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Abstract A key to understanding the origin and identity of young species lays on the
knowledge of the Quaternary climatic oscillations’ effect on gene flow and vicariance.
Even though the effect of climatic fluctuations is relatively well understood for south-
ern hemisphere plant species, little is known about their effect on the evolutionary his-
tories of species from mainland and islands. Thus, we investigated whether Quaternary
climate-driven fluctuations translated into lineage divergence and speciation, followed
or not by climatic niche differentiation, in two allopatric plant species, Calceolaria uni-
flora and C. fothergillii from Patagonia and Malvinas/Falkland islands, respectively. We
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sampled the range of both species, and sequenced two chloroplastic (cpDNA; trnS—trnG
and trnH—psbA), and one single copy “anonymous” non-coding nuclear region (nDNA).
We performed phylogeographic and dating analyses, and adjusted spatio-temporal diffu-
sion models. We complemented molecular evidence with climatic niche differentiation
analyses and species paleo-distribution projections. A species coalescent reconstruction
based on multi-locus data retrieved both species as monophyletic. Estimates from cpDNA
indicated the species diverged during the Great Patagonian Glaciation. Chloroplast and
nuclear DNA showed east—west distribution of the main genetic groups but with contrast-
ing spatial genetic diversity. The spatio-temporal diffusion analyses showed that between
1-0.8 Mya and 570 Kya the lineage leading to C. fothergillii diverged from C. uniflora and
arrived to the islands. Climatic niche projections hindcasted range expansions during gla-
ciations, and contractions during the interglacial periods. Comparisons of climatic niches
between the two study species indicated that temperature variables show evidence of niche
conservatism while precipitation regimes supported niche divergence, even when consider-
ing the background environmental divergence. Our study indicates that glacial fluctuations
affected the mainland/islands connections favouring speciation mediated not only by isola-
tion, but also by climatic niche differentiation.

Keywords Climatic niche differentiation - Gene flow - Paleo distribution models - Plant
phylogeography - Pleistocene glaciations - Speciation

Introduction

Dramatic environmental changes associated with cycles of glaciation and deglaciation
occurred in the Quaternary. These events have been credited with promoting lineage diver-
sification that can lead to speciation worldwide (Comes and Kadereit 1998; Hewitt 2004;
Rull 2006). Because species or lineages that became isolated on islands facilitates under-
standing the mechanisms underlying species formation (Losos and Ricklefs 2009), insights
into the role of glaciations promoting speciation can be gained by studying allopatric sister
species inhabiting mainland and islands whose connections were affected by Quaternary
climatic fluctuations. For the Southern Hemisphere, range shifts and allopatric differen-
tiation are relatively well-documented species responses to past climate change (e.g. Sér-
sic et al. 2011), but whether these processes were accompanied by adaptation to different
environments, promoting niche divergence and speciation, has been less widely explored
(Camargo et al. 2010).

The evolutionary history of Patagonia has been marked by geologic and climatic events
that occurred in the past several million years (Rabassa 2008; Ramos and Ghiglione 2008).
More recent events, mainly the Great Patagonian Glaciation (GPG; ca. 1 Mya), but also
the Last Glacial Maximum (LGM; ca. 21 Kya), greatly altered the landscape of this region
leaving an imprint on the distribution of genetic diversity in the Patagonian biota (Sérsic
et al. 2011). For instance, many Patagonian organisms show concordant intraspecific phy-
logeographic breaks following a latitudinal pattern (e.g. Lessa et al. 2010; Cosacov et al.
2010). Others share a pattern of decreasing genetic variability from east to west, suggesting
that they survived Pleistocene glaciations in eastern Patagonia, and then migrated west-
wards during interglacial periods (reviewed in Sérsic et al. 2011; but see Pfanzelt et al.
2017). Whether and how these lineage divergences resulted in niche divergence and in spe-
ciation is less clear.
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A great opportunity to address this question is provided by sister species inhabiting
continental Patagonia and the Malvinas/Falkland islands (Molau 1988; Sérsic and Cocucci
1996). These islands constitute the largest South Atlantic archipelago and are located at
52°8S, lying close to the edge of the Patagonian continental shelf (~450 km from Tierra del
Fuego; ~600 km east of mainland Argentina; Morrone and Posada 2005; McDowall 2005).
Evidence suggests that these islands were colonized by Patagonian biota (i.e. Vuilleumier
1991; McDowall 2005; Papadopoulou et al. 2009; Bulgarella et al. 2013) either through
long-distance dispersal or using land bridges appearing during Pleistocene glaciations,
when western Patagonia was covered by the largest ice caps in South America and eastern
Patagonia expanded around four longitudinal degrees to the east (Rabassa 2008; Ruzzante
et al. 2008).

Unfortunately, the colonization history of the flora of the islands and its relationship
with the Patagonian glacial records has been minimally investigated, and even less so from
a phylogeographic perspective. A recent article give some support to the idea that the
Malvinas/Falkland islands remained ice-free, being available for plant colonization when
sea levels fell during glacial periods (Pfanzelt et al. 2017). To date, no plant studies have
used explicit geo-statistical methods to explore the spatio-temporal dynamics of the con-
nections between continental Patagonia and the Malvinas/Falkland islands.

The aim of this study is to reconstruct the biogeographic history of select Patagonian
plants and determine if Quaternary climate-driven fluctuations affected the distribution of
genetic diversity, lineage divergence, and speciation at the intra- and interspecific level. To
do this, we disentangled the phylogeography of two sister species: Calceolaria uniflora
Lam. (located in southern Patagonia and Tierra del Fuego; Fig. 1) and C. fothergillii Ait.
(endemic to the Malvinas/Falkland islands; Fig. 1) using DNA sequences of one nuclear
and two plastid loci, together with ecological data and niche modelling. The selected spe-
cies provide an ideal study system because of their sister-species relationship, phenotypic
similarity, low vagility, and allopatric distribution (Sérsic and Cocucci 1996; Cosacov et al.
2009). Based on the known biogeographic history of Patagonia and the Malvinas/Falkland
islands, we hypothesize that the insular species originated from an ancestral population on
continental Patagonia that colonized the islands during the lowest sea level glacial period
(i.e. GPG) when a land bridge connecting mainland Patagonia with Malvinas/Falkland
islands was formed. Following the post-glacial rise in sea level, geographic fragmenta-
tion and consequent population isolation could have resulted in differentiation of insular
and continental populations via genetic drift (i.e. non-adaptive divergence). Alternatively,
allopatric differentiation of the insular and continental lineages could have resulted from
genetic drift, as well as niche differentiation (i.e. adaptive divergence) following glacial
retreat and the subsequent exposure of the insular lineage to an oceanic climate. We expect
that more recent glaciations occurring after GPG likely affected intraspecific patterns of
distribution and demography of each species.

Under both scenarios (i.e. non-adaptive or adaptive divergence) we expect the diver-
gence of this species pair began with the lack of gene flow after the GPG period. For the
non-adaptive divergence scenario, we expect that the inferred paleo-distribution for the
continental species will show suitable areas towards the exposed Patagonian shelf of the
Atlantic coast and to the Falkland/Malvinas Islands during the glacial period, and a retrac-
tion of these suitable areas during interglacial periods. For the adaptive divergence sce-
nario, we additionally expect to find significant differences between species when consid-
ering the background environmental differentiation.
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Fig. 1 Study area and sampling used in this study. Grey dots: Calceolaria uniflora localities. Black dots: C.
fothergillii localities. Shaded area indicates extent of the ice cap during the Last Glacial Maximum (LGM)
following Singer et al. (2004). The complete known distribution of each species is indicated with dashed
lines. The black continuous line represents the continental shelf and the gray continuous line the position
of coast line during LGM according to Ponce et al. (2011). The blue line represents the Coig River. See
Supplementary material Table S1 for complete site names. Pictures depict both studied species (Photo of C.
Jfothergillii courtesy of Dr. G. Gerlach). (Color figure online)

Materials and methods
Studied species

Calceolaria uniflora and C. fothergillii are among the few species of the New World
genus Calceolaria that reach the high southern latitudes. Calceolaria uniflora occurs
between 45° and 55°S in continental Patagonia, including Tierra del Fuego and south-
ern associated islands (Fig. 1; Sérsic and Cocucci 1996; Ehrhart 2000), and grows in
a variety of habitats. The species is found from the Atlantic coast and the Magellan
Strait to an altitude of ~1200 m, occupying sub-Andean grasslands along the Andes,
and the semi-arid Patagonian steppes. In contrast, C. fothergillii is a Malvinas/Falkland
islands endemic and grows mainly on rocks, maritime cliffs and slopes, in coastal grass-
lands, and up to 174 m altitude (Upson et al. 2012). Unlike most Calceolaria species,
which display oil-rewarding flowers and are pollinated by specialized oil-collecting bees
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(Sérsic 2004), the two species studied here have modified floral oil-glands (elaiophores)
that are white, fleshy and sweet (Fig. 1) and consumed by pollinating birds (Sérsic
and Cocucci 1996; Sérsic 2004; Sérsic and Cocucci pers. obs.). Few phenotypic traits,
such as floral colour patterns and plant pilosity, differentiate these species (Sérsic and
Cocucci 1996). From a reproductive perspective, the species display low fruit and seed
set by autogamy, relying on bird pollination for pollen transfer (Arroyo and Squeo 1990;
Sérsic 2004; Mascd et al. 2004). Because seeds are dispersed mainly by gravity and
wind (Molau 1988; Ehrhart 2000; Fernidndez et al. 2002), gene flow among populations
via seeds is presumably limited.

Study area and sampling

Samples were collected from 38 localities (35 of C. uniflora; 3 of C. fothergillii), cover-
ing the range of both species. Geographic coordinates were recorded with a handheld
GPS unit. Fresh leaves from one to 14 individuals per locality were collected for a total
of 305 individuals (281 of C. uniflora and 24 of C. fothergillii; Fig. 1; Supplementary
material Table S1). All collected individuals were at least 5 m apart from each other.

DNA extraction, amplification and sequencing

DNA material was extracted using a modified CTAB protocol (Doyle and Doyle 1987).
Two chloroplast intergenic spacers trnS—trnG (primers trnSI°CY! and rnGUCC); Ham-
ilton 1999) and trnH-pshbA (primers trnHSYC! and psbA; Shaw et al. 2005) were
sequenced. Chloroplast DNA (cpDNA) amplification consisted of 94 °C for 3 min fol-
lowed by 30 cycles of 94 °C for 1 min, 52 °C for 1 min, and 72 °C for 1 min. We
developed anonymous nuclear loci (ANL; Karl and Avise 1993) from a library of
restriction digested genomic DNA of C. polyrhiza. Sequences were compared using
BLAST to determine whether the locus showed significant BLAST hits, and screened
for ANLs with levels of variability appropriate to this study. We choose one of these
ANLs, CAL13, to survey across all individuals and populations, using primers CAL13F
(5'-CTGACGGAGCATCAACAGAA-3") and CALI3R (5'-AAGGGATGAGGAAGA
GAATGC-3") to amplify a region of approximately 500 bp. PCR amplification used a
touch-down protocol consisting of 3 min at 95 °C followed by a total of 40 cycles of
94 °C for 30 s, variable annealing temperature for 30 s, and 72 °C for 45 s; the variable
annealing temperature initiated at 62 °C, dropping one degree each cycle until 52 °C
was reached, then continuing at 52 °C for the remaining 29 cycles. An additional § min
at 72° was added following the 40 cycles.

Amplification products were purified using USB PrepEase PCR purification plates
(Affymetrix Inc, Cleveland, OH, USA), sequenced with BigDye v.3 (Applied Biosys-
tems, Foster City, CA, USA), and purified with Sephadex (GE Health-care, Piscataway,
NJ, USA) before electrophoresis on an AB3730xl automated sequencer. Electrophero-
grams were edited with ChromasPro v.1.7.7 and BioEdit v.7.0.9.0 (Hall 1999). Sequences
were aligned with ClustalX v.1.81 (Thompson et al. 1997) using default parameters and
adjusted by hand. Indels were coded as single binary characters using the simple indel cod-
ing method (Simmons and Ochoterena 2000). Two DNA matrices were constructed: one
combining both cpDNA markers and the other with the nDNA sequences. Accessions rep-
resenting all sequences were deposited in GenBank.
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Haplotype/allele network, population genetic structure and genetic diversity

Haplotypes/alleles were inferred with DnaSP v.5 (Librado and Rozas 2009) for the con-
catenated trnS—trnG/trnH—psbA matrices. Individual alleles of nDNA heterozygotes were
resolved with the coalescent-based Bayesian method PHASE v2.1 (Stephens et al. 2001),
with the default settings. Genetic networks were inferred for both cpDNA and nDNA
matrices using the median-joining algorithm implemented in Network v 5.0.0.1 (Bandelt
et al. 1999).

cpDNA and nDNA haplotype/allele diversity (h; Nei 1987), nucleotide diversity (r; Nei
1987) and mean number of pairwise differences (p; Tajima 1983) were calculated for each
species, locality, and haplogroup observed in the network. To map genetic variation (k1 and
7) on the geographic range of the species, we projected the haplotype/allele and nucleotide
diversity values obtained at each of the 38 georeferenced localities into the modelled distri-
bution of both plant species (see below) using the inverse distance weighting (IDW) spatial
interpolation method (Watson 1992). For this, we used Quantum GIS 2.18 (Quantum GIS
Development Team 2016).

To explore past historical barriers between groups of populations, we performed spatial
analyses of molecular variance using SAMOVA v1.0 (Dupanloup et al. 2002). Analyses
were run for K values ranging from K= 2-7, and using 10,000 independent annealing pro-
cesses. We then selected the best clustering for each DNA type and for each K value using
the among-group component (Fp) of the overall genetic variance.

To explore the role of historical factors on the spatial genetic structure, we evaluated the
potential influence of glacial extension (historical process) to explain nuclear and chloro-
plast genetic patterns. To test whether there were significant differences in the amount of
genetic variation among refugia (i.e. non-glaciated regions) and recent colonized sites (i.e.
glaciated regions) during the GPG, AMOVAs were performed separately for cpDNA and
nDNA. Significance levels of variance components were computed using a nonparametric
permutation approach with 10,000 replicates, implemented in Arlequin v3.11 (Excoffier
et al. 2005).

Phylogenetic analyses and divergence time estimates

Because there are no known fossils of Calceolaria, we first reconstructed and calibrated a
phylogeny based on Nylinder et al. (2012) to obtain the divergence time between C. pol-
yrhiza and C. uniflora. This phylogeny included nuclear ITS sequences downloaded from
GenBank of 11 phylogenetically distant Calceolaria species (according to Cosacov et al.
2009, including our species of interest), two representatives of the other Calceolariaceae
genus, Jovellana (the South American J. violaceae and J. punctata), and Kohleria spi-
cata (Gesneriaceae) as an outgroup external to the family (See Supplementary material
Table S2; Fig. S1). After this analysis, we used a multispecies coalescent model to estimate
the species tree based on multi-locus data under the Star BEAST (*BEAST; Heled and
Drummond 2010) option implemented in BEAST v1.7.5 to reconstruct a calibrated coa-
lescent relationships among Calceolaria populations using both cpDNA and nDNA com-
plete data sets. This approach outperforms gene-concatenation methods in both species-
tree topology inferences, and speciation-time estimations (Heled and Drummond 2010).
For these analyses, we used three geographically distant individuals of C. polyrhiza as
an outgroup (Supplementary material Table S3) and set as priors the time of divergence
between C. polyrhiza and C. uniflora (2.73 + 1.0 Ma) derived from the previous calibrated
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analysis, and a chloroplast mutation rate (0.001-0.01 substitutions per site per million
years; Alsos et al. 2005). The best-fit models of nucleotide substitution selected were
HKY +1 for the cpDNA matrix, and HKY + G+I for nDNA. Seven independent analyses
were run for 3.0 10® generations, with a Yule tree prior, starting with a random tree and
sampling parameters every 30,000 steps. We could confirm that only populations diver-
gence parameters had high effective sample sizes (ESS > 200) using Tracer v1.6 (Rambaut
and Drummond 2009). All the resulting topologies were visualized in DensiTree v2 (Bouc-
kaert 2010), excluding the first 25% of the sampled trees. To obtain a more robust calibra-
tions for the split between C. uniflora and C. fothergillii and their main lineages, we then
reconstruct phylogenetic relationships among haplotypes/alleles and outgroups using our
cpDNA nDNA data set separately in BEAST (Drummond et al. 2012). For these analyses,
we used the same settings and priors mention above. We confirmed that the chains had
reached stationarity and that parameters had high effective sample sizes (ESS > 200) using
Tracer v1.6 (Rambaut and Drummond 2009). The maximum credibility tree was calcu-
lated using TreeAnnotator v1.7.5 (Rambaut and Drummond 2008), excluding the first 25%
of the sampled trees (burn-in fraction of 0.25). At this point it is important to note, that
although these estimates are provisional and should be interpreted with caution, they pro-
vide approximations that allow us to hypothesize possible scenarios under which lineages
would have diverged.

Demographic history analyses

To assess the past demographic history of the genetic haplogroups observed in the hap-
lotype network (see results), Tajima’s D and Fu’s FS (Tajima 1989; Fu 1997) tests were
calculated for each dataset. Under sudden demographic expansion, both indices show
significant negative values and the null hypothesis of long-term mutation-drift balance is
rejected. Significance was calculated from 1000 simulated samples using a coalescent pro-
cess. Along with these two tests, we also used the mismatch distribution of pairwise dif-
ferences among individuals. Here, populations at demographic equilibrium are expected
to show a multimodal distribution, whereas populations having experienced recent demo-
graphic expansion typically show a unimodal distribution (Excoffier 2004). Goodness of
fit of the observed mismatch distribution to that expected under a sudden expansion model
was evaluated with the sum of squared deviations (SSD) using parametric bootstrapping
(10,000 replicates). Analyses were performed in DnaSP v5 and Arlequin 3.11 (Excoffier
et al. 2005).

We also determined the shape of the population growth (Ne) curve through time using
Extended Bayesian Skyline Plots (EBSP; Heled and Drummond 2008) implemented in
BEAST v2.4.8 for the genetic groups observed in *BEAST analysis, using the cpDNA
and nDNA dataset with coalescent tree prior specified as extended Bayesian skyline. This
approach allows estimation of population size changes over time and improves the reli-
ability of demographic inferences because of its power in detecting past population change
increases, and substantially reducing the estimation error given the multilocus framework.
For these analyses, we used the HKY model for all datasets (see results) according to the
Akaike criteria (AIC), as implemented in JmodelTest. Two MCMC starting with a random
tree were run for 1 x 107 generations, with parameters sampled every 10,000 steps. For
this analysis we used the mutation rate of nDNA derived from the dated genealogy (esti-
mated between 0.0065 and 0.0022 substitutions per site per million years) and the same
mutation rate of cpDNA used in our previous analysis (0.001-0.01 substitutions per site
per million years; Alsos et al. 2005). Chain convergence check and burn-in were the same
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as previously described for the *BEAST reconstruction. Posterior distributions generated
from the EBSP analyses were used to construct plots with the plotEBSP function provided
by BEAST version 2.3.2 (https://www.beast2.org/tutorials/) in R version 3.2.3, containing
the median and central posterior density of the effective population size and the time to the
most recent common ancestor.

Bayesian spatio-temporal diffusion analyses

To explore whether demographic expansion was coupled with a process of range expansion
we reconstructed the evolutionary history of lineages through time in BEAST assuming
for continuous spatial diffusion using a time-heterogeneous random walk model (“Relaxed
Random Walk”, RRW, Lemey et al. 2010). This Bayesian approach to infer ancestral dis-
tribution of lineages through time and space has only recently been applied to the study
of diffusion dynamics of organisms with relatively slower evolutionary rates (Nascimento
et al. 2013; Werneck et al. 2015; Baranzelli et al. 2017; Kébé et al. 2017). Independ-
ent analyses were run for cpDNA and nDNA datasets, with each dataset including one
sequence per haplotype/allele represented at each site (e.g. Camargo et al. 2013; Biele-
jec et al. 2016; Baranzelli et al. 2017). For each analysis, we used a normally distributed
diffusion rate, a coalescent Bayesian Skyride model, and GTR and GTR+I+G substitu-
tion models for cpDNA and nDNA, respectively. The corresponding mutation rate for each
data set, the divergence time between C. uniflora and C. fothergillii lineages (see results)
for the cpDNA dataset, and the root divergence time of the ingroup for the nDNA dataset
were used as temporal informative priors. The remaining parameters, clock model, chain
convergence and tree annotation were the same as for the previous bayesian analyses. We
used the jitter option on statistical TraitLikelihood with a parameter of 0.01 at add varia-
tion to sequences with the same geographic location. For each marker type, we performed
two independent runs of 100 million generations sampled every 10,000 generations, to
obtain a total of 10,000 trees from the posterior distribution. We combined both resulting.
log and. tree files, and inspected parameter traces with Tracer to check for stationarity. To
summarize the posterior distribution of ancestral ranges using the RRW model, we anno-
tated nodes in a maximum clade credibility tree (MCC) using the program Tree Annotator
v1.7.5. This tree was then used as an input in SPREAD v1.0.7 (Bielejec et al. 2011). to
reconstruct the pattern of spatial diffusion (e.g. Camargo et al. 2013).

Paleo-distribution models

Species distribution models under different past climatic scenarios were analyzed for both
Calceolaria species. We used 61 georeferenced C. uniflora from the field, but also from
herbarium records (CORD, IS, Herbario del Instituto de la Patagonia-Chile, and CONC),
and 49 georeferenced C. fothergillii, obtained from Falklands Conservation (Supplemen-
tary material Table S4). From these georeferenced locations, current climatic data with
grid cell resolution of 0.25 degrees (~5 km? cell), were downloaded from the WorldClim
database v1.4 (http://www.worldclim.org/; Hijmans et al. 2005); following Braunisch et al.
(2013) we used all 19 bioclimatic variables derived from the monthly temperature and
rainfall values. All bioclimatic layers were cropped to span from 43.86°S to 56.51°S and
from 75.52°W to 55.44°W, a spatial range that contains the current ranges of C. uniflora
and C. fothergillii.
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We estimated the species distribution model using the current bioclim variables using
the Maximum Entropy algorithm in MaxEnt v3.3.3 (Phillips et al. 2006) and DIVA-GIS
v7.5 (Hijmans et al. 2005). MaxEnt was run using the following settings: random test per-
centage =25; convergence threshold=0.00001; maximum iterations= 1000 and averaged
across 10 bootstrap runs. In addition, we selected the autofeatures option in MaxEnt to
describe relationships between specimen locations and environmental conditions. More-
over, given the restricted distribution of both species, we selected a value of regulariza-
tion multiplier=0.75 instead of the default value, to avoid over dispersion of the projected
models outside the current distribution range known for the species (Anderson and Gon-
zales 2011). We used the lowest value of probability of occurrence, obtained among the
trustable points of presence used in the model for each species, as the threshold value for
each prediction. Finally, a jackknife test was conducted to assess the relative importance
to the model of each environmental variable included. To measure model fit, we used the
partial area under the receiver operating curve (pROC; Peterson et al. 2008) in “Partial
ROC” software (Barve 2008). We used 10,000 iterations, and for each iteration, we re-
sampled 50% of the test data and accepted a 95% of error (default settings). Here, a partial
AUC ratio> 1 for the model indicates that performance is better than random. Partial ROC
is better than conventional ROC, among other reasons, because the Area Under Curve cal-
culation is restricted to the domain of prediction of the algorithm, and do not extend to
intervals where did not make predictions thus, overestimating the specificity of the model
(Peterson et al. 2008).

To estimate how species distributions may have changed through time, this model was
projected for each of the palaeoclimatic scenarios, from the mid-Pliocene (PLI; 3.3-3.0
Mya; Lima-Ribeiro et al. 2015), the Last Interglacial period (LIG; 130-114 Kya; Otto-
Bliesner et al. 2006), the LGM (21 Kya) and the mid Holocene (6 Kya), based on the Com-
munity Climate System Model (CCSM4). For the last two periods, we also evaluated the
simulation based on the Model for Interdisciplinary Research on Climate (MIROC-ESM),
and the predicted presence probabilities obtained with CCSM and MIROC were averaged
to obtain a combined result.

Climatic niche differentiation

We tested for climatic niche differentiation between C. uniflora and C. fothergillii taking
into account the fact that species currently have different available habitats in a spatially
autocorrelated landscape (McCormack et al. 2009). Ten of the 19 environmental variables
were chosen to test for differences among the allospecies based on their biological rel-
evance (Annual Mean Temperature (AT), Annual Precipitation (AP), Mean Temperature
and precipitations of Warmest (TWaS and PWaS), coldest (TCS and PCS), driest (TDS
and PDS) and wettest (TWeS and PWeS) season. Most of these variables were retrieved as
important by MaxEnt in the PDM (see Results).

The climatic data from occurrence points, plus 1000 random background points taken
from the geographic range of each species were reduced with principal components anal-
ysis (PCA) to three axes explaining almost all variance (96%). Then, to examine niche
divergence or conservatism between the Calceolaria species, across each of these three
niche axes, we tested against a null model of background divergence by comparing the
observed difference in mean niche values (species niche distance; SND) to the difference in
mean background values (species background distance; SBD) following McCormack et al.
(2009). Significance was assessed with 1000 jack-knife replicates of the mean background

@ Springer



Evol Ecol

values. All analyses were performed in R v.3.3.2 using the ‘car’ and ‘boot’ packages. The
scripts used is provided as supplemental material (Supplementary material Table S5).

Results
DNA sequence matrices

A total of 305 individuals were sequenced for the cpDNA. The intergenic spacers
trnS—trnG and trnH-psbA included 740, and 260 bp, respectively. As the chloroplast is
typically inherited uni-parentally without recombination, these two regions were combined
into a single matrix (1000 bp), providing 37 polymorphic sites (3.7%). We sequenced 193
individuals at the nuclear anonymous region (CAL13); this alignment was 471 bp of which
21 were variable sites (4.45%). The aligned databases were deposited in TreeBase.

Haplotype/allele network, population genetic structure, and genetic diversity

The haplotype network reveals a clear geographic structure for the cpDNA lineages. The
insular species C. fothergillii was retrieved in a distinct group with H1, H2, H22 and H23
as exclusive haplotypes separated from C. uniflora’s haplotypes by nine to 15 mutational
steps (Fig. 2a). Within C. uniflora, three main haplogroups were distinguished: a western
group (West) containing the most frequent haplotypes H3 (33.11%), and two eastern steppe
groups, a northern group (Steppe North) containing H7 and H8 and their derivatives, and
a southern group (Steppe South) represented by H6 and derivatives. Both steppe haplo-
groups reached Tierra del Fuego (Fig. 2a). Haplotype richness per site ranged from one to
five; a total of 16 sites were monomorphic most of them for H3 to the West, and for H6 to
the South, while the steppe site OtAi had the highest haplotype richness (five haplotypes;
Table 1).

The 18 alleles retrieved in the nDNA data set show less geographic structure compared
to the chloroplast markers (Fig. 2b). Among the alleles, nH3 (41.62%), nH1 (23.92%) and
nH9 (8.61%) were the most frequent. Allele nH1, mostly distributed in the western part of
the range of C. uniflora, was also the only allele in the Malvinas/Falkland islands. Calceo-
laria uniflora showed two well-defined western haplogroups in the network with overlap-
ping at geographical scale; one formed by nH5-7 and their derivatives (West 1), and the
other by nH1 and nH9 and derivatives (West 2; Fig. 2b). The last haplogroup observed in
the network was formed only by nH3, which is separated from the remaining alleles by 11
mutational steps and is mainly distributed along the steppe (Steppe; Fig. 2b). Allele rich-
ness per site ranged from one to nine; 11 sites were monomorphic, most of them towards
the East harboring nH3 (Table 1). The highest allele richness was found in western locali-
ties, with Helsingfors being the site with highest allelic richness. Geographic distribution
of heterozygosis showed a clear east-west pattern, with a higher proportion of heterozy-
gous individuals at the western area of the distribution range (Supplementary material Fig.
S2).

The geographic interpolation of genetic diversity (4 and m) showed high nucleotide
diversity distributed around 52°S latitude for both loci (Fig. 3a, b). In contrast, haplotype/
allele diversity of the two loci showed opposite spatial distribution patterns: while cpDNA
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Fig. 2 Spatial distribution (left) and haplotype network (right) reconstructed for Calceolaria uniflora and
C. fothergillii. a cpDNA. b nDNA. On the maps, portions of pie charts represent the frequency of occur-
rence of each haplotype/allele in each population. Haplotype/allele colours correspond to those shown in
the networks. Blue lines in the map correspond to the main genetic groups retrieved by SAMOVA. In the
networks, colored areas correspond to the genealogical groups, haplotypes/alleles are designated by num-
bers; circle sizes proportional to haplotype/allele frequencies. Segments between dashes indicate mutational
steps; red dots represent missing intermediate haplotypes/alleles not observed in the analyzed individuals.
(Color figure online)

haplotype diversity was most diverse in the eastern and southern areas of the species ranges
(Fig. 3¢c), nDNA allele diversity was highest in the westernmost areas (Fig. 3d).

The SAMOVA structure analysis performed on the cpDNA matrix showed an optimal
partition of genetic diversity of K=3 (F-;=0.80, P<0.0001), revealing three genetic
groups located in the Malvinas/Falkland Islands, along the steppe and along the Andean
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Fig. 3 Inverse distance weighting (IDW) spatial interpolation of nucleotide (m) and haplotype/allele (/)
genetic diversity for cpDNA haplotypes (a, ¢, respectively) and for nDNA alleles (b, d, respectively). Red
colors indicate highest and green colors the lowest molecular diversity. (Color figure online)

slopes to the West. A second independent analysis was run only with the steppe group
retrieving a southern and a northern partition that correspond to the haplogroups recovered
in the haplotype networks (Fig. 2a). The nDNA dataset, in turn, showed that five groups
(K'=5) was the most optimal partition of the genetic diversity (F-p=0.58, P <0.0001). We
found a western group mostly coincident with the cpDNA western group, a group mostly
distributed along the steppe containing the monomorphic localities for nH3, a third cluster
containing localities with alleles of divergent lineages containing nH1 and nH3, a small
fourth group which includes only localities of the Riesco island and including also alleles
of different lineages (nH3 and nH1), and a fifth group containing all monomorphic C.
fothergillii populations. Therefore, for the nDNA demographic analyses, we followed the
groupings in the haplotype network (Fig. 2b).

Finally, results of the AMOVA performed to test differences of genetic diversity among
populations located in areas covered versus uncovered by ice during the GPG showed a
significant difference only in cpDNA, showing in unglaciated populations more genetic
diversity than in glaciated ones (Table 2).

Phylogenetic analyses and divergence time estimates

The calibrated ITS phylogeny retrieved Calceolaria uniflora and C. fothergillii in a well-
supported monophyletic clade that would have diverged from C. polyrhiza around 3
Mya (95% Highest Posterior Density, HPD=2.12-4.37Mya; Fig. 4a, c). The Bayesian
multi-locus dated genealogy retrieved the two focal species as reciprocally monophy-
letic with a moderate support (PP=0.83-0.94) and estimated the mean of populations
divergences at around 0.16+0.07 Mya (Fig. 4a, b). Unilocus calibrated trees, dated the
most recent common ancestor of C. fothergillii and C. uniflora at around 1.2 Mya (95%
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Table 2 Results of the analysis of molecular variance (AMOVA) for 38 populations for cpDNA and 37 for
nDNA to test association of genetic diversity among populations located in areas covered versus uncovered
by ice during the Great Patagonian Glaciation. Degrees of freedom (d.f.). Sum of squares (SSD). Variance
components (VC)

Source of variation df. SSD VC % Total P value

cpDNA Glaciated versus non-glaciated 1 78.303 0.489 < 0.001
Among populations 36 403.86 1.364 < 0.001
Within populations 267 82.139 0.307 < 0.001
Total 304 564.302 2.161

DNA Glaciated vs. non-glaciated 1 20.151 0.056 0.275
Among populations 35 528.259 2.281 < 0.001
Within populations 172 400.623 2.329 < 0.001
Total 208 949.033 4.666

Percentage of total variance (% total) and significance value (P) are given for each hierarchical level

HPD=0.71-2.00 Mya), dating the diversification within C. fothergillii at around 470 Kya
(95% HPD =0.19-0.83 Mya), while within C. uniflora the moderate supported steparian
and western clades (PP=0.67 and 0.80, respectively), which are in concordance with the
western and eastern groups retrieved by SAMOVA, would have diverged at around 680
Kya (95% HPD =0.38-1.11 Mya; Fig. 4a and Supplementary material Fig.S3).

Demographic history

Almost no signals of demographic expansion was retrieved for C. fothergillii (Table 3),
while for C. uniflora demographic analyses showed clear evidence of demographic expan-
sion for the western lineages of both cpDNA and nDNA as indicated by the negative and
significant values of Fu’s and/or Tajima’s neutrality tests, and by the non-significant result
of the mismatch distribution analysis. The Steppe South haplogroup of the cpDNA showed
a weaker signal of sudden demographic expansion (Table 3).

The EBSP results performed for C. fothergillii showed a slightly population increase
between 150 and 80 Kya, after that time it stabilizes (Fig. 4d, top); EBSP inferences for
the Calceolaria uniflora western lineages showed a constant effective population size until
the present (Fig. 4d, centre), while the steparian lineages retrieved a recent demographic
increase up to the present, starting at 40 Kya (Fig. 4d, bottom).

Bayesian spatio-temporal diffusion analyses

Both RRW diffusion models showed the ancestral geographic area of the species located
around 50°-51°S. However, in the cpDNA, the ancestral area was inferred in the eastern
coast, at 69°W (Fig. 5a; sites EaLM, MA, Mark, TGA), while the nDNA dataset recovered
the ancestral population in the central Patagonian steppe, at 71°W (LV, Esca; Fig. 5e).

The cpDNA spatio-temporal diffusion indicates that a first expansion started around
800 Kya (Fig. 5a). From this area, two lineages started colonizing the west of the steppe
(LV, Esca) and the Malvinas/Falkland islands. At around 580 Kya the lineage leading to C.
fothergillii arrived to the islands, while C. uniflora colonized four new mainland areas from
the ancestral region (Fig. 5b). At about 350 Kya, one C. uniflora lineage dispersed to Tierra
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Fig. 4 a Visualisation of all the sampled multilocus coalescent trees reconstructed based on cpDNA and
nDNA sequences. Vertical colored boxes on the right indicate clusters containing the outgroup and ingroup
species; the map to the left shows the geographical distribution of C. fothergillii and C. uniflora main line-
ages. Letters given for each node are in correspondence with pannell C. b Posterior density plots of diver-
gence times for each population of C. fothergillii and C. uniflora. ¢ Divergence times in million years esti-
mated for each supported node (PP >0.67) showed in pannell A. d Extended Bayesian skyline plot (EBSP)
showing changes in effective population size [Ne; median +95% central posterior density (CPD)] over time
for the three main clades observed in a. (Color figure online)

del Fuego, reaching the full extent of the current species range; the last range expansions
occurred around 120 Kya into the southernmost areas of Tierra del Fuego, and to the north-
ernmost sampled sites in PNPM (Fig. 5c, d). Since the LIG (120 Kya) and during the LGM
(21 Kya), both species diversified locally without expanding its range.

The nDNA dataset showed that the ancestral lineages originated at about 1.25 Mya
(Fig. 5e). From this ancestral area and at about 800 Kya the differentiation of the shared
haplotype between C. uniflora—C. fothergillii (nH1) started (Fig. 5f), with the lineage arriv-
ing to the Malvinas/Falkland islands around 580 Mya (Fig. 5g). Within C. uniflora, two
main regions were established from the beginning of the dispersal from the ancestral area:
one at the west and the other at the east, which were interconnected twice between 900 and
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Fig. 5 Bayesian spatio-temporal diffusion analysis of Calceolaria uniflora and C. fothergillii cpDNA (a—d)
and nDNA (e-i) lineages at different time points, and based on the maximum clade credibility (MCC) tree.
Time slices are: 1.25 Ma (GPG; only nDNA), 830, 580, 120 Ka and present time. Lines represent branches
of the MCC tree; shaded areas: 80%-HPD uncertainty in the location of ancestral branches, shading gradi-
ent indicates older versus younger events
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800 Mya. From around 600 Kya and up to the present, several diversifications and range
expansions to multiple directions occurred in C. uniflora (Fig. 5h, i).

The mean spatial diffusion rate for the cpDNA was 343 km/Ma (=0.34 m/year; 95%
HPD: 0.04-1), and for the nDNA was 210 km/Ma (=0.21 m/year; 95% HPD: 0.09-0.35).
(Supplementary material Video V1 and V2, respectively).

Paleo-distribution

With respect to the species distribution models, the pROC average value obtained for C.
uniflora for current climatic conditions after ten runs was 1.995+0.002, and the threshold
value selected was 0.311+0.020. The variables that contributed most to the current models
for C. uniflora and for C. fothergillii are summarized in the Supplementary material, Tables
S6 a,b. For C. fothergillii the pROC average value was 1.923+0.007 and the threshold
value selected was 0.207+0.058. The paleo-distribution reconstructed for the mid-Plio-
cene (3-3.3 Mya) suggests great similarity in the climatic suitability of both species around
the Atlantic coast (Fig. 6a). For C. uniflora, the most suitable areas were in the southwest-
ern portion of the range, while for C. fothergillii, they were restricted to a small coastal
portion in the north of Tierra del Fuego. During the LIG (120 Kya), the paleo-distribution
models (PDMs) suggest a drastic reduction in the suitable area for C. uniflora, with it being
mainly restricted to the foothills of the Andes, along a latitudinal strip (Fig. 6b). For C.
fothergillii, suitable conditions disappear in the mainland and are restricted to the east-
ernmost portion of the Malvinas/Falkland islands. The distribution models for the LGM
(Fig. 6¢) suggest that this glaciation period could have favoured the expansion of both spe-
cies. In C. uniflora, an eastward shift is evident towards the exposed Patagonian shelf of
the Atlantic coast and the Falkland/Malvinas Islands. High suitabilities for C. fothergillii
shifted towards the north and west of the Malvinas/Falkland islands. During the middle
Holocene, 6 Kya, our projections identify a retraction of suitable areas for both species,
more drastic in C. fothergillii than in C. uniflora (Fig. 6d). The projections onto current
climatic conditions showed areas with high probability of occurrence across the entire
southern Patagonia for C. uniflora, and the Malvinas/Falkland islands for C. fothergillii
(Fig. 6e). These models suggest a progressive increment of climatically favourable areas
for C. fothergillii from the LGM to the present. In contrast, in C. uniflora, the favourable
areas continued to decrease in size and finally become fragmented (Fig. 6e).

Climatic niche differentiation

Species occurs in regions with similar mean annual temperature conditions (6.05 (+0.8) °C
for C. uniflora and 6.09 (+0.3) °C for C. fothergillii), but different mean annual precipita-
cions (314 (+138) mm for C. uniflora, and 550 (+37) mm for C. fothergillii. The climatic
PCA clearly separated both species in space (Fig. 7a). PC1 explained most of the variation
through five precipitation variables (64%); PC2 explained 17% of the variation, character-
ized mainly by temperature variables (AT, TCS); PC3 explained 15% and was mostly cor-
related with temperature of the driest and wettest quarters. Calceolaria uniflora appeared
scattered in the climatic space, though more associated with drier and colder conditions
than C. fothergillii. Compared to null models of background divergence, PC1 showed evi-
dence for niche divergence, while PC2 showed significant evidence for niche conservatism,

@ Springer



Evol Ecol

100 km

SR,

MiPliocene (3 Ma)

CCsm4 LIG (120 Ka)

LGM (21 Ka)

Mid Holocene (6 Ka)
MIROC-ESM/CCSM4

MIROC-ESM/CCSM4

C. uniflora  C. fothergillii °Veriab betweent . ..
0.20 io.zs Io.15 >
. 1.00 1.00

= Current (1950-2000)

Fig. 6 Spatial projections of C. uniflora and C. fothergillii’ s climatic niche of across several Pliocene and
Quaternary climatic scenarios. a Mid-Pliocene (3 Mya; CCMS). b Last Interglacial maximum (LIG; 120
Mya; CCMS). ¢ Last Glacial Maximum (LGM; 21 Kya; average of CCMS and MIROC), dotted lines: ice
sheet extent. d Mid-Holocene (6 Kya, averages of CCMS and MIROC). e Current conditions. Orange hues:

suitabilities for C. uniflora; blue hues: suitabilities for C. fothergillii; pink hues: overlapping high suitabili-
ties
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pancy of the climatic space for the two study species. Variables contributing most to each component are
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and PC3 showed no significant differences between the observed niches mean distance and
the null background distribution (Fig. 7b).

Discussion
Climatic niche divergence and a possible speciation scenario

We integrated phylogeography and niche modelling to provide insights into the geographic
context of speciation and the processes driving divergence (Camargo et al. 2010). The
paleo-distribution reconstruction based on climatic variables across time clearly showed
the sequential spatial differentiation of suitable geographic range from the ancestral lineage
to C. uniflora and C. fothergillii present lineages. According to the paleo-distribution model
for mid-Pliocene (~3.3-3.0 Mya), the western and southern areas of continental Patagonia
were zones of high climatic suitability for a possible species ancestor. These areas almost
reached the Pacific coast and completely covered the island of Tierra del Fuego, which
is consistent with the proposed ancestral geographic area being located around latitude
50°-51°S by the Bayesian spatio-temporal diffusion analyses. However, during the mid-
Pliocene the species were not yet differentiated; the past projection for this period (accord-
ing to current niches for both species) appear to overlap only in the mainland, suggesting
common climatic requirements at that time, and a continuous divergence since then.
According to the Bayesian spatio-temporal diffusion analyses, divergence between C.
uniflora and C. fothergillii would have occurred around 1.2—1.8 and 0.830-1.25 Ma for the
cpDNA and nDNA, respectively. This date is contemporaneous to the GPG, which pro-
duced significant environmental changes, increased continentality and affected the distri-
bution of species and taxa composition (Rabassa et al. 2011). Unfortunately, no climatic
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layers exist for this glacial period, but as shown by the PDMs for other glacial periods,
during the GPG, genetic lineages would have moved eastwards into regions with opti-
mal climatic conditions in the newly exposed areas. During the interglacial period after
the GPG, islands and mainland became fully isolated (Ponce et al. 2011; Rabassa et al.
2011), which eliminated gene flow and resulted in species divergence. Because our analy-
sis of climatic niche differentiation suggests that the precipitation regimes, both annual and
seasonal, explain the niche differences between species even when considering the back-
ground environmental divergence, we suggest evidence exists for incipient climatic niche
differentiation, instead of drift-only divergence (McCormack et al. 2009). We also find evi-
dence suggesting that species would have retained similar temperature requirements over
time and space. Several studies support the idea that climatic niche conservatism may be
important in setting range limits (reviewed in Wiens 2011; Hua and Wiens 2013). Species
range limits are set by unsuitable abiotic and/or biotic conditions at their range margins,
and the failure of individuals to adapt to those unsuitable conditions (Gaston 2009). Our
results suggest that the ancestor of C. uniflora—C. fothergillii could expand its range across
the precipitation axis, adapting to new and diverging conditions, but individuals failed to
adapt to unsuitable temperature conditions and thus retained similar temperature require-
ments. Because range limits create biogeographic patterns, and ecological niches create
range limits (reviewed in Wiens 2011), a question for future studies in Patagonian species
is if it is possible to identify environmental variables that are conserved across different
species, versus those associated with niche divergence and thus suspected to be involved in
diversification processes (Espindola et al. 2016).

Intraspecific diversification after speciation

During glacial periods, the distribution ranges of species from lower latitudes in temperate
zones contracted, persisting in refugia located at lower elevations or latitudes (Noguerales
et al. 2017). Conversely, populations from cold-tolerant species expanded during glacial
periods and shrank during interglacials (Stewart et al. 2010; Noguerales et al. 2017). For
the Patagonian organisms, there is evidence of periglacial refugia or even more in situ per-
sistence in lands covered by ice, as expected for cold-tolerant species (review Sérsic et al.
2011). However, the question of whether demographic/spatial expansion and contraction
have been associated to glacial or interglacial periods is less clear for Patagonian species.

According to our genetic and climatic analysis, the cold-adapted Calceolaria uniflora
originated, dispersed and diversified in continental Patagonia during the late Quaternary
(1 Mya—675 Kya) indicating the profound effect of past climatic oscillations in its abun-
dance, distribution and diversification. The PDMs analyses suggested that during intergla-
cials the range of C. uniflora contracted, while during the LGM, this species expanded its
range towards central and northern portions of the Patagonian steppe and the merged con-
tinental platform that connected mainland to the Malvinas/Falkland Islands. This pattern of
spatial expansion during glaciation revealed by the PDMs was also supported by the diffu-
sion analysis, and seems to be accompanied with a demographic expansion occurred at the
beginning of the last glacial period OIS6 (ca. 40 Kya; Rabassa 2008).

Interestingly, our analyses revealed two main favourable climatic areas where the spe-
cies would have persisted across time: an ancient refugial area into the Andean foothills,
and a more recent one in a in the Patagonian steppe; the east—west distribution of the main
genetic groups coastal refugium retrieved by our cpDNA and nDNA datasets, the second-
ary contact areas, clearly evidenced by cpDNA and nDNA nucleotide diversity, and the
diffusion analyses indicate that successive geographic expansions, isolations and secondary
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contacts occurred during glacial/interglacial periods between both areas. Additionally, our
genetic results suggest differences in population size, connectivity and reproductive pat-
terns between both refugia. Several lines of evidence (i.e. PDMs, the high genetic diversity,
nDNA heterozygosity, and the demographic and diffusion analyses) support the idea that
C. uniflora persisted since the GPG in the southwestern Andean grassland in a large sta-
ble refugium under high gene flow and outcrossing within this area. Conversely, refugia
formed since the LGM in the eastern displayed no nDNA genetic diversity probably due to
the presence of small populations with high levels of genetic drift and selfing (all sampled
individuals were homozygotes). The EBSP suggest that the eastern area was more unstable
than the western refugia. Moreover, in the eastern refugia a historical differentiation to the
north and south of the Coig river was suggested based on SAMOVA results and haplo-
type distribution. Interestingly, this genetic break was previously reported in the Patagon-
ian Anarthrophyllum desideratum (Cosacov et al. 2013). Thus, the eastern refugia probably
consisted of fragmented populations with low connectivity, as reveal by the interpopulation
differentiation in chloroplast haplotypes.

In synthesis, we distinguished two main refugial areas located at the east and west of
southern geographic distribution range of C. uniflora. Both refugial areas are consistent
with those previously reported (Cosacov et al. 2010; Sérsic et al. 2011; Nicola et al. 2014;
Lopez and Bonasora 2017). From the molecular and climatic evidence, we suggest that
both areas would have acted as refugia with different ancientness, geographic extents,
population sizes, and reproductive patterns. The contrasting patterns in the distribution of
the genetic diversity for both markers could be reflecting different temporal signals (e.g.
Mathiasen and Premoli 2010), or could be the result of their different mutation rates, effec-
tive population sizes, and/or dispersal mechanisms.

In C. fothergillii, each of the markers resulted in different genetic signals. The multilo-
cus species tree retrieved C. fothergillii as monophyletic in a moderate-supported clade.
Additionally, the paleo-distribution models, and species divergence times, largely sup-
port the hypothesis of land bridges between the mainland and the islands during the GPG
period. Unlike the cpDNA, the nuclear marker did not differentiate C. fothergillii from C.
uniflora. The lack of genetic differentiation for C. fothergillii when using nDNA could be
a consequence of several joint processes: (1) colonization of the islands by a small group
of continental individuals involved founder effects with limited genetic variation among
the founding individuals; (2) by the larger effective population size in nuclear regions, the
chance of drift fixing mutations in different populations is lower for nuclear DNA than
for chloroplast regions; (3) C. fothergillii experienced a bottleneck during milder climatic
conditions that reduced genetic diversity in the islands, as predicted by the paleo-distribu-
tion models for the interglacial periods; and (4) existence of less outcrossing by pollina-
tors, with no gene flow between continental and insular sites. Regarding this last point,
out of the eight pollinating birds observed on C. uniflora (Sérsic and Cocucci 1996; Sérsic
and Cocucci unpublished data), only the species Turdus falcklandii (the Austral Thrush),
reaches the Malvinas/Falkland islands. Interestingly, Campagna et al. (2012) have found
that 7. falcklandii would be a resident in the islands since the late Pleistocene, around 44.5
Kya (i.e. before the LGM), and that insular populations not share haplotypes with conti-
nental individuals of the species, suggesting no gene flow between the two regions.
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Conclusions

The combination of independent data sets (climatic and molecular) points to several fac-
tors driving genetic differentiation and speciation in two Calceolaria sister species inhabit-
ing continental Patagonia and Malvinas/Falkland islands. Quaternary glacial fluctuations
affected the mainland/islands connections favouring speciation. Climatic niche compari-
sons support both divergence and conservatism of the climatic niche. Future studies includ-
ing additional molecular markers and other analytical approaches (i.e. the bayesian ABC)
in populations of both species, and other species, will help further illuminate the process
of lineage differentiation and speciation mechanisms occurring in Patagonia and the Malvi-
nas/Falklands Islands during the Quaternary.
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