different nucleotides (‘strict-ASC’; 5797 variable sites),
which allows using ascertainment bias models for inferences, and
selecting also the sites with at least one ambiguity (‘relaxed’;
19 556 variable sites). We used IQTREE 1.6.2 [44] to carry out auto-
matic substitution and partitioning model selection and to infer
maximum-likelihood trees using topological constraints in order
to test five different hypotheses: clustering by host-plant division
(‘division’, implies a single shift between conifers and flowering
plants), clustering by Timema species (‘species’, allow for multiple
shifts within species), clustering by Timema species and host-plant
division within Timema species (‘division within species’, allows a
single shift within each species), using the previous Bayesian infer-
ence from [25] (BEAST) and a maximum-likelihood tree inferred
with IQTREE for this study (‘free’, no topological constraint what-
soever). Then, we estimated site-wise log-likelihoods and
performed Shimodaira–Hasegawa (SH, [45]), weighted Shimo-
daira–Hasegawa (WSH, [45]) and approximately unbiased (AU,
[46]) tests using IQTREE and consel 1.20 [47].

Subsequently, we reconstructed ancestral states using the func-
tion rayDISC from the R package corHMM 1.24 [48] in R v. 3.4.4
[49]. This function allows estimates of transition rates and ancestral
states for multistate traits given a tree, allowing for polymorphism
on the tips (i.e. assigning equal likelihoods to several hosts for a
given population in our case), and recognizing both gains and
losses of host-plant genera. First, we estimated ancestral states
using the Bayesian maximum credibility tree from [25], coding
the hosts of each of the 57 geographical populations as conifer, flow-
ering plant or both, and estimating the root probability with the
method described in [50,51]. This allowed us to visualize ancestral
state marginal probabilities on the nodes of the tree (figure 3).

Additionally, however, we were interested in comparing the
transition rates between hosts in different genera or families

belonging to the same division (‘within’, i.e. conifer to conifer or
flowering plant to flowering plant) to those between different div-
isions (‘between’, i.e. conifer to flowering plant or vice versa).
Therefore, we used the host genera as states and fit five different
models (figure 4): (i) r1: all transitions forced to have the same
rate, (ii) r2: one rate from transitions between conifers
and flowering plants and vice versa, and another rate for tran-
sitions within conifers or within flowering plants; (iii) r3a: one
rate for transitions within either conifers or flowering plants,
one rate for transitions from conifer to flowering plant and another
rate for flowering plant to conifer; (iv) r3b: one rate for transitions
within conifers, one rate for transitions within flowering plants
and another rate for transitions between conifers and flowering
plants and vice versa; and (v) r4: one rate for transitions from con-
ifer to flowering plant, another rate for flowering plant to conifer,
another rate for transitions within conifers and another rate for
within flowering plants.

To assess the robustness of our results, we used five priors for
the root: sameprobability for all host genera (flat), root probabilities
weighted using estimated transition rates following [52] (yang) or
[50,51] (madd), same probability for all conifer host genera (con)
and same probability for all flowering plant genera (flo).

The results were similar in most of the cases, but we focus our
description of the results on the inferences using the method
of [50,51]. We ran the analyses on 1000 trees taken randomly
from the posterior distribution of time-calibrated trees (from [25])
to account for phylogenetic uncertainty. Rates and states were
estimated jointly (node.states = ‘joint’, state.recon = ‘estimate’),
because such an approach is less prone to getting stuck in local
optima [53]. However, most other studies commonly carry out
marginal reconstructions (i.e. rate inference followed by ancestral
states estimation), and we also did that here for comparative
purposes (node.states = ‘marginal’, state.recon = ‘subsequently’).

(b) Host preference trials
We carried out host preference experiments with 3492 individuals
from 70 populations (35 pre-determined population/species
pairs; see electronic supplementary material, table S2 for details
of species, populations, sample sizes, hosts tested, etc.). Tested indi-
viduals were captured with sweep nets and placed in plastic cups
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Fig. 4. Complex patterns of natural
selection. (A) Associations between the
frequency of melanistic morphs and
yearly spring temperature. Positive
effects indicate increases in melanistic
frequency with increased temperature.
Significant effects are shown in red.
The left-most data point represents the
average effect across populations, and
the remaining points are for individual
populations. Among-population variation
is high, but all significant effects are
positive. (B) Morph-specific survival time
in thermoregulatory (i.e., heat tolerance)
laboratory experiments. (C) Genotype-
specific fitness in the within-generation
experiment on the host Adenostoma
(s/s is most fit). Shown are the posterior
probabilities from estimates of genotype-
specific fitness. (D) Genotype-specific
fitness in the natural population FHA
on Adenostoma (s/m is most fit). Shown
are the posterior probabilities from
estimates of genotype-specific fitness.

Fig. 5. Evidence for NFDS on pattern
and resulting stability in morph
frequency differences between
hosts. (A) Posterior probability
estimates of the selection coefficient
in each treatment. Positive values
on the x axis represent selection
favoring striped individuals.
(B) Changes in the frequency
of striped morphs in releases at
20% of the population and 80%
of the population during the course
of the experiment. (C) Posterior
probability distributions of change
in the frequency of striped morph
per treatment. (D) Yearly differences
between host plant species in
natural populations in the frequency
of striped morphs (lines denote
posterior medians and shaded
regions, given the 95% equal-tail
probability intervals).
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We first tested whether shifts between conifers and flowering
plants occurred multiple times. We used the reduced-represen-
tation sequence data from the 57 geographical populations
previously studied in [25] to infer phylogenetic relationships
among Timema species and populations. This was done using
data deposited in the Dryad Digital Repository (https://doi.org/
10.5061/dryad.nq67q; linkage-group multiple alignments under
the section ‘Phylogenetic inference and molecular dating’) to pro-
duce two new multiple alignments: selecting only the sites with
at least two different nucleotides (‘strict-ASC’; 5797 variable sites),
which allows using ascertainment bias models for inferences, and
selecting also the sites with at least one ambiguity (‘relaxed’;
19 556 variable sites). We used IQTREE 1.6.2 [44] to carry out auto-
matic substitution and partitioning model selection and to infer
maximum-likelihood trees using topological constraints in order
to test five different hypotheses: clustering by host-plant division
(‘division’, implies a single shift between conifers and flowering
plants), clustering by Timema species (‘species’, allow for multiple
shifts within species), clustering by Timema species and host-plant
division within Timema species (‘division within species’, allows a
single shift within each species), using the previous Bayesian infer-
ence from [25] (BEAST) and a maximum-likelihood tree inferred
with IQTREE for this study (‘free’, no topological constraint what-
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The results were similar in most of the cases, but we focus our
description of the results on the inferences using the method
of [50,51]. We ran the analyses on 1000 trees taken randomly
from the posterior distribution of time-calibrated trees (from [25])
to account for phylogenetic uncertainty. Rates and states were
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because such an approach is less prone to getting stuck in local
optima [53]. However, most other studies commonly carry out
marginal reconstructions (i.e. rate inference followed by ancestral
states estimation), and we also did that here for comparative
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the root: sameprobability for all host genera (flat), root probabilities
weighted using estimated transition rates following [52] (yang) or
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Simpson’s fossil-record inspired model of ‘adaptive zones’ proposes that evol-
ution is dominated by small fluctuations within adaptive zones, occasionally
punctuated by larger shifts between zones. This model can help explain why
the process of population divergence often results in weak or moderate repro-
ductive isolation (RI), rather than strong RI and distinct species. Applied to
the speciation process, the adaptive zones hypothesis makes two inter-related
predictions: (i) large shifts between zones are relatively rare, (ii) when large
shifts do occur they generate stronger RI than shifts within zones. Here, we
use ecological, phylogenetic and behavioural data to test these predictions
in Timema stick insects. We show that host use in Timema is dominated by
moderate shifts within the systematic divisions of flowering plants and coni-
fers, with only a few extreme shifts between these divisions. However, when
extreme shifts occur, they generate greater RI than do more moderate shifts.
Our results support the adaptive zones model, and suggest that the net con-
tribution of ecological shifts to diversification is dependent on both their
magnitude and frequency. We discuss the generality of our findings in the
light of emerging evidence from diverse taxa that the evolution of RI is not
always the only factor determining the origin of species diversity.

This article is part of the theme issue ‘Towards the completion of speciation:
the evolution of reproductive isolation beyond the first barriers’.

1. Introduction
A number of evolutionary models, such as Simpson’s adaptive zones model of
quantum evolution [1,2], propose that small evolutionary changes within adap-
tive zones (i.e. changes within a broad resource or habitat category, sensu [3,4])
are common, but that more extreme evolutionary change occurs rarely [5,6].
Most evidence for such models stems from deep macro-evolutionary timescales
and high taxonomic levels, such as orders or families [1,2,5]. Thus, the processes
and mechanisms generating these patterns are not well understood. For example,
the roles of random drift, fluctuating selection and macro-mutation (e.g. ‘hopeful
monsters’ [7]) in generating patterns consistent with these models remain unclear,
but must be resolved to understand whether and which micro-evolutionary
processes best explain broad-scale macro-evolutionary patterns.

Here, we specifically apply the adaptive zones model to the speciation pro-
cess, which often occurs by populations diverging into partially reproductively
isolated ecotypes or subspecies, and eventually into strongly reproductively iso-
lated species [8–15]. Such a differentiation process or ‘speciation continuum’

© 2020 The Author(s) Published by the Royal Society. All rights reserved.
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has been observed in fish [16–19], amphibians [20], birds [21],
plants [22] and insects [13,14,23–25]. However, it is often
unclear why populations differ in levels of reproductive
isolation (RI) [9–11,26]. How such differences affect the diver-
sification of a clade is then further complicated by the relative
frequencies with which different levels of RI are reached. The
adaptive zones hypothesis can be applied to explain this vari-
ation, making two inter-related predictions: (i) shifts between
zones are relatively rare and (ii) when large shifts between
zones do occur, they generate stronger RI than shifts within
zones (figure 1).

Note that even without invoking the adaptive zones
model per se, these predictions should hold; large ecological
shifts that generate strong RI may be rare. Moreover, although
we here test the adaptive zones model using discrete
categories of ecological divergence, similar logic could be
applied to continuous scenarios. Just as one may ask whether
shifts between more extreme categories generate more RI, one
could test whether more extreme quantitative shifts in ecol-
ogy (e.g. temperature, elevation, aridity) generate more RI.
For example, it has been shown that more extreme differen-
tiation in quantitative ecological variables is associated with
stronger RI across disparate plant and animal taxa, although
this work did not consider phylogenetic shifts per se [27,28].

Testing these predictions is challenging because it requires
integration ofmacro-evolutionary patterns, for example, at phy-
logenetic timescales,with data onmicro-evolutionary processes
and the evolution of RI.Most generally, such studiesmight help
connect broad diversification patterns (i.e. defined as the net
result of the speciation and extinction processes over time) to
micro-evolutionary processes. We provide such a study here
by integrating phylogenetically based inferences on rates of
host shifts for greater than 100 host-associated populations of
11 Timema stick insect species with experimental estimates of
host-plant preference. Because Timema feed, mate and spend
most of their lives on their hosts [29,30], host preferences are
likely to translate to premating isolation in nature. Thus, we
here use results from host preference experiments in the labora-
tory as a proxy for RI, with the understanding that future work
testingRI in nature iswarranted.Notably,Timema feed onavery
wide range of hosts [29,30], but the frequency of host shifts of
different magnitude over the approximately 30Myr old history
of this group has yet to be quantified [25].

We thus here study Timema taxa that use a wide range of
conifer (e.g. pine, cedar, redwood and fir) and flowering
plant (e.g. oak, roses andmanzanita) hosts (figure 2; electronic
supplementary material, table S1; a host-plant population is
defined as conspecific individuals collected from a common
host genus at a geographical locality). In this context, we con-
sider conifer and flowering plant hosts to represent different
adaptive zones and thus shifts between them to be large rela-
tive to those within plant divisions, based on: (i) the fact that
few insect species (or even sets of closely related species) use
both these plant divisions as hosts [31] and (ii) the deep phylo-
genetic divergence between these two divisions and their great
differences in chemistry, physical structure and evolutionary
dynamics [32–36].

We first used phylogenetic information and host-plant use
to infer the frequency of shifts between conifer and flowering
plant hosts [25], relative to shifts between hosts within each
division. An adaptive zones model would be supported by
host shifts overall being common, but those between conifers
and flowering plants being rare. Second, we tested for an
association between the magnitude of a host shift (i.e. within
or between plant divisions) and divergence in host preference,
a form of premating RI for insects such as Timema that mate on
their host plants [37–39]. Our results support the adaptive
zones model, and suggest that the net contribution of ecologi-
cal shifts to RI can depend on the shifts’ magnitude. When
larger shifts occur less often, their rarity increases waiting
times to speciation. Thus, our findings add to emerging evi-
dence that although the evolution of RI is a key component
of the speciation process, it may not always be the factor con-
trolling the frequency at which new lineages originate [40–42].

2. Material and methods
(a) Analysis of transition rates between hosts
Our sampling effort covered regions where Timema have been sys-
tematically studied over the last two decades [25,43], and searches
were done of the known common hosts of each species. Missing
host taxa would be problematic for our study only if this sampling
was not random (i.e. systematically missing populations on coni-
fers), which is unlikely. Details of the populations studied here are
contained in [25] and in electronic supplementarymaterial, table S1.
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peak shifts and species formation
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Figure 1. Ecological shifts and the process of speciation. A schematic depiction of how large peak shifts between flowering plant and conifer hosts, although
relatively rare, generate greater RI than more moderate host shifts among flowering plant families.
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has been observed in fish [16–19], amphibians [20], birds [21],
plants [22] and insects [13,14,23–25]. However, it is often
unclear why populations differ in levels of reproductive
isolation (RI) [9–11,26]. How such differences affect the diver-
sification of a clade is then further complicated by the relative
frequencies with which different levels of RI are reached. The
adaptive zones hypothesis can be applied to explain this vari-
ation, making two inter-related predictions: (i) shifts between
zones are relatively rare and (ii) when large shifts between
zones do occur, they generate stronger RI than shifts within
zones (figure 1).

Note that even without invoking the adaptive zones
model per se, these predictions should hold; large ecological
shifts that generate strong RI may be rare. Moreover, although
we here test the adaptive zones model using discrete
categories of ecological divergence, similar logic could be
applied to continuous scenarios. Just as one may ask whether
shifts between more extreme categories generate more RI, one
could test whether more extreme quantitative shifts in ecol-
ogy (e.g. temperature, elevation, aridity) generate more RI.
For example, it has been shown that more extreme differen-
tiation in quantitative ecological variables is associated with
stronger RI across disparate plant and animal taxa, although
this work did not consider phylogenetic shifts per se [27,28].

Testing these predictions is challenging because it requires
integration ofmacro-evolutionary patterns, for example, at phy-
logenetic timescales,with data onmicro-evolutionary processes
and the evolution of RI.Most generally, such studiesmight help
connect broad diversification patterns (i.e. defined as the net
result of the speciation and extinction processes over time) to
micro-evolutionary processes. We provide such a study here
by integrating phylogenetically based inferences on rates of
host shifts for greater than 100 host-associated populations of
11 Timema stick insect species with experimental estimates of
host-plant preference. Because Timema feed, mate and spend
most of their lives on their hosts [29,30], host preferences are
likely to translate to premating isolation in nature. Thus, we
here use results from host preference experiments in the labora-
tory as a proxy for RI, with the understanding that future work
testingRI in nature iswarranted.Notably,Timema feed onavery
wide range of hosts [29,30], but the frequency of host shifts of
different magnitude over the approximately 30Myr old history
of this group has yet to be quantified [25].

We thus here study Timema taxa that use a wide range of
conifer (e.g. pine, cedar, redwood and fir) and flowering
plant (e.g. oak, roses andmanzanita) hosts (figure 2; electronic
supplementary material, table S1; a host-plant population is
defined as conspecific individuals collected from a common
host genus at a geographical locality). In this context, we con-
sider conifer and flowering plant hosts to represent different
adaptive zones and thus shifts between them to be large rela-
tive to those within plant divisions, based on: (i) the fact that
few insect species (or even sets of closely related species) use
both these plant divisions as hosts [31] and (ii) the deep phylo-
genetic divergence between these two divisions and their great
differences in chemistry, physical structure and evolutionary
dynamics [32–36].

We first used phylogenetic information and host-plant use
to infer the frequency of shifts between conifer and flowering
plant hosts [25], relative to shifts between hosts within each
division. An adaptive zones model would be supported by
host shifts overall being common, but those between conifers
and flowering plants being rare. Second, we tested for an
association between the magnitude of a host shift (i.e. within
or between plant divisions) and divergence in host preference,
a form of premating RI for insects such as Timema that mate on
their host plants [37–39]. Our results support the adaptive
zones model, and suggest that the net contribution of ecologi-
cal shifts to RI can depend on the shifts’ magnitude. When
larger shifts occur less often, their rarity increases waiting
times to speciation. Thus, our findings add to emerging evi-
dence that although the evolution of RI is a key component
of the speciation process, it may not always be the factor con-
trolling the frequency at which new lineages originate [40–42].

2. Material and methods
(a) Analysis of transition rates between hosts
Our sampling effort covered regions where Timema have been sys-
tematically studied over the last two decades [25,43], and searches
were done of the known common hosts of each species. Missing
host taxa would be problematic for our study only if this sampling
was not random (i.e. systematically missing populations on coni-
fers), which is unlikely. Details of the populations studied here are
contained in [25] and in electronic supplementarymaterial, table S1.
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containing cuttings of two plant species: (i) the plant species that
individual was collected on (native host) and (ii) a different plant
species, usually the plant species used by the alternate pairedpopu-
lation (alternative host). In the morning, the plant species that each
individual was found to be resting on after overnight incubation
was recorded as the preferred plant species. Each individual was
used only once and trials where individuals did not choose a host
were excluded from analysis. We quantified host preference differ-
ences between paired populations using different host plants in
nature (electronic supplementary material, table S2).

(c) Host preference differentiation as a function of
host-plant use

The goal was to test if population pairs on more phylogenetically
distant hosts (i.e. conifers versus flowering plants) exhibited
greater divergence in host preferences than those using more
similar hosts. The pairs were chosen primarily to represent a
range of divergence in host-plant use, including pairs using the
same genus, different genera in the same plant division and
different plant divisions. In addition, the taxa compared were

generally not distantly related to one another, encompassing
also the practical component of access to taxon pairs across dis-
parate parts of the widespread species ranges. Accordingly, 24
pairs were analysed (the remainder used the same host, and
were thus not relevant here, but were used for tests of phyloge-
netic conservatism using individual populations described
below). These pairs represented both those where one population
used a conifer host and one used a flowering plant host (n = 8
pairs, mean number of individuals tested per population = 37)
and those using two different flowering plants hosts (n = 16
pairs, mean number of individuals tested per population = 46).

The mean preference for individual populations was calcu-
lated as the proportion of trials that one of the offered hosts
was chosen, a value that ranges from zero (focal host never
chosen) to one (focal host always chosen). We then calculated
host preference divergence between pairs as the absolute differ-
ence in the mean preference between pairs, a value that also
ranges from zero (identical preferences of the two populations)
to one (completely divergent preferences between the two popu-
lations, i.e. 100% preference divergence). Note that this value of
host preference divergence is identical when either of the two
offered hosts is used to calculate the mean preference for
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also the practical component of access to taxon pairs across dis-
parate parts of the widespread species ranges. Accordingly, 24
pairs were analysed (the remainder used the same host, and
were thus not relevant here, but were used for tests of phyloge-
netic conservatism using individual populations described
below). These pairs represented both those where one population
used a conifer host and one used a flowering plant host (n = 8
pairs, mean number of individuals tested per population = 37)
and those using two different flowering plants hosts (n = 16
pairs, mean number of individuals tested per population = 46).

The mean preference for individual populations was calcu-
lated as the proportion of trials that one of the offered hosts
was chosen, a value that ranges from zero (focal host never
chosen) to one (focal host always chosen). We then calculated
host preference divergence between pairs as the absolute differ-
ence in the mean preference between pairs, a value that also
ranges from zero (identical preferences of the two populations)
to one (completely divergent preferences between the two popu-
lations, i.e. 100% preference divergence). Note that this value of
host preference divergence is identical when either of the two
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individual was collected on (native host) and (ii) a different plant
species, usually the plant species used by the alternate pairedpopu-
lation (alternative host). In the morning, the plant species that each
individual was found to be resting on after overnight incubation
was recorded as the preferred plant species. Each individual was
used only once and trials where individuals did not choose a host
were excluded from analysis. We quantified host preference differ-
ences between paired populations using different host plants in
nature (electronic supplementary material, table S2).

(c) Host preference differentiation as a function of
host-plant use

The goal was to test if population pairs on more phylogenetically
distant hosts (i.e. conifers versus flowering plants) exhibited
greater divergence in host preferences than those using more
similar hosts. The pairs were chosen primarily to represent a
range of divergence in host-plant use, including pairs using the
same genus, different genera in the same plant division and
different plant divisions. In addition, the taxa compared were

generally not distantly related to one another, encompassing
also the practical component of access to taxon pairs across dis-
parate parts of the widespread species ranges. Accordingly, 24
pairs were analysed (the remainder used the same host, and
were thus not relevant here, but were used for tests of phyloge-
netic conservatism using individual populations described
below). These pairs represented both those where one population
used a conifer host and one used a flowering plant host (n = 8
pairs, mean number of individuals tested per population = 37)
and those using two different flowering plants hosts (n = 16
pairs, mean number of individuals tested per population = 46).

The mean preference for individual populations was calcu-
lated as the proportion of trials that one of the offered hosts
was chosen, a value that ranges from zero (focal host never
chosen) to one (focal host always chosen). We then calculated
host preference divergence between pairs as the absolute differ-
ence in the mean preference between pairs, a value that also
ranges from zero (identical preferences of the two populations)
to one (completely divergent preferences between the two popu-
lations, i.e. 100% preference divergence). Note that this value of
host preference divergence is identical when either of the two
offered hosts is used to calculate the mean preference for
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multiple populations represented one tip always resulted in a
K smaller than 0.2. Furthermore, only 7 out of 1000 permu-
tations yielded a p-value lower than 0.05, all being non-
significant after correction for multiple comparisons.

4. Discussion
We use ecological and behavioural data in a phylogenetic
comparative framework to test general predictions about
adaptive zones and the speciation process. Although
Timema stick insects use a wide breadth of host plants, we
found that host use is dominated by moderate shifts between
families within flowering plants or conifers, with only a few
extreme shifts between these plant divisions. When extreme
shifts do occur, however, they likely generate greater premat-
ing isolation (via host preference) than do moderate shifts
(figure 1). These results are consistent with the adaptive
zones model and suggest that the net contribution of ecologi-
cal shifts to diversification can reflect a balance between their
magnitude and frequency.

As in many correlational or comparative studies, which
abound in evolutionary biology, causation is difficult to defini-
tively infer. Thus, it is possible that host preference itself affects
the frequency of extreme shifts. However, we consider it more
likely that preference evolution is a consequence (rather than
cause) of extreme shifts because: (i) host preferences are generally
quite modest in absolute terms such that they are unlikely to
strongly constrain host shifts (figure 6; electronic supplementary
material, table S2) and (ii) they appear evolutionarily labile, with
no evidence for phylogenetic conservatism. Belowwediscuss the
causesofobservedpatternsofhost shift, the completionof specia-
tionandlimits todiversification (i.e. thenet resultof thespeciation
and extinction processes over time). Future work could usefully
consider whether this pattern applies to other forms of RI.

(a) Causes of observed patterns of host shift
We have shown that several large ecological shifts between
conifers and flowering plants have occurred during the diversi-
fication of Timema, although their frequency ismuch lower than

shiftswithin thedivisions. There are at least two core factors that
could limit the frequency of shifts between evolutionary distant
host plants. First, there could be inherent adaptive constraints,
as highly different host plants are likely to constitute distant
adaptive peaks. For example, specialization can involve trade-
offs resulting in metabolic constraints, in turn making shifts to
new hostsmore difficult [31,57]. Performance experiments indi-
cate that this is not strongly the case in Timema in terms of the
physiological ability to digest new hosts [30], but the existence
of trade-offs associated with crypsis and predation is likely
[58,59].

Second, the geographical distribution of the plants can put
constraints on the colonization of new hosts. Opportunities to
shift between conifers and flowering plants may have been
ample for Timema, as both kinds of host plants are found com-
monly intermixed throughout California currently, and were
so during most of the Timema diversification history [60,61].
Nonetheless, this geographical overlap has not been formally
quantified for the populations studied here. Further work is
thus required to quantify the contribution of inherent biologi-
cal constraints versus the geographical arrangement of plants
on the host shifts, but either way shifts between divisions
are rare. Future insights on the role of syntopy of host plants
would need to consider their past distributions over long
time periods, and at a fine geographical scale. One methodo-
logical consideration is that most Timema species not
included in our analysis feed on conifers (i.e. those outside
of California) [29,62–64]. If most of these constitute a sister
group to Californian species, our results would hold valid,
but could be limited to the Californian lineage.

Interestingly, when each plant division is considered, tran-
sition rates between conifers were higher than rates between
flowering plants. Gymnosperms are known to have lower mor-
phological and chemical diversity than angiosperms, as well as
lowermorphological andgenomic evolutionary rates [31,65,66].
This could translate into different conifers representing rela-
tively closer adaptive peaks when compared with flowering
plants, thus making shifts between them easier. In addition,
mixed conifer forests are common in California, but tend to be
restricted to particular altitudinal bands and separated in geo-
graphical space [66–68], which may have favoured repeated
parallel shifts between conifers. Lastly, we cannot discard a
potential effect derived from our choice of taxonomic level
(i.e. genus). For example, for most of the conifer genera that
Timema use, the use is restricted to a single species, whereas
for flowering plant genera, there are usually several species
per genus used [30,62]. This could result in reduced transition
rates within flowering plants. In other words, our conclusions
hold well for transition rates between genera, but further
work on transitions between species is warranted.

(b) Evolution of host preferences, premating isolation
and completing speciation

Studies of T. cristinae have shown that host preferences are
likely partially heritable, with ‘hybrids’ between host-plant
ecotypes exhibiting preferences intermediate between the par-
ental forms [69–71]. However, further work is required to
determine the relative contribution of genetic versus induced
environmental factors to this form of RI during the diversifica-
tion of Timema, and to RI in general across taxa. Induced
effects on RI have been reported for imprinting of song in
birds [72], cultural differences among killer whale ecotypes
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Figure 6. Behavioural host preference experiments. Shown is the mean diver-
gence in host preference (±2 s.e.) between population pairs differing in the
degree to which their hosts differ.
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multiple populations represented one tip always resulted in a
K smaller than 0.2. Furthermore, only 7 out of 1000 permu-
tations yielded a p-value lower than 0.05, all being non-
significant after correction for multiple comparisons.

4. Discussion
We use ecological and behavioural data in a phylogenetic
comparative framework to test general predictions about
adaptive zones and the speciation process. Although
Timema stick insects use a wide breadth of host plants, we
found that host use is dominated by moderate shifts between
families within flowering plants or conifers, with only a few
extreme shifts between these plant divisions. When extreme
shifts do occur, however, they likely generate greater premat-
ing isolation (via host preference) than do moderate shifts
(figure 1). These results are consistent with the adaptive
zones model and suggest that the net contribution of ecologi-
cal shifts to diversification can reflect a balance between their
magnitude and frequency.

As in many correlational or comparative studies, which
abound in evolutionary biology, causation is difficult to defini-
tively infer. Thus, it is possible that host preference itself affects
the frequency of extreme shifts. However, we consider it more
likely that preference evolution is a consequence (rather than
cause) of extreme shifts because: (i) host preferences are generally
quite modest in absolute terms such that they are unlikely to
strongly constrain host shifts (figure 6; electronic supplementary
material, table S2) and (ii) they appear evolutionarily labile, with
no evidence for phylogenetic conservatism. Belowwediscuss the
causesofobservedpatternsofhost shift, the completionof specia-
tionandlimits todiversification (i.e. thenet resultof thespeciation
and extinction processes over time). Future work could usefully
consider whether this pattern applies to other forms of RI.

(a) Causes of observed patterns of host shift
We have shown that several large ecological shifts between
conifers and flowering plants have occurred during the diversi-
fication of Timema, although their frequency ismuch lower than

shiftswithin thedivisions. There are at least two core factors that
could limit the frequency of shifts between evolutionary distant
host plants. First, there could be inherent adaptive constraints,
as highly different host plants are likely to constitute distant
adaptive peaks. For example, specialization can involve trade-
offs resulting in metabolic constraints, in turn making shifts to
new hostsmore difficult [31,57]. Performance experiments indi-
cate that this is not strongly the case in Timema in terms of the
physiological ability to digest new hosts [30], but the existence
of trade-offs associated with crypsis and predation is likely
[58,59].

Second, the geographical distribution of the plants can put
constraints on the colonization of new hosts. Opportunities to
shift between conifers and flowering plants may have been
ample for Timema, as both kinds of host plants are found com-
monly intermixed throughout California currently, and were
so during most of the Timema diversification history [60,61].
Nonetheless, this geographical overlap has not been formally
quantified for the populations studied here. Further work is
thus required to quantify the contribution of inherent biologi-
cal constraints versus the geographical arrangement of plants
on the host shifts, but either way shifts between divisions
are rare. Future insights on the role of syntopy of host plants
would need to consider their past distributions over long
time periods, and at a fine geographical scale. One methodo-
logical consideration is that most Timema species not
included in our analysis feed on conifers (i.e. those outside
of California) [29,62–64]. If most of these constitute a sister
group to Californian species, our results would hold valid,
but could be limited to the Californian lineage.

Interestingly, when each plant division is considered, tran-
sition rates between conifers were higher than rates between
flowering plants. Gymnosperms are known to have lower mor-
phological and chemical diversity than angiosperms, as well as
lowermorphological andgenomic evolutionary rates [31,65,66].
This could translate into different conifers representing rela-
tively closer adaptive peaks when compared with flowering
plants, thus making shifts between them easier. In addition,
mixed conifer forests are common in California, but tend to be
restricted to particular altitudinal bands and separated in geo-
graphical space [66–68], which may have favoured repeated
parallel shifts between conifers. Lastly, we cannot discard a
potential effect derived from our choice of taxonomic level
(i.e. genus). For example, for most of the conifer genera that
Timema use, the use is restricted to a single species, whereas
for flowering plant genera, there are usually several species
per genus used [30,62]. This could result in reduced transition
rates within flowering plants. In other words, our conclusions
hold well for transition rates between genera, but further
work on transitions between species is warranted.

(b) Evolution of host preferences, premating isolation
and completing speciation

Studies of T. cristinae have shown that host preferences are
likely partially heritable, with ‘hybrids’ between host-plant
ecotypes exhibiting preferences intermediate between the par-
ental forms [69–71]. However, further work is required to
determine the relative contribution of genetic versus induced
environmental factors to this form of RI during the diversifica-
tion of Timema, and to RI in general across taxa. Induced
effects on RI have been reported for imprinting of song in
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multiple populations represented one tip always resulted in a
K smaller than 0.2. Furthermore, only 7 out of 1000 permu-
tations yielded a p-value lower than 0.05, all being non-
significant after correction for multiple comparisons.

4. Discussion
We use ecological and behavioural data in a phylogenetic
comparative framework to test general predictions about
adaptive zones and the speciation process. Although
Timema stick insects use a wide breadth of host plants, we
found that host use is dominated by moderate shifts between
families within flowering plants or conifers, with only a few
extreme shifts between these plant divisions. When extreme
shifts do occur, however, they likely generate greater premat-
ing isolation (via host preference) than do moderate shifts
(figure 1). These results are consistent with the adaptive
zones model and suggest that the net contribution of ecologi-
cal shifts to diversification can reflect a balance between their
magnitude and frequency.

As in many correlational or comparative studies, which
abound in evolutionary biology, causation is difficult to defini-
tively infer. Thus, it is possible that host preference itself affects
the frequency of extreme shifts. However, we consider it more
likely that preference evolution is a consequence (rather than
cause) of extreme shifts because: (i) host preferences are generally
quite modest in absolute terms such that they are unlikely to
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material, table S2) and (ii) they appear evolutionarily labile, with
no evidence for phylogenetic conservatism. Belowwediscuss the
causesofobservedpatternsofhost shift, the completionof specia-
tionandlimits todiversification (i.e. thenet resultof thespeciation
and extinction processes over time). Future work could usefully
consider whether this pattern applies to other forms of RI.

(a) Causes of observed patterns of host shift
We have shown that several large ecological shifts between
conifers and flowering plants have occurred during the diversi-
fication of Timema, although their frequency ismuch lower than

shiftswithin thedivisions. There are at least two core factors that
could limit the frequency of shifts between evolutionary distant
host plants. First, there could be inherent adaptive constraints,
as highly different host plants are likely to constitute distant
adaptive peaks. For example, specialization can involve trade-
offs resulting in metabolic constraints, in turn making shifts to
new hostsmore difficult [31,57]. Performance experiments indi-
cate that this is not strongly the case in Timema in terms of the
physiological ability to digest new hosts [30], but the existence
of trade-offs associated with crypsis and predation is likely
[58,59].

Second, the geographical distribution of the plants can put
constraints on the colonization of new hosts. Opportunities to
shift between conifers and flowering plants may have been
ample for Timema, as both kinds of host plants are found com-
monly intermixed throughout California currently, and were
so during most of the Timema diversification history [60,61].
Nonetheless, this geographical overlap has not been formally
quantified for the populations studied here. Further work is
thus required to quantify the contribution of inherent biologi-
cal constraints versus the geographical arrangement of plants
on the host shifts, but either way shifts between divisions
are rare. Future insights on the role of syntopy of host plants
would need to consider their past distributions over long
time periods, and at a fine geographical scale. One methodo-
logical consideration is that most Timema species not
included in our analysis feed on conifers (i.e. those outside
of California) [29,62–64]. If most of these constitute a sister
group to Californian species, our results would hold valid,
but could be limited to the Californian lineage.

Interestingly, when each plant division is considered, tran-
sition rates between conifers were higher than rates between
flowering plants. Gymnosperms are known to have lower mor-
phological and chemical diversity than angiosperms, as well as
lowermorphological andgenomic evolutionary rates [31,65,66].
This could translate into different conifers representing rela-
tively closer adaptive peaks when compared with flowering
plants, thus making shifts between them easier. In addition,
mixed conifer forests are common in California, but tend to be
restricted to particular altitudinal bands and separated in geo-
graphical space [66–68], which may have favoured repeated
parallel shifts between conifers. Lastly, we cannot discard a
potential effect derived from our choice of taxonomic level
(i.e. genus). For example, for most of the conifer genera that
Timema use, the use is restricted to a single species, whereas
for flowering plant genera, there are usually several species
per genus used [30,62]. This could result in reduced transition
rates within flowering plants. In other words, our conclusions
hold well for transition rates between genera, but further
work on transitions between species is warranted.

(b) Evolution of host preferences, premating isolation
and completing speciation

Studies of T. cristinae have shown that host preferences are
likely partially heritable, with ‘hybrids’ between host-plant
ecotypes exhibiting preferences intermediate between the par-
ental forms [69–71]. However, further work is required to
determine the relative contribution of genetic versus induced
environmental factors to this form of RI during the diversifica-
tion of Timema, and to RI in general across taxa. Induced
effects on RI have been reported for imprinting of song in
birds [72], cultural differences among killer whale ecotypes
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Figure 6. Behavioural host preference experiments. Shown is the mean diver-
gence in host preference (±2 s.e.) between population pairs differing in the
degree to which their hosts differ.
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has been observed in fish [16–19], amphibians [20], birds [21],
plants [22] and insects [13,14,23–25]. However, it is often
unclear why populations differ in levels of reproductive
isolation (RI) [9–11,26]. How such differences affect the diver-
sification of a clade is then further complicated by the relative
frequencies with which different levels of RI are reached. The
adaptive zones hypothesis can be applied to explain this vari-
ation, making two inter-related predictions: (i) shifts between
zones are relatively rare and (ii) when large shifts between
zones do occur, they generate stronger RI than shifts within
zones (figure 1).

Note that even without invoking the adaptive zones
model per se, these predictions should hold; large ecological
shifts that generate strong RI may be rare. Moreover, although
we here test the adaptive zones model using discrete
categories of ecological divergence, similar logic could be
applied to continuous scenarios. Just as one may ask whether
shifts between more extreme categories generate more RI, one
could test whether more extreme quantitative shifts in ecol-
ogy (e.g. temperature, elevation, aridity) generate more RI.
For example, it has been shown that more extreme differen-
tiation in quantitative ecological variables is associated with
stronger RI across disparate plant and animal taxa, although
this work did not consider phylogenetic shifts per se [27,28].

Testing these predictions is challenging because it requires
integration ofmacro-evolutionary patterns, for example, at phy-
logenetic timescales,with data onmicro-evolutionary processes
and the evolution of RI.Most generally, such studiesmight help
connect broad diversification patterns (i.e. defined as the net
result of the speciation and extinction processes over time) to
micro-evolutionary processes. We provide such a study here
by integrating phylogenetically based inferences on rates of
host shifts for greater than 100 host-associated populations of
11 Timema stick insect species with experimental estimates of
host-plant preference. Because Timema feed, mate and spend
most of their lives on their hosts [29,30], host preferences are
likely to translate to premating isolation in nature. Thus, we
here use results from host preference experiments in the labora-
tory as a proxy for RI, with the understanding that future work
testingRI in nature iswarranted.Notably,Timema feed onavery
wide range of hosts [29,30], but the frequency of host shifts of
different magnitude over the approximately 30Myr old history
of this group has yet to be quantified [25].

We thus here study Timema taxa that use a wide range of
conifer (e.g. pine, cedar, redwood and fir) and flowering
plant (e.g. oak, roses andmanzanita) hosts (figure 2; electronic
supplementary material, table S1; a host-plant population is
defined as conspecific individuals collected from a common
host genus at a geographical locality). In this context, we con-
sider conifer and flowering plant hosts to represent different
adaptive zones and thus shifts between them to be large rela-
tive to those within plant divisions, based on: (i) the fact that
few insect species (or even sets of closely related species) use
both these plant divisions as hosts [31] and (ii) the deep phylo-
genetic divergence between these two divisions and their great
differences in chemistry, physical structure and evolutionary
dynamics [32–36].

We first used phylogenetic information and host-plant use
to infer the frequency of shifts between conifer and flowering
plant hosts [25], relative to shifts between hosts within each
division. An adaptive zones model would be supported by
host shifts overall being common, but those between conifers
and flowering plants being rare. Second, we tested for an
association between the magnitude of a host shift (i.e. within
or between plant divisions) and divergence in host preference,
a form of premating RI for insects such as Timema that mate on
their host plants [37–39]. Our results support the adaptive
zones model, and suggest that the net contribution of ecologi-
cal shifts to RI can depend on the shifts’ magnitude. When
larger shifts occur less often, their rarity increases waiting
times to speciation. Thus, our findings add to emerging evi-
dence that although the evolution of RI is a key component
of the speciation process, it may not always be the factor con-
trolling the frequency at which new lineages originate [40–42].

2. Material and methods
(a) Analysis of transition rates between hosts
Our sampling effort covered regions where Timema have been sys-
tematically studied over the last two decades [25,43], and searches
were done of the known common hosts of each species. Missing
host taxa would be problematic for our study only if this sampling
was not random (i.e. systematically missing populations on coni-
fers), which is unlikely. Details of the populations studied here are
contained in [25] and in electronic supplementarymaterial, table S1.
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Figure 1. Ecological shifts and the process of speciation. A schematic depiction of how large peak shifts between flowering plant and conifer hosts, although
relatively rare, generate greater RI than more moderate host shifts among flowering plant families.
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Genetic variation is the fuel for evolution 



Punchline:  

Rather than being a nuisance, complexity of process 
may provide resilience against the loss of genetic 

variation, modulating preference evolution
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“Even if it were possible to randomize the alleles at 
a single locus with respect to the rest of the genome 

… it would be a useless occupation.  

Genes in populations do not exist in random 
combinations with other genes. …  

context and interaction are not simply second-order 
effects [they are] … of the essence” 

  

Lewontin 1974, pp. 318




