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Abstract—Adaptive radiations such as the Darwin finches in the Galapagos or the cichlid fishes from the Eastern African
Great Lakes have been a constant source of inspiration for biologists and a stimulus for evolutionary thinking. A central
concept behind adaptive radiation is that of evolution by niche shifts, or ecological speciation. Evidence for adaptive
radiations generally requires a strong correlation between phenotypic traits and the environment. But adaptive traits are
often cryptic, hence making this phenotype-environment approach difficult to implement. Here we propose a procedure
for detecting adaptive radiation that focuses on species’ ecological niche comparisons. It evaluates whether past ecological
disparity in a group fits better a neutral Brownian motion model of ecological divergence or a niche shift model. We have
evaluated this approach on New Zealand rockcresses (Pachycladon) that recently radiated in the New Zealand Alps. We
show that the pattern of ecological divergence rejects the neutral model and is consistent with that of a niche shift model.
Our approach to detect adaptive radiation has the advantage over alternative approaches that it focuses on ecological
niches, a key concept behind adaptive radiation. It also provides a way to evaluate the importance of ecological speciation
in adaptive radiations and will have general application in evolutionary studies. In the case of Pachycladon, the high
estimated diversification rate, the distinctive ecological niches of species, and the evidence for ecological speciation suggest
aremarkable example of adaptive radiation. [Adaptive radiation; diversification rates; ecological niche modeling; ecological

speciation; niche shifts.].

Adaptive radiation is the evolution of ecological
diversity within a rapidly diversifying lineage (Schluter
2000). The theory at the origin of adaptive radiations
dates back to Darwin (Darwin 1859; Gavrilets and Losos
2009; Glor 2010), but it was largely Simpson (1953) who
developed it. Simpson believed that species radiations
occur by taking benefit of ecological opportunities (niche
shifts) and that unoccupied niches provide the raw
material for speciation. These ideas led to the concept of
ecological speciation (reviewed in Schluter 2000, 2001,
2009; Rundle and Nosil 2005), the process by which
species are formed via adaptation to environmental
conditions. Confirming adaptive radiation generally
involves demonstrating ecological speciation in a rapidly
diversifying group (Schluter 2000; but see Glor 2010),
a difficult task that requires detailed gene-up or
phenotype-down approaches (Schluter 2009). Another
difficulty is that ecological adaptations are often cryptic
and can take place at the physiological, cellular, or
molecular level (e.g., Dambroski et al. 2005; Verslues
and Juenger 2011). In such groups where the traits under
selection are unlikely to be easily identified, hypotheses
of adaptive radiation are less likely to be formulated.

Ecological speciation implies that a population adapts
to a novel habitat via natural selection on traits,
and that selection is responsible for reproductive
isolation. An expectation for species that evolved via
ecological speciation is that they should occupy distinct
ecological niches, in particular among sister species
or lineages. Although ecological divergence can also
occur between species that did not evolve by ecological

speciation, different patterns are expected for the two
scenarios. By definition, ecological speciation implies
that ecological divergence occurs during speciation
and that the process is not independent in sister
lineages. In contrast, with non-ecological speciation,
ecological divergence can occur at any time as a result
of evolutionary processes that could be independent in
different lineages.

Recent developments in the modeling of species’
ecological niches from observation data have greatly
facilitated species comparisons at the ecological level by
allowing researchers to quantify differences in niches
(e.g., Pearman et al. 2008; Elith and Leathwick 2009).
Differences in niches could be used to test hypotheses
of niche shift evolution in species radiations. A common
approach in evolutionary biology consists of evaluating
how well some data fit the predictions of an evolutionary
model. In the case of adaptive radiations or traits, the
Brownian motion model (Felsenstein 1985) has been
considered to be a good null model for hypothesis testing
(Harvey and Rambaut 2000; Freckleton and Harvey
2006; Davies et al. 2012). Specifically, adaptive radiation
models have been shown to be incompatible with a
Brownian model (Price 1997; Freckleton and Harvey
2006). The key features of the Brownian model that are
relevant in a context of adaptive radiation are that (i)
evolution is constant; (ii) evolution is independent in
different lineages (i.e., evolution in one lineage is not
influenced by that in other lineages); and (iii) there
is no selection. These three characteristics are clearly
incompatible with the concept of adaptive radiation
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(Schluter 2000), which makes the Brownian model a
good null model to test adaptive radiation hypotheses.
In the case of ecological speciation, an interesting
alternative model is a “niche shift” model where all
divergence occurs at speciation events, thus simulating
ecological speciation. This model, sometimes called a
punctuated or a speciation model, makes all branch
lengths equal and forces all modifications to occur at
speciation events (Pagel 1999). Although it is possible
to have some ecological divergence outside speciation
events in an adaptive radiation, this niche shift model
nevertheless represents an interesting alternative to the
Brownian model in a context of ecological speciation.

Building on these predictions of ecological niche
evolution within adaptive radiations, we suggest a novel
approach for identifying adaptive radiations based on
the following criteria: (i) the group should show high
species diversification rates; (ii) species should have
distinct and specific ecological niches; (iii) ecological
divergence among sister species/lineages should favor a
niche shift model of ecological divergence over a neutral
model. Although these criteria cannot provide definitive
evidence of ecological speciation, a group of organisms
that meet these three criteria should be seen as a very
good candidate for adaptive radiation.

The Southern Alpsin New Zealand, a recent mountain
range of circa 5 myr (Batt et al. 2000), provides a
natural laboratory for studying niche shifts hypotheses
and adaptive radiation. Indeed, its recent uplift has
resulted in new ecological niches that several plant and
animal groups have exploited in radiation and range
expansion (Chinn and Gemmell 2004; Winkworth et al.
2005; Heenan and McGlone 2013). The New Zealand
rockcresses (genus Pachycladon; Brassicaceae), which are
close relatives of the model species Arabidopsis thaliana,
is one such group that has radiated from 1 to 11 species
in the last million years following an allopolyploid
event (Joly et al. 2009a; Mandakova et al. 2010). Despite
the fact that the group is morphologically diverse
and that species have specialized on different types of
soils (Heenan and Mitchell 2003), there is no obvious
phenotypic adaptation that could categorize the group
as an adaptive radiation (Voelckel et al. 2008, 2012). We
thus test the three criteria mentioned above to determine
whether Pachycladon shows evidence of past speciation
by niche shifts.

MATERIALS AND METHODS

Fifty-two individuals from all 11 Pachycladon species
were sampled for molecular studies (Supplementary
Table S1; supplementary and on-line only material
can be found in the Dryad data repository with
http:/ /dx.doi.org/10.5061/dryad.h97pk). Individuals
were sequenced for 10 single-copy nuclear genes;
DNA extraction, PCR, cloning, and sequencing were
performed as in Joly et al. (2009a) and the list of
the genes, primers, and PCR conditions are given
in Supplementary Table S2. DNA sequences (see

Supplementary Table S1 for GenBank accession
numbers) were aligned with Muscle (Edgar 2004) and
alignments were edited manually when necessary.
There was no evidence of recombination in the data sets
(P>0.314 after Holm Sidak correction) according to the
PHI test (Bruen et al. 2006) as implemented in SplitsTree
(Huson and Bryant 2006) and so data sets were used
without further modifications.

Genetic Species Delimitation

To test for genetic species cohesiveness, an individual
distance matrix was estimated from allelic Hamming
distances from all genes using POFAD (Joly and Bruneau
2006). Allelic distances were standardized to give equal
weight to all genes and distances were corrected using
a Jukes and Cantor (Jukes and Cantor 1969) model.
The distance matrix of individuals was visualized using
NeighborNet (Bryant and Moulton 2004) in SplitsTree4.
Species boundaries were also estimated using the
Bayesian BP&P software (Yang and Rannala 2010).
The MCMC chain was run under the two algorithms
and different priors: algorithm 0 was run with e=5
or £e=10, and algorithm 1 was run with parameters
a=2 and m=1 or with a=1 and m=0.5. A gamma
(2,1000) prior was used for 6 and t, and the fine-tuning
parameters GBtj, GBspr, theta, tau, mix, locusrate, seqerr
were, respectively, set to 0.5, 0.00010, 0.0011, 0.00026,
0.1, 0.01, 0.01, and 0.01. The chain was sampled every
10 generations and 5000 samples were collected after
discarding a burnin of 1000 samples.

Species Tree Analyses

To select the best-fitting nucleotide model for each
gene, we first reconstructed a maximume-likelihood
phylogeny using Garli (Zwickl 2006) with the GTR + " +1
model. The phylogeny was then used in ModelTest 3.7
(Posada and Crandall 1998) to select the best-fitting
model according to the Akaike Information Criterion
(AIC). The species phylogeny was reconstructed using
*BEAST (Heled and Drummond 2010), using a birth—
death tree prior and the best-fitting nucleotide model
for each marker. The population size parameter was
given a gamma (2,0.0005) prior. A relaxed lognormal
clock (gamma (2,1) prior) was favored over a strict clock
according to a Bayes Factor analysis (Suchard et al.
2001) performed in Tracer (Rambaut and Drummond
2009) (logip BF > 5; see Kass and Raftery (1995) for
interpretation), whereas the piecewise linear population
size model was rejected in favor of the simpler constant
population size model (logjg BF < 0.5).

Because sequences for some genes were not always
obtained for a given species, dummy sequences
consisting of “N” had to be included in the analysis.
Although this should not affect the result of the
species tree search in a likelihood framework, there
might nevertheless be a convergence issue when several
dummy sequences are included. To address this, we
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estimated the species tree with all species that had
sequences for all genes as well as with different
combination of species that had missing information.
All tree searches resulted in congruent phylogenies,
suggesting that the inclusion of dummy sequences did
not affect tree inference. The xml file used for the analyses
is available as supplementary material.

Three independent MCMC chains were run for 1 x

10® generations and sampled every 1 x 10* generations.
Chain convergence was confirmed with Tracer (Rambaut
and Drummond 2009) and by comparing the tree
topologies and branch support between runs. The
three independent runs were combined for downstream
analyses after removing the first 2000 trees as burnin.

Evidence of hybridization in the data sets was tested
by posterior predictive checking (Joly et al. 2009b) using
JML (Joly 2012). A single sequence from a single locus
showed evidence of introgression over all data sets
(P <0.001) and was removed from the analyses.

Diversification Rate Analysis

The rate-constant diversification rate per lineage was
estimated by maximum likelihood (Rabosky 2013) using
the laser package (Rabosky 2013) in R (R Development
Core Team 2009) on 2000 species trees sampled according
to their posterior probabilities, fixing the crown age
for Pachycladon to 0.82 myr (Joly et al. 2009a). This age
estimate was obtained using a synonymous substitution
estimate obtained from 256 genes (Blanc et al. 2003) and
calibrated using independent fossil-calibrated estimates
of divergence between Arabidopsis and Brassica (Yang
et al. 1999; Koch et al. 2001); see Joly et al. (2009a) for
further details. Birth-death and pure birth models were
compared with the AIC to select the best-fitting model.
Parametric bootstrapping (Boettiger et al. 2012) was
performed to evaluate if there is sufficient information
in the data to estimate diversification rates.

Niche Modeling

Latitude and longitude information for niche
modeling was obtained for 368 specimens coming
from 6 herbaria (CHR, AK, OTA, RARE, WELT, and
CANU; Supplementary Table S3; Fig. 1a). Pachycladon
radicatum, the only species found outside New Zealand
(Tasmania, Australia), was excluded because of
lack of information. The geographic distribution of
Pachycladon species has been well represented in our
sampling. However, species with extremely restricted
distributions (Heenan and Mitchell 2003; Heenan 2009)
are only represented by a small number of accessions.
For the niche modeling, we considered the 19 bioclimatic
variables developed by Hijmans et al. (2005), as well
as geological layers obtained from the Land Resource
Information System (LRIS) from Landcare Research,
New Zealand: total carbon, cation exchange capacity,
maximum slope in quadrat, minimum slope in quadrat,
minimum pH, phosphate retention, and toprock type.

A
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@ P enysii
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-42°+ @ P fastigiatum
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FIGURE 1.
Zealand Pachycladon species (a) and NeighborNet network of inter-
organism distances computed from 10 single-copy nuclear genes with
the POFAD algorithm (b). Pachycladon radicatum (Tasmania, Australia)
is not shown.

Occurrence points used for niche modeling of all New

To avoid model over-parameterization, especially
given that some species have few data points, we
reduced the number of variables to a minimum. The
most significant variables according to the biology
of the species were retained. Correlated variables or
variables that were not contributing significantly to the
niche models were discarded. Six ecological variables
were retained for the niche modeling: annual mean
temperature, mean diurnal range, annual precipitation,
precipitation seasonality, maximum slope, and toprock
type (a categorical variable). Because six variables are
considerable for P. exile and P. fasciarium that have
only five occurrence points, the niche models for these
species were also performed with two variables (the
ones that contributed most in the six variables models,
see Results) to evaluate whether over-parameterization
affected our results and conclusions. Because of the
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abundance of toprock types in the LRIS classification
(28 for the North and South Islands), rock types were
classified according to the New Zealand Land Resource
Inventory categories for modeling purposes: surficial,
sedimentary/weakly indurated, sedimentary/strongly
indurated, igneous, and metamorphic. Landcare soil
and topology characteristics were rasterized according
to the same grid as the bioclim variables, that is using a
30 arc-second quadrat resolution.

Climatic niches were modeled from presence-only
data with MaxEnt (vers. 3.3.3: Phillips et al. 2006). All
occurrence points were used to build the niche models
used in our analyses. Pseudo-absences were sampled
from a restricted background to avoid model over-
fitting (Anderson and Raza 2010). This is important
in the present context as model over-fitting could
potentially exacerbate niche differences between species
(Anderson and Raza 2010). But the choice of an
appropriate background region for sampling pseudo-
absences is delicate. A too restricted background could
make it difficult to compare niche models among
species. Indeed, if a model is trained on a very narrow
ecological range, it could become difficult to compare
the model with that of other species that occur outside
the ecological range of the model (Elith et al. 2011). The
approach used to delimit the background region was
to take the union area of circles of radius of 80 km
around each occurrence (VanDerWall et al. 2009). Such
a radius falls in the most optimal range observed by
VanDerWall et al. (2009), but more importantly it reflects
the potential of the species to disperse. For instance, the
current range of P. enysii (400 km) and its age (60 ky;
see Results) predicts a minimum dispersal rate of 33 km
per 10,000 years. 1000 pseudo-absences were sampled
at random within this background region to train the
model. We then checked if the predictions over the
whole South Island were affected by a prediction outside
the ecological range of the model (“clamping”). Only
the P. fasciarium model was affected; for that species
background points were sampled from a square extent
delimited by the longitudes 170 and 174.5 and the
latitudes —46 and —41.5.

Model performance was evaluated by cross-
validation using the area under the receiving operating
characteristic curve (AUC). The AUC is expected to
vary from 0.5 for a model that performs no better than
random to 1.0 for perfect ability to predict presence
versus absence. However, the use of AUC for testing
ecological niche models obtained from presence-only
data has been criticized (e.g.,, Raes and ter Steege
2007; Hijmans et al. 2012; Jiménez-Valverde 2012), in
part because AUC values are strongly affected by the
extent of the background from which pseudo-absences
are drawn (VanDerWall et al. 2009; Hijmans et al.
2012). The models were thus also evaluated using the
adjusted AUC (adjAUC) that corrects for the spatial
sorting bias between testing presence and testing
absence points (Hijmans et al. 2012). These adjAUC are
then comparable between studies and null geographic
models get an expected value of 0.5 (Hijmans et al. 2012).

If adjAUC values are generally much smaller than the
standard AUC, at least it allows one to address whether
the models perform better than a null model. For
comparison purposes, the adjAUC were also estimated
on a null geographic model in which the probability
of occurrence is inversely proportional to the distance
from the occurrence points. This model was fitted with
the geoDist function in the dismo R package. Model
cross-validation (75% of occurrences were used for
training and 25% for testing) was performed from 10
independent random sampling of occurrence points
and mean values were reported. Model testing was
performed in R using the dismo package (Hijmans et al.
2012).

Niche Specificity

To test niche specificity, we estimated the logistic
probability of occurrence for all specimens and
evaluated the mean logistic prediction per species. We
also calculated the mean logistic prediction for 1000
random background occurrences sampled from within
a background region consisting in the union area of
circles of radius of 80 km around each occurrence of the
species corresponding to the model, which is assumed
to represent the noise level. The fit of a species relative
to the species for which the model was developed was
estimated using the formula

by
b=y

where oj; is the relative fit of species i on the niche model
of species j, 3;; is the mean logistic fit for individuals of
species i on the model of species j, and 8y; is the mean
logistic fit for random background points on the model
of species j. Although the statistic o;; can have values
below 0 (i.e., when the mean fit of the species is worse
than for background points) and above 1 (when the fit
of the model on a species is better than on the species
for which the model was developed), it is forced to fall
within the interval [0,1] by giving values below 0 and
above 1 values of 0 and 1, respectively. A value of 0 means
that the fit cannot be distinguished from random points
and a fit of 1 means a fit as good as that of the species for
which the model was developed.

Fitting Neutral and Niche Shift Models

To test whether ecological differences between species
fit a neutral (Brownian) or niche shift model, we used
disparity through time (dtt) plots (Harmon et al. 2003).
This method compares, from the root to the leaves of the
phylogeny, the amount of ecological disparity observed
within clades relative to that of the whole genus for
a set of characters. Ecological disparity, which could
also be called ecological diversity or variation, is a
variance-related measure that varies between 0 and 1
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and that estimates the ecological dispersion of points in
multivariate space (Ciampaglio et al. 2001; Harmon et al.
2003). Values near O at a specific time along the phylogeny
imply that there is little disparity within clades and
consequently most ecological variation is partitioned
between clades. dtt plots were estimated for 5000 trees
sampled from the posterior distribution of the species
tree search to account for phylogenetic uncertainty. A
new species tree search was performed for this analysis,
which was identical to the one described above except for
excluding the Tasmanian species P. radicatum for which
we did not have reliable information on its ecological
niche. Disparity was estimated from the average squared
Euclidean distance between taxa using the continuous
ecological variables used in the niche modeling. The
value per species for each ecological variable was the
median value of all occurrence points for a given species.
Each variable was standardized to give all variables the
same weight in the disparity estimates.

Observed dtt plots were compared with expected
distributions under a Brownian motion model and a
niche shift model. Distributions for these models were
obtained by simulating a new ecological data set of
five continuous variables using the covariance matrix
of the original data for each of the 5000 trees from the
posterior distribution. A single data set was simulated
per tree because we were interested in evaluating
the whole range of possible values and not just the
mean expectation (note that this is different from the
original description of dtt plots; see also Slater et al.
2010; Burbrink et al. 2012). Loess regression curves
were used to represent the mean expectations and
standard deviations for the observed and simulated
data. To further calculate if the observed disparity was
significantly greater than the disparity expected under
the models, we divided the time along the phylogeny
into 50 equal bins and tested significance for each bin
using a paired t-test with a P-value threshold of 0.001. dtt
calculations and Brownian and niche shift simulations
were performed using the geiger package (Harmon et al.
2008) in R.

Correlation between Ecological Distance and
Geographical Overlap

We tested the hypothesis that species with overlapping
distributions had more divergent ecological niches.
To obtain the geographical overlap between species,
we estimated the geographical distribution of each
species using a convex Hull approach using the R
package dismo (Hijmans et al. 2012). For P. cheesemanii,
P. fastigiatum, and P. enysii, the geographic distribution
was better estimated using three convex Hull areas,
whereas one area was appropriate for the other species
(Supplementary Fig. S1). Intersect polygons between all
pairs of species and areas of species distributions and of
overlapping regions were estimated using the R package
PBSmapping (Schnute et al. 2012). The proportion of
overlap between species was obtained by dividing the

area of the intersect polygon by the area of the species
with the smallest distribution. Consequently, two species
have an overlap of 1 if a species range is completely
enclosed in the other (Nakazato et al. 2010).

Niche overlap between species was estimated using
Warren’s 1 statistic (Warren et al. 2008) using the
R package phyloclim (Heibl 2013) from probability
surfaces of the niche models as obtained from MaxEnt.
Because our modeling approach aimed at minimizing
over-fitting, we do not think that our approach could
result in an underestimated niche overlap (Broennimann
et al. 2012). Moreover, such tendencies should not affect
the presence of a correlation, but only the absolute
value of niche overlap for a given pair of species. The
correlation between the ecological niche distance and
geographical overlap was tested by a Mantel test (999
permutations) with the vegan R package (Oksanen et al.
2012).

RESULTS

Species Delimitation

Prior to investigating the rate of diversification and
ecological niche separation, it is important to have
sound species boundaries. Although Pachycladon has
been extensively studied at the morphological level
(reviewed in Yogeeswaran et al. 2011), it is still unclear
whether morpho-species form genetically cohesive units
(Templeton 1989). To investigate species boundaries, we
used a visual network representation of genetic distances
as well as a Bayesian approach. The NeighborNet
network of the genetic distances between individuals
showed that individuals cluster by species and that
in most cases species are supported by strong splits
(Fig. 1b). Further, the network did not show important
intra-specific genetic structure suggestive of cryptic
species. We thus used the taxonomic species as input
in the Bayesian program BP&P, which calculates the
posterior probability of different species delimitations
using the multi-species coalescent (Yang and Rannala
2010). Multiple independent runs based on different
models and priors all supported the 11 species model
with posterior probability of 1.0; the lumping of species
did not receive any statistical support. Consequently,
we considered these 11 species to be independent
evolutionary lineages and to represent distinct species.

Diversification Rates

To test whether Pachycladon meets our criteria
for an adaptive radiation, we first estimated the
diversification rate (criterion a) for the genus. The
diversification rates were estimated on the *BEAST
phylogeny (Supplementary Fig. S2) using a birth and
death model, which had a smaller AIC score than a pure
birth model on the highest clade credibility tree. The
highest density value (Fig. 2) was 1.99 species per myr
for the lineage diversification rate (95% CI = 0.35-2.19)
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FIGURE 2. Estimation of the lineage diversification and extinction
rates (species per myr) according to a birth and death model on the
posterior distribution of species trees.

and 0.005 for the lineage extinction rate (95% CI = 0-
0.92). Not surprisingly, confidence intervals were quite
wide, which is expected for a data set with so few species.
Parametric bootstrapping confirmed this and further
showed that the uncertainty in parameter estimation
is caused by the joint estimation of diversification and
extinction rates (Supplementary Fig. S3). Indeed, when
the extinction rate was fixed at 0, there was enough
information to precisely estimate the diversification rates
(Supplementary Fig. S3).

Ecological Niche Modeling

The ecological niches of most species are relatively
narrow and are confined to the South Island of New
Zealand (Fig. 3). The exceptions are P. cheesemanii,
generally considered to be a generalist (Heenan and
Mitchell 2003), and P. fastigiatum and P. crenatus, which
have relatively large predicted niches in the Southern
Alps of the South Island (Fig. 3). Species models showed
a good performance overall with adjAUC demonstrating
a better performance than the null geographic models
(Table 1). The variable contributions in the models
suggest that all included variables were relatively

important in the niche model of at least one species, but
the most important variables overall were annual mean
temperature, mean diurnal range, annual precipitation,
and toprock composition (Table 1). The niche models of
P. exile and P. fasciarium trained with only two ecological
variables were very similar to the models with six
variables (Schoener’s D of 0.72 and 0.98 for P. fasciarium
and P. exile models, respectively) and substituting these
models in the downstream analyses had no effect on
the results and conclusions (data not shown). Only the
data obtained with the six variables models are thus
presented to facilitate the comparison among species.

We used the niche models to estimate niche specificity
(criterion b) by evaluating the fit of the occurrence of
each species on the models of the other species. Niche
models were specific, with very few exceptions (Fig. 4).
One exception is the P. cheesemanii model for which
several other species had a relatively good fit, again
supporting previous observations that this species is a
generalist (Heenan and Mitchell 2003). Interestingly, the
niche fitting heatmap is generally not symmetric. For
instance, if several species showed a relatively good fit for
the P. cheesemanii model (first column), the opposite is not
true and P. cheesemanii had a very bad fit for all species
niche models (first row). In some cases, the observed
patterns may be informative of speciation processes
such as between P. fastigiatum and P. stellatum, where
P. stellatum might be considered to be derived from
P. fastigiatum since its narrower—and distinct—niche
seem to be included in that of P. fastigiatum. Despite the
overall niche specificity, we observe that closely related
species tend to have more similar niches than distantly
related species (Fig. 4).

Ecological Disparity

The last criterion we tested is whether the ecological
differences, or disparity, show a pattern that would
support evolution by niche shifts (criterion c). To do
this, we compared the observed ecological disparity to
that expected under Brownian and niche shift models
using dtt plots (Harmon et al. 2003). We found that
the observed disparity was greater than that expected
under a neutral model throughout the phylogeny and
that it was significantly greater (P<0.001) for 98%
of the evolutionary history of the genus (Fig. 5a). In
contrast, the observed disparity clearly fell within one
standard deviation of the mean expected for a niche
shift model of evolution (Fig. 5b), and it was significant
over a much smaller fraction of the history of the group
(20%). Together, these results reject a neutral model of
ecological niche differentiation and support an evolution
by niche shifts for Pachycladon.

DiscussiION

Although the theory behind the concept of adaptive
radiations is sound and well developed (Schluter 2000),
categorizing species radiations as such is often less
obvious and sometimes relatively arbitrary (Glor 2010).
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TaBLE1.  Ecological niche model evaluation and variable contributions in the models.
Variable contribution

Null Annual Diurnal Annual Precipitation =~ Maximum  Toprock
Species AUC  adjAUC adjAUC?* temperature (%) range (%) precipitation (%) seasonality (%) slope (%)  type (%)
P. cheesemanii 0.85 0.70 0.51 7 39 23 1 17 13
P. crenatus 0.79 0.64 0.47 21 4 39 7 7 23
P. enysii 0.94 0.80 0.50 63 0 6 1 2 27
D exile 0.88°  0.90° 0.55 14 0 67 13 5 1
P. fasciarium 0.93b na“ na“ 3 24 28 4 33 9
P. fastigiatum 0.88 0.65 0.51 58 24 2 5 1 10
P. latisiliqguum 0.98 0.89 0.54 57 0 36 6 0 1
P. novae-zelandiae 0.95 0.85 0.53 80 2 1 10 1 7
P. stellatum 0.99°  0.64P 0.44 38 3 51 2 0 6
P. wallii 0.98 0.81 0.49 61 2 10 4 8 14

Notes: *adjAUC value obtained on a null geographic model; ®50% of the samples were used for testing for these species; “impossible to obtain
an adjAUC value due to the clumping of the samples.
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FIGURE 4. Niche model fitting (left) and standardized median values of the variables for the different species (right). The green heatmap

on the left shows the standardized fit of the species ecological niche models. The columns indicate the species niche model (with number of
samples used to train the models) and the rows the species on which each model was fitted. A dark green color indicates a fit equivalent to the
species that was used to train the model (hence the dark green diagonal), whereas a light color indicates a fit that is not different from random
points. The blue heatmap on the right shows the standardized median values per species for the different variables that were used to build the
ecological niche models. Species are sorted according to the *BEAST species phylogeny (to the left), where numbers represent clade posterior
probabilities. Toprock abbreviations: Meta = metamorphic, Surf = surficial, Ign = igneous, Sed = sedimentary /strongly indurated.

For instance, although we expect ecological speciation to
be preponderant in adaptive radiation, it is unlikely to
underlie all speciation events. Consequently, the relative
importance of ecological speciation in an adaptive
radiation remains unclear and has been subject to debate
(Glor 2010). Furthermore, species adaptation could be
cryptic and this complicates traditional approaches for
identifying instances of adaptive radiations that are
based on phenotype-environment associations (Schluter
2009). In order to offer an alternative to the traditional
criteria for identifying adaptive radiations, we propose
an approach that focuses on the ecological niche of
species. The main idea is that the observed pattern of
ecological divergence through time should have a better
fit to a niche shift model than to a neutral (Brownian)
model. Clearly, an approach based on the ecological
niche comparison can hardly confirm the presence of
ecological speciation, but if the observed pattern better
fits a niche shift than a Brownian model, it is likely that
ecological speciation has taken place in the group.

The New Zealand rockcresses (Pachycladon)
represented a good candidate to test the approach
because although it superficially looks like an adaptive
radiation with species living in very different habitats,
no clear key adaptations were known (but see Voelckel
et al. 2008, 2012 for potential cryptic adaptations).
Pachycladon also consists of a modest number of species,
a common feature of several adaptive radiations
(Freckleton and Harvey 2006) that, because of sample
size, poses a challenge in terms of power for detecting
non-neutral evolution.

Diversification rate estimation is a challenge for
groups with few species (Freckleton and Harvey
2006; O’Meara et al. 2006; Boettiger et al. 2012) and
Pachycladon is no exception. Nevertheless, the most
likely estimate points toward high diversification rates
for Pachycladon. These rates compare to that of the
highest rates observed among flowering plants (< 0.35
for angiosperm orders: Magallon and Sanderson 2001;
1.9-3.7 for the Lupinus radiation in the Andes: Hughes
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FIGURE 5.  dtt plots for the Pachycladon data (black lines) as well for
data simulated under (a) a Brownian (neutral) model and (b) a niche
shift model (simulated data shown as white line and gray shadow).
The thick lines represent the loess fitted regression model and the
shadow (for simulated data) and thin lines (for the Pachycladon data)
show the fitted standard deviation. The significance bar indicates, for
equally spaced bins along the time axis, if the observed disparity for the
Pachycladon data was significantly greater than that for the simulated
data (paired f-test; black indicates that P <0.001). The phylogeny (c)
of the genus is shown at the bottom as a reference, with the boxes
at the nodes representing the 95% Bayesian credible intervals for the
estimated node ages.

and Eastwood 2006), which is certainly consistent with
a species radiation hypothesis. We then showed that
apart from P. cheesemanii, which has a wide ecological
niche and is considered to be a generalist (Heenan
and Mitchell 2003), all other species have distinct and
relatively narrow ecological niches. Such levels of niche
specificity within a monophyletic group are remarkable.
But more importantly, results showed that the ecological
disparity within lineages in the history of the genus is
significantly greater than expected according to a neutral
model of evolution. In other words, closely related
species are more divergent ecologically than would
be expected if ecological divergence were occurring
constantly through time as result of an evolutionary
process that is independent among lineages. In contrast,
the observed pattern of ecological disparity is much
more similar to that expected with a niche shift model
in which all ecological divergence occurs at speciation
events. Together, these results provide good evidence
that Pachycladon represents an adaptive radiation.

We reiterate that we do not provide definitive evidence
of ecological speciation—more detailed studies are
required for this. Yet, the data are in agreement with
such a scenario. Ecological divergence could certainly
occur following reproductive isolation through gradual
selection and genetic drift due to geographic isolation
and environmental variation (Drummond et al. 2012).
However, in such cases ecological differences are
expected to accumulate randomly in different lineages
and atarelatively constantrate, a scenario rejected by our
analyses. Divergence could be promoted and accelerated
if species came into secondary contact with each other, as
might be expected during Pleistocene climate changes.
However, because relatively few species of Pachycladon
overlap in their current distributions (Fig. la and
Supplementary Fig. S1) and because several species have
very restricted distributions, it would be difficult to
attribute all niche shifts to secondary contacts. Moreover,
there is no significant positive correlation between the
distance in ecological niche and the geographic overlap
of species (Mantel statistic 1y =—0.366; P=0.975). Rare
interspecific hybrids (Yogeeswaran et al. 2011) and
evidence for introgression of adaptively significant gene
loci (Becker et al. 2013) have been found among some
Pachycladon accessions, but our analyses of neutral
independent gene loci reported here suggests that the
extent of introgression is not sufficient to break down
the genetic cohesiveness of species. Nevertheless, it is
impossible to completely discard a potential influence
of secondary contacts. Further studies are needed to
investigate in more detail what traits could have been
involved in speciation events and what role these
might have played in reproductive isolation. There are
certainly several good candidates for adaptive traits in
Pachycladon, including genes involved in glucosinolate
biosynthesis that are differentially expressed between
the high alpine P. enysii and the mid-alpine P. fastigiatum
(Voelckel et al. 2008).

The method proposed here that tests for evidence
of evolution by niche shifts have several advantages.
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It focuses on ecological niche comparisons instead of
phenotype-environment correlations and as such it is
useful for testing adaptive radiation in groups that do
nothave apparent key innovations. Another advantage is
thatitis directly aligned with Simpson’s view of adaptive
radiations. Moreover, by relying on evolutionary models,
it provides a statistical framework to test adaptive
radiation hypotheses and to investigate the power of
the data to test the hypothesis, a key component
in phylogenetic comparative studies (Boettiger et al.
2012). Perhaps more importantly, this approach has
the potential to help understand the role of ecological
speciation in adaptive radiations, a debated issue
(Glor 2010), but also in evolution in general. Indeed,
the increasing popularity for the concept of niche
conservatism (Ackerly 2003; Wiens 2004), which is the
tendency of niche-related ecological traits to remain
similar over time (Wiens et al. 2010), tend to minimize
the importance of ecological speciation in nature. The
present approach thus provides a framework to test
these ideas and reveal further organismal groups where
ecological evolution has been particularly exceptional.
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