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The assembly of regional biotas and organismal responses to
anthropogenic climate change both depend on the capacity of
organisms to adapt to novel ecological conditions. Here we demonstrate the concept of evolutionary lag time, the time between
when a climatic regime or habitat develops in a region and when it
is colonized by a given clade. We analyzed the time of colonization
of four clades (three plant genera and one lizard genus) into the
Atacama–Sechura Desert of South America, one of Earth’s driest
and oldest deserts. We reconstructed time-calibrated phylogenies
for each clade and analyzed the timing of shifts in climatic distributions and biogeography and compared these estimates to independent geological estimates of the time of origin of these
deserts. Chaetanthera and Malesherbia (plants) and Liolaemus
(animal) invaded arid regions of the Atacama–Sechura Desert in
the last 10 million years, some 20 million years after the initial
onset of aridity in the region. There are also major lag times
between when these clades colonized the region and when they
invaded arid habitats within the region (typically 4–14 million
years). Similarly, hyperarid climates developed ∼8 million years
ago, but the most diverse plant clade in these habitats (Nolana)
only colonized them ∼2 million years ago. Similar evolutionary lag
times may occur in other organisms and habitats, but these results are
important in suggesting that many lineages may require very long
time scales to adapt to modern desertiﬁcation and climatic change.

|

niche conservatism niche evolution
evolutionary biogeography

| biodiversity |

N

atural selection can be a rapid and powerful force and is
essential for allowing organisms to invade new habitats and
to persist during environmental change (1, 2). However, natural
selection is not without limits (e.g., ref. 3), and these limits may
have important implications. Many ecological and evolutionary
patterns are related to the inability of species to adapt to novel
climatic conditions (climatic niche conservatism), including patterns of biogeography, species richness, allopatric speciation, and
introduced species invasion (4–7). Despite initial niche conservatism, many clades eventually are able to colonize novel environments. Thus, niche conservatism may also be quantiﬁed based on
the length of time it takes to adapt to and invade novel ecological
conditions. However, little is known about the time scales required
for successful colonization in these cases.
Here, we focus on this “evolutionary lag time,” the time lag
between the emergence of novel environmental conditions in
a region and when that habitat is colonized by a given clade. We
illustrate this concept in the contiguous Atacama and Sechura
deserts of South America (Atacama–Sechura Desert hereafter).
This desert represents one of the harshest and driest environments on Earth (8–10), but nevertheless contains many endemic
plant and animal species (11–14). We compare the time of origin
of different precipitation regimes within the region (based on
geological evidence) to the time of colonization of these environments for three plant clades and one animal clade (based on
time-calibrated molecular phylogenies).
The Atacama–Sechura Desert (Fig. 1) encompasses a large region that has been very dry for many millions of years. This desert
www.pnas.org/cgi/doi/10.1073/pnas.1308721110

extends for >3,500 km from 5°S near the Peruvian–Ecuadorean
border to 30°S in northern Chile (15). In the Atacama region, arid
climates (precipitation of ≤50 mm/y) extend from coastal regions
from 5°S to 30°S up to 5,000 m (8). Hyperarid climates (≤5 mm/y)
extend from 13°S to 25°S, from coastal areas to 3,000 m (8, 16).
The onset of semiarid conditions (≤250 mm/y) in the Atacama–
Sechura region can be traced back to the late Jurassic (17),
150 million years ago. Arid conditions (<50 mm/y) have prevailed
in this region since the early Oligocene (33 million years ago)
(18–20). Current evidence indicates that the minimum age of
onset of hyperarid climate in the region is around 8 million years,
in the late Miocene (21–23), although some evidence suggests
that pulses of hyperaridity could be older (20–26).
Given that deserts are relatively harsh environments that may
require novel physiological adaptations to allow organisms to
invade them, the spread of arid climatic conditions is regarded as
an important force in the evolution of plants and animals (27–32).
If organisms can adapt rapidly to arid and hyperarid climates, then
the ages of the oldest clades that occur under these conditions
should correspond to the time when these conditions became
prevalent. In contrast, if arid-adapted lineages are much younger
than the onset of these climatic conditions, this pattern would
suggest an evolutionary lag time during which this lineage lacked
the adaptations necessary to invade these habitats.
We reconstructed the climatic and geographical distributions
in four clades (three plant clades and one reptile clade) that
presently occur in the Atacama–Sechura Desert and include some
of the most diverse plant and vertebrate clades in the region. Using
time-calibrated phylogenies and Geographic Information Systembased climatic data (i.e., annual precipitation), we estimated the
timing of shifts from semiarid to arid habitats and from arid to
hyperarid habitats. We then tested whether climatic-niche transitions within these clades matched historical climate changes in
the region based on geological evidence (33 million years ago,
semiarid to arid; 8 million years ago, arid to hyperarid), or
whether these clades colonized these habitats long after these
climatic changes, suggesting an evolutionary lag time.
We selected three plant genera, Chaetanthera (Asteraceae),
Malesherbia (Passiﬂoraceae), and Nolana (Solanaceae) and one
animal genus, Liolaemus (Liolaemidae), for which molecular phylogenies are available: Chaetanthera (30 species, with 5 in the
Atacama–Sechura Desert) (33); Malesherbia (25/12 species) (34);
Nolana (89/83 species) (35); and Liolaemus (223 species/∼20 species) (36, 37). Importantly, these four clades occur primarily in or
adjacent to the Atacama–Sechura Desert (SI Appendix, Figs. S1–S4)
and thus could colonize the desert based on their geographic
proximity. Therefore, a lag time between their colonization and
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Fig. 1. (A) Distribution of hyperarid, arid, and semiarid habitats in South America (colors are placed over the elevational distributions). (B–H) Estimation
of evolutionary lag times for the colonization of arid and hyperarid habitats for clades of plants and animals in the Atacama–Sechura Desert. The red vertical
bar indicates the initial timing of development of arid climates in the region based on geological evidence, whereas the pink vertical bar indicates the timing
for hyperarid habitats. The frequency distributions of trees (in black and gray) are for the estimated age of clades in which there is an estimated transition
to arid habitats (Malesherbia and Liolaemus) and hyperarid habitats (Nolana). The green vertical bar indicates the estimated age of colonization of the
Atacama–Sechura biogeographic region (with the dashed horizontal line indicating the 95% posterior distribution). The evolutionary lag time for colonization of a given habitat by a given clade is the age of the colonization of the region minus the age of colonization of that habitat, where the biogeographic
colonization occurs after the development of that habitat in the region. A green bar is not shown for Malesherbia clade III because of uncertainty in the
timing of biogeographic colonization of the region. The genus Chaetanthera is not included in the ﬁgure because none of the ancestors were distributed
in arid regions of South America in terms of mean annual precipitation. Images are Malesherbia densiﬂora (I), Liolaemus atacamensis (J), Nolana divaricata
(K), and hyperarid region of Atacama Desert near Iquique (L).

the formation of these deserts is presumably due to their failure
to successfully colonize these habitats, and not because they
were absent in the general region until recently. We also used
biogeographic reconstructions to estimate how long clades were
present in the region before colonizing these habitats. If a lineage invaded the geographic region after the formation of the
habitat (arid or hyperarid), then the evolutionary lag time was
the time between the colonization of the region and the colonization of the speciﬁc habitat. Our climatic reconstructions were
based on the mean values of annual precipitation among the
localities of each species, but we also considered the maximum
and minimum values (to address whether species are conﬁned to
arid or semiarid habitats or only partially extend their ranges into
these climatic regimes).
Results
Our analyses show widespread temporal lags between the onset of
arid and hyperarid climates and the colonization of the Atacama–
Sechura Desert in these clades. We address hyperarid habitats
(≤5 mm/y) ﬁrst. The genus Nolana originated 12.7 million years
ago (Fig. 1 and SI Appendix, Fig. S1). Fifteen Nolana species
from six lineages are conﬁned to hyperarid conditions (Fig. 1
and SI Appendix, Fig. S1), and almost all transitions occurred
11470 | www.pnas.org/cgi/doi/10.1073/pnas.1308721110

in the last 2 million years (Table 1, Fig. 1, and SI Appendix, Fig.
S1). Given that hyperarid conditions originated 8 million years
ago, this indicates temporal lags of ∼6 million years for colonization of this habitat (Table 1). Nolana onoana may have colonized hyperarid areas earlier (3.8 million years ago), suggesting
a lag time of ∼4.2 million years. Interestingly, the lag time associated with failing to colonize hyperarid regions is much longer than the time needed to generate new species (i.e., many
species are only ∼1 million years, SI Appendix, Fig. S1).
The other three groups also recently colonized hyperarid habitats, but on a more limited scale. Many represent single-species
colonizations for which exact timing is uncertain. Malesherbia
has a single species conﬁned to hyperarid habitats (Malesherbia
tocopillana), which originated and colonized these habitats in the
last 2 million years, given its age. Two others (Malesherbia
arequipensis and Malesherbia tenuifolia) extend into hyperarid
habitats (SI Appendix, Fig. S2) and are relatively young (<5 million
years). Three Chaetanthera extend into hyperarid habitats
(Chaetanthera albiﬂora, Chaetanthera glabrata, and Chaetanthera
taltalensis) (SI Appendix, Table S2 and Fig. S3) and two are relatively
young (C. albiﬂora: ∼2 million years ago and C. glabrata: ∼1 million
years ago), suggesting very recent colonization of hyperarid habitat
(SI Appendix, Fig. S3). C. taltalensis is older (6.7 million years ago)
Guerrero et al.

Table 1. Estimates of evolutionary lag time for colonization of hyperarid and arid environments, based on the difference between
when a clade colonizes a region and when it colonizes a particular habitat in that region

Climate

Nodes/species

Nolana

Hyperarid (8 million years ago)

I: N. tomentella
N. arequipensis
N. pallida
II: N. inﬂata
N. weissiana
N. balsamiﬂua
N. plicata
N. chancoana
N. scaposa
N. spathulata
N. spergularoides
N. lycioides
N. cerrateana
N. intonsa
N. revoluta
N. tovariana
N. johnstonii
N. conﬁnis
N. coronata
N. peruviana
N. tocopillensis
N. lachimbensis
N. onoana
Basal node
—
C. taltalensis
M. tocopillana
I: M. tocopillana
M. ardens
II: M. angustisecta
M. arequipensis
M. tenuifolia
III: M. densiﬂora
M. deserticola
M. rugosa
M. obtusa
L. poconchilensis
I: L. atacamensis
L. nigromaculatus
II: L. isabelae
L. paulinae
L. audituvelatus
L. torresi
L. josephorum

Chaetanthera
Malesherbia

Liolaemus

Arid (33 million years ago)
Hyperarid
Arid
Hyperarid
Arid

Hyperarid
Arid

Estimated age of
colonization of region
based on DEC analyses

Estimated
evolutionary
lag time

0.8 (0.2–1.6)

9.7 (4.0–16.7) [A]

7.2

0.4 (0.1–1.0)

9.7 (4.0–16.7) [A]

7.6

0.7
0.8
1.0
1.7
1.7
0.9
1.2
1.7
1.3
0.6
0.6
0.8
0.8
0.9
1.5
1.9
2.1
3.8
12.7

(0.1–1.8)
(0.1–1.7)
(0.2–2.0)
(0.3–3.5)
(0.3–3.5)
(0.1–2.0)
(0.2–2.4)
(0.5–2.8)
(0.4–2.5)
(0.1–1.3)
(0.1–1.3)
(0.1–1.7)
(0.1–1.7)
(0.1–1.9)
(0.4–2.9)
(0.8–2.9)
(0.9–3.9)
(0.6–7.7)
(8.6–20.3)
—
6.7 (0.8–5.5)
1.9 (0.1–4.9)
1.9 (0.0–4.9)
2.2 (0.1–5.0)

5.6 (1.0–12.4)

≥12.7
9.7
9.7
9.7
9.7
9.7
9.7
9.7
1.3
9.7
9.7
≥12.7
≥12.7
≥12.7
≥12.7
≥12.7
≥12.7
≥12.7
≥12.7
6.7
1.9
12.2
1.9
12.2
2.2

(8.6–20.3) [C]
(4.0–16.7) [A]
(4.0–16.7) [A]
(4.0–16.7) [A]
(4.0–16.7) [A]
(4.0–16.7) [A]
(4.0–16.7) [A]
(4.0–16.7) [A]
(0.3.2.5) [A]
(4.0–17.0) [A]
(4.0–17.0) [A]
(7.0–20.1) [C]
(7.0–20.1) [C]
(7.0–20.1) [C]
(7.0–20.1) [C]
(7.0–20.1) [C]
(7.0–20.1) [C]
(7.0–20.1) [C]
(8.7–20.3) [C]
—
(3.2–11.3) [C]
(0.1–4.9) [C]
(4.8–22.3) [B]
(0.0–4.9) [C]
(4.8–22.3) [B]
(0.3–5.1) [C]

7.3
7.2
7.0
6.3
6.3
7.1
6.8
6.3
0
7.4
7.4
7.2
7.2
7.1
6.5
6.1
5.9
4.2
0
—
0
*
10.3
*
10.0
*

5.6 (1.0–12.4) [D]

*

*
*
*
14.1 (10.5–18.1) [D]

*
*
*
13.9

0.5 (0.2–0.9)

14.1 (10.5–18.1) [C]

13.6

2.0 (1.2–2.9)
4.0 (2.8–5.3)
3.8 (2.4–5.2)

8.3 (6.1–10.5) [D]
8.3 (6.1–10.5) [D]
14.1 (10.5–18.1) [D]

6.3
4.3
10.3

7.9
3.1
7.0
0.3

(2.3–15.1)
(0.3–6.9)
(5.2–8.9)
(0.1–0.5)

Values are median ages given in millions of years. The 95% highest posterior density intervals are given in parentheses. Biogeographical areas are given
in brackets: [A] Sechura (4°S–18°S; <1,500 m), [B] Peruvian Andes (4°S–18°S; >1,500 m), [C] coastal Atacama (18°S–29°S; <1,500 m), and [D] high Atacama
(18°S–30°S; >1,500 m). DEC, dispersal-extinction-cladogenesis.
*The ancestral geographic distribution is ambiguous, making the evolutionary lag time ambiguous also.

and may have colonized hyperarid areas earlier. Among sampled
Liolaemus, only L. poconchilensis (7.0 million years ago) occurs in
hyperarid areas in the region (SI Appendix, Fig. S4), but it is not
clear when these habitats were colonized in this lineage.
Arid climates (<50 mm/y) developed at least 33 million years
ago in the Atacama–Sechura Desert. Chaetanthera, Malesherbia,
and Liolaemus all show dramatic evolutionary lag times for invading these environments (Fig. 1). Considering the age of the
habitats and clades alone, no lineages of Chaetanthera, Malesherbia,
or Liolaemus presently occurring in arid habitats is older than
10 million years ago (Table 1), indicating a lag time of >20 million
years for all three clades.
Guerrero et al.

Incorporating the timing of regional colonization, results for
Malesherbia for mean annual precipitation (Fig. 1, Table 1, and
SI Appendix, Fig. S2) show lag times of 10.0 million years (lineage
I) and 10.3 million years (lineage II). However, considering minimum annual precipitation, lineage III extends into arid habitats
with a lag time of >10 million years, although ancestral areas are
unclear. Only lineage I is conﬁned to arid habitats based on
maximum annual precipitation. For Chaetanthera, arid habitats
were colonized <10 million years ago, but the lag time relative to
regional colonization is uncertain (Table 1).
Colonization of arid habitats by Liolaemus lizards is even more
recent. Considering mean precipitation, only two ancestors of
PNAS | July 9, 2013 | vol. 110 | no. 28 | 11471
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Genus

Estimated age of colonization
of climatic regime based
on PGLS reconstruction

extant species have colonized arid areas (<50 mm/y), and both
in the last 1 million years (Fig. 1 and SI Appendix, Fig. S3), indicating lag times of 13.9 and 13.6 million years (Table 1). From
these two ancestral species evolved four species currently distributed in arid areas: Liolaemus atacamensis and Liolaemus
nigromaculatus (age: 0.3 million years) and Liolaemus isabelae and
Liolaemus paulinae (age: 0.5 million years). In addition, three
species derived from ancestors distributed in semiarid climates
are currently conﬁned to areas with arid climates. Even though
the timing of colonization of arid habitats for these species is
unknown, it should not be older than the age of these species,
allowing us to estimate minimum evolutionary lag times: Liolaemus torresi (age: 4.0 million years; minimum lag: 4.3 million
years), Liolaemus josephorum (age: 3.8 million years; minimum
lag: 10.3 million years), and Liolaemus audituvelatus (age:
2.0 million years; minimum lag: 6.3 million years). Considering
minimum annual precipitation, the ancestor of L. josephorum
and Liolaemus platei extended its distribution within arid
habitats (age: 3.8) showing a lag of 10.3 million years. Among
these Liolaemus species, only L. atacamensis and L. nigromaculatus
are conﬁned to arid habitats.
The invasion of arid areas by Nolana is the oldest among these
four genera, since the genus apparently originated within arid
areas 12.7 million years ago (SI Appendix, Fig. S1). However, the
evolutionary lag time is unclear because the colonization of
arid habitats might have occurred before the genus originated.
Discussion
We show that there can be signiﬁcant time intervals between when
a climatic regime emerges in a region and when lineages invade
that area. Speciﬁcally, our results show considerable lag times
between when arid and hyperarid habitats developed in western
South America and when three plant clades and one animal clade
invaded them (>23 million years ago for arid, ∼6 million years ago
for hyperarid; Fig. 1 and Table 1). We estimate somewhat shorter
lag times when incorporating the timing of biogeographic colonization of the larger geographic region (0–13.9 million years,
typically 4–10 million years; Table 1), but this is because of
recent colonization of these clades in the region rather than
older colonization of arid and hyperarid habitats. Importantly,
these lineages may have been unable to invade these biogeographic regions due to their inability to colonize these xeric
habitats. Given these results, a major challenge for future research
will be to understand the speciﬁc functional traits that allowed
these clades to invade arid and hyperarid habitats and what factors
prevented them from evolving these traits more quickly.
Similar patterns of evolutionary lag times may occur in many
other organisms and habitats around the world, and our results
provide a baseline to which other ecological transitions can be
compared. These estimated lag times also offer an additional
approach to quantify levels of niche conservatism (i.e., the greater
the lag time, the higher the degree of niche conservatism; for other
approaches see ref. 6). However, we note that such lag times can
only be estimated when reliable and independent information on
the age of the new habitat type is available, and this may be a
limitation for some habitat types and regions.
Evolutionary lag times (like those shown here) may have many
implications. For example, they may be important in generating
differences in biodiversity between habitats. Previous studies have
suggested that differences in the timing of colonization of different
habitats may explain differences in richness between them (e.g.,
refs. 38–40), but have not quantiﬁed these lag times. Perhaps most
importantly, these lag times suggest the time scales that may be
required for species to adapt to changing climate conditions and
suggest that adaptation to rapid human-driven desertiﬁcation may
occur far too slowly.
We acknowledge that our results could be subject to various
sources of error. However, in each case, these issues seem
11472 | www.pnas.org/cgi/doi/10.1073/pnas.1308721110

unlikely to overturn our results, especially given that we ﬁnd
concordant patterns of recent colonization both within and
between these groups (Fig. 1), and that species from other
clades may show similar patterns as well (41). First, extinct or
unsampled species may distort these estimates. Species may
have invaded arid or hyperarid habitats closer to when these
habitats ﬁrst arose and then subsequently went extinct. However, their extinction would itself suggest that these species did
not adapt sufﬁciently to successfully colonize and persist in these
habitats. Our phylogenies include most presently recognized
species for the three plant groups. However, only ∼50% of
presently recognized Liolaemus species were included (due to
limited phylogenetic sampling). In theory, adding unsampled
species that occur in arid or hyperarid environments could lead
to estimation of earlier colonization dates of these environments in this genus. Unsampled species in other groups might
have competitively excluded these lineages from these habitats
until very recently, but this seems unlikely (i.e., this hypothesis
assumes unseen lineages that left no trace but were nevertheless abundant enough to competitively exclude three different
plant clades).
Second, our results are based on ancestral reconstructions
that use the present-day climate conditions under which extant
species occur. However, our phylogenetic reconstructions support the general pattern of increasing aridity over time inferred
from geological evidence. Also, given that most species in these
four clades do not presently occur in arid or hyperarid conditions
(except Nolana), colonization of these conditions should not be
older than suggested by our reconstructions (in other words, if
there are reconstruction errors, these errors should underestimate
evolutionary lag times, not overestimate them). Furthermore,
the results support a model of niche conservatism among species
(rather than random variation; see Materials and Methods), so
there is no a priori reason to assume our reconstructions will
be incorrect.
Third, our estimates of divergence times may be in error. The
fossil record for all four groups is weak, and we were typically
forced to rely on dates estimated from broader-scale studies to
calibrate our trees (Materials and Methods). Nevertheless, the
pattern of recent colonization of hyperarid and (for most groups)
arid habitats is consistent both within and between groups, and
our estimates of divergence dates across groups are independent
of each other.
Fourth, even though we discuss this lag in colonization time as
being evolutionary, it is possible that nonevolutionary factors
explain or contribute to the pattern. For example, the recent colonization of hyperarid environments across groups at similar times
may have been favored by some shared, abiotic factor, such as the
development of fog banks (42), along with adaptations for using
atmospheric water (43). However, if true, this would reinforce
the idea that these lineages are otherwise generally unable to
invade these environments. Furthermore, this does not explain
the lag times for the invasion of arid habitats (i.e., because species
in arid habitats are not tied to fog banks). We note that species
interactions might also facilitate colonization of arid environments in some cases, with the colonization of some lineages
allowing other lineages to invade (44).
Several other factors might also be relevant, but again these
seem unlikely to overturn our concordant results between and
within clades. For example, biogeographic reconstructions may
be imprecise. Nevertheless, these clades in the Atacama–Sechura
Desert are clearly much younger than the desert itself, regardless
of their distribution in other regions. Our geological estimates of
the timing of origin of these habitats is clearly critical, but we
used carefully selected and conservative dates, and so errors should
only underestimate lag times. There might also be errors in our
climatic data (e.g., for species with few localities), but it seems
Guerrero et al.

Materials and Methods
We estimated a new time-calibrated phylogeny for each clade primarily
using published data. For Chaetanthera we used 25 sequences of the nuclear
ribosomal DNA internal transcribed spacer (ITS) (46), with outgroups Oriastrum
gnaphalioides, Oriastrum acerosum, and Plazia daphnoides. For Malesherbia
we used ITS sequences for 24 taxa (47) and one unpublished ITS sequence
for Malesherbia corallina obtained following protocols in (48). We included
sequences of Turnera cearensis, Turnera sidoides, and Turnera weddelliana
as outgroups (Turneraceae) (48).
For Nolana we compiled a dataset of combined plastid and nuclear
sequences from 73 species and four outgroups (35, 49–53). We selected
Lycium glaucum, Lycium americanum, Lycium deserti, and Lycium bridgesii
as outgroups based on their phylogenetic proximity to Nolana (35, 50–53).
We used four plastid regions, including one gene NADH dehydrogenase
subunit 5, and three intergenic spacers between trnH–tRNA and photosystem II protein D, between ribosomal protein S16 and trnK–tRNA, and between trnC(gca)–tRNA and photosystem II protein M. Also we used two
nuclear markers, LEAFY second intron and granule-bound starch synthase I
(35, 50–53). GenBank accession numbers are listed in SI Appendix, Table S1.
For Liolaemus, we used a dataset (54) of 1,083 aligned base pairs of the
mitochondrial NADH dehydrogenase subunit 2 gene (and adjacent cytochrome c oxidase subunit I and NADH dehydrogenase subunit 1). We included
116 taxa, including all 96 sampled Liolaemus species, representatives of the
two other liolaemid genera (one Ctenoblepharys and eight Phymaturus
species) and additional outgroups from Leiosauridae (nine species and six
genera) and Opluridae (two species and two genera). For all four clades,
new alignments were generated using MUSCLE with default parameters
(55). Further details of phylogenetic estimation and time calibration are in
SI Appendix, SI Materials and Methods).
We characterized aridity of habitats based on annual precipitation
(mesic >250 mm/y, semiarid <250 mm/y, arid <50 mm/y, and hyperarid ≤5 mm/y)
(56). A species was considered “conﬁned” to a given habitat when both
minimum and maximum values of annual precipitation across localities
for the species were in the same climatic zone. Data on annual precipitation were extracted from georeferenced localities from the WorldClim
database (57) (www.worldclim.org). For plants, localities were obtained from
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herbaria data bases (Universidad de Concepción, Museo Nacional de Historia
Natural, Gray Herbarium, Field Museum, New York Botanical Garden, and
Missouri Botanical Garden) and botanical studies (58–62). For Liolaemus,
localities were from GBIF and HerpNet. Climatic data and sample sizes are
given in SI Appendix, Table S2.
Evolutionary lag times were based on mean annual precipitation for each
species obtained by averaging values for all unique localities for each species.
We also considered minimum annual precipitation to identify lineages that
partially extend their ranges into either arid or hyperarid habitats and
maximum annual precipitation to identify lineages completely conﬁned
(endemic) to arid or hyperarid habitats. Estimates of the timing of evolutionary transitions from semiarid to arid habitats and arid to hyperarid
based on minimum and maximum annual precipitation are show in
SI Appendix, Fig. S5.
For each group, we initially analyzed patterns of climatic-niche evolution
and biogeography using the highest credible tree and mean branch
lengths from BEAST analyses. Patterns of evolution for precipitation variables (mean, minimum, and maximum) were evaluated using GEIGER in R
(63). For each clade and variable, we ﬁrst compared the relative likelihood
of the data under Brownian motion (BM), Ornstein-Uhlenbeck (OU), and
white noise (lambda = 0) models of evolution (following ref. 39). We compared model ﬁt using the sample-size corrected Akaike Information Criterion (AICc). The OU model consistently had the best ﬁt (SI Appendix,
Tables S3–S5), and we used this model. However, reconstructed values
using BM and OU models were strongly correlated across clades (SI Appendix, Fig. S10). Indeed, lags calculated for arid categories did not change
when using BM for Malesherbia, Chaetanthera, and Liolaemus (SI Appendix,
Fig. S12–S14), because habitat transitions occurred at the same nodes under
both models. For Nolana, almost all transitions occurred at the same nodes
(SI Appendix, Fig. S11), but for two nodes BM increased estimated lag times
(node I: 7.2 vs. 9.4 under OU vs. BM and node II: 7.6 vs. 9.3), given more recent
invasion of hyperarid habitats under BM. Reconstructions were performed
using phylogenetic generalized least squares (PGLS) in COMPARE v 4.6b (64). To
implement the OU model, we speciﬁed the “exponential model” and input
estimated alpha values from GEIGER.
To estimate uncertainty in node ages associated with transitions to arid
or hyperarid climate, we reran BEAST analyses to obtain age distributions
for these nodes. We focused on minimum ages of clades invading these
habitats, but transitions actually occur on branches and could occur at any
point along a given branch. Thus, transitions might be somewhat older than
the ages of these focal clades. However, our estimates for biogeographic
transitions use the same approach (and so underestimate the age of colonization of the region) and the difference between the biogeographic and
climatic transition is used to estimate lag times. Thus, these underestimates
should generally cancel each other out when estimating lag times.
In addition to reconstructing climatic distributions, we also estimated
patterns of regional biogeography and their timing, to compare the timing
of colonization of each geographic region and the timing of colonization of
arid and hyperarid habitats within that region. The evolutionary lag is the
time between the colonization of the region and the colonization of a habitat
within the region. Historical biogeography was reconstructed using likelihood analysis of dispersal-extinction-cladogenesis (DEC) in LaGrange (65).
Species were assigned to the following broad geographic regions: (A )
Sechura (4°S–18°S; <1,500 m), (B ) Peruvian Andes (4°S–18°S; >1,500 m), (C )
coastal Atacama (18°S–29°S; <1,500 m), (D) high Atacama (18°S–30°S;
>1,500 m), (E) coastal Mediterranean Chile (>30°S; <1,500 m), and (F )
central Chilean Andes (>30°S; >1,500 m). Most species occur in Chile and
Peru, but some species also extend into adjacent countries such as Bolivia
and Argentina. We chose 1,500 m as a limit to distinguish species potentially associated with oceanic fog as they belong to a somewhat different
habitat type (i.e., “Lomas” formation). Also, 29°S–30°S is considered the
border between the northern dry regions (Atacama–Sechura Desert) with
summer precipitation and the semiarid Mediterranean-climate area in central Chile with winter precipitation. As these geographic regions are large,
they may contain more than one climatic zone, speciﬁcally: (A) arid and hyperarid; (B) arid, semiarid, and mesic; (C) arid and hyperarid; (D) arid, hyperarid, and semiarid; (E) semiarid and mesic; and (vi ) semiarid and mesic.
For Nolana we added the Galapagos Islands (F) to include Nolana galapagensis. For Liolaemus (which is very broadly distributed), we used
similar regions, but combined Patagonia, Chaco, and Southern Brazil into
a single large geographic unit (G) because of the larger distribution of the
clade across southern South America and given that LaGrange only allows
for a limited number of regions. All biogeographic analyses were conducted
on time-calibrated trees from Bayesian analyses (BEAST; 66).
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unlikely that these could overturn our major results, given the
dramatic differences in climatic distributions among species.
Finally, our results show two contrasts with other recent analyses of the origins of desert biotas. First, a study on the evolution
of arid-adapted plants suggests that Cactaceae and other succulent
groups underwent extensive radiation ∼10–5 million years ago
(45), roughly coinciding with the hypothesized global expansion of
arid habitats. In other words, these groups show little evidence of an
evolutionary lag in the invasion of arid habitats. In contrast, we
ﬁnd that arid and hyperarid conditions in the Atacama–Sechura
Desert developed long before these climatic regimes were invaded by the four groups studied here.
Second, our results suggest that adaptation to arid environments can be reversible. An extensive analysis of plant clades in
the Southern Hemisphere showed that transitions from mesic
environments to arid environments are relatively common, whereas
transitions from arid to mesic environments are rare or nonexistent
(5). Their results suggest that deserts are generally biogeographic
sinks and not sources of new lineages for other habitats. However,
our results show that Nolana species in mesic areas are descended
from ancestors that occurred in arid or semiarid habitats, and that
this transition occurred relatively recently (1.4 million years ago)
and therefore much more rapidly than the long lag time apparently needed to invade arid regions (SI Appendix, Fig. S1).
Overall, our results show that arid and hyperarid climatic conditions have been present in the Atacama–Sechura area much
longer than these four clades have been present and diversifying
in these habitats. This pattern suggests that a signiﬁcant evolutionary lag time may be required to allow colonization of these
extreme environments in some plant and animal groups. Such
evolutionary lag times may be widespread in other systems, and
may be important for understanding many patterns, such as differences in biodiversity between habitats and the response of
organisms to human desertiﬁcation and climate change.
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