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Abstract

Population history plays an important role in shaping contemporary levels of genetic var-

iation and geographic structure. This is especially true in small, isolated range-margin

populations, where effects of inbreeding, genetic drift and gene flow may be more pro-

nounced than in large continuous populations. Effects of landscape fragmentation and

isolation distance may have implications for persistence of range-margin populations if

they are demographic sinks. We studied four small, disjunct populations of ponderosa

pine over a 500-year period. We coupled demographic data obtained through dendroeco-

logical methods with microsatellite data to discern how and when contemporary levels of

allelic diversity, among and within-population levels of differentiation, and geographic

structure, arose. Alleles accumulated rapidly following initial colonization, demonstrating

proportionally high levels of gene flow into the populations. At population sizes of

approximately 100 individuals, allele accumulation saturated. Levels of genetic differenti-

ation among populations (FST and Jost’s Dest) and diversity within populations (FIS)
remained stable through time. There was no evidence of geographic genetic structure at

any time in the populations’ history. Proportionally, high gene flow in the early stages of

population growth resulted in rapid accumulation of alleles and quickly created rela-

tively homogenous genetic patterns among populations. Our study demonstrates that

contemporary levels of genetic diversity were formed quickly and early in population

development. How contemporary genetic diversity accumulates over time is a key facet

of understanding population growth and development. This is especially relevant given

the extent and speed at which species ranges are predicted to shift in the coming century.
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Introduction

Population history, in conjunction with the life history

traits of a species, can play a major role in observed lev-

els of genetic variation and differentiation among popu-

lations (Hamrick & Nason 2000). Distance from other

populations, number of founding individuals, tempo-

rally variable levels of migration and gene flow, and

past bottlenecks interact with species’ reproductive

strategies, generation times, and ability and modes of

dispersal to form distinct patterns of genetic variation

and structure (Hamrick & Nason 2000; Conner & Hartl

2004). The relative importance and various roles of

these mechanisms in shaping population-genetic struc-

ture can be assessed by empirically tracking temporal

change in genetic diversity and variation (e.g. Hadly

et al. 2004).

Many studies estimate historical gene flow through

indirect measures. Gene flow can be indirectly esti-

mated based on FST (Wright 1922; Rousset 1997). More

advanced modelling methods (e.g. Migrate), utilize
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coalescence frameworks (Beerli & Felsenstein 2001;

Beerli & Palczewski 2010) to assess gene flow between

populations; and Hey (2010) uses isolation with migra-

tion (IM) models to assess population divergence. How-

ever, such techniques require assumptions that are

difficult to test (Hamrick & Nason 2000) and may leave

many historic events unaccounted for (Ramakrishnan &

Hadly 2009).

Direct assessment of temporal dynamics is challeng-

ing, because mortality and decomposition typically

erase the record of change. Temporal genetic data may

sometimes be available over long time periods through

fossil evidence, including ancient DNA (aDNA) (Rama-

krishnan & Hadly 2009). Data from aDNA and other

paleontological sources can provide valuable informa-

tion on phylogenetic structure (Orlando et al. 2002), past

bottlenecks (Ramakrishnan et al. 2005) and population

isolation (Hadly et al. 1998). However, ancient DNA

data are typically scarce and may include poorly con-

strained taphonomic distortions, a property shared with

all fossil evidence (Jackson 2012). Data from aDNA are

also typically too coarsely resolved to infer dynamics

within and among populations at timescales of decades

to centuries.

The development of genetic structure at these time-

scales is especially relevant for understanding expansion

and colonization dynamics of native and non-native

species (Slatkin 1987; Anderson et al. 2010). For tree

populations, a solution to this challenge can come from

combining dendroecology and population genetics.

Through dendroecological methods, individual trees

can be aged with high temporal precision (Fritts &

Swetnam 1989). By combining these data with popula-

tion-genetic data from the same individuals, genetic

structure and diversity can be assessed with temporal

precision throughout a population’s history.

Range expansions into new territory often involve

establishment, growth and coalescence of small, isolated

populations at the range-margins of species (Gaston

2003; Lyford et al. 2003, Bridle & Vines 2006). In such

populations, impacts of isolation, number of founders

and immigration rates can be more pronounced than in

large continuous range-centre populations (Ellstrand &

Elam 1993). Populations at range-margins are often

demographic sinks, with more central populations

serving as sources (Pulliam 1988). Under these circum-

stances, the expectation is that if gene flow is weak,

range-margin populations may become genetically

distinct through inbreeding, genetic drift and local

adaptation (Mimura & Aitken 2007). However, an alterna-

tive hypothesis is that gene flow from source populations

may homogenize allelic frequencies in range-margin

populations (Garcı́a-Ramos & Kirkpatrick 1997; Aitken

et al. 2008). Knowledge of how fine-scale genetic

structure and variation underlie migration and expan-

sion processes is crucial for understanding how, and at

what time-scales, species will move into and occupy

new territory (Caplat et al. 2008; Jackson et al. 2009).

This is especially important given that an expected out-

come of 21st century climate change is that many plant

species will need to shift their distribution to remain in

suitable niche space (Rehfeldt et al. 2006; Morin &

Thuiller 2009).

Ponderosa pine occurs in small disjunct populations

throughout much of its range, providing opportunities

to study genetic variation in small isolated populations.

While range-wide and landscape-level patterns of

variation in ponderosa pine have been documented

extensively (Conkle & Critchfield 1988; Latta & Mitton

1999; Epperson et al. 2001; Johansen & Latta 2003), few

studies have focused on within-population diversity

(however, see Linhart et al. 1981). Overall, populations

of coniferous trees generally show high levels of

within-population variation, but usually much lower dif-

ferentiation among populations due to large population

sizes, wind pollination and high levels of out-crossing

(Hamrick et al. 1992, Savolainen et al. 2007). Further-

more, genetic structure in many conifers, including pon-

derosa pine is a result of their relative longevity,

overlapping generations and long juvenile phases com-

bined with northward migration patterns following the

last glacial maximum (Austerlitz et al. 2000; Norris 2006).

Here, we focus on four small disjunct populations of

ponderosa pine in the Bighorn Basin of north-central

Wyoming. A near-complete demographic history of

these populations has been documented, starting with

the first colonizing individuals in the seventeenth and

eighteenth centuries and continuing uninterrupted to

the early 21st century (Lesser & Jackson 2012a). We

combine this demographic history with data from nine

nuclear microsatellite loci to analyse patterns and levels

of genetic variation as the populations developed over

the course of four to five centuries. Microsatellite mark-

ers are ideal for this type of analysis owing to high lev-

els of allelic variability. Understanding rates and

controls of allele accumulation in natural populations

and determining the time spans required for the devel-

opment of genetic differentiation within and among

populations are critical for understanding evolutionary

processes in range-margin populations (Jay et al. 2012).

Our primary objectives were to assess the rate at which

genetic diversity accumulated and determine the rela-

tionship between population sizes and diversity. Fur-

thermore, we examine the alternate hypotheses of

range-margin populations being genetically distinct

populations with low levels of diversity and hence high

genetic structure, or being homogenized through gene

flow. An understanding of genetic structure is
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important for informing conservation practices faced

with rapid climate change and increasingly fragmented

landscapes (Hannah et al. 2002; Bacles & Jump 2010;

Loss et al. 2011).

Methods

Study sites and data collection

We studied four disjunct populations of ponderosa pine

in the Bighorn Basin in north-central Wyoming (Fig. 1,

Table 1). Populations were initially colonized between

1531 and 1655 (Table 1, Fig. 2). The number of individ-

uals in each population ranged from 82 to over 900

(Table 1). All four populations are separated from other

ponderosa pine populations by >10 km (Fig. 1). There

is high certainty that the initial colonizers are still

present and that trees are not missing from the record

due to decomposition or disturbance (Lesser & Jackson

2012a). Evidence for the initial colonizers being present

comes from the presence of dead wood and snags of

Pinus flexilis and Juniperus spp. at all of the sites, while

none of Pinus ponderosa was observed. Dead wood per-

sists for centuries in semi-arid environments like the

Bighorn Basin (Gray et al. 2004; Millar et al. 2007).

The complete absence of fire-scarred trees along with

the absence of surface or soil charcoal coupled with the

scarcity of surface fuels suggest fire has not destroyed

evidence of past establishment events. Thus, we were

able to document the almost complete history of popu-

lation development for the four sites. Lesser and Jack-

son (2012a, 2012b) provide detailed site descriptions.

An almost complete age census of the four popula-

tions was obtained using dendroecological techniques.

Table 1 Study site locations, year of colonization and number of individuals sampled

Population Latitude (N)

Longitude

(W)

Year of first

establishment

No. of

individuals

No. genotyped

and aged trees

Castle Garden 43.96 107.52 1592 177 144

Grass Creek 43.88 108.63 1605 82 62

Cottonwood Creek 43.80 108.70 1531 927 797

Anchor Dam 43.67 108.83 1655 177 122

Bighorn

Mountains western slope

44.00 107.37 — — 56*

*Trees only genotyped, not aged.

Bighorn Basin

100

km

500

Anchor Dam

Cottonwood
Creek

Grass Creek
Castle Garden 44°

43°

109°

°701°901

107°

Enlarged 
area

km
0 1000(A) (B)

Fig. 1 (A) Geographic distribution of ponderosa pine (US Geological Survey 1999). (B) Inset portrays location of four study sites. The

potential source area sampled along the western slope of the Bighorn Mountains is circled. Triangles designate ponderosa pine

occurrence based on Rocky Mountain Herbarium Specimen Database records (2011).
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Age could not be estimated for a small number of trees

(10–16% of the populations) owing to heart-rot. For all

trees, over 10 cm diameter, an increment core was col-

lected. All cores were collected during the summer of

2007 and 2008. Age was estimated by whirl counts for

trees smaller than 10 cm diameter. All cores were

mounted, sanded, scanned and dated (Lesser & Jackson

2012a). Needle tissue was collected from every aged

tree. Needle tissue was also collected from 56 trees

across four locations along the western slope of the Big-

horn Mountains (Fig. 1, Table 1). Populations on the

western slope of the Bighorn Mountains are the most

likely propagule source for the study populations

because of their geographic proximity (Fig. 1).

DNA was extracted from 50 mg samples of desic-

cated needle tissue using a modified version of the

cetyl-trimethyl ammonium bromide (CTAB) method

(Doyle 1991). We verified the presence of high-molecular-

weight DNA by electrophoresis in 1.5% agarose gels

stained and visualized with ethidium bromide and

quantified the amount of extracted DNA using a Nano-

drop spectrophotometer (Thermo Scientific, Waltham,

MA).

Polymerase chain reaction (PCR) was used to amplify

nine nuclear microsatellite loci. Six of the loci, Pico2,

Pico3, Pico31, Pico104, Pico109 and Pico138 were devel-

oped by Lesser et al. (2012). Two loci, Lop1 and Lop5

came from Liewlaksaneeyanawin et al. (2004). The final

locus, NZPR4.6, was developed by Smith & Devey

(1994) (Table 2). All reactions used 50–100 ng genomic

DNA, 2 pmol of each primer, 0.5 mM each of dATP,

dCTP, dGTP and dTTP, 1 9 PCR buffer and 0.4 units

of Taq polymerase. Thermocycling conditions followed

Liewlaksaneeyanawin et al. (2004) for Lop1 and Lop5,

Maherali et al. (2002) for NZPR4.6 and Lesser et al.

(2012) for the remainder of the loci. To visualize geno-

types, forward primers were labelled with fluorescent

dyes, and PCR products were detected via capillary

electrophoresis on an ABI 3130 genetic analyzer (ABI,

Foster City, CA, USA). Alleles were scored using the

GeneMapper software package (ABI, v 4.0).

Data analysis

For all analyses, we combined genotype data with the

age data (Lesser & Jackson 2012a) for every tree. We

excluded trees that were not genotyped at a minimum

of four loci, which excluded a small percentage of indi-

viduals from the analysis (Table 1). Based on size and

growth form, excluded trees, whether from lack of age

data or failure to sufficiently amplify, were randomly

distributed throughout the populations’ history.

Expected and observed heterozygosity, number of

alleles and allele size range were calculated for each

20
60

14
0

10
0

20
60

14
0

10
0

20
60

14
0

10
0

20
60

14
0

10
0

0 20 40 60 80 100 120 140 0 10 20 30 40 50 60

0 200 400 600 800 0 20 40 60 80 100 120

Number of trees

Castle Garden

Cottonwood
Creek

Anchor Dam

Grass Creek

N
um

be
r o

f a
lle

le
s

Fig. 2 Allele accumulation curves. The number of alleles is plotted against the number of individuals for each of the study popula-

tions, from the first individual to arrive to the present population. Dashed lines denote the number of alleles and the number of trees

at the point where the ratio of alleles to trees falls below one. At Grass Creek, this saturation point is not reached and therefore no

line is shown. Note different x-axis scales for each population.
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locus in each population using Microsatellite Analyzer

(MSA v 4.05, Dieringer & Schl€otterer 2003). Estimated

null allele frequency was calculated using MICRO-CHECKER

(van Oosterhout et al. 2004). We used these data to

examine allele accumulation rates and frequencies

through time. Allele saturation was calculated for each

population as the point at which the ratio of alleles to

trees fell below one, indicating that alleles were no

longer accumulating more rapidly than trees. We plot-

ted cumulative population growth curves for each pop-

ulation and calculated the time necessary to reach the

population size corresponding with allele saturation. To

deal with issues of sample size in the western Bighorn

population, we performed rarefaction analysis using the

PopGenkit package in R (Paquette 2012) to extrapolate

the number of alleles at larger sample sizes.

To examine genetic differentiation among and within

populations, we used the method of Chapuis & Estoup

(2007) to calculate FST. This method adjusts FST values

to correct for the presence of null alleles. The program

SMOGD (Crawford 2010) was used to calculate Jost’s Dest.

Jost’s Dest is a potentially more appropriate measure of

genetic differentiation when using loci with high num-

bers of alleles, because it is not dependent on hetero-

zygosity (Hedrick 2005; Jost 2008). We also examined

genetic variation within populations using the FIS statis-

tic and observed heterozygosity (Raymond & Rousset

1995). We tested for significant differences in FIS
between populations using one-way analysis of vari-

ance. All measures of differentiation and heterozygosity

were calculated from 1780 onwards. Calculation of

these measures before 1780 was not possible because of

increasingly small sample sizes.

The program STRUCTURE (v 2.2, Pritchard et al. 2000;

Falush et al. 2003, 2007) was used to assess the number

of populations (K), that genotyped samples grouped

into assuming Hardy–Weinburg equilibrium and to

assign individuals to each of K clusters. The most likely

number of populations, given the data, was determined

from posterior distributions generated with Monte Car-

lo Markov Chain (MCMC) sampling with a burn-in of

50 000 steps and an additional 150 000 steps for each

round of simulation. We generated posterior distribu-

tions for 10 replicates of each K ranging from 1 to 8 and

used the log-likelihood value from the MCMC to assess

the most likely number of populations (Pritchard et al.

2000). K was also inferred based on the change in

model likelihoods between successive values of K (DK)
(Evanno et al. 2005).

Results

Eighty-five per cent of the individuals across the four

populations were successfully genotyped and aged

(Table 1). Most trees not genotyped and aged had

heart-rot and could not be aged (Lesser & Jackson

2012a). Fifty-two aged individuals did not successfully

genotype at a minimum of four loci and were therefore

not included in the analysis.

All nine microsatellite loci were highly polymorphic,

with the current number of alleles per locus ranging

from 9 to 25. The total number of alleles across all loci

and populations was 149, and allele sizes ranged from

121 to 238 bp (Table 2). Seven of the nine loci showed

significant heterozygote deficiencies (Table 2). Esti-

mated null allele frequencies ranged from 0.05 to 0.3;

MICRO-CHECKER (van Oosterhout et al. 2004) designated

all loci, except Lop5 and NZPR4.6, as having null alleles

present (Table 2). Nonetheless, the presence of null

alleles should not confound the analyses presented in

this study (Chapuis & Estoup 2007; Carlsson 2008).

Alleles accumulated rapidly following initial coloni-

zation at each site (Fig. 2). The total number of alleles

ranged from 87 at Grass Creek to 134 at Cottonwood

Table 2 Current characteristics of nine microsatellite loci used in the study across all sampled individuals. Expected heterozygosity

is the estimated fraction of individuals that would be heterozygous under Hardy–Weinburg equilibrium. Estimated null allele fre-

quencies are also given

Locus No. of alleles Min. allele size Max. allele size Het obs. Het exp. Est. null allele freq.

lop1 16 146 180 0.71 0.81 0.159a

lop5 13 165 210 0.73 0.79 0.047

NZPR4.6 21 195 238 0.44* 0.66 0.032

Pico2 15 183 211 0.65* 0.78 0.080a

Pico3 11 160 188 0.07* 0.30 0.290a

Pico138 22 126 170 0.43* 0.79 0.308a

Pico104 17 121 169 0.49* 0.89 0.270a

Pico109 25 122 170 0.46* 0.79 0.173a

Pico31 9 162 187 0.07* 0.28 0.302a

aloci with presence of null alleles based on van Oosterhout et al. (2004).

*Significant difference (P < 0.05) between expected and observed heterozygosities.
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Creek. All four populations show a saturating curve,

with the rate of allele accumulation decreasing as

population size increased (Fig. 2). Castle Garden, Cot-

tonwood Creek and Anchor Dam reached saturation

between 84 and 111 alleles. Population size at the time

of allele saturation ranged from 84 trees at Anchor Dam

to 111 trees at Castle Garden (Fig. 2). Time to saturation

from population initiation ranged from 234 to 364 years

at Cottonwood Creek and Castle Garden respectively

(Fig. 3). Grass Creek never crossed the allele saturation

point because the total number of trees never exceeded

the number of alleles.

Alleles that arrived in the early stages of population

growth tended to remain at high frequencies through-

out the rest of population development (Fig. 4). The

NZPR4.6 locus is representative of the patterns

observed for the other eight loci. In all four populations,

two or three alleles occur at relatively high frequencies

(>0.1), while many alleles (between 5 and 22) occur at

low frequencies. Furthermore, only five alleles were

common (>0.1) and four of these were shared by two or

more populations (Fig. 3).

Measures of differentiation among populations were

generally low and remained constant through time

(Fig. 5). One exception to this is the Dest value of 0.44

for the Castle Garden-Anchor Dam population pair in

1780. However, after 1840, Dest values became more

similar between all population pairs and remained simi-

lar to present. An exception is the Castle Garden-Grass

Creek pair, which remained consistently lower than the

others. Current Dest (Jost 2008) ranged from 0.07 to 0.31

between the Castle Garden-Grass Creek and Grass

Creek-Anchor Dam population pairs, respectively

(Fig. 5A).

Adjusted FST values (Chapuis & Estoup 2007) showed

a similar trend to Dest, but were consistently lower.

However, FST may not be an adequate measure of dif-

ferentiation for highly diverse microsatellites (Jost 2008).

Beginning in 1780, FST values ranged from 0.01 between

the Castle Garden-Grass Creek pair to >0.2 for the Cas-

tle Garden-Anchor Dam and Grass Creek-Cottonwood

Creek pairs (Fig. 5B). Following 1780, FST decreased

rapidly in these two population pairs, becoming similar

to other population pairs by 1840. From 1840 to the

present, FST remained constant with all populations

showing similar values. The exception to this is, as with

Dest, the Castle Garden-Grass Creek pair, where FST
was considerably lower than in the other population

pairs. Current FST ranged from 0.01 to 0.1 in the Castle

Garden-Grass Creek and Anchor Dam-Cottonwood

Creek pairs, respectively (Fig. 5B).

FIS, or the inbreeding coefficient, ranged from 0.27 at

Cottonwood Creek to 0.44 at Anchor Dam in 1780

(Fig. 5C). FIS values remained similar from 1780 to the

present, with current FIS ranging from 0.26 at Cotton-

wood Creek to 0.39 at Grass Creek (Fig. 5C). Fis values
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between populations were not significantly different.

Observed heterozygosity (Ho) also remained relatively

constant throughout time in all four populations, rang-

ing from 0.3 to 0.5 (Fig. 5D).

For both measures of differentiation among popula-

tions, the values between Castle Garden and Grass

Creek with the western Bighorn population were similar

to those between study populations. Anchor Dam and

Cottonwood Creek had higher pairwise differentiation

values from the western Bighorn population (Dest > 0.4

and FST > 0.1) than the other populations (Fig. 5E). The

western Bighorn population also showed a similar FIS
value to all of the other populations (FIS = 0.38)

(Fig. 5D). Observed heterozygosity was lower for the

western Bighorn population (0.38) than for the four

study populations at present (Fig. 5E). The recorded

number of alleles in the western Bighorn population (67)

was lower than what was found in the study popula-

tions (149). Rarefaction analysis showed that even with

increased sample size the estimated number of alleles in

the western Bighorn population would remain below 80.

Clustering analysis in STRUCTURE showed no clear pat-

tern of any geographic structure through time. Both

likelihood and DK (Evanno et al. 2005) approaches

showed the highest support for three populations. Of

the time steps analysed, the present-day populations

revealed the highest amount of visible structure, espe-

cially between Cottonwood Creek and the other popula-

tions (Fig. S1). However, most individuals were

partially assigned to all three populations with credible

assignments ranging from zero to one, giving the result

no clear interpretation. This result was consistent

through time, from 1780 to the present, and indicates a

lack of pronounced population-genetic structuring from

the time of stand establishment to the present.

Discussion

Tandem application of dendroecological data with

genetic data allowed us to examine the temporal pro-

gression of population diversity and differentiation over

the course of five centuries. Combining historic demo-

graphic data with genetic data overcomes many of the

difficulties associated with directly measuring historical

population-genetic parameters (Hamrick & Nason

2000). The utility of combining genetic data with paleo-

ecological data has been shown for coarse-scale studies

(Cwynar & MacDonald 1987; Hadly et al. 1998; Orlando

et al. 2002; Petit et al. 2002; Magri et al. 2006; Gugger

et al. 2010). However, the scale of paleoecological data

does not allow for detailed population-level analysis

(Jackson & Overpeck 2000), and few studies have inte-

grated fine-scale demographic and genetic data. Steinitz

et al. (2011) used a combination of dendroecology and

microsatellites to examine parentage and Janzen-Connell

effects in populations of Aleppo pine (Pinus halepenis) over

the past century. Other cross-generational studies have

only utilized cohort data, or at most two generations

to examine parentage and fine-scale structure (e.g.

González-Martinez et al. 2002).

Our results highlight the utility of using long-term

demographic data at fine temporal and spatial scales.
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This approach allowed us to examine how levels of

genetic diversity changed at decadal to centennial time-

scales and from the initial colonizers of the population

through several generations to current population sizes.

Results demonstrate that contemporary structure and

diversity developed quickly following population initia-

tion and have remained stable over the majority of pop-

ulation development. This has consequences for

understanding the time frames and populations sizes

required for range expansion of tree species. The rapid

pace of current climate change (IPCC 2007) coupled

with increasing occurrence and pace of plant invasions

(Bradley et al.2010) makes understanding the fine-scale

mechanisms of how plant species occupy new territory

and develop populations increasingly important.

Differentiation and structure through time

Levels of differentiation between the study populations

remained relatively constant through time. Levels of
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differentiation are consistent with studies from other

conifers (Hamrick et al. 1992; Parchman et al. 2011),

which also typically show FST values below 0.1, little

differentiation among populations and high levels of

diversity within populations. In general, this is consis-

tent with the large population sizes and high levels of

outcrossing typical of conifers (Hamrick et al. 1992).

Previous studies of genetic variation in ponderosa

pine have shown evidence for large-scale geographic

separation into varieties and races across the range

(Wells 1963; Conkle & Critchfield 1988; Latta & Mitton

1999; Epperson et al. 2001; Johansen & Latta 2003). Vari-

ation at finer geographic scales has been less studied,

although Linhart et al. (1981) reported that differentia-

tion was much greater spatially than temporally within

populations. Our results also show little temporal

change, with FIS, Ho, and allele frequencies remaining

relatively stable through time (Figs 4 and 5).

Peripheral populations are often demographic sinks

(Pulliam 1988). Sink populations that experience low

levels of immigration from outside sources are prone to

become genetically distinct through inbreeding, genetic

drift, and local adaptation (Mimura & Aitken 2007).

Many examples of local adaptation in forest trees exist,

primarily through common garden experiments (Savo-

lainen et al. 2007). Furthermore, modelling results have

shown that, in the absence of gene flow, peripheral

populations can experience rapid evolution (Garcı́a-

Ramos & Kirkpatrick 1997). However, an alternative

scenario is that continuous immigration may not only

sustain peripheral populations, but homogenize genetic

variation (Ellstrand & Elam 1993; Sork & Smouse 2006;

Mimura & Aitken 2007). Further modelling results from

Garcio-Ramos & Kirkpatrick (1997) showed that gene

flow from central populations can override local adap-

tation. Savolainen et al. (2007) reported that northern

range-margin populations of Pinus sylvestris were not

locally adapted, due to extensive pollen flow from more

southern sources. Our results also suggest that gene

flow is homogenizing genetic variation in our four

study populations. The similarity in FIS between our

four study populations and the western Bighorn popu-

lation indicates that high levels of gene flow have over-

ridden inbreeding and genetic drift in the peripheral

populations. Parentage analysis of these data support

high levels of gene flow, with nearly every individual

establishing in the first century following site coloniza-

tion having extra-local parents (Lesser & Jackson

2012b).

Diversity accumulation through time

Allele frequencies for all nine loci were highly variable

in the early stages of population growth following

initial colonization (Fig. 4). This variability is most

likely the result of proportionally high levels of gene

flow from dispersal events into the populations’ during

this time. High gene flow, in conjunction with small

population size, can cause allele frequencies to change

drastically (Ellstrand & Elam 1993; Sork & Smouse

2006). As population size increases, gene flow has less

of an effect on allele frequency dynamics. Furthermore,

as population size increases, allelic diversity can

become saturated and it becomes increasingly unlikely

that immigration will introduce new alleles into the

population.

Our results show that alleles accumulated rapidly

following initial colonization (Fig. 2). Castle Garden,

Cottonwood Creek, and Anchor Dam all showed satu-

ration of alleles. Population size at the saturation point

ranged between 113 trees at Castle Garden and 125

trees at Cottonwood Creek. The number of alleles at

saturation is also similar across the three populations,

ranging from 84 at Anchor Dam to 111 at Castle Garden

(Fig. 2). This similarity in population size and number

of alleles suggests that not only are immigration rates

similar across populations, but new alleles are intro-

duced through immigration at a similar rate. Further-

more, the time it takes each population to reach allele

saturation is similar, ranging from 234 years at Cotton-

wood Creek to 364 years at Castle Garden (Fig. 3).

Gene flow has the potential to erode differentiation

between populations (FST) and increase variation within

small populations (Ellstrand & Elam 1993). In our study

populations, gene flow appears to increase variation.

The western Bighorn population sample contained only

67 alleles across the nine loci, compared with the 149

alleles found in the study populations. The random

sampling strategy utilized for the western Bighorn pop-

ulation may have missed rare alleles. However, rarefac-

tion analysis showed that the number of alleles would

still be <80 even at a sample size of 1200 individuals

(results not shown). An alternative explanation is that

not all gene flow is from that area, and long-distance

dispersal has originated from multiple sources. In either

case, the disjunct populations harbour as much, if not

more, genetic diversity as the large, continuous forest

population.

This result suggests that isolated populations do not

necessarily have low levels of variation and that the

number of seed sources may be higher than other stud-

ies have shown (Sork & Smouse 2006). Sezen et al.

(2005) found that over half of the seedlings at second-

growth sites were the offspring of only two parents.

Aldrich & Hamrick (1998) found similar results in a

study of isolated pasture trees. Our results, however,

based on the number and rate of allele accumulation

indicate a much higher number of source individuals
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contributing to the populations. Furthermore, parentage

analysis showed that almost every individual establish-

ing for >100 years following initial colonization was the

result of long-distance seed dispersal (Lesser & Jackson

2012b). Long-lived tree species, such as ponderosa pine,

have the capacity to persist on the landscape for long

periods of time without reproducing. During this time,

population growth may occur only through long-

distance seed-dispersal events, thus increasing the number

of founders and decreasing founder effects (Austerlitz et al.

2000). These results suggest that gene flow has the

potential to override expectations of low diversity and

high structure in range-margin populations (Mimura &

Aitken 2007). While range-margin populations may

remain demographic sinks, this does not necessarily

mean that they will harbour less genetic diversity given

that the time frames for development, and the magni-

tude of gene flow that we show here, are realized.

Implications for conservation

Genetic diversity within populations is an important

parameter for conservation (Frankel 1974; Kramer &

Havens 2009), and many conservation efforts seek to

maximize this. However, in the context of species

migration potential, it is also important to understand

the time frames and population sizes necessary for

newly colonized populations to acquire threshold levels

of genetic diversity. Our data suggest that for natural

populations of conifers this process may require more

than two centuries, with approximately 100 individuals

established before the rate of increase in genetic diver-

sity levels off. Allelic diversity may continue to increase

after this point as populations continue to grow; how-

ever, it does so at an ever decreasing rate. Assisted

migration has been proposed as a potential strategy for

mitigating species responses to climate change (McLach-

lan et al. 2007; Schwartz et al. 2012). Understanding

genetic diversity and how it accumulates over time can

inform assisted migration strategies on where propagules

should be obtained and how many individuals are

needed to form, or supplement, populations to support a

given level of genetic diversity (Frankham 2010).

Another important issue in conservation genetics is

how fragmentation affects gene flow and population

structure (Sork & Smouse 2006; Bacles & Jump 2010).

Our results suggest that populations that are far

removed from other populations (>10 km) still experi-

ence levels of gene flow that are high enough to elimi-

nate geographic structure and keep differentiation

among populations low. However, our results may not

be applicable to species that have lower pollen produc-

tivity and dispersibility, and lower seed-dispersal capa-

bilities, than pines. Furthermore, as landscapes become

more fragmented, populations may become even more

isolated than our study sites, and move beyond thresh-

old distances for gene flow. Artificial augmentation of

gene flow is one possible solution to this issue (Frank-

ham 2010). Again, data such as that we present here is

highly informative for this, and other management

strategies, on how systems have operated over the past

several centuries, and what expectations of genetic

diversity and structure should be at various stages of

population development along range-margins. The

applicability of this study design to other species and

systems may be limited due to life history characteris-

tics and disturbance regimes that do not allow long-

term persistence of almost all individuals. However,

where possible, there is a need for similar studies on

species with different life history and dispersal strate-

gies than what we present here, so that a more compre-

hensive understanding of plant migration potential can

be reached.
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