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Abstract: Dispersal capabilities determine and maintain local gene flow, and this has implications for popula-
tion persistence and/or recolonization following environmental perturbations (natural or anthropogenic), disease 
outbreaks, or other demographic collapses. To predict recolonization and understand dispersal capacity in a 
stream-breeding frog, we examined individual movement patterns and gene flow among four subpopulations 
of the Neotropical glassfrog, Centrolene prosoblepon, at a mid-elevation cloud forest site at El Copé, Panama. 
We measured male movement directly during a two year mark-recapture study, and indirectly with gene flow 
estimates from mitochondrial DNA sequences (mtDNA). Individuals of this species showed strong site fidelity: 
over two years, male frogs in all four headwater streams moved very little (mean = 2.33 m; mode = 0 m). Nine 
individuals changed streams within one or two years, moving 675-1 108 m. For those males moving more than 
10 m, movement was biased upstream (p < 0.001). Using mtDNA ND1 gene sequences, we quantified gene 
flow within and among headwater streams at two spatial scales: among headwater streams within two adjacent 
watersheds (2.5 km2) and among streams within a longitudinal gradient covering 5.0 km2. We found high gene 
flow among headwater streams (φST = 0.007, p = 0.325) but gene flow was more limited across greater distances 
(φCT = 0.322, p = 0.065), even within the same drainage network. Lowland populations of C. prosoblepon poten-
tially act as an important source of colonists for upland populations in this watershed. Rev. Biol. Trop. 56 (1): 
13-26. Epub 2008 March 31.
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Semi-isolated or patchy populations are at 
higher risk of local extinction than are those 
that are geographically connected because of 
inbreeding depression and environmental per-
turbation (McKinney 1997). Further, declining 
populations are at higher risk when geographi-
cally isolated from healthy populations. Thus, 
small environmental changes may reduce the 
probability of persistence of naturally iso-
lated populations, such as endemic or rare 
species, or those fragmented by human activi-
ties (Slatkin 1985, Hanski and Gilpin 1997, 
McKinney 1997). Identifying the spatial scales 
at which local populations or meta-populations 

are connected by gene flow can indicate how 
subpopulations might respond in the event of 
local extirpation, which actions might reverse 
those trends, and the likelihood that habitat cor-
ridors would facilitate movement of individuals 
(Hughes et al. 1996, 1998). Physical and physi-
ological barriers to dispersal between low and 
high elevation populations may impact local 
dynamics, and need to be considered when 
evaluating patterns of gene flow in montane 
species (Funk et al. 2005a). 

Many Neotropical amphibian species 
from upland habitats in Latin America have 
experienced “enigmatic” sudden and dramatic 



14 Rev. Biol. Trop. (Int. J. Trop. Biol. ISSN-0034-7744) Vol. 56 (1): 13-26, March 2008

population declines (Pounds et al. 1997, Young 
et al. 2001, Lips et al. 2003, Lips et al. 2004, 
Stuart et al. 2004, Bustamante et al. 2005). 
Many of which have been attributed to the fun-
gal pathogen Batrachochytrium dendrobatidis. 
These declines are characterized by a sudden 
and massive faunal collapse in which half the 
species at a site decline and disappear, a few 
species are apparently unaffected, and a third 
group declines but persists at reduced numbers 
(Pounds et al.1997, Lips et al. 2003). An analy-
sis of patterns of species decline among four 
upland sites in Costa Rica and Panama indi-
cated that lifetime aquatic index was the most 
important predictor of decline, with those spe-
cies having the greatest amount of contact with 
aquatic habitats most likely to suffer population 
declines (Lips et al. 2003). Declines at three of 
those sites were attributed to B. dendrobatidis 
and local extinctions of more aquatic species 
presumably reflect infection by this aquatic fun-
gus. Endemic species and those with restricted 
elevational ranges were also more likely to 
experience declines, presumably because of the 
lack of population connectivity and potential 
for recolonization from outside of affected 
areas (Lips et al. 2003). All glassfrogs (Family 
Centrolenidae) are obligatory riparian species 
and are expected to be susceptible to B. dend-
robatidis and to decline in numbers. However, 
some species such as Centrolene prosoblepon 
(Boettger, 1892) have a broad elevational and 
geographic range (0-2 700 m; Duellman 1999) 
which should allow recolonization, as sup-
ported by the observation that C. prosoblepon 
persists at low numbers at all four of the sites in 
that analysis (Lips et al. 2003). 

Species like C. prosoblepon that decline 
but persist offer an opportunity to identify 
mechanisms that enable population persistence 
and recovery, and could inform conservation 
actions. For example, population persistence 
following a decline in amphibian abundance 
and diversity might indicate resistance to agents 
of decline (Woodhams et al. 2003, Retallick et 
al. 2004), or recolonization by individuals 
from unaffected areas (Lowe 2003, Funk et al. 
2005a). These two mechanisms dictate very 

different research and conservation priorities: 
the first suggests further immunological or epi-
demiological research; the second stresses the 
importance of habitat conservation, restoration, 
and/or species reintroductions. 

Understanding patterns of directional 
movement is also important to predict how a 
riparian frog species will persist in increasingly 
fragmented landscapes (reviewed by Lowe 
2003, Funk et al. 2005b). Movement within a 
watershed is constrained by the connectivity 
of tributaries for fully aquatic organisms (e.g., 
fish, crustaceans); however for stream anurans 
and invertebrates with biphasic life stages 
(aquatic larval and terrestrial adult), overland 
movement among adjacent streams is possible 
and likely contributes to gene flow among 
watersheds (Hughes et al. 1996, Lowe 2003).

Mark-recapture studies are useful for pro-
viding detailed information on individual move-
ment patterns over short periods, but conclusions 
about historical connectivity among populations, 
the impact of habitat fragmentation on dispersal, 
and quantifying rare long distance dispersal are 
difficult to measure using field techniques alone 
(Tallmon et al. 2000, Watts et al. 2004, Funk et 
al. 2005a). Molecular estimates of gene flow 
provide a long term, evolutionary perspective 
of local population genetic structure and his-
torical gene flow in local populations, but do not 
directly investigate the ecological and demo-
graphic factors underlying geographic structure. 
Combined, these approaches are powerful for 
evaluating the contribution of behavior, land-
scape, and evolutionary history in structuring 
populations (Tallmon et al. 2000).

We studied movement patterns for a com-
mon glassfrog, C. prosoblepon, (Centrolendiae: 
Anura). Several populations of this species have 
declined but persist at several Costa Rican and 
Panamanian sites (Lips, unpub.), suggesting that 
either recolonization or resistance enables this 
species to survive local perturbations. We mea-
sured movement patterns of males and indirectly 
estimated female-mediated movement through 
molecular genetics to test the hypothesis that 
either short or long-term dispersal linked popu-
lations within and among watersheds.
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MATERIALS AND METHODS

C. prosoblepon is a small [  + SD mass 
(males, N = 219) = 0.9 + 0.11 g; snout-vent-
length (SVL, males N = 219) = 25.15 + 1.5 mm] 
stream-breeding frog widely distributed from 
Nicaragua to Ecuador in moist premontane 
and montane forests (Duellman 1999, Savage 
2002). Males can be found calling year-round 
on leafy plants along forested streams (Ibáñez 
et al. 1999). Females are found sporadically 
along the streams where they deposit clutches 
of 10-40 eggs (  = 24 + 6.0; Lips, unpub-
lished) in moss and on leaf tops overhanging 
the streams. Hatching tadpoles drop into the 
stream where they congregate in leaf packs 
and soft sediments (Villa and Valerio 1982, 
McDiarmid and Altig 1999). Males exhibit 
site fidelity and actively defend their territories 
from other males by engaging in combat using 
specialized humeral hooks (Jacobson 1985).

We studied gene flow in C. prosoblepon 
at a cloud forest site in Parque Nacional G.D. 
Omar Torríjos Herrera, El Copé, Provincia 
Coclé, Panama (UTM 957,946 N 544,820 E, 
Zone 17). This 25 000 ha national park is cen-
tered on the Continental Divide, and includes 
both Caribbean and Pacific drainages; our site 
is located at the eastern end of the Cordillera 
Central at elevations between 600 and 700 m. 
Mean annual temperature is ~22 ºC, and mean 
annual rainfall averages <3 000 mm, with a 
distinct rainy season extending from May to 
early December (Lips, unpub.). Portions of this 
park were selectively logged in the late 1970’s 
(A. Jaslow, pers. com.), and a network of tribu-
taries dissects the resulting matrix of secondary 
forest. All streams are small (0-40 cm deep and 
0.2-5.5 m wide), swiftly flowing, and charac-
terized by dense overhanging vegetation (Lips, 
unpub.). We conducted a mark-recapture study 
in each of four headwater stream transects 
belonging to the same drainage network: Loop 
Stream (LO), Río Guabal (GU), Cascada (CA) 
and Silenciosa (SI). All transects were sepa-
rated by at least 200 m of stream except CA 
which was separated from GU by only 40 m. 
We flagged each transect every 20 m to identify 

frog position (m) along transect. Additionally, 
we marked individuals along two additional 
streams within the study area (Fenomenal 
(FE) and Spacer (SP). FE is tributary stream 
of GU whereas SP is a 100 m extension of 
LO; these individuals were not included in the 
mark-recapture study but were used for genetic 
estimates and for among-stream movement. 
To broaden the spatial scale of our analyses of 
gene flow to 2.5 km2 and 5.0 km2 we sampled 
additional streams in the Atlantic watershed, 
Treinta (350 m elevation; TR) and La Rica (126 
m elevation; LA).

Field Sampling

Mark-recapture studies. During 2000- 
2002 we conducted mark-recapture on adult 
male C. prosoblepon for estimates of move-
ment distance, frequency, and direction. Over 
the course of 28 weeks during the wet sea-
son in each year we individually toe-clipped 
frogs along a 200 m transect in each of four 
headwater stream transects: LO; n = 23, GU; 
n = 19, CA; n = 22, SI; n = 20. Additionally, 
we marked 18 individuals along FE and 15 
individuals along SP. 

At approximately four d intervals over 
each three mo field season (June to August) 
we conducted nocturnal surveys on each 
transect using visual and acoustic cues to 
locate frogs (Heyer et al. 1994). We captured 
individuals by hand and marked them with a 
unique toe clip combination. Toe clips were 
stored in vials with 95 % ethanol for subse-
quent genetic analyses. For each individual 
we recorded sex, date and time of capture, 
distance along transect, SVL, and mass. Males 
were identified by the presence of humeral 
hooks; females were identified by a reduced 
or absent humeral hook or by eggs visible in 
the abdominal region. Eight voucher speci-
mens were deposited in the Fluid Vertebrate 
Collection at Southern Illinois University, 
Carbondale (SIUC H06940–47, H06949).

We measured movements of adult males 
only because captures of adult females and 
juveniles are rare, and tadpoles are difficult to 
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mark and follow in the field. We calculated 
individual distance moved as the straight-line 
distance between the initial and final capture 
locations, and for individuals recaptured mul-
tiple times, we used the maximum distance 
between any two localities. We report recapture 
rates and movements for three-three mo peri-
ods (2000, 2001, 2002), two one year periods 
(2000-2001, 2001-2002) and one two year peri-
od (2000-2002). Using Kruskal-Wallis nonpara-
metric analysis of variance tests we compared 
movement distances and frog density among 
streams to test for density dependent movement. 
We also determined whether the mean direction-
al distances (upstream or downstream) traveled 
by males differed among streams. 

Gene flow estimates. In 2000, we col-
lected toe clips from marked individuals along 
all four stream transects, and from four addi-
tional, more distant streams (where we did not 
conduct mark-recapture estimates) for an hier-
archical analyses of gene flow. Our estimates 
of gene flow at 1.2 km2 encompass the four 
mark-recapture transects plus FE. To assess 
the movement of individuals over a mountain 
range, we included individuals from the Río 
Colorado (CO; n = 3) of the Pacific drainage 
across the Continental Divide. For gene flow 
estimates at 2.5 km2 and 5 km2, we included 
samples collected over five d in 2000 from 
Quebrada Treinta (TR; n = 3) and Quebrada La 
Rica (LA; n = 3), respectively. 

Laboratory

We isolated total genomic DNA from 
toe tips using the QIAGEN DNeasy Kits 
(QIAGEN, Valencia, CA). We amplified a 
1.5 kb fragment that included the complete 
mitochondrial NADH dehydrogenase subunit 
1 (ND1) gene and portions of the 16S ribo-
somal RNA gene (rRNA), leucine transfer 
RNA gene (tRNA) and isoleucine tRNA gene. 
We used the primers 16S-frog (5’—TTACC 
CTRGGGATAACAGCGCAA—3’) and 
H4419 (Macey et al. 1998); these primers cor-
respond to nucleotide positions 4 415-4 437 

and 5 927-5 946, respectively, in Xenopus lae-
vis (GenBank Accession number NC-001573; 
Roe et al. 1985). Amplification reactions were 
conducted in a final reaction volume of 50 µl 
containing: 20 ng genomic DNA, 5.0 µl of 
10X PCR buffer, 200 µM of each dNTP, 0.5 
µM each primer, 2.0 mM MgCl2, and 1.0 U of 
Taq polymerase. Amplification profile included 
an initial denaturing at 94 ºC for one minute, 
followed by 35 cycles of denaturing at 94 ºC, 
annealing at 56 ºC, and extension at 72 ºC for 
one minute each, and a final extension of 72 
ºC for 5 minutes. PCR products were electro-
phoresed on a 1 % TAE agarose gel, excised 
from the gel, and purified using QIAquick Gel 
Extraction Kit™ (QIAGEN, Valencia, CA) 
before sequencing.

We obtained DNA sequences with 
manual sequencing; we designed a spe-
cies-specific internal primer, frog-ILE 
( 5 ’ — AT TA G G A G G C G A G G G G G T T T 
GAAC—3’), located in the tRNA isole-
ucine gene. The primer was end labeled 
with γ 32P dATP using T4 polynucleotide 
kinase. Sequences were generated with the 
Promega™ fmol DNA Sequencing System 
and resolved on a 42 cm 6 % denaturing 
polyacrylamide gel run at 1 500 Volts for 2 
to 5.5 h. Autoradiograms were read manu-
ally and aligned using the ClustalW option in 
MacVector 6.5.3 (Oxford Molecular Group, 
San Francisco, California, 1999).

Genetic Analyses. We used Analysis of 
Molecular Variance (AMOVA; Excoffier et 
al. 1992), as implemented in Arlequin version 
2.001 (Schneider et al. 2000) to estimate hierar-
chical levels of gene flow. We partitioned genet-
ic variance among the three groups of streams 
[φCT ; LA, CO, and six headwater streams (LO, 
CA, FE, GU, SI, TR)], among six headwater 
streams (φSC), and among individuals from all 
groups (φST). All population pairwise differ-
ences were tested for significance (α=0.05) by 
comparisons with 1 000 nonparametric random 
permutations. Pairwise estimates of gene flow 
were used to assess the genetic differentiation 
of Caribbean headwater streams to the one 
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Pacific (CO) stream population across the 
continental divide. Unique nucleotide sequenc-
es (haplotypes) were used to generate the 
Euclidean matrix of squared distances among 
all pairs of haplotypes. 

We conducted a Mantel test (Miller 1999) 
to test for correlation between geographic 
distance (m) and genetic distance (pairwise 
φST) among pairs of populations using the 
Mantel Nonparametric Test Calculator, v. 2.00 
(Leidloff 1999). Mantel tests were calculated 
using two different measures of geographic dis-
tance; the first assumed that individuals move 
along stream corridors (stream distances) and 
the second considered the possibility of over-
land movement (overland distances). Pairwise 
geographic distances were measured as either 
the distance between two captures along stream 
corridors or the shortest distance (m) between 
two streams (but not corrected for topographic 
relief) and tested for significance with 1 000 
permutations. 

To compare the result of the mark-recap-
ture study with indirect estimates of gene 
flow, we estimated effective population sizes 
(θ = 2µNF) within each sample location as well 
as migration rates (M = 2mNF) among all pairs 
of sample locations using maximum likeli-
hood estimates in Migrate 1.7.3 (Beerli and 
Felsenstein 2001). We used ten short chains 
of 5 000 geneologies and three long chains of 
50 000 geneologies with a sampling increment 
of 20 geneologies. We started with a random 
geneology and combined chains over three 
runs. We used heating with four temperatures: 
1, 1.5, 3, 6, and 12. Effective population sizes 
and migration rates were averaged over five 
independent runs.

RESULTS

Mark-recapture overview

Over a two year period we marked 314 
individual C. prosoblepon on the four transects, 
with 745 recaptures, including individuals 

recaptured 1-16 times. The overall magnitude 
of movement was significantly biased in the 
upstream direction (Wilcoxon test; χ2 = 31.44, 
df = 2, p < 0.001), with only six individuals 
moving downstream from the original capture 
site. Six unmarked individuals were captured on 
forest transects up to 100 m away from streams, 
and six marked individuals changed transects 
over one or two years. When frogs changed 
transects we do not know whether those frogs 
moved along streams (390-1 108 m) or through 
the forest (250-675 m). Neither SVL (ANOVA: 
r2 = 0.017, F1,56 = 0.942, p = 0.310) nor mass 
(ANOVA: r2 = 0.012, F1,56 = 0.643, p > 0.426) 
was correlated with movements over one year.

Mark-recapture data indicate that male C. 
prosoblepon may live four years, and while 
individuals are capable of moving up to 1 
km, most do not move more than 10 m dur-
ing that period (Lips, unpub.). Recapture rates 
were highest (18-60 %) within the three mo 
field seasons (Wilcoxon test; χ2 = 8.18, df = 2, 
p < 0.016). Our overall recapture rate for the 
two year period was 16 %, although this ranged 
from 5-25 % among transects (Table 1). After 
two years, we were still encountering frogs 
marked in 2000 on every transect. Over two 
years we recaptured 18 (16 %) individuals, 
none of which moved very much (2.3 + 2.90 m, 
range =0-10 m) and seven of which were found 
in their original location. Three frogs changed 
streams over two years; overland distances 
were 110, 300, and 725 m, while distances 
along stream corridors were 180, 442, and 916 
m. Six additional males changed streams over 
one year; distances averaged 375 m for over-
land, and 690 m for corridors. 

Individual male movements were simi-
lar across sampling intervals (Wilcoxon test; 
χ2 = 3.88, df = 2, p < 0.143). During the three 
mo intervals, frogs moved 5.69 m on average 
(range 0-108 m). Over a one year period, frogs 
moved 5.85 m on average (4.84 m in 2000-2001, 
6.95 m in 2001–2002), with a range of 0-45 m 
(Fig. 1). Individuals recaptured after two years 
moved an average distance of 2.33 m (0-10 m) 
from their initial capture sites (Table 1). 
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TABLE 1
Movement distances and recapture rate for C. prosoblepon at four focal streams

Year Recaptured

2000
n = 109

2001
n = 81

2002
n = 124

St. RR Dist. St. RR Dist. St. RR Dist.

Year Marked

2000

GU 43 3.6 
CA 50 13.5 
LO 52 7.1 
SI 24 1.8 

46%, 7.76 m (0-75)

GU 10 12.0 
CA 21 3.7 
LO 32 4.0 
SI 15 6.3 

23%, 4.84 m (0-21)

GU 5 0.0 
CA 25 2.0 
LO 20 2.8 
SI 5 2.0 

16%, 2.33 m (0-10)

2001
X

GU 23 6.0 
CA 7 1.5 
LO 23 1.8 
SI 27 2.5 

18%, 2.8 m (0-16)

GU 23 10.0 
CA 30 4.9 
LO 35 4.7 
SI 20 16.3 

28%, 6.95 m (0-43)

2002
X X

GU 42 19.6 
CA 67 2.7 
LO 64 3.9 
SI 53 2.0

60%, 4.87 m (0-108)

Recapture rate (RR %) and average movement distance (Dist.; m) for each stream (see text for abbreviations) over three 
temporal scales: 3-4 months, 1 year and 2 years. Recapture rate (%) and average movement distance (range) for all streams 
within each block are combined and presented in bold.

Fig. 1. Direction and frequency of movement patterns for C. prosoblepon at El Copé, Panama. The 
direction and average maximum movement distance (m) of individuals recaptured after one (black 
bars) and two (gray bars) years and were pooled for four focal streams. All individuals that moved 
between transects are included in the > 300 m category.
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Yearly variation in movement. In 2000, 
we conducted 29 surveys on the four transects, 
with 232 capture events (219 males and 13 
females). During our 11 week field season, 
we marked 109 individuals and recaptured 51 
(47  %) of these (49 males and two females). 
Mean male movement was 7.76 m (mode 
=0 m) over 14 weeks (Table 1); 75 % of all 
recaptured individuals moved less than 4 m on 
average (range =0–75 m). We did not detect 
movements among transects during this time. 
We marked 12 and 21 individuals on SP and FE 
transects, respectively. We did not revisit these 
stream transects after 2000, but recaptured 
some of these individuals on other transects in 
subsequent years. 

In 2001 our 25 surveys resulted in 253 
capture events (226 males, 26 females and 
one juvenile) and we marked 81 new indi-
viduals. During this 6 week field season we 
recaptured 25 (31 %; Table 1) of these newly 
marked frogs. Mean male movement was 2.8 m 
(Table 1). One male changed transects, moving 
300–456 m over 6 weeks (~10 m/d). 

In 2002, we conducted 32 surveys, mark-
ing 124 new individuals in 476 capture events 
(442 males, 32 females). Over the 11 week 
field season, we recaptured 74 (60 %; Table 1) 
of these newly marked frogs. Mean male move-
ment for newly marked frogs was 4.87 m (range 
=0–108; Table 1). One male changed transects, 

moving from SI to CA over 12 d, a distance of 
at least 700 m if movement occurred along the 
stream (~58 m/d). 

Density, measured as the total number of 
marked individuals per transect, varied among 
streams, but was not correlated with movement 
patterns. Annual density for the entire study 
area was higher in 2002 than in 2000 or 2001 
(Wilcoxon test; χ2

2 =4.68, p=0.09). Only CA 
showed variation among years (χ2

2=10.682, 
p<0.005). Frog density was greatest on LO 
during the 2000 and 2001 field seasons (
=1 frog/11m and 1 frog/12 m respectively) as 
compared to other transects (Wilcoxon tests; 
χ2

3=14.24, p<0.003 and χ2
3=19.05, p<0.001). 

In 2002, LO and CA had higher mean densities 
(1 frog/11 m and 1 frog/9.4m, respectively) 
as compared to GU and SI (Wilcoxon test; 
χ2

3=18.52, p<0.003). 
 

Gene flow

Partial ND1 sequences of 220 base pairs 
(bp) from 110 individuals revealed five poly-
morphic sites and six unique haplotypes 
(Table 2). Unique haplotypes have been depos-
ited in GenBank under accession numbers 
AY 286057-59, 286062, 286066, 286070, 
578735-38. At the fine and intermediate scales, 
maximum sequence divergence among haplo-
types was 1.36 %, with all five substitutions 

TABLE 2
Numbers of haplotypes (Hap) observed for C. prosoblepon at fine spatial scales (1.2–5 km2)

Location Hap 1 Hap 2 Hap 4 Hap 8 Hap 9 Hap 10 Total

LA 0 0 0 3 0 0 3

CO 0 0 3 0 0 0 3

LO 0 3 16 4 0 0 23

GU 0 0 14 3 1 1 19

CA 1 3 14 1 1 1 21

SI 1 0 14 2 1 2 20

FE 0 0 17 1 0 0 18

TR 0 0 3 0 0 0 3

Total 2 6 81 14 3 4 110
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occurring as synonymous changes. Because 
individuals of C. prosoblepon are generally 
restricted to streamside habitats (Ibáñez et al. 
1999), we assumed a one—dimensional step-
ping stone model. Because larval mortality 
is typically high in anurans (McDiarmid and 
Altig 1999) and the breeding season is year 
round (Brenes, pers. comm.), we assumed 
that adults were not siblings. Pairwise com-
parisons of φST for all transects ranged from 
0.00 to 0.025 and were statistically significant 
only between FE and LO (Table 4). Gene 
flow was high and subpopulations homogenous 
within the 2.5 km2 area between TR and the 
headwater streams along the elevation gradient 

(φSC=0.007, p=0.325; Table 3). Most individu-
als (86 %) exhibited either Haplotype 4 or 8, 
and every haplotype was found in at least two 
streams (Table 2). 

We found preliminary evidence indicat-
ing that gene flow is potentially restricted 
between Caribbean lowland populations and 
headwater streams. All three samples from the 
lowland population contained Haplotype 8, 
which occurred in 13 % of frogs from headwa-
ter streams (Table 2). The estimated φCT among 
groups was 0.322 (p=0.065) and φST among 
populations was 0.327 (p=0.033; Table 3). We 
are cautious to claim that gene flow is defi-
nitely restricted at this scale because statistical 

TABLE 3
Hierarchical analysis of molecular variance (AMOVA) estimates of gene flow in populations of C. prosoblepon

 

Source of 
Variation

Scale of 
Analyses

d.f.
Variance

components
% of variance Fixation index (φ) P

φCT 5.0 km2 2 0.1334 32.36 0.322 0.065

φSC 2.5 km2 5 0.0021 0.53 0.007 0.325

φST 5.0 km2 102 0.2776 67.21 0.327 0.033

Total -- 109 0.4131 -- -- --

Significance tested at each level by computations with 1000 permutations (Excoffier et al. 1992). φCT = among three groups: 
LA, CO, and 6 headwater streams (GU, LO, CA, SI, FE, TR), φSC = among subpopulations within headwater streams, φST 
= among individuals within all subpopulations.

TABLE 4
Population pairwise estimates of φST (bottom diagonal) and geographic distance along streams (m) (top diagonal) 

for C. prosblepon at fine and intermediate spatial scales

LA CO LO GU CA SI FE TR

LA — 4,200 4,940 4,500 4,550 4,890 4,350 2,500

CO 1.000 — 535 690 485 760 450 2,700

LO 0.380* -0.012 — 240 355 150 670 2,440

GU 0.587* -0.142 0.025 — 15 190 230 2,000

CA 0.347* -0.099 -0.032 -0.009 — 320 315 2,050

SI 0.512* -0.147 0.035 -0.045 -0.009 — 620 2,390

FE 0.897* -0.195 0.117* -0.002 0.055 0.007 — 1,850

TR 1.000 0.00 -0.012 -0.142 -0.099 -0.147 -0.195 —

Stream distance approximated using tape measure and topographic map. See text for stream abbreviations. Negative φST 
values are not significantly different from zero.
*p < 0.05
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power was limited because of low sample sizes 
(n=3) from the LA population. Nonetheless, six 
of 28 pairwise estimates of φST were nominally 
significant (p<0.05, Table 4). The Mantel test 
for isolation by distance was not significant 
using either stream (g=2.451, p<0.05) or over-
land distance (g=2.1707, p<0.05), but this is 
likely due to the small sample size and shared 
haplotypes found in TR and LA. 

A matrix of pairwise estimates of migra-
tion NmF, (Table 5) suggested considerable 
gene flow among headwater sites, and limited 
gene flow between LA and headwater streams. 
Each headwater stream was connected to at 
least one other subpopulation by one or more 
female migrants and one or more female emi-
grants each generation with the exception of 
the LA sample, which received migrants but 
did not contribute to any other population. This 
may be interpreted as an indication of a lack 
of upstream gene flow in this population of 
C. prosoblepon, although since the LA sample 
was so small, this is far from robust. 

DISCUSSION

We provide an estimate of population 
genetic differentiation for a small, territo-
rial, stream-breeding frog that has suffered 

population declines throughout its range (Lips 
et al. 2003, Bustamante et al. 2005). Stream 
subpopulations of C. prosoblepon at El Copé 
are genetically homogenous within our 1.2 km2 
study area, with potential genetic subdivision 
and restricted gene flow at 5.0 km2. Mark-
recapture data indicate that male C. prosoble-
pon may live four years, and while individuals 
are capable of moving up to 1 km, most do not 
move more than 10 m during that period indi-
cating that movement distance is not regulated 
by density dependence. Movement did not sig-
nificantly vary among streams. This study was 
conducted prior to the population declines that 
occurred at this site in 2004 (Lips, unpub.) and 
offers an opportunity to examine natural move-
ment patterns at a spatial scale equivalent to the 
recolonization potential for this species. The 
strength of this study lies in the complementary 
analyses of demographic and genetic data that 
yielded a comprehensive view of local process-
es structuring populations for a tropical ripar-
ian frog. Published population level estimates 
of gene flow in anurans are represented by a 
few studies of species with a great diversity in 
reproductive modes, habitats, ecologies, and 
life history traits, yet most estimates of popula-
tion differentiation fell within ~10 km, suggest-
ing dispersal capacity may be relatively low 
in many anurans. While most anurans exhibit 

TABLE 5
Estimates of effective population size (nemµ) and pairwise estimates of migration (Nfm) for C. prosoblepon 

populations at fine and intermediate spatial scales

Source
Population

NFm in Receiving Population

Nemµ LA CO LO GU CA SI FE TR

LA 0.0033 — 0.132 0.032 0.000 0.000 0.056 0.000 0.032

CO 0.0043 0.217 — 0.247 0.014 0.000 0.000 0.000 2.816

LO 0.0046 0.863 1.846 — 0.083 0.105 0.426 2.442 0.787

GU 0.0047 2.316 2.503 0.118 — 2.531 2.537 0.269 6.542

CA 0.0061 0.275 4.285 4.820 1.880 — 13.080 0.960 3.325

SI 0.0060 1.227 3.123 1.052 7.175 9.001 — 1.210 2.224

FE 0.0052 0.411 9.727 0.000 1.505 0.272 0.000 — 3.636

TR 0.0051 0.015 0.000 0.018 0.120 0.000 0.000 1.872
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strong genetic differentiation over broad geo-
graphic scales (30–250 km), (e.g., Shaffer et 
al. 2000, Newman and Squire 2001, Nielson et 
al. 2001, Crawford 2003, Funk et al. 2005a), 
there are no consistent trends among published 
studies at spatial scales less than 10 km. Some 
studies have shown population genetic differ-
entiation at moderate scales (ca. 5 km), such 
as that found in C. prosoblepon (this study), 
Eleutherodactylus cooki (Burrowes and Joglar 
1999), Litoria pearsoniana (McGuigan et al. 
1998), Physalaemus pustulosus (3 km; Lampert 
et al. 2003) and Bufo canorus (Shaffer et al. 
2000). Other studies found weak genetic differ-
entiation at 4.3 and 10.5 km (Eleutherodactylus 
stejnegerianus; Crawford 2003). In contrast 
to genetic homogeneity observed in our study 
at 1.2 km2, some species exhibit genetic dif-
ferentiation over distances as little as 50 m 
(Geocrinia rosea; Driscoll 1998), and 1 km 
(Rana sylvatica; Squire and Newman 2002). 
Because there are relatively few studies of the 
population genetic structure for most amphib-
ians, and especially for the critically endan-
gered neotropical fauna (Stuart et al. 2004), 
additional dispersal and genetic data for other 
species are needed before conclusions regard-
ing species specific responses to enigmatic 
population declines are possible. However, 
the rapidity of these losses demands increased 
studies of population genetics to devise effec-
tive captive breeding programs and protected 
areas to ameliorate those losses. 

In many stream-dwelling organisms, limit-
ed dispersal results in population genetic struc-
ture reflecting the hierarchy of the drainage 
network (Hughes et al. 1995, 1996, Wishart 
and Hughes 2001) whereas overland dispersal 
(e.g., by winged invertebrates) results in greater 
genetic homogeneity within and among water-
shed populations (Tasiagma ciliata; Hughes 
et al. 1998). Contrary to our original assump-
tions that C. prosoblepon moved only along 
riparian corridors, we found several males 
in forest, away from streams and our direct 
mark-recapture study identified several males 
who moved among stream transects, suggest-
ing the possibility of overland movement. Our 

gene flow estimates of movement also indi-
cate widespread movement among headwater 
stream populations. Generally, an exchange of 
one migrant per generation among populations 
is sufficient to prevent loss of intra-population 
genetic variation while migration by ten or 
more individuals is sufficient to prevent any 
detectable genetic divergence among popula-
tions (Mills and Allendorf 1996). 

The extent to which mountain ranges act 
as a barrier directly relates to the physiologi-
cal limits of the species (elevational range, 
tolerance to desiccation; Funk et al. 2005a,b). 
Despite high dispersal capacity of some 
anurans, mountain ranges may isolate popula-
tions of some species (Rana luteiventris, 5.75 
km, Funk et al. 2005a, Lougheed et al. 1999), 
but not others (E. stejnegerianus; Crawford 
2003). Such disparities likely reflect differ-
ences in ecology among species. Movement 
between watersheds for C. prosoblepon at this 
site is likely facilitated by the low elevation of 
the continental divide (800 m), which is well 
within the elevation range of the species.

Long distance movement by males is 
clearly important in connecting headwater 
stream populations, but significant female con-
tributions are predicted in this mating system 
characterized by male philopatry and the asyn-
chronous arrival of females to the breeding site 
(e.g., Austin et al. 2003, Greenwood 1980). 

Our data for this population of C. prosoble-
pon are also consistent with patterns seen in the 
colonization cycle of aquatic invertebrates, in 
which headwater populations persist because 
upstream movements of adults compensate for 
downstream drift of larvae (Müller 1982). This 
pattern is probably common in many ripar-
ian amphibians, but has only been reported 
for C. prosoblepon and the spring salamander 
Gyrinophilus porphyriticus, in which upstream 
adult movement offset downstream larval drift 
(Lowe 2003). Although we did not docu-
ment downstream larval drift (Müller 1982, 
Lowe 2003), headwater streams at El Copé 
are periodically scoured by floods (Ranvestel 
et al. 2004) which displace substrates, insects, 
and tadpoles. We found large aggregations of 
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centrolenid tadpoles in deep pools throughout 
these streams (Brenes and Lips, unpub.), indi-
cating short distance movements away from 
oviposition sites.

Our data suggest that C. prosoblepon is 
capable of long distance and upstream move-
ments, and that populations are connected 
within and between adjacent watersheds. This 
dispersal capacity has important conservation 
consequences as it indicates that recolonization 
of upland sites affected by declines by individu-
als from unaffected lowland populations may be 
possible. C. prosoblepon was once very com-
mon at the Reserva Forestal Fortuna in western 
Panama with up to 24 individuals per 300 m 
transect (Lips, unpub.). During a catastrophic 
die-off at that site in 1996 (Lips 1999), KRL 
found six dead or dying C. prosoblepon and 
captured only a few individuals of this species 
in each subsequent year. Abundance remained 
extremely low until 2000 when she encoun-
tered 32 individuals in 32 riparian surveys (1 
frog/333 m; unpub.). In a similar situation, local 
abundances of male C. prosoblepon was as high 
as 4.4/m in Monteverde, Costa Rica (Jacobson 
1985) until the late 1980’s when many anuran 
populations declined at this site. Fifteen years 
postdeclines C. prosoblepon persists at <1 
frog/12 m (Pounds et al. 1997), but four popu-
lations are increasing at this site, three of which 
occur near potential source populations at lower 
elevations (Pounds et al. 1997). 

Riparian corridors are often neglected in 
forest and wetland conservation plans (Pringle, 
2001) yet these corridors may be critical in 
maintaining population dynamics of particular 
riparian species, and maintaining connectivity 
between lowland and headwater streams within 
a watershed (Vannote et al. 1980, Hughes et 
al. 1998). Many pond-breeding frogs exhibit 
metapopulation structure and depend on dis-
persal among subpopulations for persistence 
(Berven and Grudzien 1990, Sjögren 1991, 
Alford and Richards 1999). To our knowledge, 
this is one of only two population genetic stud-
ies of Neotropical stream-breeding anurans 
(Burrows and Joglar 1999). Over one-third of 

Neotropical amphibian species have suffered 
from population declines and many of these are 
stream-breeding species (Stuart et al. 2004). 
Additional population genetic studies of other 
Neotropical frog species, combined with direct 
measures of both male and female movement 
patterns, will inform our efforts to predict colo-
nization abilities. For example, species with 
high colonization potential will likely persist 
naturally, provided that riparian and forest cor-
ridors are preserved and protected, whereas 
species which exhibit low dispersal capacity 
and high population structure at fine scales, are 
at higher risk for local extinction. These species 
are a conservation priority, and efforts such as 
captive breeding programs, may be required to 
ensure the survival of extirpated populations.
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RESUMEN

La capacidad de dispersión determina y mantiene 
el flujo genético local, y esto tiene implicaciones para la 
persistencia poblacional y/o la recolonización que sigue a 
perturbaciones ambientales. Examinamos patrones indivi-
duales de movimiento y flujo genético entre subpoblacio-
nes de Centrolene prosoblepon (Anura: Centrolenidae) en 
un sitio de elevación media en El Copé, Panamá. Medimos 
directamente el movimiento de los machos durante un 
estudio de marcado-recaptura, e indirectamente con esti-
maciones de flujo genético a partir de secuencias de ADN 
mitocondrial (mtDNA). Los individuos mostraron fuerte 
fidelidad a su lugar: por más de dos años, las ranas macho 
de los cuatro arroyos al inicio del río se movieron muy 
poco (promedio = 2.33 m; moda = 0 m). Nueve individuos 
cambiaron de corriente de agua en uno o dos años, movién-
dose 675-1 108 m. Usando la secuencia genética ND1 del 
ADN mitocondrial, medimos el flujo genético en dos esca-
las espaciales: entre arroyos que originan el río (2.5  km2) 
y entre arroyos con un gradiente longitudinal en 5.0 km2. 
Encontramos un flujo genético alto entre los arroyos al 
inicio del río (f = 0.007,  p = 0.325 y otro más limitado en 
distancias mayores (f = 0.322, p = 0.065). 

Palabras clave: Centrolenidae, dispersión, flujo genético, 
marcado-recaptura, ADN mitocondrial, Neotrópico.
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