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Abstract

Colonization of vacant habitat is a fundamental ecological process that affects the ability

of species to persist and undergo range modifications in continually shifting landscapes.

Thus, understanding factors that affect and limit colonization has important ecological

and conservation implications. Epiphytic orchids are increasingly threatened by various

factors, including anthropogenic habitat disturbance. As cleared areas (e.g. pastures) are

recolonized by suitable host trees, the establishment and genetic composition of epi-

phytic orchid populations are likely a function of their colonization patterns. We used

genetic analyses to infer the prevailing colonization pattern of the epiphytic orchid,

Brassavola nodosa. Samples from three populations (i.e. individuals within a tree) from

each of five pastures in the dry forest of Costa Rica were genotyped with neutral nuclear

and chloroplast markers. Spatial autocorrelation and hierarchical genetic structure

analyses were used to assess the relatedness of individuals within populations, among

populations within pastures and among populations in different pastures. The results

showed significant relatedness within populations (mean r = 0.166) and significant

but lower relatedness among populations within a pasture (mean r = 0.058). Our data

suggest that colonization of available habitats is by few individuals with subsequent

population expansion resulting from in situ reproduction, and that individuals within

a tree are not a random sample of the regional seed pool. Furthermore, populations

within a pasture were likely colonized by seeds produced by founders of a neighbouring

population within that pasture. These results have important ramifications for under-

standing conservation measures needed for this species and other epiphytic orchids.
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Introduction

Habitat disturbance and anthropogenic alteration of

landscapes have become nearly ubiquitous features of

contemporary environments. Throughout the Earth’s

history, natural phenomena have caused habitat pertur-

bations, but during recent decades, human-mediated

landscape modifications have far outpaced natural habi-

tat disturbance and are responsible for putting many

species at risk, either directly or indirectly (Whitmore

1997). However, abandonment of anthropogenically

disturbed landscapes provides an opportunity to study

colonization patterns and early stages of habitat restora-

tion. Colonization is a fundamental ecological process

that affects the ability of all species to persist and

undergo range shifts and/or expansion in continually

shifting landscapes. Understanding the mechanisms

that affect colonization is therefore of critical impor-

tance at a time of widespread habitat degradation and

rapid climate change. As the original colonizing species

arrive in abandoned clearings and establish, they alter

the landscape in a variety of ways, including providing

suitable habitat for subsequent colonists. Epiphytic

plants, which are a major contributor to overall biodi-

versity in the Neotropics both directly (Richards 1957;
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Madison 1977; Gentry & Dodson 1987; K€uper et al.

2004) and indirectly (Ozanne et al. 2003), are an excel-

lent exemplar of this phenomenon. Only when suitable

host trees are available can epiphytes colonize the land-

scape. Thus, the number and heterogeneity of coloniz-

ing trees within a landscape will shape the spatial

distribution and composition of epiphytic species

(Ravent�os et al. 2010). As cleared areas, such as pastures,

are recolonized by suitable host trees, the establishment

of epiphyte populations, and their genetic composition,

will be a function of patterns of seed dispersal and colo-

nization, in particular, the number and source of found-

ing individuals (Slatkin 1977; Wade & McCauley 1988;

Whitlock & McCauley 1990). Understanding factors that

affect and limit colonization by epiphytic plants can

provide valuable insights into colonization processes

and may have important conservation implications for

these major constituents of Neotropical biodiversity.

Guanacaste Province, Costa Rica, is characterized by

seasonal dry forest, much of which was cleared for cat-

tle ranching in the last century (Sader & Joyce 1988).

Subsequent to clearing, many pastures have been colo-

nized by a variety of tree species, including Crescentia

alata (Bignoniaceae). These trees provide suitable habitat

for epiphyte colonization, including several orchid spe-

cies (Yeaton & Gladstone 1982; DW Trapnell and JL

Hamrick, personal observation). Orchids are major con-

tributors to the Neotropical epiphyte flora (Schuettpelz

& Trapnell 2006). One of the more common orchids in

this habitat is Brassavola nodosa (Janzen 1983; DW Trap-

nell and JL Hamrick, personal observation), the focus of

this study. To investigate prevailing colonization pat-

terns of this long-lived, epiphytic perennial, we used

genetic analyses of multiple populations in a hierarchi-

cal spatial context. A population is defined as all the

B. nodosa individuals within a tree. A distinctive genetic

signature is often evident within and among recently

established populations that reflect the manner in which

seeds disperse, colonize open habitats and found new

populations, and whether subsequent population

growth primarily results from continued seed immigra-

tion (e.g. Erickson et al. 2004) or the recruitment of

progeny of founding individuals. Thus by examining

genetic relatedness within recently colonized popula-

tions, we can infer processes of colonization and subse-

quent population expansion (Pardini & Hamrick 2008).

To elucidate colonization patterns in this epiphytic

orchid, we used biparentally inherited neutral nuclear

markers to genotype individuals from fifteen B. nodosa

populations and examined levels of genetic relatedness

at multiple spatial scales. Maternally inherited chloro-

plast markers were also employed to gain additional

insights into the number of original colonists. Autocorre-

lation analyses were used to quantify genetic relatedness

among individuals and the nonrandom spatial distribu-

tion of genetically related individuals within and

among populations. If a site was colonized by few indi-

viduals, and an increase in the number of individuals

within the population results primarily from the foun-

ders’ progeny, we should find significant genetic relat-

edness within populations and limited genetic

relatedness among populations. If a site was colonized

by many seeds from multiple sources and/or subse-

quent recruitment results from continued seed immigra-

tion, we should not find significant genetic relatedness

within populations. Specific questions addressed are

(i) what is the pattern of seed dispersal and coloniza-

tion by the epiphytic orchid, B. nodosa, in trees that

have colonized neglected pastureland and (ii) subse-

quent to initial founding, do increases in population

density result primarily from continued long-distance

seed dispersal or from the deposition of seeds produced

by founding individuals? These two scenarios should

produce very different levels of genetic relatedness

among individuals within populations.

Materials and methods

Study species

Brassavola nodosa (Linnaeus) Lindley is a long-lived,

perennial, epiphytic and lithophytic orchid in subfamily

Epidendroideae that occurs naturally from Mexico to

Panama, the West Indies and northern South America

(Ames & Correll 1985). It occurs below 600 m in sea-

sonal dry forest, often in the salt spray zone of coastal

habitats (Janzen 1983; DWT and JL Hamrick, personal

observation). It is relatively common and grows on

many tree species (DW Trapnell, personal observation)

including several mangrove species (Schemske 1980;

Murren & Ellison 1996, 1998). It has sympodial growth,

and each individual typically produces one new shoot

with a single leaf each year (Murren & Ellison 1998)

although sometimes multiple shoots arise from the pre-

vious year’s growth. Only the individual’s youngest

shoot produces an inflorescence whose terminal raceme

bears 1–7 flowers (Murren & Ellison 1998) that open

simultaneously and remain open for 10–34 days if

unfertilized (Murren & Ellison 1996). The fragrant, green-

ish white flowers attract night-pollinating hawk moths

(Sphingidae; Dressler 1981). In Costa Rica, hawk moths

are reported to transport B. nodosa pollen over long dis-

tances (Janzen 1983). Brassavola nodosa pollen grains are

aggregated in eight pollinia, each possessing enough

pollen grains to fertilize every ovule in a receptive

flower. Thus, as is true for most orchids, fertilization

results in full-sibling progeny arrays. Although B. nodosa

is self-compatible, a pollinator is required to transfer
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pollinia (Schemske 1980). An estimated 300 000 seeds/

capsule are produced and dispersed by wind (Yeaton &

Gladstone 1982; Murren & Ellison 1998).

Study site and sampling

The study site is in the Pacific lowlands of northwest

Costa Rica, in the lower Tempisque River basin of

Guanacaste Province. The area is classified as seasonally

dry tropical forest characterized by semideciduous trees

and a 6-month dry season (December–May). As has

been typical for much of the tropical dry forest in Gua-

nacaste since the 1950s (Sader & Joyce 1988), the area is

highly disturbed from forest conversion to pastureland.

Brassavola nodosa is one of four common orchid species

found growing on deciduous trees in Guanacaste

(Janzen 1983). Our primary research site (PVR) con-

sisted of four pastures (A–D) situated along the road

between Bagaces and Palo Verde National Park (Fig. 1).

Pastures were separated by 0.18–7.11 km, and each

pasture had at least three trees (e.g. A-1, A-2 and A-3)

supporting populations of B. nodosa. A population is

defined as all B. nodosa individuals growing within a

tree. All twelve trees were Crescentia alata (Bignonia-

ceae), the Calabash or Jicaro tree. Each population was

mapped, and leaf samples were collected from a mean

of 42 individuals per population (range of 9–56), for a

total of 498 samples. Care was taken to sample individ-

uals separated by at least 60 cm. All orchids within pas-

ture C and D populations were sampled, while a subset

of individuals within A and B populations (~100–175
individuals/population) were sampled. Distances

among populations in pasture A = 16.4–21.0 m (mean

18.8 m), pasture B = 53.5–236.0 m (mean 157.5 m),

pasture C = 24.0–51.7 (mean 34.6 m) and pasture

D = 56.3–81.0 m (mean 69.1 m). For comparison, collec-

tions were also made from three populations of B. nod-

osa, growing in C. alata, located in a pasture near

Horizontes Experimental Forest (HEF), 46 km northwest

of PVR. The C. alata supporting B. nodosa populations

in HEF appear to be older than the PVR trees, each con-

taining ~200 orchids. Thus, these B. nodosa populations

may be older than the PVR populations. Samples were

collected from 25, 29 and 28 individuals, respectively,

from trees separated by 21–73 m (mean 55.3 m).

Enzyme extraction and electrophoresis

Leaves were snap frozen in liquid nitrogen within a few

hours of collection and transported to The University of

Georgia in an ultra-cold dry shipper. Leaves were

crushed in chilled mortars with a pestle, liquid nitrogen

and a pinch of sea sand to disrupt cellular compartmen-

talization. Enzymes were extracted from the tissue with

an extraction buffer (Wendel & Parks 1982) and absorbed

onto 4 9 6 mm wicks punched from Whatman 3-mm

chromatography paper. Wicks were stored in microtest

plates at �70 °C until used for electrophoresis. Wicks

were placed in horizontal starch gels (10%), and electro-

phoresis was performed. Six gel-electrode buffer

combinations and 11 enzyme systems resolved one

monomorphic locus and 18 putative polymorphic loci

(i.e. more than one allele per locus). Enzymes stained and

polymorphic loci (in parentheses) for each buffer system

were: (1) buffer system 4: 6-phosphogluconate dehydro-

genase (6Pgd-1, 6Pgd-2), phosphoglucoisomerase (Pgi-2)

and shikimic dehydrogenase (Skdh); (2) buffer system 6:

fluorescent esterase (Fe-2, Fe-3); (3) buffer system 7:

aspartate aminotransferase (Aat-1, Aat-2) and diaphorase

(Dia-1); (4) buffer system 8: triosephosphate isomerase

(Tpi-1, Tpi-2); (5) buffer system 10: fluorescent esterase

(Fe-1); phosphoglucomutase (Pgm-1) and UTP-glucose-1-

phosphate (Ugpp-1); and (6) buffer system 11: isocitrate

dehydrogenase (Idh-1), malate dehydrogenase (Mdh-1,

Mdh-3) and phosphoglucomutase (Pgm-2). All buffer and

stain recipes were adapted from Soltis et al. (1983) except

Ugpp (Manchenko 1994), Aat and Dia (Cheliak & Pitel

1984). Buffer system 8- is a modification of buffer system

8 as described by Soltis et al. (1983). Banding patterns

were consistent with diploidy and Mendelian inheritance

patterns expected for each enzyme system (Weeden &

Wendell 1989) with two to six alleles per polymorphic

locus.

Chloroplast markers

A subsample of individuals (7–12 individuals/popula-

tion; mean = 9.6) assayed for nuclear variation were

B

D

A
C

2 km 100 km

San José

HEF

PVR

Fig. 1 Geographic locations of the research sites (PVR and

HEF), and PVR pastures A, B, C, and D in Guanacaste Prov-

ince, Costa Rica.

© 2013 John Wiley & Sons Ltd

3682 D. W. TRAPNELL ET AL.



also analysed for chloroplast (cpDNA) diversity. Total

genomic DNA was extracted from allozyme wicks

using a modified cetyltrimethyl ammonium bromide

(CTAB) (Doyle & Doyle 1987) protocol. Two noncoding

regions of the cpDNA were selected for amplification;

the rpl32-trnL intergenic spacer (primers rpL32-F/

trnL(UAG); Shaw et al. 2007) in the small single-copy

region with an alignment length of 708 bp and the trnG

intron (primers 3′trnGUUC/5′trnG2G; Shaw et al. 2005)

in the large single-copy region, which has an alignment

length of 643 bp. The 12.5 lL PCRs consisted of

19 ThermoPol Buffer [New England Biolabs (NEB)],

1 mM MgCl2 (Sigma), 12.5 lg bovine serum albumin,

0.25 mM of each dNTP (NEB), 0.1 lM of each primer,

HPLC-grade water, genomic DNA template and

0.5 units Taq DNA polymerase (ThermoPol, NEB). PCRs

were performed with an Eppendorf thermal cycler as

follows: initial denaturation at 80 °C for 5 min, fol-

lowed by 35 amplification cycles (denaturation at 95 °C
for 1 min, annealing at 50 °C for 1 min and extension

at 65 °C for 4 min), a final extension cycle 65 °C for

4 min, holding at 4 °C until samples were removed and

storage at 4 °C.
Amplicons were electrophoresed, along with a Quick-

Load 100-bp DNA Ladder (#N0467S, NEB), on 1.5%

agarose gels and visualized. Amplicons were purified

using ExoSAP-IT (USB, Cleveland, OH, USA) with reac-

tion conditions of 37 °C for 45 min, followed by 80 °C
for 15 min. Sequencing reactions were performed using

an ABI Prism BigDye Terminator v3.0 Cycle Sequencing

Kit (Applied Biosystems, Foster City, CA, USA) under

reaction conditions of 96 °C for 15 s, followed by 25

cycles of 96 °C for 10 s and 68 °C for 2 min. Samples

were prepared for genotyping with an ethanol/EDTA/

sodium acetate precipitation, in accordance with the

BigDye Terminator v3.0 Cycle Sequencing Kit protocol.

Fragments were resuspended in 10 lL of Hi-Di form-

amide and analysed on an ABI 3730 Automated DNA

Sequencer (Applied Biosystems). Sequences were

assembled using SEQUENCHER 4.2 (Gene Codes 2000) and

aligned using CLUSTALW (Thompson et al. 1994).

Genetic diversity analyses

Nuclear genetic diversity measures were estimated using

LYNSPROG, designed by M.D. Loveless and A.F. Schnabel.

Measures of genetic diversity were percent polymorphic

loci, P; total number of alleles, AT; and genetic diversity,

He (proportion of loci heterozygous/individual under

Hardy–Weinberg expectations; Nei 1973). Pooled values

for these parameters were calculated by pooling

data from all populations and for the three populations

within each pasture. Individual population values were

calculated for each population and then averaged across

all populations. Allele frequency heterogeneity among

populations was tested by the chi-square method of

Workman & Niswander (1970). Observed heterozygosity

(Ho) was compared with Hardy–Weinberg expected

heterozygosity (He) for each polymorphic locus in each

population by calculating Wright’s inbreeding coefficient

(F, Wright 1922, 1951). Deviations from Hardy–Weinberg

expectations were tested for significance using v2 = F2N

(a � 1); d.f. = a (a � 1)/2, where N is the total number

of individuals analysed and a is the number of alleles at

the locus (Li & Horvitz 1953). The Bonferroni correction

for multiple comparisons was applied using FSTAT

(Goudet 2001). Partitioning of variation among popula-

tions and pastures was estimated according to Nei’s

(1973) measures (i.e. GST) of genetic diversity as well as

AMOVA using GENALEX 6.41 (Peakall & Smouse 2006).

The effective number of cpDNA haplotypes per pop-

ulation was calculated as Ce ¼ 1=Rp2i where pi is the

frequency of the ith haplotype with the chloroplast trea-

ted as a single locus. Partitioning of cpDNA variation

(GSTc) among populations and pastures was also deter-

mined.

The nDNA and cpDNA GST values among PVR pop-

ulations were used to estimate the relative contribution

of pollen (mp) and seed dispersal (ms) to overall gene

flow as,

mp=ms ¼ ½2ð1=FSTc � 1Þ � ð1=FSTn � 1Þ�=ð1� 1=FSTcÞ

where FSTc is cytoplasmic variation among sites, and

FSTn is nuclear variation among sites (Petit 1992; Petit

et al. 1992). Because this statistic reveals a relative rela-

tionship between FST values, it should render the

assumption of genetic and demographic equilibrium

within populations less important. When pollen and

seed migration rates are identical, cpDNA haplotypes in

an outcrossing hermaphroditic plant with strict maternal

chloroplast inheritance should show a smaller effective

population size and three times as much fixation as

nuclear alleles, as FSTn approaches zero (Hamilton &

Miller 2002). Under the null hypothesis of equal pollen

and seed flow rates, the expected difference between

chloroplast and nuclear FST values was calculated by

FSTc = 6 FSTn/(2 + 4 FSTn) (Hamilton & Miller 2002).

Significance of the difference between expected FSTn,

due to different effective population sizes of the two

genomes, and observed FSTn values was tested with a

95% confidence interval generated by bootstrapping

procedures.

Genetic relatedness analyses

Within population, multilocus genotypes (MLGs) were

compared for the presence of duplicate genotypes. The
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expected number of pairs of individuals with identical

MLGs based on chance alone, for each population, was

calculated by ½ [N 9 (N � 1)] 9 PIm where N repre-

sents the number of individuals sampled within the

population, and PIm is the probability of identity as cal-

culated by Peatkau & Strobeck (1994) and equals 1 � PE

(exclusion probability). Where the observed number of

duplicate genotypes within a population exceeded the

expected number, only one individual with that geno-

type was included in the genetic relatedness analyses.

Relatedness was quantified using pairwise compari-

sons of genetic similarity of individuals with respect to

the spatial distance separating those individuals, rela-

tive to individuals drawn randomly from a reference

population, using GENALEX 6.41 (Smouse & Peakall

1999; Peakall & Smouse 2006). The autocorrelation coef-

ficients calculated represent genetic relatedness of indi-

viduals relative to a random background. Significance

of autocorrelation values was tested by constructing a

two-tailed 95% confidence interval around the null

hypothesis of no relatedness (i.e. r = 0) by performing

999 random permutations of genotypes among geo-

graphic locations. In a typical spatial genetic structure

analysis, genetic relatedness of pairs of individuals is

plotted against the spatial distance separating paired

individuals (e.g. Trapnell et al. 2004; Barbar�a et al. 2008;

Chung et al. 2011; Ju�arez et al. 2011). However, our

analyses are not concerned with comparing pairwise

relatedness of individuals within populations with the

spatial distance separating those individuals. Rather, we

are interested in the mean pairwise relatedness of indi-

viduals within a population compared to the mean relat-

edness of individuals between populations and between

pastures. As a result, we employ three distance ‘classes’:

mean pairwise relatedness among individuals within

populations (within tree = WT), mean pairwise related-

ness among individuals within different trees within a

pasture (among trees = AT) and mean pairwise related-

ness among individuals in different pastures (among

pastures = AP).

If background relatedness in the reference population

is high (e.g. half- or full-sib progeny arrays), relatedness

of neighbouring individuals would be similar to relat-

edness between two individuals randomly selected

from the focal population (Pardini & Hamrick 2008).

High relatedness is particularly likely in orchids

because (i) they have correlated mating, whereby seeds

within a fruit are full-siblings (Gentry & Dodson 1987;

Nilsson 1992) and (ii) localized seed dispersal and

recruitment of full-sib progeny arrays have been docu-

mented in another Neotropical dry forest epiphytic

orchid, Laelia rubescens (Trapnell et al. 2004). To control for

the possibility of high relatedness of individuals within

trees and within pastures, we examined relatedness

patterns across the study area, where a random sample

of the reference population, consisting of individuals

sampled across the landscape, should have less genetic

similarity. This permits accurate insights regarding the

founding, and subsequent growth, of populations. Thus

autocorrelation of B. nodosa was calculated for the full

PVR data set at three distance intervals: WT, AT and

AP. The first distance interval included pairwise com-

parisons of individuals within each of the 12 focal trees

(WT) and was determined with twelve separate analy-

ses where relatedness was calculated for pairs of indi-

viduals within each PVR population relative to a

reference population consisting of individuals in the

remaining eleven PVR populations. Another twelve

analyses assessed pairwise relatedness between individ-

uals within pairs of trees within a pasture (AT) relative

to a reference population consisting of the remaining

ten PVR populations. Lastly, pairwise comparisons of

individuals located in different pastures (AP) were

determined with six pairwise analyses measuring the

relatedness of individuals from each focal pasture with

individuals in one of the other pastures, relative to a

background consisting of the remaining two pastures.

In each case, this was accomplished by assigning artifi-

cial spatial coordinates to all individuals. While the

composition of the reference population varied for each

analysis, genetic differences among the reference popu-

lations were slight: for example, among the six, AP

reference populations GSTn = 0.008. The three HEF

populations were analysed similarly, with a reference

population of 54 samples collected primarily from a

site ~12 km away, near Liberia. To test the relationship

between relatedness (r) values and distances between

pairs of trees within each pasture, a linear regression

analysis was performed utilizing all 15 populations.

Effective number of seed parents

Autocorrelation coefficient values generated by GENAL-

EX were used to estimate the effective number of seed

parents (Nes) in each population. Inherent in these esti-

mates are four assumptions: (i) seed parents within a

population are unrelated, (ii) seed parents produce

equal numbers of progeny that become established

within the natal population, (iii) pollen parents repre-

sent a random sample of the pollen pool in the land-

scape (i.e. outside the natal population) and (iv)

progeny produced by each seed parent are half-sibs

with an r value of 0.250. Although orchids produce fruit

consisting of full-sib progeny arrays and are capable of

selfing, typically via geitonogamy, we assumed half-sib-

ship to account for the production of multiple fruit by

an individual within and among years. Based on a

matrix of relatedness of progeny from pairs of maternal
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individuals where relatedness among seeds from indi-

vidual A is 0.250, but relatedness between seeds pro-

duced by A and B is zero, we estimated the effective

number of seed parents as:

r ¼ Nes

1
2NesðNes þ 1Þ � 0:250; thus Nes ¼ 2ð0:250Þ

r
� 1

Linear regression analyses were performed to test the

relationship between Nes values and the number of

cpDNA haplotypes within populations, as well as

between Nes and the effective number of haplotypes

within trees.

Results

Nuclear genetic diversity

Eighteen putative polymorphic loci and one monomor-

phic locus were resolved with a maximum of six alleles

per locus, for a total of 65 alleles. Nine private alleles

(i.e. found in one population) were observed in five

populations: A-1 (four alleles), C-1 (2), C-2 (1), H-4 (1)

and H-5 (1). Twelve alleles were found exclusively in

the four PVR pastures while five alleles were observed

exclusively in HEF. Tests of heterogeneity in allele fre-

quencies among populations indicate that 17 of the 18

polymorphic loci were significant (P < 0.005). Mean

genetic diversity measures within populations were

percent polymorphic loci (P) = 69.9% (47.4–89.5), total

number of alleles (AT) = 43 (33–52), observed heterozy-

gosity (Ho) = 0.247 (0.208–0.298) and expected genetic

diversity (He) = 0.238 (0.202–0.282). Pastures A

(P = 89.5%, AT = 55) and C (P = 89.5%, AT = 54) had

higher pooled values for P and AT than pastures B

(P = 73.7%, AT = 45) and D (P = 73.7%, AT = 47). A

similar pattern was not seen for He. Pooled species level

values are P = 94.7%, AT = 65 and He = 0.264. After

Bonferroni correction in FSTAT (Goudet 2001), 2.5% (5 of

198) of FIS estimates were significantly different

(adjusted P < 0.00018) from Hardy–Weinberg expected

values; four were positive suggesting a deficiency of

heterozygotes and one was negative indicating an

excess of heterozygotes. Mean FIS across all polymor-

phic loci was �0.009 suggesting a slight excess of het-

erozygotes. The proportion of genetic variation (GSTn)

among all fifteen populations of Brassavola nodosa was

0.058 and significant (P = 0.000), with GSTn = 0.034

(P = 0.000) among the five pastures and GSTn = 0.024

(P = 0.002) among populations within pastures

(Table 1). Within PVR, GSTn = 0.050 (P = 0.000) among

the twelve populations, of which 0.027 (P = 0.000) was

among the four pastures and 0.023 (P = 0.003) was

among populations within pastures (Table 1). Because

GSTn and AMOVA values revealed similar patterns and

significance, only GSTn values are presented.

Chloroplast genetic diversity

The 114 samples from PVR assayed for cpDNA varia-

tion yielded seven haplotypes, with a mean of 2.67 per

population [range = one (D-2) to five (C-2); Table 2].

The number of haplotypes observed in each pasture

was three (B), four (A and D) and six (C). Pastures C

and D each had unique haplotypes (two and one,

respectively) and a fourth haplotype occurred only in

pastures A and C, which are <200 m from one another.

The three most common haplotypes were found in all

four pastures, although not in all trees. The effective

number of haplotypes/population in PVR ranged from

1.00 (D-2) to 4.57 (C-2) with a mean = 2.08 (Table 2).

Genetic structure (GSTc) values among all populations

and among PVR populations were similar (0.342 and

0.301, respectively; Table 1) and significant (P = 0.000).

At both scales, partitioning of genetic variation among

pastures contributed more to overall GSTc than the par-

titioning among populations within pastures (Table 1).

In PVR, GSTc = 0.160 (P = 0.000) among the four pas-

tures and was variable between pairs of pastures, rang-

Table 1 Partitioning of nuclear (GSTn) and chloroplast (GSTc)

genetic variation among Brassavola nodosa populations, pastures

and sites

GSTn GSTc

Among all populations 0.058** 0.342**

Among all pastures 0.034** 0.206**

Among populations within pastures 0.024** 0.136*

Between PVR and HEF sites 0.012** 0.079**

PVR site

Among populations within PVR site 0.050** 0.301**

Among pastures within PVR site 0.027** 0.160**

Among populations within PVR pastures 0.023** 0.141*

Between pastures A and B 0.010* 0.074*

Between pastures A and C 0.021** 0.011

Between pastures A and D 0.021** 0.121**

Between pastures B and C 0.026** 0.046

Between pastures B and D 0.030** 0.293**

Between pastures C and D 0.018** 0.151*

Among populations within pasture A 0.021* 0.023

Among populations within pasture B 0.020* 0.257*

Among populations within pasture C 0.033* 0.258

Among populations within pasture D 0.034 0.074

HEF site

Among populations within pasture H 0.017 0.193

PVR, Palo Verde road site and HEF, Horizontes Experimental

Forest road site.

*Indicates significance at P < 0.05 and ** indicates significance

at P < 0.01.

© 2013 John Wiley & Sons Ltd

EPIPHYTIC ORCHID COLONIZATION 3685



ing from 0.011 (A and C) to 0.293 (B and D) and was

significant (P < 0.05) for four of the six pairwise com-

parisons (A and B, A and D, B and D, C and D;

Table 1). Partitioning of haplotype variation among

trees within PVR pastures ranged from 0.023 (A) to

0.258 (C), but was only significant in B (0.257;

P = 0.014). Pairwise GSTc values were positively

(r =0.532), although nonsignificantly, correlated with the

mean distance separating populations.

Among the 15 populations, pollen and seed movement

did not differ significantly (mp/ms = 4.25; P > 0.05).

However, among PVR populations, pollen flow contrib-

uted significantly more to overall gene flow than seed

movement (mp/ms = 5.39; P < 0.05). This was also the

case among populations within pastures B (14.95;

P < 0.05) and C (8.19; P < 0.05); populations in B were

separated by the largest distances (53.5–236.0 m).

Genetic relatedness

Duplicate genotypes were observed in populations B-1,

B-3 and C-2, consisting in each case of a single pair of

genetically identical individuals. As probabilities of

identity were low (0.0001 for B-1 and B-3, and 0.0000

for C-2), the genetically identical individuals were trea-

ted as clones and only one ramet per genet was

included for the relatedness analyses. Sample sizes of

each population and within each distance interval were

sufficiently large (i.e. � 36 pairs; Vekemans & Hardy

2004) to render statistically robust results (Table 3). Sig-

nificant relatedness was observed within every tree,

except H-4, with r values ranging from 0.003 (H-4) to

0.350 (C-3; Table 3). Mean within tree relatedness var-

ied among the four PVR pastures with the lowest mean

autocorrelation value occurring in pasture A (0.107) and

the highest mean values occurring in pastures B (0.245)

and D (0.244; Table 3; Fig. 2). Mean within population

relatedness for the four PVR pastures was 0.199, while

the mean r value within the three HEF populations was

significantly lower (0.031; P < 0.01). Relatedness was

also significant in all but three comparisons between

populations within the same pasture (C-1/C-3, H-3/H-4

and H-3/H-5), but was generally lower than within

populations, with values ranging from �0.135 (B-1 and

B-3) to 0.243 (B-2 and B-3; Table 3). Mean among tree

within pasture values also varied greatly among the four

PVR pastures (Table 3; Fig. 2). Pasture B had the lowest

among tree relatedness (r = 0.005) while pasture D had

the highest (0.166; Table 3). Mean among tree within

pasture values across the four PVR pastures was 0.070,

much lower than the mean within tree r value. The

mean among tree value for HEF was 0.014 (Table 3;

Fig. 2). Relatedness between most pairs of PVR pastures

was significant and negative (mean r = �0.031;

Table 3).

A linear regression analysis of the relationship

between relatedness and distances separating pairs of

trees within all five pastures was significantly negative

(r = �0.566; P < 0.05). When only the PVR pastures

were tested, the negative correlation was higher

(r = �0.616; P < 0.05).

Effective number of seed parents

The estimated effective number of seed parents per PVR

population varied from 0.4 (C-3) to 5.9 (A-1; Table 2).

Within the PVR site, pasture A had the highest mean

effective number of seed parents (Nes = 4) while pas-

tures B and D each had a mean Nes close to one. The

HEF populations had many more seed parents with a

mean Nes of 62.0 (Table 2). The effective number of

founders (Nes) in PVR was highly correlated with the

percentage of polymorphic loci (P; r = 0.906; P < 0.01)

and the number of alleles (AT; r = 0.869; P < 0.01) within

each of the PVR populations but not He (r = 0.401;

P > 0.05). The HEF populations were not included in

Table 2 The estimated effective number of Brassavola nodosa

seed parents (Nes) per population based on nuclear data as

well as the observed and effective number of chloroplast

haplotypes

Populations Nes

Observed #

cpDNA

haplotypes

Effective #

cpDNA

haplotypes

Palo Verde road (PVR) site

A-1 5.9 4 2.81

A-2 2.6 2 1.95

A-3 3.5 3 2.63

Mean 4.0 3.00 2.46

B-1 1.8 3 2.32

B-2 0.7 2 1.72

B-3 0.9 2 1.66

Mean 1.1 2.33 1.90

C-1 3.5 3 1.81

C-2 2.4 5 4.57

C-3 0.4 2 1.60

Mean 2.1 3.33 2.66

D-1 1.8 3 1.59

D-2 0.6 1 1.00

D-3 1.0 2 1.25

Mean 1.2 2.00 1.28

PVR mean 2.09 2.67 2.08

Horizontes Experimental Forest (HEF) site

H-3 11.5 2 1.88

H-4 165.7 2 1.28

H-5 8.8 2 1.98

HEF mean 62.0 2.00 1.71

Overall mean 14.1 2.53 2.00
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these analyses as PVR and HEF represent different

geographic locations, and our genetic data indicate that

HEF and the four PVR pastures were founded by

individuals from different source populations based on

the number of unique alleles (5 and 12, respectively).

The relationship between Nes and the number of cpDNA

haplotypes per PVR population is significantly positive

(r = 0.644; P < 0.05).

Discussion

Our objective was to infer colonization processes by the

epiphytic orchid, Brassavola nodosa, from patterns of

genetic diversity within and among its populations.

This study clearly demonstrates that populations of

B. nodosa at PVR were founded by very few individuals,

and that subsequent population growth results primar-

ily from recruitment of progeny produced by founding

individuals. The data further suggest that seeds pro-

duced by founders of the first population to establish in

a pasture were responsible for colonizing other trees

within that pasture.

Table 3 Spatial autocorrelation coefficients (r) and the number of pairs of individuals in brackets for each distance class for Brassavola

nodosa

N

r values (pairs of individuals)

Within trees Between trees within pastures Among pastures

Palo Verde road (PVR) site

A-1 51 0.072 (1275)* A-2 and A-3 0.049 (2550)* A and B �0.026 (23864)*

A-2 51 0.137 (1275)* A-1 and A-3 0.080 (2550)* A and C �0.060 (18088)*

A-3 50 0.112 (1225)* A-1 and A-2 0.056 (2601)* A and D 0.005 (10184)*

Mean 0.107 0.062 �0.027

B-1 51 0.178 (1275)* B-2 and B-3 0.243 (2809)* B and A �0.026 (23864)*

B-2 53 0.291 (1378)* B-1 and B-3 – 0.135 (2703)* B and C �0.025 (18683)*

B-3 53 0.265 (1378)* B-1 and B-2 – 0.093 (2703)* B and D �0.083 (10519)*

Mean 0.245 0.005 �0.045

C-1 52 0.111 (1326)* C-2 and C-3 0.039 (660)* C and A �0.060 (18088)*

C-2 55 0.146 (1485)* C-1 and C-3 0.008 (624) C and B �0.025 (18683)*

C-3 12 0.350 (66)* C-1 and C-2 0.090 (2860)* C and D 0.003 (7973)

Mean 0.202 0.046 �0.027

D-1 49 0.176 (1176)* D-2 and D-3 0.238 (81)* D and A 0.005 (10184)*

D-2 9 0.310 (36)* D-1 and D-3 0.130 (441)* D and B �0.083 (10519)*

D-3 9 0.245 (36)* D-1 and D-2 0.130 (441)* D and C 0.003 (7973)

Mean 0.244 0.166 �0.025

PVR mean 0.199 0.070 �0.031

Horizontes Experimental Forest (HEF) site

H-3 25 0.040 (300)* H-4 and H-5 0.022 (812)* — —

H-4 29 0.003 (406) H-3 and H-5 0.006 (700) — —
H-5 28 0.051 (378)* H-3 and H-4 0.014 (725) — —

HEF mean 0.031 0.014 — —
Overall mean 0.166 0.058 — —

N, population sample size.

*Indicates significance at P < 0.05.

Distance categories
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Pasture H

Fig. 2 Mean levels of genetic relatedness (r) of individuals

within and among fifteen populations of Brassavola nodosa at

different spatial scales. WT = mean relatedness among individ-

uals within tree crowns; AT = mean relatedness among indi-

viduals within the crowns of different trees within the pasture;

AP = mean relatedness among individuals in different pas-

tures. Error bars represent the most conservative per pasture

(i.e. largest) 95% confidence interval around the null hypothe-

sis of no genetic structure.
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Nuclear genetic diversity (P and AT) within the PVR

populations was significantly positively correlated with

estimates of the effective number of founding individu-

als (Nes). Correlation between He and Nes was also posi-

tive but nonsignificant. This is not surprising as Nei

et al. (1975) demonstrated that small founding popula-

tions affect AT and P more than He. Nuclear genetic

diversity is lowest in the three small populations (C-3,

D-2, D-3) that also have some of the highest relatedness

values (0.350, 0.310 and 0.245, respectively) indicating

that these populations were recently founded by very

few individuals. The cpDNA haplotype data support

this with one (D-2) and two (C-3, D-3) haplotypes

observed (Table 2). We argue that their low genetic

diversity is due to these populations being in the early

stages of population expansion after founding rather

than the number of individuals analysed (every individ-

ual in these populations was sampled). There is no rea-

son to believe that the very high r values seen for these

three populations are an artefact of small population

size. Thus, we conclude that both low genetic diversity

and high genetic relatedness in these three trees are

due to population expansion from one or two colonists.

Among the 15 populations, there was little nDNA

genetic structure (GSTn = 0.058) that is less than

reported for the epiphytic orchid Catasetum viridiflavum

(0.10) across 16 sites spanning ~8.5 km (Murren 2003)

and the mean reported for 16 orchid species (0.087)

surveyed by Hamrick & Godt (1996). Of the among

population genetic structure, 59% (0.034) occurs among

pastures and 41% (0.024) occurs among populations

within pastures (Table 1). Most among population

genetic structure is attributable to the 12 PVR trees

(GSTn = 0.050) rather than heterogeneity between the

PVR and HEF sites (separated by 46 km; GSTn = 0.012;

Table 1) even though 17 alleles (i.e. 40%) were not

shared between these two regions. However, these

values are similar to FSTn values reported for another

epiphytic orchid, Laelia rubescens, which grows in symp-

atry with B. nodosa (Trapnell & Hamrick 2004; Hamrick

& Trapnell 2011) and suggest extensive long-distance

gene flow among populations.

Chloroplast genetic structure was substantially higher

than GSTn, consistent with the reduced effective popula-

tion size of uniparentally inherited organelles. The

GSTc value among PVR pastures is similar to that

reported for L. rubescens among pastures in the lower

Tempisque basin (0.181; Trapnell & Hamrick 2004),

which is unsurprising considering the similarity of

these sympatric species. Genetic variation among pas-

tures contributed more to the overall values than GSTc

among populations within pastures (Table 1). It is also

interesting to note that pasture D, which lies between B

and A/C, is the most genetically dissimilar (Fig. 1). The

GSTc values among trees within pastures were positively

correlated, although nonsignificantly, with the mean

spatial distances between trees.

Pollen and seed movement among the four PVR pas-

tures did not differ significantly (mp/ms = 4.86;

P > 0.05) and is similar to L. rubescens (3.92; P > 0.05)

among pastures in the lower Tempisque basin (Trapnell

& Hamrick 2004), but contrary to the terrestrial Epiden-

drum fulgens in the Amazonian rainforest (14.25; Pinhe-

iro et al. 2011). However, among PVR populations,

pollen movement contributed significantly more to

overall gene flow than seed dispersal (mp/ms = 6.18;

P < 0.05). This was also the case among populations

within pastures B (14.95; P < 0.05) and C (8.19;

P < 0.05); populations in B were separated by the larg-

est distances (53.5–236.0 m).

Autocorrelation analyses revealed significant related-

ness within populations (mean r = 0.166), with one

exception (H-4), and much lower values between pairs of

populations within pastures (mean r = 0.058; Table 3;

Fig. 3) that were significant for all but three pairs of trees

located in pastures C and H. Five populations

(B-2, B-3, C-3, D-2 and D-3) had relatedness values that

exceeded, or were comparable to, values expected for

half-siblings (0.250). Three of these trees appeared to be

younger indicating that their orchid populations,

consisting of 9–12 individuals (C-3, D-2 and D-3), were

also younger. Thus, individuals within these five popula-

tions may represent a higher proportion of full-siblings

relative to half-siblings. These high autocorrelation coeffi-

cients suggest that new populations are colonized by

very few individuals. This is supported by estimates of

the effective number of seed parents per population at

the PVR site where all but one tree (A-1) was estimated

to have had less than four founders (Table 2). While the

number of cpDNA haplotypes/population represents the

minimum number of founding individuals, estimated Nes

per population was significantly positively correlated with

the observed number of haplotypes.

Our data further indicate that subsequent population

growth in the PVR pastures results primarily from

in situ reproduction and establishment of progeny of

the original colonists. Although orchids produce tiny

seeds that are potentially capable of long-distance wind

movement (Dressler 1981; Arditti & Ghani 2000), many

seeds may settle within a few metres of the maternal

plant [e.g. L. rubescens (Trapnell et al. 2004) and Orchis

purpurea (Jacquemyn et al. 2007)]. Localized seed depo-

sition near maternal plants has also been documented

in the epiphytic bromeliad Vriesea gigantea (Paggi et al.

2010). Furthermore, colonists within trees are not a ran-

dom sample of the regional seed pool as evidenced by

higher relatedness between individuals occupying

neighbouring trees relative to the reference population.
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Considering the potential for long-distance seed move-

ment once seeds are released from the canopy and enter

the air column, significant r values between neighbour-

ing trees were unexpected. Two possible scenarios

could explain this result: (i) populations within a pas-

ture were colonized by propagules from the same

source or (ii) populations were colonized by seeds pro-

duced by founders in a neighbouring population within

the same pasture. The second scenario is supported by

the significant negative correlation between the distance

separating pairs of trees within a pasture and the relat-

edness of B. nodosa individuals in those populations,

indicating that relatedness was higher between spatially

closer populations.

Although the PVR and HEF sites possess similar

levels of genetic diversity, relatedness within and

between populations at these two sites differed mark-

edly. Within population, relatedness was substantially

Pasture A

Distance categories
ATWT

r

–0.10
–0.05

0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40

Tree A-1
Tree A-2
Tree A-3

Pasture B

Distance categories
ATWT

Distance categories
ATWT

Distance categories
ATWT

Distance categories
ATWT

r

–0.10
–0.05

0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40

Tree B-1
Tree B-2
Tree B-3

Pasture C

r

–0.10
–0.05

0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40

Tree C-1
Tree C-2
Tree C-3

Pasture D

r

–0.10
–0.05

0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40

Tree D-1
Tree D-2
Tree D-3

Pasture H

r

–0.10
–0.05

0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40

Tree H-3
Tree H-4
Tree H-5

Fig. 3 Levels of genetic relatedness (r) of individuals within and among populations of Brassavola nodosa within each of the five pas-

tures. WT = mean relatedness among individuals within tree crowns and AT = mean of pairwise relatedness among individuals in

each tree with individuals in the other two trees within the pasture. The error bars represent a 95% confidence interval around the

null hypothesis of no genetic structure.
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lower in HEF (0.003–0.051) than the PVR populations

(0.072–0.350; Table 3). Between tree, values were also

generally much lower in HEF (mean = 0.014) than

PVR (mean = 0.070; Table 3; Fig. 3). Thus, Nes values

within HEF trees were substantially higher. Together,

this suggests that the HEF populations may be older,

have experienced more reproductive events, and expe-

rienced higher rates of gene flow by continued seed

and/or pollen immigration. The greater age of the

HEF populations is corroborated by field observations

of the sites as well as host tree sizes and appearances.

PVR populations were more recently established and

the data strongly suggest that all but two of the PVR

trees were founded by less than four individuals and

six populations were founded by only one or two col-

onists. The PVR and HEF populations illustrate that as

populations mature, genetic relatedness within and

between trees decreases due to a combination of fac-

tors: more reproductive events, greater seed shadow

overlap of neighbouring populations, continued seed

immigration and recruitment, and long-distance pollen

dispersal.

The very high relatedness (r) within PVR populations

but relatively low GSTn values among populations

appears paradoxical at first glance. How can there be

such widespread gene movement among populations

and yet such high levels of relatedness within trees?

Because biparentally inherited nDNA variation is dis-

persed via haploid pollen and diploid seeds, while

maternally inherited cpDNA variation is dispersed

exclusively by seeds, examination of both nuclear and

chloroplast variation is useful for resolving this para-

dox. The low Hes values and the small number of hapl-

otypes within populations clearly suggest that the PVR

populations were colonized by very few seeds (in most

cases � 3), possibly from different sources. These data

further indicate that most individuals within popula-

tions consist of progeny of these founders. However,

the low GSTn values among trees and the mp/ms ratio

that significantly exceeds 1.0 indicate that within PVR,

most gene flow among populations has been mediated

by pollen dispersal. Widespread pollen movement

among populations by hawk moths has resulted in

relative homogeneity of nDNA diversity. Nocturnal

hawk moth pollinators in Costa Rica are reported by B.

Haber to be strong fliers capable of transporting pollen

over 10–15 km (Janzen 1983). Thus, in these young PVR

populations, there has been limited colonization by

immigrant seeds, but when these founders flower, they

attract wide-ranging hawk moth pollinators and sample

from the regional pollen pool.

Colonization of vacant habitats is a fundamental eco-

logical process that is critically important to every spe-

cies, regardless of Kingdom. Colonization of novel sites

plays a central role in the ability of species to expand

and/or shift their ranges in response to a fluctuating

environment, such as habitat disturbance and climatic

changes. The ability of species to effectively found new

populations and modify their ranges has assumed a

particular urgency with the accelerated rate of human-

induced habitat fragmentation and climate change.

Before effective conservation policies can be designed, it

is critical to understand the processes affecting coloniza-

tion and population growth. Effective colonization of

B. nodosa populations in disturbed habitats can be

enhanced by increasing the availability and proximity

of suitable host trees. These data also illustrate the

importance of hawk moth pollinators for gene flow

among newly established populations of this species.

Our results have important ramifications for under-

standing conservation and restoration measures needed

for this species as well as other epiphytic orchid taxa.
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