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SPATIAL GENETIC STRUCTURE IN FOUR UNDERSTORY
PSYCHOTRIA SPECIES (RUBIACEAE) AND IMPLICATIONS FOR
TROPICAL FOREST DIVERSITY1

TERRA J. THEIM, REBECCA Y. SHIRK, AND THOMAS J. GIVNISH2
Department of Botany, University of Wisconsin-Madison, Madison, Wisconsin 53706 USA
• Premise of the study: Tropical forests are the most species-rich terrestrial communities on Earth, and understory trees and
shrubs comprise a large fraction of their plant species diversity, especially at high rainfalls. The mechanisms responsible for
generating such high levels of diversity remain unknown. One hypothesis is that fleshy-fruited understory species should have
limited seed dispersal due to the sedentary nature of their avian dispersers, resulting in restricted gene flow, population differentiation at small spatial scales, and ultimately, high rates of allopatric speciation.
• Methods: We sampled four species of the hyperdiverse tropical shrub genus Psychotria (Rubiaceae) on Barro Colorado Island
(BCI) and two nearby sites in Panama. We genotyped each species with AFLPs, assessed genetic differentiation among populations, and determined patterns of fine-scale spatial genetic structure in the BCI population. Measures of spatial autocorrelation
and population density were used to estimate the dispersal distance parameter σ.
• Key results: Regionally, ΦPT values ranged from 0.13 to 0.28, reflecting local population differentiation and suggesting that
Lake Gatun/Rio Chagres has posed a relatively strong barrier to gene flow. Fine-scale spatial genetic structure on BCI was
stronger than in most canopy trees, and estimated distances of gene flow were unusually low for endozoochorous tropical
woody plants, with dispersal distance σ = 9–113 m.
• Conclusions: These results demonstrate comparatively limited gene flow in bird-dispersed understory species, supporting a
hypothesized mechanism for generating high levels of plant species diversity in tropical rain forests, in one of the largest genera
of flowering plants on Earth.
Key words: avian seed dispersal; frugivory; gene flow; Psychotria acuminata; Psychotria hoffmannseggiana; Psychotria
horizontalis; Psychotria marginata; Rubiaceae; spatial genetic structure; speciation; tropical forest understory.

Tropical forests are the most species-rich terrestrial communities on Earth, with up to 470 species of trees and shrubs ≥5 cm
dbh per hectare and 1300 species ≥1 cm dbh per 50 ha (Valencia
et al., 1994; Bass et al., 2010; ter Steege et al., 2013). Neotropical forests are especially rich, with 37% of the world’s vascular
plant species, more than the combined floras of tropical Africa
and Asia (Thomas, 1999). Understory trees, treelets, and shrubs
comprise a large fraction of woody species in neotropical forests, especially in the areas of high rainfall that support the most
diverse forests (Gentry, 1982; Givnish, 1999; LaFrankie et al.,
2006). Much recent research on tropical forests has focused on
potential causes of community-level diversity, including the
evolution of close mutualisms and plant–herbivore interactions
(Kursar et al., 2009; Cruaud et al., 2012), fine-scale habitat partitioning (Terborgh et al., 1996; John et al., 2007; Sedio et al.,
2012; Brown et al., 2013), increased shade tolerance and vertical stratification under rainier conditions (Givnish, 1999; ter
Steege et al., 2003), and density-dependent mortality imposed

by natural enemies (Janzen, 1970; Connell, 1971; Givnish,
1999; Wills et al., 2006; Mangan et al., 2010; Souza et al.,
2013). Fewer studies have investigated the genesis of tropical
plant diversity at other scales, particularly genetic variation
within species. Assessing population genetic differentiation can
provide important insights into a variety of ecological and evolutionary processes, including dispersal, gene flow, local adaptation, and ultimately speciation.
To date, most analyses of population genetic structure in
tropical woody plant species have focused on canopy trees
(e.g., Hamrick et al., 1993; Aldrich et al., 1998; Hardy et al.,
2006; Dick and Heuertz, 2008; Scotti-Saintagne et al., 2013)
and have thus largely overlooked the understory trees, treelets,
and shrubs that constitute a large share of tropical woody diversity (but see Perez-Nasser et al., 1993; Loiselle et al., 1995;
Lasso et al., 2011). Patterns of genetic variation in canopy species cannot simply be extrapolated to understory species, due to
marked differences in plant demography and in the identity and
behavior of pollinators and seed dispersers. Unlike canopy species, which commonly have conspicuous flowers and encompass a variety of seed dispersal methods, most understory taxa
have relatively unspecialized, inconspicuous flowers, and up to
98% bear fleshy fruits dispersed by vertebrates (Opler et al.,
1980; Gentry, 1982; Carpenter et al., 2003; Kang and Bawa,
2003; Sargent and Vamosi, 2008). Vertebrate frugivores are often presumed to carry seeds long distances (e.g., Jordano et al.,
2007; Lees and Peres, 2009; Lenz et al., 2011), but the shape of
the dispersal kernel can vary with the disperser and ecological
context. Long-distance seed dispersal of hundreds to thousands
of meters by birds and bats has been documented many times,
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especially for canopy trees (e.g., Hardesty et al., 2006; Seidler
and Plotkin, 2006; Kays et al., 2011; Kitamura et al., 2011;
Kitamura and Poonswad, 2013; Seltzer et al., 2013). But birds
of closed-canopy understories are relatively sedentary and loath
to cross water and habitat barriers (Diamond et al., 1976; Moore
et al., 2008). Most also have rapid gut passage times, averaging
9–26 min (Murray et al., 1994; Westcott and Graham, 2000),
which is shorter than estimated for canopy and subcanopy frugivores (Holbrook, 2011). This combination of sedentary avian
behavior with rapid gut passage should favor short-distance
seed dispersal in understory plants with fleshy fruits.
Givnish et al. (1995, 2009) and Givnish (1998, 1999, 2010)
thus proposed that plants with fleshy fruits in tropical forest
understories should undergo genetic differentiation at small
spatial scales, given the highly sedentary nature of understory
avian frugivores, leading ultimately to high rates of allopatric
speciation and narrow endemism in such plants, and contributing to the high levels of woody plant diversity seen in wet tropical forests. Restricted gene flow might also be expected in
understory woody taxa given their frequent possession of small
fruits adapted to less vagile frugivores with small gapes and
body sizes (Seidler and Plotkin, 2006; Nathan et al., 2008) and
small, unspecialized flowers (Opler et al., 1980) visited primarily by generalist pollinators such as small bees and flies (Bawa,
1990, 1992), given that such pollinators often move shorter distances than larger insects or vertebrates (Dick et al., 2008).
A number of studies have supported this hypothesis at the
macroevolutionary level. In the Hawaiian Islands, the forestunderstory Cyanea (Campanulaceae) has a greater number of
species and level of single-island endemism than in its sister
Clermontia from forest gaps and edges, despite each genus occupying the same elevational range and spanning the same variation in flower tube length (Givnish et al., 1995, 2009). Additionally,
10 of the 12 largest genera native to Hawaii are composed of
fleshy-fruited plants of forest understories (Givnish, 1998), as
are seven of the 11 largest plant clades (Price and Wagner, 2004).
Smith (2001) found that 11 of 14 neotropical plant clades with
fleshy fruits had more species than the capsular-fruited clades to
which each were sister. However, this hypothesis has yet to be
tested at the microevolutionary level.
Here, we tested the hypothesis that tropical understory trees
and shrubs with fleshy fruits and small, unspecialized flowers
show restricted gene flow and spatial genetic structure at small
spatial scales, based on studies of four species of Psychotria
(Rubiaceae) in tropical forest understories in Panama. Psychotria is a hyper-diverse, pantropical genus of understory trees
and shrubs; with ca. 2000 species, it is the largest genus in Rubiaceae and the third largest in the angiosperms (Davis et al.,
2009). It includes many narrowly endemic species and is often
represented by a dozen or more species in individual stands
(Phillips and Miller, 2002). We used AFLPs to estimate genetic
differentiation among populations on Barro Colorado Island
(BCI) and two nearby off-island localities, and used mapped
individuals on BCI to assess fine-scale genetic structure and
estimate dispersal distances for each species.

MATERIALS AND METHODS
Study species and study sites—We sampled four species of Psychotria:
P. acuminata Benth., P. hoffmannseggiana (Willd. ex Roem. & Schult.) Müll.
Arg., P. horizontalis Sw., and P. marginata Sw. All are neotropical wet forest
treelets or shrubs (<3 m tall) with small, insect-pollinated, white flowers and
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small, bird-dispersed, red or purple berries bearing two seeds each. Psychotria
acuminata, P. horizontalis, and P. marginata are heterostylous and are expected
to be predominately outcrossing (Sakai and Wright, 2008). Psychotria hoffmannseggiana is monomorphic for the pin (long-styled) phenotype on BCI
and elsewhere in Panama and is putatively selfing, although decisive data bearing on its breeding system are lacking (cf. Sakai and Wright, 2008). This species is heterostylous in at least some other areas (e.g., Brazil: Rodrigues and
Consolaro, 2013).
BCI (9°9′N, 79°51′W) is a 1560-ha island formed when a series of low hills
were isolated by the damming of the Rio Chagres in 1914 to form Gatun Lake
and the Panama Canal, separating BCI by at least 200 m from the mainland.
BCI and five nearby peninsulas form the 5600-ha Barro Colorado Nature Monument. All are vegetated with semi-evergreen moist tropical forest, with ca.
12% of tree species being deciduous (Leigh, 1999; Condit et al., 2001). Roughly
half the forest on BCI appears to be primeval (Mascaro et al., 2011). Annual
rainfall averages 2612 mm (mean 1925–1989), 90% of which falls between
May and November; total rainfall has decreased over time (Windsor, 1990).
Elevation varies from 26 to 171 m above sea level. The vascular flora of BCI
contains ca. 1370 species; Psychotria is the second largest genus present, with
20 species (Croat, 1978).
Sample collection—Young, fully expanded leaves were gathered and preserved in silica gel for ca. 240 individuals of each species. Care was taken to
select tissue clean of epiphylls. For each species, ca. 200 individuals were sampled on Barro Colorado Island (BCI), 20 individuals on the Buena Vista Peninsula (BV), on the mainland ca. 1 km to the north of BCI, across the former Rio
Chagres, and 20 individuals in Soberanía National Park (S), ca. 12.5 km to the
east, also on the far shore of the former Rio Chagres (Fig. 1). On BCI, plants
were mapped by measuring the bearing and distance of individuals from highprecision GPS-mapped trail markers using a compass and a sonic rangefinder
(Sonin Multi-Measure Combo Pro 10300, Charlotte, North Carolina, USA). All
locations on BCI were converted to universal transverse mercator (UTM) coordinates. Clusters of individuals were selected in spatially stratified fashion near
trails, with the aim of attaining a relatively continuous logarithmic distribution
of interplant distances from 1 m to ~4 km, with smaller scale variation in interplant distances sampled in several areas. Discontinuities in the distribution of
sampled individuals (see Results) reflect choices of sample areas and are generally not discontinuities in the distribution of the four common species of Psychotria. Vouchers were deposited at herbaria in Wisconsin (WIS) (P. acuminata,
0289028; P. hoffmannseggiana, 0289027; P. horizontalis, 0289026; P. marginata, 0289025) and Panama (PMA) (P. acuminata, 77709; P. hoffmannseggiana,
77710; P. horizontalis, 77708).
Population densities—For each species, the density of all individuals (regardless of size, but excluding seedlings lacking true leaves) was estimated using the established grid in the 50-ha Forest Dynamics Plot on BCI. Fifteen 40 ×
40 m plots were scattered across a map of the FDP in five clusters of three plots
before we began data collection. Mean (± SE) population densities were calculated for each species. All four species can flower at less than 1 m height, so
population densities correspond approximately to densities of reproductive
adults.
AFLP genotyping—Genomic DNA was extracted using DNeasy 96-well
kits (Qiagen, Valencia, California, USA). AFLP fingerprints were generated
following the methods of Myburg et al. (2001), with minor modifications for
optimization with an ABI 3100 capillary sequencer (Life Technologies, Carlsbad,
California, USA). Genomic DNA was digested using restriction endonucleases
for 2 h at 37°C in a 10 µL reaction with 150 ng DNA, 0.1 µL 100 ng/100 µL
bovine serum albumin, 10 U EcoRI, and 10 U MseI restriction enzymes. Double-stranded adapters were produced by mixing equal volumes of 200 µM
solutions of the two oligonucleotides for each adapter (E adapter:
5′ CTC GTA GAC TGC GTA CC 3′ and 5′ AAT TGG TAC GCA GTC TAC 3′;
M adapter: 5′ GAC GAT GAG TCC TGA G 3′ and 5′ TAC TCA GGA CTC AT
3′), incubating at 95°C for 5 min, and then cooling at 1°C/min to room temperature. Immediately following digestion of the template DNA, double-stranded
adapters were ligated to the ends of the fragments by adding 7.05 µL ddH2O,
2 µL 10× ligase buffer, 0.38 µL 100 µmol/L double-stranded E adapter, 0.38 µL
100 µmol/L double-stranded M adapter, and 0.8 U T4 ligase to the 10 µL digestion product, and then incubating overnight at 16°C.
Ligation products were diluted 17 : 70 with ddH2O. Dilute ligation products
were used in preselective amplification. To form a 50 µL reaction, we combined
25 µL ddH2O, 5 µL 10× buffer, 3 µL 25 mmol/L MgCl2, 4 µL 2.5 mmol/L (each)
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dNTP, 0.75 µL 20 µmol/L “M+C” primer (5′GAT GAG TCC TGA GTA AC 3′),
0.75 µL 20 µmol/L “E+A” primer (5′GAC TGC GTA CCA ATT CA 3′), 3 U
Taq polymerase, and 10 µL dilute ligation product. After mixing, these reactions were heated to 72°C for 60 s; then cycled 20 times through 94°C for 50 s,
56°C for 60 s, and 72°C for 120 s; and then completed at 72°C for 120 s. The
resultant product was diluted in the ratio of 40 µL to 720 µL ddH2O. Selective
amplifications were then performed on products from all individuals, using the
following primer combinations: Psychotria acuminata, “E+ACG”: 5′GAC
TGC GTA CCA ATT CAC G3′, “M+CCAG”: 5′GAT GAG TCC TGA GTA
ACC AG3′; P. hoffmannseggiana, “E+ACG”, “M+CGG”: 5′GAT GAG TCC
TGA GTA ACG G3′; P. horizontalis, “E+ACG”, “M+CGG”; P. marginata,
“E+ACG”, “M+CCAG”. For a 25 µL amplification reaction, we combined
10.75 µL ddH2O, 2.5 µL 10× buffer, 1.5 µL 25 mmol/L MgCl2, 3.0 µL 2.5
mmol/L each dNTP, 0.5 µL deionized formamide, 1.25 µL “M-primer”, 0.25 µL
“E-primer”, and 1.25 U Taq polymerase with 5 µL dilute preselective amplification product; the resulting mixture was treated with 10 cycles of 94°C for 50 s,
65°C for 60 s (decrease 1°C per cycle), and 72°C for 120 s; then 20 cycles of
94°C for 50 s, 56°C for 60 s, and 72°C for 120 s; and finally completed at 72°C
for 10 min. We spread amplification products of each species for each primer
pair across several plates and ran replicates of 24 samples per species to confirm
mismatch ratios < 5%.
Final amplification products were cleaned using magnetic beads (CleanSeq,
Agencourt, Beverly, Massachusetts, USA) and run on an ABI 3100 capillary
sequencer with a fluorescent internal lane standard (Geneflow 625, Chimerx,
Milwaukee, Wisconsin, USA). Resulting chromatograms were analyzed using
Genescan 3.1.2 (Life Technologies) and fragments between 50 and 625 bp automatically scored by the software. All chromatograms were also visually inspected and dubious bands (e.g., shoulder peaks) discarded; if a given fragment
size was consistently weak/dubious, it was discarded for all individuals of a
given species. The program Peakmatcher (DeHaan et al., 2002) was used to
generate 0/1 matrices of banding patterns. Bands occurring in fewer than 5%
(or more than 95%) of accessions within a species were discarded (Lynch and
Milligan, 1994; Suárez-Montes et al., 2011; Martínez-Natarén et al., 2014).
AFLP bands were assumed to correspond to loci with two alleles, in which
band presence indicated either a dominant homozygote or a heterozygote, while
band absence indicated a recessive homozygote. All AFLP data and UTM coordinates (zone 17N) are archived in the Dryad Digital Repository (datadryad.org,
doi:10.5061/dryad.c29m5).
Spatial genetic structure—We performed an AMOVA in the program GenAlEx v6.501 (Peakall and Smouse, 2006) to estimate pairwise and overall
genetic differentiation (ΦPT) among the three sampling localities BCI, BV, and
S, with BV and S on one side of the Rio Chagres and BCI on the other. We also
used the Bayesian clustering program STRUCTURE v. 2.3.4 with the RECESSIVEALLELES option to investigate cryptic genetic structure (Pritchard et al.,
2000; Falush et al., 2007). We ran STRUCTURE twice for each species: first, including all samples from BCI, BV, and S, and then with BCI individuals only.
Individual membership in each of K clusters was estimated with 500 000 iterations after a 200 000 burn-in period, using the correlated alleles model allowing
admixture. We ran STRUCTURE 10 times for each K = 1 to 5 and determined the
optimum number of clusters following the delta K method (Evanno et al., 2005)
in the program Structure Harvester (Earl and von Holdt, 2012). Replicate runs
for the optimal K were aligned with the program CLUMPP (Jakobsson and
Rosenberg, 2007) to produce population- and individual-level cluster membership matrices.
We then investigated fine-scale spatial genetic structure (SGS) for each species using only the mapped BCI individuals. Spatial autocorrelation analysis
(Smouse and Peakall, 1999) was performed in GenAlEx by calculating the average autocorrelation coefficient r across all pairs in 20-m distance classes. A
95% confidence interval around the null hypothesis of r = 0 (random distribution of genotypes) was generated by 999 permutations for each distance class.
Because SGS based on autocorrelation analysis can be affected by the sampling
scheme (Fenster et al., 2003), we also estimated the strength of SGS using the Sp
statistic (Vekemans and Hardy, 2004). Sp is based on the rate of decrease in pairwise
kinship with ln distance and is less affected by the sampling design, and allows
us to compare the strength of SGS across species and studies (Vekemans and
Hardy, 2004; Hardy et al., 2006; Bizoux et al., 2009; Martins et al., 2012). Average kinship coefficients were generated for each distance class in the program
SPAGeDi 1.4b (Hardy and Vekemans, 2002). The estimator for the kinship coefficient was developed by Hardy (2003) for use with dominant genetic markers
and requires an estimate of the inbreeding coefficient F. Because AFLP data
are dominant, they cannot be used to estimate inbreeding directly. However,
Loiselle et al. (1995) estimated the inbreeding coefficient for the distylous
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Psychotria officianalis in Costa Rica as F = 0.055. Psychotria officinalis is
similar in habitat preference and floral and fruit morphology to the species in
this investigation, at least three of which should nominally be outcrossing as
distylous species. We therefore conducted analyses assuming F = 0.0 and F =
0.1 to encompass a probable range of inbreeding coefficients. The kinship coefficient is robust to moderate errors in the estimation of inbreeding (Hardy,
2003).
We used a Mantel test with 10 000 permutations to test the null hypothesis of
a random association between kinship and distance (bF = 0, or no spatial genetic
structure). The strength of SGS was calculated as
Sp  bF 1 – F 1

,

(1)

where bF is the slope of the regression of kinship against ln distance (that is, the
rate of decrease in kinship with the logarithm of distance) and F(1) is the average
kinship of individuals in the first distance class (0–20 m). Standard errors for bF
were estimated by jackknifing across loci.
Finally, to further investigate spatial patterns among individuals on BCI, we
performed an sPCA (spatial principal components analysis: Jombart et al., 2008),
which is a spatially explicit multivariate analysis that incorporates spatial autocorrelation and patterns of genetic variation to identify cryptic SGS. sPCA also incorporates statistical tests for two kinds of spatial structure among individuals:
“global” structures representing patterns such as clines and patches that are characterized by positive spatial autocorrelation and positive eigenvalues, and “local”
structures characterized by negative autocorrelation among neighbors, represented
by negative eigenvalues (Jombart et al., 2008). We ran sPCA for each species with
the package adegenet in the program R (Jombart et al., 2008; R Development Core
Team, 2012), using the “inverse distance” option with an exponent of 1 and a
minimum distance of 1 m to specify the spatial weighting matrix. Presence of
global and local structures were tested using the global and local Monte-Carlo
procedures described by Jombart et al. (2008) with 9999 permutations.
Estimation of dispersal distance and neighborhood size—For a twodimensional population under isolation-by-distance, kinship should have a
negative linear relationship with ln distance for distances between σ and ~20σ,
where σ is the square root of half the mean squared distance between parents
and their offspring. When measured at the appropriate spatial scale and under
isolation by distance with local drift–dispersal equilibrium, Sp in Eq. (1) is
equivalent to the inverse of Wright’s (1943) neighborhood size, Nb (Vekemans
and Hardy, 2004). That is, in two-dimensional space,
N b  – 1 – F1

br  4 πDe σ 2 ,

(2)

where De is the effective density of reproductive adults and br is the slope of a
truncated regression of kinship on ln distance between σ and 20σ (Vekemans and
Hardy, 2004). Given that br and σ are both unknown and dependent on each other,
an iterative approach was used to calculate σ (Vekemans and Hardy, 2004), implemented in the program SPAGeDi. First, Nb = −(1 − F(1))/br was calculated based
on a global regression over all distance classes. Then σ was calculated using a
known De from Nb = 4πDeσ2, and Nb recalculated using a truncated regression over
distances between σ and 20σ. This process is iterated until successive Nb estimates
converge or cycle among alternative values. Separate analyses were conducted assuming that the inbreeding coefficient F was 0.0 or 0.1 and that De was 0.5, 0.3, or
0.1 times the mean census density (Husband and Barrett, 1992; Frankham, 1995).
Standard errors for σ and Nb were calculated by jackknifing across loci.
We analyzed the correlation of the minimum estimates of σ with actual plant
density across species, and with putative variation in effective plant density De
across and within species to test for relationships based on overlap of seed shadows, on the effect of average interplant distances on pollen-based gene flow, or on
artifacts introduced by the calculation of σ (see Eq. 2). We did the same for correlations of σ with expected interplant distances, based on the expectation that
average nearest-neighbor distance for randomly distributed plants is expected to
be 0.5 × density−0.5 (Clark and Evans, 1954).

RESULTS
Density estimates— Population densities varied nearly 2-fold
across species, averaging 82.9 ± 42.5 (SE) individuals per hectare for Psychotria acuminata; 142.9 ± 41.4 individuals/ha for
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P. hoffmannseggiana; 101.2 ± 11.8 individuals/ha for P. horizontalis; and 154.6 ± 39.0 individuals/ha for P. marginata.
AFLP genotyping— One primer pair produced 179 scoreable loci (60.3% polymorphic) for Psychotria acuminata, 211
scoreable loci (63.0% polymorphic) for P. hoffmannseggiana,
227 scoreable loci (78.2% polymorphic) for P. horizontalis,
and 155 scoreable loci (55.4% polymorphic) for P. marginata.
All individuals had unique AFLP fingerprints, indicating that
no clones were included in the data set.
Spatial genetic structure— Genetic differentiation among
the three sampling localities (BCI, BV, S) was significant for all
four Psychotria species in the AMOVA (P < 0.01; Table 1).
Overall ΦPT ranged from 0.117 in P. hoffmannseggiana to
0.276 in P. marginata. Although we did not perform statistical
comparisons, pairwise ΦPT values were generally substantially
lower between the two mainland sampling sites (BV, S), and
BCI tended to be equally differentiated from both mainland
sites despite being much closer geographically to BV (~1 km
compared with ~12 km; Fig. 1). Psychotria hoffmannseggiana
was an exception, with the lowest pairwise ΦPT being between
BCI and S, the two sites most distant from each other.
The STRUCTURE analysis including all samples from BCI, BV,
and S identified K = 3 for P. acuminata, P. hoffmannseggiana,
and P. marginata, and K = 2 for P. horizontalis. For BCI samples only, K = 2 for P. acuminata and P. horizontalis, and K =
3 for P. hoffmannseggiana and P. marginata. Psychotria acuminata, P. horizontalis, and P. marginata all have similar patterns of cluster membership for both analyses. Most individuals
belong to a single cluster, indicating little genetic admixture,
while P. hoffmannseggiana individuals had higher rates of admixture, particularly in the S population (Fig. 2). For all species
in the BCI-only analyses, each cluster is patchily distributed
across several different hotspots in the sampling area.
All analyses of spatial patterns on BCI indicated spatial genetic structure for all four species. Autocorrelation was significant (P < 0.001) to a distance of 320 m for Psychotria acuminata,
100 m for P. hoffmannseggiana, 180 m for P. horizontalis, and
220 m for P. marginata (Fig. 3). The decrease in autocorrelation with ln distance was roughly linear up to approximately
500 m for Psychotria acuminata, and to approximately 200 m
for P. horizontalis and P. hoffmannseggiana, as expected for a
two-dimensional population under isolation by distance. Autocorrelation coefficients for P. marginata were stable up to approximately 100 m, followed by a steep increase and then a
linear decrease to 500 m (Appendix S1, see Supplemental Data
with the online version of this article). The Sp statistic, which
measures the strength of SGS, was significant in all species at
both F = 0.0 and 0.1 (P < 0.0001) and ranged from 0.015 for P.
horizontalis to 0.046 for P. marginata (Table 2).
Overall and pairwise measures of genetic differentiation (ΦPT)
for four Psychotria species sampled on Barro Colorado Island (BCI),
Buena Vista Peninsula (BV), and Soberanía National Park (S) in
Panama. All values are significantly greater than 0 at P < 0.01.

TABLE 1.

Species

overall

BCI vs BV

BCI vs S

BV vs S

P. acuminata
P. hoffmannseggiana
P. horizontalis
P. marginata

0.129
0.117
0.182
0.276

0.112
0.133
0.188
0.287

0.158
0.094
0.186
0.276

0.046
0.169
0.041
0.062

Positive spatial autocorrelation was evident in the sPCA results for all four species on BCI. Monte Carlo tests were significant (P < 0.05) for global structures but nonsignificant for local
structures. The first three positive eigenvectors for P. acuminata, P. hoffmannseggiana, and P. horizontalis and the first two
positive eigenvectors for P. marginata accounted for a substantial amount of both autocorrelation and genetic variation and so
were retained for assessment of spatial patterns (Appendix S2,
see online Supplemental Data). No negative eigenvectors were
retained for any species because the Monte Carlo tests for local
structure were nonsignificant. For all four species, the global
structures were observable as patches of genetically similar individuals across all retained positive eigenvectors (Fig. 4).
Patches (identified as groups of similarly colored points in Fig.
4) generally contained individuals less than 1 km apart, indicating fine-scale partitioning of genetic variation on BCI.
Dispersal distance and neighborhood size— Estimates of
dispersal distance σ varied from 9 to 20 m for Psychotria marginata, 23 to 52 m for P. acuminata, 21 to 50 m for P. hoffmannseggiana, and 26 to 113 m for P. horizontalis (Table 3).
Estimates of σ for P. horizontalis were more sensitive to parameter values than in other species, with σ increasing by 334
to 413% in shifting from De = 0.5D to De = 0.1D, compared
with an increase of only 113 to 125% in the three other species
(Table 3). Shifts in the inbreeding coefficient from F = 0
(Hardy–Weinberg equilibrium) to F = 0.1 had a small effect on
σ, causing it to drop an average of 6.8 ± 5.0% (mean ± SD),
with the decrease ranging from 1.7% to a drop of 19.5%. Estimated neighborhood size Nb ranged from 28 to 38 individuals
for P. acuminata, 37 to 205 individuals for P. hoffmannseggiana, 43 to 163 individuals for P. horizontalis, and 8 to 35 individuals for P. marginata. Estimates of Nb and σ converged on
single values for 14 combinations of parameters, and cycled
among several values for 10 combinations (Table 3). As expected from Eq. 2 at constant br (that is, at the observed slope of
kinship vs. ln distance), we found that σ decreased with increased effective population density across our four species of
Psychotria (Table 3). Specifically, for De = 0.5D and De = 0.3D,
the correlation of the minimum value of σ2 with D varied from
−0.835 to −0.854 for the two comparisons involving different
values of De/D (t = 3.72 and 4.02, df = 6, P = 0.01 to 0.007 for
2-tailed t test, respectively). For De = 0.5D and De = 0.3D, the
correlation of the minimum value of σ2 with the expected distance between nearest neighbors was 0.795 to 0.811, respectively (t = 3.21 and 3.40, df = 6, P = 0.02 to 0.0075).
DISCUSSION
We examined patterns of genetic differentiation in four species of Psychotria, a species-rich genus of tropical shrubs and
trees, to test the hypothesis that bird-dispersed understory
plants have strong SGS and short dispersal distances. As predicted, we found significant genetic structure at multiple spatial
scales. At the broadest scale (up to 12 km), population differentiation among the three sampling sites was significant for all
four species. BCI and BV, which are <1 km apart but separated
by the Panama Canal and previously by the Rio Chagres, were
significantly differentiated for all four species (ΦPT = 0.112–
0.287). More generally, genetic differentiation between pairs of
sites on opposite shores of the Rio Chagres and present-day
Panama Canal (BCI vs. BV, BCI vs. S) was much stronger
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Fig. 1. Map of sampling localities for four Psychotria species in Panama. BCI = Barro Colorado Island, BV = Buena Vista Peninsula, S = Soberanía
National Park. Dashed line is the course of the Rio Chagres prior to the flooding of Lake Gatun in the Panama Canal.

(mean ΦPT = 0.179 ± 0.071 SD) than that between the two sites
on the same northern shore (mean ΦPT = 0.085 ± 0.060) (t =
2.39, df = 10, P < 0.038 for 2-tailed t test with unequal variances), despite the fact that BV and S are 12 km apart but connected by continuous forest. The contrast is even greater if the
unusually high value for P. hoffmannseggiana is excluded, in
which case mean ΦPT = 0.201 ± 0.068 for BCI vs. BV and S for
the three remaining species, and ΦPT = 0.044 ± 0.011 for BV vs.

S (t = 3.04, df = 9, P < 0.015, 2-tailed t test with unequal variances). The Panama Canal and the Rio Chagres appear to have
been a significant barrier to gene flow, consistent with a hypothesis of restricted seed dispersal by forest-understory birds that
are loath to cross water barriers (Moore et al., 2008).
SGS was also significant for all four species across the ~4 km
range sampled on BCI based on spatial autocorrelation, Sp, and
sPCA. Patterns of spatial autocorrelation evident in the sPCA

Fig. 2. STRUCTURE plots of the proportion of each individual’s ancestry (vertical axis) in each of K clusters for each species (indicated by color). Note
that the left-to-right order of individuals within populations is arbitrary and does not necessarily indicate spatial proximity.
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Plots of the autocorrelation coefficient r against pairwise distances up to 400 m for four species of Psychotria on Barro Colorado Island.

showed relatively small patches of related individuals rather
than large-scale genetic clines across BCI. These results suggest dispersal at a scale that is much smaller than BCI, consistent with our estimates of dispersal distance σ that ranged from
9–20 m (for P. marginata) to 26–113 m (for P. horizontalis).
The minimum estimates of σ for each species, averaged across
all inbreeding and effective density scenarios, ranged between
9 and 113 m, with an overall mean σ = 36.9 ± 25.7 m—remarkably short distances for tropical woody species. Estimates of σ
for tropical canopy tree species generally ranged from 100 to
1200 m (mean 406 ± 331 m; Hardy et al., 2006). Our estimates
of Sp for understory Psychotria were also generally higher than
those for canopy tree species of tropical forests (Vekemans and
Hardy, 2004; Hardy et al., 2006; Nazareno et al., 2013). Indeed,
P. marginata has an intensity of SGS as measured by Sp that is
exceeded by only seven of 47 species tabulated by Vekemans
TABLE 2.

Estimates of spatial genetic structure parameters for four species
of Psychotria sampled on Barro Colorado Island, Panama, assuming
inbreeding coefficients (F) of 0 or 0.1. F(1) is the average kinship
coefficient of individuals in the first distance class of 0–20 m; br is the
slope of the truncated regression of kinship on ln distance between
σ and 20σ; and Sp is the intensity of SGS. All Sp values indicate
significant spatial genetic structure (P < 0.0001).

Species and inbreeding coefficients (F)
P. acuminata
F=0
F = 0.1
P. hoffmannseggiana
F=0
F = 0.1
P. horizontalis
F=0
F = 0.1
P. marginata
F=0
F = 0.1

F(1)

br

Sp

0.14
0.16

−0.03
−0.03

0.036
0.041

0.12
0.14

−0.02
−0.03

0.023
0.036

0.10
0.11

−0.01
−0.02

0.015
0.017

0.21
0.24

−0.04
−0.04

0.046
0.053

and Hardy (2004). Of those seven, six are herbs, of which four
are selfers with gravity seed dispersal, which we would expect
to undergo genetic differentiation at the smallest spatial scales;
herbaceous lineages with such dispersal mechanisms generally
show higher rates of net species diversification than woody lineages (Ricklefs and Renner, 1994, 2000; Givnish, 2010). The
other species of Psychotria we studied generally have higher
values of Sp than other fleshy-fruited trees of tropical forests
tabulated by Vekemans and Hardy (2004) and Hardy et al.
(2006); however, their values of Sp are frequently exceeded by
dioecious figs, many of which are also understory species.
The strong SGS and patchy distributions of related genotypes we observed in both the sPCA and STRUCTURE analyses are
likely driven by the nature of animal dispersal. Foraging birds
will consume many fruits from each plant before moving to
a roost and either regurgitating or defecating the seeds, resulting in the aggregated seed dispersal of maternal seed families.
Thus seed dispersal in Psychotria and other fleshy-fruited species would resemble the migrant-pool model (Slatkin, 1977;
Hamrick and Nason, 1996), which increases genetic structure.
The fact that such structure is maintained (i.e., we observed
little genetic admixture of STRUCTURE clusters within individuals, despite close proximity of different clusters) points to limited pollen dispersal distances, such that mating largely occurs
within patches of related individuals.
While our results demonstrate strong SGS in understory Psychotria relative to canopy species, there was substantial variation in the magnitude of genetic structure among the four
species sampled, despite the fact that they are closely related
and ecologically similar. Variation in the number and genetic
diversity of founding individuals would affect levels of population differentiation as well as SGS (Slatkin, 1977; Whitlock and
McCauley, 1990; Pardini and Hamrick, 2008). Interestingly,
despite its supposed shift to selfing (Sakai and Wright, 2008)—
which would favor stronger genetic structure, other things being equal (Vekemans and Hardy, 2004; Hamrick and Godt,
1996)—the pin-monomorphic P. hoffmannseggiana had the
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Fig. 4. Colorplots representing all retained global sPCA axes for four species of Psychotria on Barro Colorado Island (3 axes each for P. acuminata,
P. hoffmannseggiana, and P. horizontalis; 2 axes for P. marginata). Each point is a sampled individual plotted in its spatial position on the island. The color
of each point is determined in the RGB system based on each individual’s score on the first axis (translated to a red channel), second axis (translated to
green) and, if applicable, third axis (translated to blue).

second weakest SGS (measured as Sp) and the lowest levels of
population differentiation (measured as ΦPT).
Such a discrepancy between supposed mating system and genetic structure could have arisen for several reasons. One possibility is that inbreeding depression in P. hoffmannseggiana
reduces the survival of its selfed offspring, so that outcrossed
individuals largely drive the observed pattern of SGS in adults.
Hamrick et al. (1993) documented decreases in the inbreeding
coefficient with increasing size/age classes in two canopy and
one understory species on BCI, consistent with differential
mortality between inbred and outcrossed individuals. A second
possibility is that Janzen–Connell density-dependent mortality
or longer distances of seed dispersal could have overcome the
effects of selfing. Finally, the likelihood of selfing as estimated
from floral morphology or flower-bagging experiments (Sakai
and Wright, 2008) may not accurately represent actual levels of

selfing, which can only be measured by genetic analysis of
progeny arrays. For example, Ramos et al. (2008) directly estimated the selfing rate in the distylous, presumably obligately
outcrossing Psychotria tenuinervis in Atlantic forest remnants
as greater than 0.5 across several populations and habitats. Our
results do not appear consistent with P. hoffmannseggiana being a selfer and call for additional experimental research on its
breeding system.
We found a strong negative correlation of σ and plant density across Psychotria species (r = −0.78) and strong positive correlations of σ with expected nearest-neighbor distances
(r = 0.80). This pattern could arise for at least three reasons.
First, if seed dispersal distance increased across species as plant
density were culled to greater degrees by Janzen–Connell effects, a negative relationship between σ and plant density could
arise. Second, for plants with similar and relatively sedentary
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Dispersal distance, σ (in meters; root of half the mean squared parent-offspring distance) and neighborhood size, Nb estimated for four species
of Psychotria on Barro Colorado Island, Panama, under two different inbreeding coefficients (F) and three effective density estimates (De). Jackknifed
standard errors are in parentheses. For cases where the iterative estimation procedure did not converge on a single value and instead cycled among
several estimates, the range of values is given in square brackets. Census density (D, per hectare) values for each species are: P. acuminata 82.9; P.
hoffmannseggiana 142.9; P. horizontalis 101.2; P. marginata 154.6.

TABLE 3.

σ
Species and F

De = 0.5D

De = 0.3D

Nb
De = 0.1D

De = 0.5D

De = 0.3D

De = 0.1D

P. acuminata
24.54 (1.91)
34.96 (2.28)
52.12 (3.58)
31.37 (4.85)
38.19 (5.01)
28.30 (3.95)
F=0
22.80 (0.89)
33.51 (2.54)
[49.17–51.16] (2.29)
27.07 (2.11)
35.09 (5.34)
[25.18–27.27] (2.40)
F = 0.1
P. hoffmannseggiana
[20.48–47.72] (9.85) [29.03–35.25] (13.72)
45.54 (2.60)
[37.64–204.47] (78.82) [45.40–66.92] (8.30)
37.24 (4.26)
F=0
[19.06–49.89] (13.72) [28.41–32.03] (2.02) [43.46–44.17] (1.84) [32.60–223.46] (117.18) [43.48–55.27] (7.01)
[33.91–35.04] (2.90)
F = 0.1
P. horizontalis
26.07 (1.69)
37.18 (4.97)
113.23 (50.08)
43.21 (5.67)
52.75 (14.00)
163.03 (151.63)
F=0
20.95 (5.12)
32.47 (5.11)
[99.03–107.69] (61.87)
27.90 (14.80)
40.21 (12.75)
[124.70–147.48] (174.71)
F = 0.1
P. marginata
[9.24–18.84] (4.18)
13.35 (0.49)
20.07 (0.90)
[8.32–34.49] (16.12)
10.83 (0.76)
7.82 (0.70)
F=0
[8.77–17.55] (0.93) [12.22–13.93] (0.33)
19.02 (0.80)
[7.46–29.90] (3.19)
[8.71–11.30] (0.49)
7.03 (0.59)
F = 0.1

pollinators (like the small solitary bees likely to pollinate our
Psychotria species), as interplant distance increases, so should
pollen-mediated gene flow. Finally, as plant density increases at
a given br (that is, the slope of kinship vs. ln distance, an empirical finding that does not depend in any way on models for σ or
measurements of plant density), the calculated value of σ should
decrease simply as an artifact of the relationships among br, De,
and σ in Eq. (2). These three explanations are not mutually exclusive, and all explain why σ should decline with increasing plant
density. A decline in σ with plant density is also evident in the data
presented for 10 canopy tree species by Hardy et al. (2006).
Previous work on spatial genetic structure in P. officinalis in
Costa Rica using 14 allozyme markers (Loiselle et al., 1995)
also found significant SGS, but differed markedly from this
study in several respects. Loiselle et al. (1995) found significant
autocorrelation to only 5 m and attributed this to limited seed
dispersal rather than limited pollen dispersal. We found significant spatial autocorrelation in understory Psychotria at much
greater distances (100–320 m) and evidence supporting limited
pollen flow as described above. The discrepancy between the
autocorrelation analyses could reflect differences in the type of
marker and number of loci used (6–8 polymorphic allozyme
loci for P. officinalis compared with >150 AFLP loci in this
study). Greater numbers of polymorphic loci increase the precision of kinship and autocorrelation estimates for a given number of individuals, and the higher genomic coverage provided
by AFLPs may increase the extent to which SGS is detected
(Jump et al., 2012). More importantly, the difference in SGS
extent between studies is also likely influenced by the different
spatial scales of sampling. We sampled across a greater range,
with a maximum pairwise distance on BCI of ~4 km, compared
with a maximum pairwise distance for P. officinalis of 120 m.
Because the autocorrelation coefficient r for each distance class
is calculated relative to the individuals included in the universe
of samples (with r = 0 set as the mean autocorrelation of all
pairs) (Smouse and Peakall, 1999), the distance at which r
crosses zero will be dependent on the spatial scale of the study,
with larger spatial scales showing significant autocorrelation to
greater distances (Fenster et al., 2003). The disparity in scales
between this study and Loiselle et al. (1995) could largely explain
why we detected autocorrelation to much greater distances, as

the extent of our island-wide sampling would have included subpopulation differentiation. This would reduce the mean r across
all pairs, increase r for within-subpopulation comparisons, and
increase the extent of significant autocorrelation.
Overall, our results support Givnish’s hypothesis of restricted
seed dispersal by frugivores in tropical understory species, leading
to fine-scale genetic differentiation and restricted gene flow. Other
hypotheses invoking microevolutionary processes have been
proposed to explain high plant species diversity in the tropics, but
differ from Givnish (1999, 2010) in the mechanism leading to genetic isolation. For example, Baker (1959) and Fedorov (1966)
proposed that selfing would lead to increased rates of local genetic drift, resulting in isolation and increased rates of speciation.
Although never mentioned by Baker or Federov, selfing would
also reduce gene flow via pollen. This hypothesis has, however,
been largely rejected for canopy trees, which have since been
shown to be self-incompatible with high rates of pollen flow
(Ward et al., 2005), but may hold for some highly diverse genera
of self-compatible herbs and shrubs (e.g., Piper; Lasso et al.,
2011). However, short-distance dispersal of fleshy fruits by understory bats was hypothesized to contribute to fine-scale differentiation in Piper in addition to selfing (Lasso et al., 2011), which is
essentially supporting the limited-dispersal hypothesis. In any
case, despite Psychotria being the third most species-rich angiosperm genus, most species are distylous and presumably selfincompatible, and so the Baker–Fedorov hypothesis would not
apply. Rather, our data are consistent with disperser behavior resulting in limited gene flow. This would facilitate population divergence by drift and local adaptation, increasing the likelihood of
reproductive isolation among populations and ultimately promoting high rates of speciation and narrow endemism. The substantial
population differentiation seen across a fairly minor water barrier
of ~1 km suggests that relatively small landscape features may be
sufficient to promote genetic isolation in Psychotria and possibly
other bird- (or bat-) dispersed understory species.
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