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Abstract

Complex interactions between topographic heterogeneity, climatic and environmental gradients, and thermal niche conserva-
tism are commonly assumed to indicate the degree of biotic diversification in montane regions. Our aim was to investigate
factors that disrupt gene flow between populations and to determine if there is evidence of downslope asymmetric migration
in highland frogs with wide elevational ranges and thermal niches. We determined the role of putative impediments to gene
flow (as measured by least-cost path (ILCP) distances, topographic complexity, and elevational range) in promoting genetic
divergence between populations of 2 tropical Andean frog sister species (Dendropsgphus luddeckei, N = 114; Dendropsophus labialis,
N = 74) using causal modeling and multiple matrix regression. Although the effect of geographic features was species specific,
elevational range and LCP distances had the strongest effect on gene flow, with mean effect sizes (Mantel r and regression
coefficients §), between 5 and 10 times greater than topographic complexity. Even though causal modeling and multiple matrix
regression produced congruent results, the latter provided more information on the contribution of each geographic vari-
able. We found moderate support for downslope migration. We conclude that the climatic heterogeneity of the landscape, the
elevational distance between populations, and the inability to colonize suboptimal habitats due to thermal niche conservatism

influence the magnitude of gene flow. Asymmetric migration, however, seems to be influenced by life history traits.

Key words: Andes, asymmetric migration, elevational range, least-cost path distances, migration rate, topographic complexity

The increase of biological diversity at lower latitudes is a
well-known biogeographic pattern (Pianka 1966; Rohde
1992). A closer look reveals, however, that tropical hotspots
of biodiversity are not randomly distributed, but are mainly
associated with continental highlands (Myers et al. 2000;
Orme et al. 2005; Jansson and Davies 2008). Compared with
lowland areas, montane regions contain exceptionally high
diversity relative to their area (Kérner 2007).

Most studies that have tested hypotheses of montane spe-
ciation in the tropics use phylogenetic approaches that com-
pare either rates of speciation (Hey and Nielsen 2004; Wiens
et al. 2000) or the association of tree topology with highland
colonization and/or diversification (Hall 2005; Roberts et al.
2006). Even though phylogenetic approaches may answer
questions about biogeographic processes such as colonization
of the highlands by lowland species (Lynch 1999; Hall 2005;
Roberts et al. 2000), landscape genetic analyses are perhaps
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more appropriate to explain the effects of complex land-
scapes on the early stages of speciation of montane lineages.
Determining how gene flow is associated with particular fea-
tures of the landscape, therefore, can provide fine-grain infor-
mation about which geographic factors effectively restrict gene
flow among populations, promoting their divergence.

Associating gene flow with the characteristics of the land-
scape is complex because of the difference in scale between the
hotizontal (lattude/longitude) and vertical (altitudinal) compo-
nents of topography. For instance, in phylogeographic studies
of montane species (e.g.,, Funk et al. 2005; Guarnizo et al. 2009;
Kebede et al. 2007), the maximum hotizontal distances that
separated populations were ~60, 216, and 770 km respectively,
whereas the maximum vertical distances were ~2.0, 1.5, and 1.1
km. Because hotizontal distances may be orders of magnitude
larger than vertical distances, the effect of the vertical component
of the landscape on gene flow is likely to be underestimated.
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The vertical component of a topographic surface may
influence population connectivity. For example, an organ-
ism, especially an ectotherm, moving across a steep terrain
will encounter different conditions than one on a flat terrain.
Even though the thermal physiology of some ectotherms is
conservative relative to other groups (Angilletta 2002), the
abrupt change in temperature associated with even the slight-
est changes in elevation exposes individuals to extremely dif-
ferent physiological and environmental regimes (Navas 2000).
In general, an organism in complex topographies must trav-
erse environmental gradients several times during ascent and
descent, which may restrict the long-term rate of movement.
Organisms with narrow niches, however, would be restricted
to zones or isoclines (presumably horizontal) of suitable habi-
tat. Moving along such habitat isoclines would require travers-
ing greater geographic distances. This presumably represents
an extra energy expenditure that may reduce migration rate.

The magnitude and direction of gene flow may be influ-
enced by steep topography. Given that water flows downhill,
we expect to find asymmetric migration favoring downward
movement in species that are dependent on water (e.g., bull
kelp [Collins et al. 2010], salmon [Consuegra et al. 2005], and
sticklebacks [Bolnick et al. 2008]).

Tropical Andean frogs are an ideal group for studying
diversification in montane regions because anurans generally
have restricted migration abilities (Smith and Green 2005),
their metabolism is affected by environmental variables asso-
ciated with elevational gradients (Feder and Burggren 1992),
and montane clades of frogs tend to have higher rates of
diversification (Smith et al. 2007). We used the sister species
Dendropsophus labialis and Dendropsophus luddeckei (Hylidae) to
determine how topography influences the amount and direc-
tion of gene flow in species with wide elevational distributions.

Specifically, we determined the role of least-cost path (LCP)
distance, topographic complexity, and elevational range as deter-
minants of gene flow. We hypothesized that 1) topographic
complexity and LCP distances will display the strongest associa-
tion with gene flow because these measures are associated with
the climatic heterogeneity of tegions connecting populations/
individuals; 2) elevational distance between populations will
display the weakest association with gene flow because of the
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small amount of vertical distance relative to horizontal distance;
and 3) gene flow will be asymmetric in a downslope direction
because eggs and larvae (tadpoles) are displaced downhill by
water flow.

Materials and Methods
Sampling and DNA Sequencing

Tissues were obtained from D. labialis and D. luddeckei captured
around small ponds (1015 m in diameter) along the western
slope of the Eastern Andes of Colombia (Table 1; Figure 1).
High abundance and elevational ranges of at least 2000 m
characterize these 2 species; most species of Andean frogs
have narrower elevational ranges, usually between 400 and 600
m (Navas 2002). We selected species with wide elevational dis-
tributions to facilitate analysis of the effect of elevational dis-
tance on gene flow. We obtained tissues by clipping the toe of
adult frogs or the tail tips of larvae (Institutional Animal Care
and Use Committee protocol number 07101901). To avoid
sampling siblings (which biases allelic diversity), adults were
preferred over larvae. In cases in which larvae were collected,
different sizes of larvae (presumably indicating matings of
different pairs) from various regions of the pond were used.
After recording the geographic coordinates of each individ-
ual, tissues were immediately transferred to plastic tubes of
97% ethanol and were stored at -80 °C until DNA extraction.

We estimated gene flow using DNA sequences from the
fast-evolving control region of mitochondrial DNA (600bp),
the nuclear proopiomelanocortin (POMC) gene (480bp), and
exons 2 and 3 of the cellular myelocytomatosis (c-myc) gene
(800bp). Genomic DNA was extracted using the Viogene Blood
and Tissue Genomic DNA Extraction Miniprep following the
manufacturer’s protocols. Three DNA fragments were ampli-
fied using published primers for the control region (controlJ2-L:
5-GCATTACGTTCACGAAGWTGG-3', controlP-H: 5-GT
CCATAGATTCASTTCCGTCAG-3'; [Gocebel et al. 1999)),
POMC (PomcR1: 5-GGCRTTYTTGAAWAGAGTCATTAG
WGG-3', PomcF1: 5-ATATGTCATGASCCAYTTYCGCT
GGAA-3'; [Vieites et al. 2007]), and c-myc (cmyclU: 5-GAG
GACATCTGGAARAARTT-3; cmyc3L: 5-GTCTTCCTIC

Table | Sampling sites, map codes, geographic coordinates, elevation (above sea level), and the number of individuals analyzed for
cach locus
Coordinates Elevation
Species Population Code (lat N, longW) (m) n  Number of individuals sequenced
Dendropsophus  Ta Cueva A 6°24'15.20", 72°22'55.90" 3729 14 14 (control region), 11 (POMC), 04 (c-myc)
Inddeckei Guina* B 6°05'51.90", 72°52'45.84" 3288 18 18 (control region), 18 (POMC), 06 (c-myc)
Paipa* C 5°44'50.60", 73°08'01.60" 2642 20 20 (control region), 19 (POMC), 01 (c-myc)
Arcabuco* D 5°45'14.22", 73°26'40.30" 2575 20 20 (control region), 19 (POMC), 13 (c-myc)
Villa de Leyva* E 5°38'55.20", 73°31'56.10" 2125 13 13 (control region), 12 (POMC), 04 (c-myc)
Dendropsopbus  Chiquinquira F 5°36'27.70", 73°46'10.92" 2542 17 17 (control region), 16 (POMC), 09 (c-myc)
labialis Las Pilas* G 5°07'0.130", 74°07'37.10" 2313 6 06 (control region), 06 (POMC), 01 (c-myc)
Pantano* H 5°00'14.40", 74°10'32.20" 3192 15 15 (control region), 12 (POMC), 01 (c-myc)
Guadalupe* I 4°35'44.20", 74°01'49.76" 3276 18 18 (control region), 18 (POMC), 04 (c-myc)
Las Brisas* ] 4°25'58.62", 73°55'13.19" 1970 18 18 (control region), 17 (POMC), 05 (c-myc)

Populations within each species are ordered from north to south. Asterisks indicate localities used in the asymmetric migration calculations.
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Figure I. Map of the Colombian Eastern Andes showing the sampling localities for each species. Stars: Dendropsophus luddeckei,

dots: Dendropsophus labialis.

TTGTCRTTCTCYTC-3"; [Crawford 2003]). Amplifications
were performed with a reaction mix containing 2.5 pL. of 10X
PCR buffer (500 mM KCl, 100mM Tris-HCL, pH 8.5), 2.5 uL. of
8 uM dNTP’, 13.875 pL of dH,0O, 1.0 pL of MgCl,, 0.125 pLL
of DNA polymerase, 1.25 pL. of each primer (10 uM), and
2.5 pL. of the DNA extract for a final volume of 25 pl.

The PCR cycle for the control region included an initial
denaturing step of 2min at 94 °C, followed by 35 amplifi-
cation cycles (30 s at 94 °C, 30 s at 48 °C, 1 min at 72 °C),
and a final extension of 7min at 72 °C. For POMC, we
used the PCR cycle protocol from Guarnizo et al. (2009).
For c-myc, we used the PCR cycle protocol from Crawford
(2003). PCR products were purified using a Viogene Gel
Purification Kit. Clean PCR products were sequenced at the
ICMB Core Research Facility at the University of Texas at
Austin using BigDye v3.1 cycle sequencing chemistry, and
the Sanger method using ABI 3730 DNA sequencers. To
determine the 2 alleles present on each heterozygous indi-
vidual (identified as having 2 chromatogram peaks of the
same intensity at a base position) for POMC and c-myc,
we used the PHASE algorithm (Stephens et al. 2001) in
DNAsp 5.1 (Librado and Rozas 2009). We used 100 itera-
tions and a confidence probability threshold of >90%.
Heterozygous sites were treated as missing when confi-
dence intervals were <90%.
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Estimation of Genetic Distances and Geographic
Variables

We estimated genetic distances between individuals with
pairwise Kimura-2 parameter distance (K2P) (Kimura 1980)
using MEGA 5.0 (Tamura et al. 2007). Genetic distances
between individuals were used as a proxy for gene flow
(Rousset 2000; Selonen et al. 2010). The K2P model was
chosen to facilitate comparison with other studies on frogs
(Rowe 20006; Koscinski et al. 2009). K2P distances were cal-
culated using the mitochondrial control region, given that its
faster substitution rate provides higher intraspecific resolu-
tion than the 2 nuclear loci (Kurabayashi et al. 2010).

LCP distances, which are paths between 2 points that
minimize the accumulated landscape feature costs across a
matrix, were estimated with the Spatial Analyst Extension in
ARCGIS V9.2 (ESRI). In heterogeneous landscapes, LCP
distances, as measured here, are expected to be consider-
ably larger than Euclidean distances, since topographic fea-
tures such as mountains or deserts obstruct the movement
of individuals across the landscape and on average increase
the LCPs. In contrast, in homogeneous landscapes, LCP dis-
tances are expected to be closer to Euclidean distances, since
individuals can move without impediments across the land-
scape. To generate the cost layer needed to estimate the LCP
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distances, we followed Wang and Summers (2010). Their
method assumes that regions in which the species has a low
probability of occurrence have high costs of migration. We
performed the distribution probability analysis for each spe-
cies with the 19 bioclimatic layers with 30 arc-second resolu-
tion (Hijmans et al. 2005) using MAXENT V3.3.1 (Phillips
et al. 2006). MAXENT predicts the environmental suitabil-
ity of each cell in a layer using values that range from 0 to
1, where higher scores indicate a more suitable habitat for a
species. We used the inverse of these values, because lower
suitability should have a higher migration cost. Because the
19 bioclimatic variables reflect precipitation and temperature,
LCP distances contain coarse ecological information.

To estimate the inverse distribution probability of each
species (used as cost layers), we included 21 localities for
D. luddeckei and 20 for D. labialis, based on our data and data
from the museum of the Instituto de Ciencias Naturales
of the Universidad Nacional de Colombia. We assessed
the accuracy of the distribution probabilities generated by
MAXENT with a receiver operating characteristic (ROC)
analysis (Phillips et al. 20006), randomly selecting 25% of
occurrence records and 10000 cells as background points.
We confirmed the model by comparing its output with data
from museum distribution records.

To estimate topographic complexity along vectors, we
modified an oceanographic technique to estimate rugo-
sity (Zawada et al. 2010). We estimated all possible pair-
wise contour vectors (which take topographic relief into
account; Figure 2) among populations using the 3D Analyst
of ARCGIS 9 (ESRI) with a 250 m resolution STRM digital
elevation model (http://srtm.csi.cgiar.org/). We then divided
each contour distance by the corresponding Fuclidean dis-
tance between each pair of populations (Figure 2); this ratio is
always =1. The larger the ratio, the more complex is the land-
scape. A smaller ratio indicates a less complex (flatter) terrain.

The elevational distance between populations was esti-
mated as the Euclidean distance perpendicular to the hori-
zontal plane.

Guarnizo and Cannatella « Geographic Determinants of Gene Flow

Causal Modeling

We used causal modeling (Legendre and Troussellier 1988;
Cushman et al. 2006; Richards-Zawacki 2009; Cushman and
Landguth 2010) to determine which combination of spatial
factors influences genetic distance (a proxy for gene flow)
between individual haplotypes. Causal modeling is more
effective at correctly identifying contributing factors and
rejecting spurious correlations than simple correlation analy-
sis (Legendre and Troussellier 1988; Cushman and Landguth
2010). We formulated 7 models that describe the effect of
various combinations of geographic variables (LCP distances,
topographic complexity, and elevational distances) on the
genetic differentiation of populations (Table 2). Each model is
characterized by a unique combination of partial correlations,
and therefore, supported only if all its conditions are met.

To test the causal models, we performed partial Mantel
tests (using the program zt version 1.0 [Bonnet and Van de
Peer 2002]) between a target matrix and a genetic distance
matrix while controlling for the effect of a third covariate
matrix. A Bonferroni correction was applied to adjust the
significance level given that multiple tests were performed.

Multiple Matrix Regression With Randomization

Partial Mantel tests have been recently criticized because
of their high type-1 error rate and low power (Raufaste and
Rousset 2001; Harmon and Glor 2010; Guillot and Rousset
2013; but see Legendre and Fortin 2010). Mantel tests, how-
ever, are still widely used landscape genetics and phylogeog-
raphy mainly because of the absence of alternative methods
than can detect the effect of nonindependent geographical
variables on gene flow (Guillot and Rousset 2013). An alter-
native method, multiple matrix regression with randomiza-
tion (MMRR) was introduced by Wang (2013), which tests
the significance of a multiple regression using a randomized
permutation procedure to account for the potential noninde-
pendence between variables. The main advantages of this
method are that it produces appropriate levels of type-I error

----------- Great circle distance (g)
— Contour distance (p)
— — — Euclidean distance (V h? + g?)

Pe) High topographic Pe-o

>>1
complexity

.‘, 2 2
h (A-B) *g (A-B)

Low topographic
complexity

2 2
Ve Fioe

Figure 2. Left box: hypothetical high topographic complexity scenatio between the populations A and B, where the contour

distance (dotted line) is larger than Euclidean distance (dashed line), making the ratio greater than 1. Right box: low topographic

complexity scenario between populations B and C, where the contour distance is similar to the Euclidean distance, making the

ratio close to 1. 4 = altitudinal difference between each pair of populations. Euclidean distance is calculated as the hypotenuse of

the right triangle whose sides are 4 and g.
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Table 2 Causal model of the expected relationship between
geographic variables and genetic distances

Controlling  Expected
Model Correlation  for: significance
A (LCP) LCP X G Elev Sig
LCP X G TC Sig
Elev X G LCP NS
TC X G LCP NS
B (Elev) Elev X G LCP Sig
Elev X G TC Sig
LCP X G Elev NS
TC X G Elev NS
C (TC) TC X G LCP Sig
TCX G Elev Sig
LCP X G TC NS
Elev X G TC NS
D (LCP and Elev) LCP X G Elev Sig
LCP X G TC Sig
Elev X G TC Sig
Elev X G LCP Sig
TC X G LCP NS
TC X G Elev NS
E (LCP and TC) LCP X G Elev Sig
LCP X G TC Sig
Elev X G TC NS
Elev X G LCP NS
TC x G LCP Sig
TC X G Elev Sig
F (Elev and TC) LCP X G Elev NS
LCP X G TC NS
Elev X G TC Sig
Elev X G LCP Sig
TC x G LCP Sig
TC X G Elev Sig
G (Elev, TC, LCP X G Elev Sig
and LCP) LCP x G TC Sig
Elev X G TC Sig
Elev X G LCP Sig
TC X G LCP Sig
TC X G Elev Sig
H (none) LCP X G Elev NS
LCP X G TC NS
Elev X G TC NS
Elev X G LCP NS
TC X G LCP NS
TC X G Elev NS

The combination of variables supported by each model is enclosed in paren-
theses. The “X” indicates a correlation between 2 matrices. Sig: Correlation
significantly different from 0 at 0.05; NS: correlation nonsignificant at
P = 0.05. Elev, elevational distances; G, K2P genetic distances; TC, topo-
graphic complexity.

(Wang 2013), and it uses multiple regression, assessing the
independent contribution of each variable in the model. We
performed the MMRR method using the R function from
Wang (2013) with 10000 permutations, and compared its
results with the partial Mantel tests from the causal models.

Migration Asymmetry

To measure upslope versus downslope migration, we
selected for each species a subset of population pairs that
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are geographically close to each other (less than 50 km apart)
but occur at different elevations (Table 1). Migration rate
was estimated under a coalescent framework using isolation
with migration (Hey and Nielsen 2004; Hey 2005), allowing
migration (m) to vary in both directions. For this analysis, we
used POMC, c-myc, and the mitochondrial control region.

Given that IM assumes no intragenic recombination (Hey
and Nielsen 2004), we examined the nuclear genes, POMC
and c-myc, for evidence of recombination using IMgc
(Woerner et al. 2007), which uses the 4-gamete test (Hudson
and Kaplan 1985) to identify the largest recombination-free
block of sequences for each locus. We then used the long-
est contiguous nonrecombining block for all further analyses.
We were interested in comparing relative and not absolute
migration rates within each species, and therefore we did not
scale parameters with mutation rate or generation time.

Preliminary IM runs with large priors were conducted to
determine prior maxima on the migration parameter. Priors
were reduced in subsequent runs until their distribution was
optimized and minimized zero probability tail lengths. We
estimated the parameters 7; (maximum migration rate from
population 1 to population 2), 7, (maximum migration rate
from population 2 to population 1), and 60, 0, (theta, the
product of 4 times the effective population size and mutation
rate of populations 1 and 2). To detect asymmetric migration,
we compared the proportion of the Markov Chain Monte
Catlo samples in which the product between the effective
number of gene copies and the per gene copy migration rate
(2N,,) was larger in the upslope direction (2Nyzzy > 2N,z,)
than the downslope direction (2N,mz, > 2N mz,).

Migration rate estimates were based on a Markov chain
of 107 generations that was run until the effective sample
size values of parameter correlations were greater than 200,
following a 100000 step burn-in. We used the HKY85 sub-
stitution model and an inheritance scalar of 0.25 for the
mitochondrial control region and 1.0 for the 2 nuclear loci
(given that the effective population size of a mitochondrial
gene size is one-fourth that of a nuclear gene). We used
10 coupled chains with a linear heating increment of 0.05.
Three independent runs with different random seeds were
used to evaluate congruence of the results. The Bayesian
confidence interval was determined using the 90% highest
posterior density, estimated from the shortest span on the
X-axis that contains 90% of the posterior probability for
each parameter.

Results

We sequenced 114 individuals of D. /uddeckei and 74 of
D. Jabialis (Genbank accession numbers in Supplementary
Material online). Not surprisingly, for each species the
nucleotide diversity per site (1) of the 2 nuclear fragments
was on average an order of magnitude lower relative to the
mitochondrial control region (D. /uddeckes: control region
n = 0.0450, POMC = = 0.0032, c-myc © = 0.0023; D. labialis:
control region m = 0.0234, POMC n = 0.0025, c-myc
7 = 0.0015).
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The area under the ROC curve in the MAXENT analysis
used to estimate the LCP distances was 0.915 % 0.053 (stand-
ard deviation) in D. /uddeckei and 0.931£0.044 in D. Jabialis.
Our results indicated that each model had a good fit to the
distribution of each species based on our sampled localities
and museum locality records.

The D. labialis causal model D (Table 3) had the strong-
est support after Bonferroni correction; in other words, both
LCP and elevational distances were negatively associated with
genetic distances, but topographic complexity did not have
an effect. In D. /uddeckei; however, causal model B was fully
supported, with only elevational distances having a negative
association with genetic distances (Table 3).

A multiple regression with randomization was run to pre-
dict genetic distances from topographic complexity, LCP dis-
tances, and elevation distances. In both species each of these
variables predicted genetic distances (D. labialis: F = 3229.8,
P < 0.0005; D. luddeckei: F = 56.6, P < 0.0005). However, the
effect of each variable on gene flow depended on the species.
In D. labialis, 1.CP distances had the highest regression coef-
ficient (B) followed by elevation; however, the effect of each
variable was significant (LCP distance: 3 = 0.75, P < 0.0005;
elevation distance: § = 0.37, P < 0.0005; topographic com-
plexity: § = —0.15, P < 0.0005). In D. /uddeckei, the only vari-
able that contributed significantly to genetic distance was

Table 3  Partial Mantel correlation coefficients (Mantel’s 7) and P
values from the causal model

Partial Mantel

Species scheme r P value
Dendropsophus TC x G. LCP 0.006 0.437
Inddeckei

Dendropsophus TC x G. Elev —0.004 0.450
Inddeckei

Dendropsophus LCP X G. TC 0.106 ok
Inddeckei

Dendropsophus LCP X G. Elev —0.012 0.390
Inddeckei

Dendropsophus Elev x G. TC 0.146 ok
Inddeckei

Dendropsophus Elev X G. LCP 0.101 kK
Inddeckei

Dendropsophus TC x G. LCP 0.055 0.028
labialis

Dendropsophus TC x G. Elev —-0.198 ok
labialis

Dendropsophus LCP X G. TC 0.801 oK
labialis

Dendropsophus LCP x G. Elev 0.797 oK
labialis

Dendropsophus Elev X G. TC 0.473 ohK
labialis

Dendropsophus Elev X G. LCP 0.428 ook
labialis

The “X” indicates a correlation between 2 matrices, and the period indicates
a third covariable that was controlled. Cortrelations significantly different
from 0 after Bonferroni correction depicted in bold. Elev, elevational dis-
tances; G, genetic distances; TC, topographic complexity.

kP < 0.0001.

Guarnizo and Cannatella « Geographic Determinants of Gene Flow

elevational distance (elevational distance: § = 0.24, P = 0.003;
LCP distance: § = —0.033, P = 0.75; topographic complexity:
g =0.01, P =0.83).

We found that in all cases migration rate was larger in the
downslope direction (Figure 3). We observed, however, that
in the MCMC run, the population migration rate that sup-
ported the downslope direction (2N,7z, > 2N 1) was found
only in the Guina—Paipa, and Guadalupe—Las Brisas popula-
tion pairs (Table 4).

Discussion
Elevation Distance and Gene Flow

Wiens and Donoghue (2004) argued that the sum of all fac-
tors that prevent species from colonizing suboptimal habi-
tats determines the geographic distribution of species. Such
factors may be intrinsic features of the organism, such as
physiology, behavior, and genetics, and/or extrinsic such as
population dynamics, competition, and predation (Gaston
2009). The existence of suboptimal regions within the geo-
graphic range of a species can restrict the amount of gene
flow between subpopulations, and if the inability to colonize
suboptimal regions persists through time the probability for
allopatric divergence and speciation increases.

We found in both D. labialis and D. luddeckei that the eleva-
tional distance between populations was negatively associated
with genetic distances (we assume that genetic distances are a
proxy for gene flow). This rejects our hypothesis that eleva-
tional distances would not affect the genetic differentiation of
individuals given the small ratio of vertical to horizontal dis-
tance. It seems, then, that the ecological differences caused by
the altitudinal gradient restrict the abilities of populations of
these 2 species to colonize new elevations, and that the eleva-
tional difference between populations is a barrier to gene flow,
especially between pairs of populations at lower elevations.

Interestingly, the fact that the elevation gradient increases
the genetic differentiation of populations provides a para-
dox: why are there populations at so many different cleva-
tions in these 2 species given individuals seem to avoid
moving along the elevational gradient? Certainly differ-
ent mechanisms influence the geographic distribution of
populations within species. It is also clear that the climatic
history of the Andes has not been constant through time
(Hooghiemstra and Van der Hammen 2004). From the point
of view of niche conservatism, organisms in the tropical
Andes may have tracked shifting Pleistocene climates, mov-
ing uphill and/or downhill (following their optimal tempet-
atures) more readily than evolving a new range of climate
tolerances (Wiens and Graham 2005). Some authors suggest,
however, that the rapid Pleistocene climate change may have
pushed populations to their limits of adaptation, thus influ-
encing the appearance of adaptations to novel temperatures,
and therefore, novel elevations for the species (Davis and
Shaw 2001). In other words, genetic adaptation due to rapid
climate change may have allowed for the formation of mon-
tane species with wide elevational distributions in spite of the
fact that within such species each population is adapted to a
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Figure 3. Posterior probability densities for migration rate in Dendropsophus luddeckei and Dendropsophus labialis. Dark curves:
downslope direction; gray curves: upslope direction. Capital letters indicate the population map codes in Table 1.

Table 4 Demographic parameters (estimated with the peak probability distributions after smoothing) for Dendropsophus Inddeckei and

Dendropsophus labialis

Population Population Proportion of time
Species upslope downslope m, (upslope) m, (downslope) 2N,m, > 2N\m,
Dendropsophus D E 0.090 (0.010-1.810) 1.130 (0.010-11.690)* 0.426
luddeckei B C 0.010 (0.010-6.770)* 0.130 (0.010-2.630) 0.584
Dendropsophus 1 ] 0.010 (0.010-1.690) 0.150 (0.010-1.030) 0.727
labialis G H 0.010 (0.010-9.190)* 1.310 (0.010-15.770)* 0.315

Capital letters correspond to the map codes in Table 1. 7, and 7, are the maximum migration rates from population 1 to population 2 and vice versa. The
90% upper posterior density intervals are in parentheses. Asterisks indicate multiple peaks along the interval. The last column is the proportion of time dur-

ing the course of the MCMC run in which the population migration rate (2N,,) was higher in the downslope direction.

narrow elevation range. If the latter hypothesis is correct,
allopatric speciation in the Andes along the horizontal axis
would be more common than ecological speciation along the
elevational axis. Some authors suggest this is the case (Lynch
et al. 1997; Lynch 1999; Dingle et al. 2006; Guarnizo et al.
2012), suggesting that niche conservatism would be more
common than niche divergence.

Why has elevational distance not been proposed more fre-
quently as a factor that influences gene flow in montane spe-
cies? Janzen (1967) proposed that tropical organisms should
have narrow thermal tolerances and therefore low levels of
gene flow along the elevation gradient. Conversely, in tem-
perate regions, where seasonality in temperature exists, organ-
isms should display wide thermal tolerances and high gene

222

flow along the elevation gradient. Recent studies have vali-
dated some of the main predictions of the Janzen hypotheses
(Ghalambor et al. 2006; Cadena et al. 2012). We suggest then,
that the potentially strong effect of elevational distance on
gene flow in the tropics has not been detected yet because
the majority of phylogeographic and landscape genetic stud-
ies with amphibians has been performed in temperate regions.
The general significance of elevational distances across tropi-
cal montane species, therefore, remains to be tested.

LCP Distances and Gene Flow

We found thatin D. labialis .CP distances (that are dependent
on temperature and precipitation) were strongly negatively
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associated with gene flow. This supports our hypothesis that
LCP distances would display the strongest association with
gene flow because LCP distance indirectly quantifies the
presence of geographic features that are outside the species’
physiological tolerances, and therefore, may behave as geo-
graphic barriers. We believe the reason that LCP distances
and not elevational distances are correlated more closely
with genetic distances is that LCP distance includes an iso-
lation-by-distance component that elevational distances lack
(since LCP and Euclidean distances are correlated, but eleva-
tion and Euclidean distances are not). Dendropsophus labialis,
therefore, exemplifies a case in which both axes (horizontal
and vertical) can be independently associated with genetic
differentiation.

We hypothesized that topographic complexity (as meas-
ured by rugosity) would significantly reduce gene flow, given
the abundant evidence from other vertebrates such as mam-
mals (Pérez-Espona et al. 2008; Neaves et al. 2009), birds
(Cadena et al. 2007; Graham et al. 2010; Fjeldsa et al. 2012),
and amphibians (Funk et al. 2005; Giordano et al. 2007;
Wollenberg et al. 2008; Koscinski et al. 2009; Murphy et al.
2010; Wang 2012). We found, however, a weak effect of topo-
graphic complexity on genetic distances. We believe the rea-
son that LCP distance (and not topographic complexity) is
more closely associated with gene flow is because topographic
complexity was estimated along straight line vectors, whereas
organisms likely do not disperse in straight lines between
populations. In complex topographies such as the Andes a
more appropriate way to estimate topographic complexity is
to use the minimum convex polygons that encompass sam-
pled populations instead of vectors, since polygons are more
likely to identify the true impediments to gene flow across the
landscape. In a recent paper, Guarnizo and Cannatella (2013)
estimated topographic complexities using polygons (not vec-
tors) in several frog species. The potential drawback of using
polygons, however, is that only a single one topographic com-
plexity estimate can be obtained per species. The advantage
of using vectors is that multiple topographic complexity esti-
mates can be obtained between locality pairs within a single
species. Therefore, vectors may be more useful for intraspe-
cific studies and polygons for interspecific ones.

Comparison Between Causal Modeling and MMRR

We found congruence between the causal modeling results
and MMRR. However, MMRR provided more information
about the independent effect of each variable on gene flow.
For example, the causal model identified the variables that
were significantly associated with the genetic distances, but it
does not rank them in terms of their relative effect. MMRR,
however, provided regression coefficients that rank the effect
of each variable. Moreover, even though both methods cor-
rectly identified the strongest variable affecting genetic
distances on each species (LCP distance in D. labialis and ele-
vation distance in D. /uddecke’), MMRR, and not causal mod-
eling, was able to find a significant effect of some variables,
even when these variables contributed less to the regression,
such as topographic complexity in D. Jabialis. This may be a

Guarnizo and Cannatella « Geographic Determinants of Gene Flow

consequence of the presumed low power of partial Mantel
tests (Legendre and Fortin 2010). MMRR is a novel approach
and therefore needs to be further scrutinized. However, we
find it to be a useful alternative to Mantel tests.

Migration Asymmetry and Life History

Our results indicate that migration seems to be asymmetric
in both Dendropsophus species since in all population pairs the
maximum migration parameter was larger in the downslope
direction. However, the evidence is not very strong, since the
population mutation rate was larger in the downslope direc-
tion in only 50% of the runs (Table 4). Moreover, our pos-
terior probability distributions are rather broad, implying a
reduced certainty about inferences of asymmetric gene flow.
Nevertheless, the fact that the population pair separated by the
largest elevational distance (Las Brisas—Guadalupe) had the
largest support for downslope dispersal suggests that it is more
likely to detect the asymmetric dispersal pattern when the dif-
ferences in elevation between the 2 populations are large.

Our finding of downslope migration might be due to
the fact that 1) these 2 sister species lay eggs in ponds from
which water ovetflow moves downhill, making eggs and/ot
larvae more likely to passively migrate to low elevations than
the reverse; and 2) populations at lower elevations seem to
have narrower thermal tolerances in locomotor performance
than populations at higher elevations (Navas 2006), presum-
ably, because thermal variation is larger at higher elevations.
Therefore, from the perspective of thermal physiology, indi-
viduals from high elevations can more easily colonize the
lowlands than the reverse.

Given that most of the polymorphic sites used to esti-
mate migration asymmetry are from a mitochondrial gene
(control region), the asymmetric migration rate estimates
might be female biased. Nevertheless, there is evidence that
both males and females of D. /abialis are highly philopatric
(Luddecke and Amézquita 2010), decreasing the possible
migration rate differences between males and females.

Although our population and genetic sampling are limited,
the important effects of the horizontal and vertical landscape
components on the amount and direction of the migration
rate are evident. Identifying the most relevant mechanisms
promoting diversity in tropical mountains should be a prior-
ity, as high mountain ecosystems are the most vulnerable to
extinctions due to climate change (Still et al. 1999; Moritz
et al. 2008).

Supplementary Material

Supplementary matetial can be found at http://www.jhered.
oxfordjournals.org/.
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