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1  |  INTRODUC TION

Gene dispersal in higher plants is the combined effect of pollen and 
seed dispersal. Together with colonization history, demography, se-
lection and various environmental factors, gene dispersal patterns 

determine the genetic structure of a species (Hamrick & Godt, 1990, 
1996). However, the magnitude of pollen and seed dispersal differ 
radically among species (Petit et al., 2005), and, moreover, the rela-
tive importance of seed and pollen dispersal to overall gene disper-
sal are expected to differ over temporal and spatial scales (Austerlitz 
et al., 2000; Hamrick & Trapnell, 2011; McCauley, 1997).
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Abstract
Orchids differ from other plants in their extremely small and partly air-filled seeds 
that can be transported long distances by wind. Seed dispersal in orchids is expected 
to contribute strongly to overall gene flow, and orchids generally express low lev-
els of genetic differentiation between populations and low pollen to seed flow ra-
tios. However, studies in orchids distributed in northern Europe have often found a 
poor geographic structuring of genetic variation. Here, we studied geographic dif-
ferentiation in the marsh orchid Dactylorhiza umbrosa, which is widely distributed in 
upland regions from Asia Minor to Central Asia. These areas were less affected by 
Pleistocene ice ages than northern Europe and the orchid should have been able to 
survive the last ice age in local refugia. In the plastid genome, which is dispersed by 
seeds, populations at close distance were clearly divergent, but the differentiation 
still increased with geographic distance, and a significant phylogeographic structure 
had developed. In the nuclear genome, which is dispersed by both seeds and pollen, 
populations showed an even stronger correlation between genetic and geographic 
distance, but average levels of differentiation were lower than in the plastid genome, 
and no phylogeographic structure was evident. Combining plastid and nuclear data, 
we found that the ratio of pollen to seed dispersal (mp/ms) decreases with physical 
distance. Comparison with orchids that grow in parts of Europe that were glaciated 
during the last ice suggests that a balanced structure of genetic diversity develops 
only slowly in many terrestrial orchids, despite efficient seed dispersal.
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Seeds or other diaspores are required for dispersal and coloni-
zation of new sites, so the genetic structure of recently colonized 
regions of a species' distribution is primarily influenced by seed dis-
persal patterns (Hamrick & Trapnell, 2011; McCauley, 1995; Slatkin, 
1977). In the early phase of establishment, individual populations 
founded by one or a few seeds are likely to be genetically homo-
geneous, whereas populations founded by several seeds could be 
genetically variable (Wade & McCauley, 1988). If the seeds founding 
new populations originate from afar, then adjacent sites are likely 
to be founded by seeds from different source areas and could be 
genetically divergent, but if seeds originate from close sources, 
then adjacent sites could be founded by related genotypes and the 
new populations would be less genetically differentiated (Hedrén 
& Nordström Olofsson, 2018). Early patterns of divergence may 
become less pronounced with time, as pollen and seeds from 
neighbouring populations contribute additional genes to the local 
populations. However, in most plant species, pollen dispersal seems 
to be more efficient than seed dispersal for transporting genes be-
tween populations (Petit et al., 2005), so differences in the organel-
lar genomes dispersed by seeds takes longer to even out.

If conditions remain stable long enough, populations at close 
distance are expected to exchange genes with each other and be-
come more genetically similar than population at long distance. As a 
result, a correlation between genetic and geographic distances be-
tween populations, i.e. an isolation by distance structure, IBD, will 
develop (Wright, 1943). Furthermore, if mutation rates are high in 
comparison to gene flow, a phylogeographic structure might even-
tually emerge (Pons & Petit, 1996), meaning that distinct genes in 
distant populations will be more diverged that distinct genes in close 
populations (or that distinct genes will be more divergent in differ-
ent populations than distinct genes within populations; Hardy & 
Vekemans, 2002).

In contrast, if local populations are parts of a metapopulation 
system with frequent extinctions and recolonizations, the effects of 
the colonization process would become more prominent, and an iso-
lation by distance structure might not appear (McCauley, 1995). In 
such a system, seed dispersal patterns will continue to have a strong 
influence on the structuring of genetic diversity (McCauley, 1997). 
Still, if a species is examined over a large enough range, extinction/
recolonization processes can proceed at a regional scale, while more 
distant populations keep diverging from each other, and so an iso-
lation by distance structure could still be observed within such a 
species.

Pollen and seeds are expected to show different dispersal dis-
tributions (McCauley, 1997). Most plants show strongly leptokurtic 
patterns of seed dispersal, and whereas the majority of seeds end up 
close to the mother individual, a small fraction could be dispersed 
very far (Cain et al., 2000). Although most of the seeds in the latter 
category are likely to end up in unsuitable habitats, some could nev-
ertheless contribute to colonization of new sites and expansion of 
the species' range. In contrast, pollen dispersal ranges decline more 
gradually, and pollen dispersal seems to be more efficient than seed 
dispersal within populations and between adjacent populations. 

Accordingly, the relative contribution to gene flow by pollen and 
seeds is expected to be scale-dependent and to decrease with in-
creasing geographic distance (Hamrick & Trapnell, 2011; McCauley, 
1997). Moreover, as the dispersal distributions may extend over dif-
ferent ranges for pollen and seeds, depending on the mechanism of 
pollen and seed dispersal, the relative contributions of pollen and 
seeds for any particular distance range may differ substantially be-
tween species (Petit et al., 2005).

Orchids differ from other plants in having extremely small and 
dust-like seeds. The seeds are typically shorter than 1 mm, contain a 
minute embryo with no endosperm, and are mostly airfilled (Arditti 
& Ghani, 2000). Most species are wind-dispersed (Arditti & Ghani, 
2000; Pridgeon et al., 1999), and there is evidence that the seeds 
can be transported more than a hundred kilometers to colonize new 
sites (Arditti & Ghani, 2000; Hedrén et al., 2018; Partomihardjo, 
2003; Vanden Broeck et al., 2014). Seed dispersal is also considered 
as an important component to gene flow between established pop-
ulations (Vanden Broeck et al., 2014).

It is generally assumed that orchid seeds contribute dispropor-
tionally much to overall gene dispersal, both in absolute and relative 
terms. On average, orchids express low levels of genetic differentia-
tion between populations in comparison to other angiosperm fami-
lies dominated by herbaceous species (Forrest et al., 2004; Hamrick 
& Godt, 1996; Phillips et al., 2012). The efficiency of seed dispersal 
in orchids is also manifested in low pollen to seed flow ratios, often 
being close to one (Cozzolino et al., 2003; Squirrel et al., 2001).

As a consequence of their putatively efficient gene dispersal, or-
chids are expected to rapidly erase patterns associated with early 
colonization and reach genetic equilibria manifested as e.g., high 
genetic similarity between neighbouring populations and isolation 
by distance patterns. However, these expectations are not always 
met. In two recent studies treating northern European members 
of the terrestrial orchid genus Dactylorhiza, we did not detect any 
significant isolation by distance structure but found a mosaic-like 
distribution of plastid haplotypes, implying that gene flow by seeds 
have not been very efficient (Hedrén & Nordström Olofsson, 2018; 
Hedrén et al., 2018). Likewise, other studies of terrestrial orchids in 
Europe have found that populations at the northern margins of their 
distribution have still not fully erased patterns imprinted from early 
colonization (Hedrén, 2009; Pfeifer et al., 2009). These studies were 
conducted in parts of Europe that were unavailable to orchids during 
the Weichselian ice age and that were colonized by long-distance 
dispersal within the last 10,000–15,000 years. It is possible there-
fore that species inhabiting these areas today could still be affected 
by colonization history and may not yet have reached genetic equi-
librium (Hedrén & Nordström Olofsson, 2018; Hedrén et al., 2018).

Here, we have chosen to study genetic differentiation patterns in 
the terrestrial marsh orchid Dactylorhiza umbrosa (Kar. & Kir.) Nevski. 
This species has a wide distribution in upland regions of Asia Minor 
and Central Asia, allowing us to study genetic differentiation pat-
terns at various geographic scales. The upland regions of Asia in-
habited by D. umbrosa were less affected by glaciers than northern 
Europe during the last ice age (Sarikaya et al., 2011; van Zeist, 1967), 
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and the species should have been able to survive the last ice age 
within the present distribution area. Accordingly, the genetic struc-
ture in D. umbrosa is possibly closer to a long-term equilibrium state 
than in European species of Dactylorhiza.

We use molecular markers to test whether the genetic structure in 
D. umbrosa differs from that of Dactylorhiza species distributed in Europe. 
The contributions of seed and pollen dispersal to total gene dispersal 
could be determined by combining data from the plastid (chloroplast) 
genome with data from the nuclear genome (Ennos, 1994; McCauley, 
1994; Petit et al., 2005). Since the plastid genome is exclusively inherited 
from the maternal parent in most angiosperms (Corriveau & Coleman, 
1988), data from this genome is sufficient to describe gene flow patterns 
by seeds (McCauley, 1995). The nuclear genome is dispersed both by 
seeds and pollen, but by comparison with data from the plastid genome, 
the contribution by pollen dispersal to total gene dispersal could also be 
estimated (Ennos, 1994; Petit et al., 2005).

We predict that D.  umbrosa should have experienced a long 
enough period of gene flow to develop a genetic structure reflecting 
that of geographic distances between populations, i.e. an isolation 
by distance structure, IBD (Wright, 1943). We also predict that the 
genetic differentiation will be stronger in the plastid genome, since 
this genome is dispersed by seeds only, whereas the nuclear genome 
is dispersed by both pollen and seeds. We combine data from the 
two genomes to estimate the ratio of pollen versus seed mediated 
gene dispersal. Third, we calculate genetic parameters separately for 
different geographic distance intervals and test whether pollen to 
seed dispersal ratios will decrease with increasing geographic dis-
tance separating populations. Lastly, we compare D. umbrosa with 
other members of the orchid family in an attempt to understand the 
importance of colonization history and habitat stability on the struc-
turing of genetic diversity in orchids in general.

2  |  MATERIAL S AND METHODS

2.1  |  Study species

Dactylorhiza umbrosa belongs to the genus Dactylorhiza, which com-
prises terrestrial orchids distributed in temperate parts of Eurasia 
(Pridgeon et al., 2001). Species of Dactylorhiza are erect plants 
reaching about half a metre and have a single leafy stem with a 
lax to dense cylindrical inflorescence of about 10–50 flowers. The 
plant develops from an underground tuber formed during the pre-
vious years' growth. After flowering, a new tuber will develop to 
continue the growth the next-coming year. Dactylorhiza species are 
thus perennial, but it is not possible to tell the age of a plant from 
its size. However, demographic studies in the European D.  majalis 
ssp. lapponica (Øien & Moen, 2002) indicate that plants could have 
an average life-span of about 10 years. The flowers of Dactylorhiza 
are showy with a broad lip and a conical-cylindrical spur. The pol-
len is separated from the stigma within the flower, and the flowers 
are seemingly adapted for cross-pollination. The dominant group of 
pollinators is bumble-bees (Figure S1), but other insects including 

Diptera and Coleoptera have also been recorded among European 
species (Nilsson, 1981). The flowers still offer no reward to the visit-
ing insects and act by deceit, a condition believed to result in longer 
flight distances between plants and more efficient pollen dispersal 
(Jersáková et al., 2006; Nilsson, 1992).

Dactylorhiza umbrosa is part of the D.  incarnata complex which 
includes diploid species related to the European D. incarnata (L.) Soó. 
However, D. umbrosa usually grows taller, has larger flowers, and has 
a long, often curved spur quite different from the short conical spur 
in D.  incarnata. Populations approaching D.  incarnata are found in 
northern Turkey and in the Caucasus, but the exact relationships be-
tween members of the complex is not the focus here.

With a broad definition, D. umbrosa has a distribution that ex-
tends from the Anatolian plateau in Turkey into the Central Asian 
plateaus on the northern extensions of the Himalayas (Baumann 
et al., 2006). The typical habitat of D. umbrosa, is open wet fens and 
grasslands in upland regions at ca. 1000–2000 m asl. These wetlands 
can extend over large areas and populations sometimes contain 
thousands of flowering individuals, but small populations can also 
be found in small fens and along streams. Populations of D. umbrosa 
are often discrete and separated by dry habitats in which the orchid 
cannot grow.

2.2  |  Plant material and sampling area

We obtained material of D.  umbrosa from the Anatolian-Iranian 
Plateau connecting eastern Turkey and north-western Iran 
(Figure 1). The plateau lies between ca. 1500 and 2000 m asl and is 
mostly tree-less and covered by grasslands grazed by cows, sheep 
and goats. Fens with D. umbrosa are found in shallow depressions 
or along streams and water coarses. The climate was probably dryer 
and cooler during the Quaternary (Kehl, 2009; van Zeist & Bottema, 
1988), when a steppe-like vegetation dominated by Artemisia spe-
cies covered large parts of the plateau (van Zeist, 1967), although 
wetlands should still have been present. The plateau is enclosed 
by mountains ranging from ca. 3000 to 5000 m asl (Sarikaya et al., 
2011). During last glacial maximum, the snowline lay between 1900 
and 3500 m asl, but at present it lies between 3100 and 4300 m asl 
(Sarikaya et al., 2011). Suitable habitats for D. umbrosa are thus likely 
to have persisted throughout the Quaternary.

Whereas the sampling area covers a minor portion of the spe-
cies' total distribution, we still consider the area large enough to in-
clude populations that have been isolated from each other for such 
a long time that they should have approached the maximum genetic 
divergence found between any pair of populations of the species.

The study included altogether 407 samples from 23 localities 
(Table 1, Figure 1). Between four and 32 plants (mean 17.7) per lo-
cality were sampled, depending on the extent of the population. To 
avoid sampling of close relatives within sites, we collected material 
from plants separated by a minimum distance of ca 4 m. The mean 
distance between localities was 284 km and the maximum distance 
was 697 km.
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At five of the 23 localities, we sampled material along transects 
and measured the relative position of all individuals. If the population 
was dense enough, we sampled plants at every 4 m and we included 
individuals up to 50 cm from the transect. This material was used to 
test for spatial genetic structure within populations, see below.

2.3  |  Molecular methods

In the field, a few flowers with bracts were taken from each sampled 
plant and stored in plastic bags containing dry silica gel (Chase & 
Hills, 1991). In the laboratory, DNA was extracted from one or two 
flowers according to a modified 2 × CTAB procedure (Doyle & Doyle, 
1990) adapted for extraction in 2 ml Eppendorf tubes.

Five non-coding regions of the plastid genome were amplified 
by means of specific primers developed for Dactylorhiza (Table S1). 
Loci L1, L10b, L11b and L19 are microsatellite repeats (Hedrén 
et al., 2008), whereas L3 is a nine base-pair insertion/deletion in 
the trnL intron (Hedrén, 2009). The combined variation patterns 
at all marker regions were recognized as haplotypes. Unlike in 
European D. incarnata, many samples amplified two fragments of 
different size when analysed for variation at plastid region L1, a 
polyA repeat in the trnT-trnL intergenic spacer (Soliva & Widmer, 
1999). Although it would be desirable to map the exact positions 
of the two duplicated fragments, their variation gave no reason 
to doubt their location within the plastid genome. Many orchids 
contain duplications in intergenic spacers and introns within the 
plastid genome and these can be manifested as microsatellites, 
minisatellites, or more complex repeats (Bateman, 2001; Cafasso 
et al., 2001; Hedrén et al., 2008; Soliva & Widmer, 1999). To make 
use of the observed variation, we introduced a dummy region and 

sorted the observed fragments into two regions, one containing 
the shorter fragment and the other containing the longer frag-
ment. This procedure was supported by the variation patterns ob-
served within individual populations. Samples that gave rise to a 
single peak were treated as having fragments of the same length 
at both regions.

Variation in the nuclear genome was analysed by examining 
variation at four microsatellite loci (Table S2). Two of these, ms3 
and ms11 are trinucleotide repeats, ms2 a dinucleotide repeat, and 
D2501 a mononucletide repeat. The first two loci were described in 
Nordström and Hedrén (2007), whereas the latter two were added 
in Hedrén et al., (2018).

We refer to the above-mentioned publications and Tables S1 
and S2 for details on PCR primers and conditions. The PCR products 
from each reaction were mixed with 8.5  μl formamide containing 
appropriate size markers to enable exact size determination of the 
amplified fragments. The mixes were heated at 94°C for ca. 20 min 
before loading onto acrylamide gels and the DNA fragments were 
then separated by size on an ALFexpress II automated sequencer 
(Amersham Pharmacia Biotech). Fragment sizes were determined 
by using ALFwin fragment analyser 1.03.01 software (Amersham 
Pharmacia Biotech).

2.4  |  Data analysis

For each population, the following statistics were calculated for 
nuclear microsatellite data (Table 2): A, average number of alleles 
per locus; Ae, effective number of alleles per locus; AR, allelic rich-
ness adjusted for a population size of five samples (10 gene copies); 
He, expected diversity corrected for sample size; and FIS, inbreeding 

F I G U R E  1  Geographic locations of 
sampling sites for Dactylorhiza umbrosa
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coefficients and their confidence intervals calculated according to 
Weir and Cockerham (1984).

For plastid haplotype data we calculated: A, number of haplo-
types per population; Ae, effective number of haplotypes per pop-
ulation; AR, haplotype richness adjusted for a population of five 
samples (five haplotype copies); and He, expected diversity cor-
rected for sample size (Table 2).

From five of the populations, we sampled material along tran-
sects and measured the relative position of all individuals. This in-
formation was used together with plastid haplotype data, and with 
nuclear microsatellite data, respectively, to estimate spatial genetic 
structure within each of the sites. Kinship was estimated according 
to Loiselle et al., (1995). We calculated mean kinship between indi-
viduals separated by 4, 8, 16, 32, 64 and 128 m, respectively, and 
analysed whether kinship decreased with distance within sites. All 

within-population statistics was calculated in SPAGeDi 1.4 (Hardy 
& Vekemans, 2002).

Differentiation between pairs of populations was estimated by 
NST and GST for plastid haplotype data, and by RST and FST for nu-
clear microsatellite data. NST is a differentiation measure that takes 
genetic distances between haplotypes into account (Pons & Petit, 
1996). NST was calculated on basis of Euclidean distances between 
pairs of haplotypes, considering numbers of mutational steps at 
each plastid region separately. GST, along with 95% confidence inter-
vals, were obtained by 10,000 rounds of permutation of Euclidean 
distances among haplotypes. RST is a differentiation measure that 
takes numbers of mutational steps between microsatellite alleles 
into account (Michalakis & Excoffier, 1996; Slatkin, 1995). FST, along 
with 95% confidence intervals, was estimated by 10,000 rounds of 
permutation of allele sizes among alleles within loci (see also Hardy 

TA B L E  1  Sampled localities of Dactylorhiza umbrosa

Pop Country Region Locality Lat. Long. Altitude N

01 Turkey Bitlis Tatvan 38°28′N 42°19′E 1720 m 22

02 Turkey Bitlis Budakli 38°23′N 42°43′E 1750 m 9

03 Turkey Van Muradiye 38°54′N 43°35′E 1680 m 20

04 Turkey Van Çaldiran 39°08′N 43°45′E 2020 m 22

05 Turkey Kars Digor 40°22′N 43°25′E 1620 m 21

06 Turkey Kars Kars, 20 km N rd tw Susuz 40°45′N 43°09′E 1740 m 10

07 Turkey Kars Hasköy 40°59′N 42°54′E 1960 m 4

08 Turkey Kars Hasköy N 41°00′N 42°53′E 1940 m 21

09 Turkey Kars Ardahan-Hanak 41°08′N 42°52′E 1730 m 9

10* Iran East Azerbaijan Ahar to Kaleybar, km 20 38°41′N 47°09′E 1720 m 19

11* Iran East Azerbaijan Hejrandost to Shojaabad 38°51′N 46°58′E 1830 m 25

12* Iran West Azerbaijan Khoy to Chalderan, km 30 38°41′N 44°40′E 2025 m 20

13 Iran West Azerbaijan Khoy to Chalderan, km 33 38°43′N 44°38′E 2020 m 25

14 Iran West Azerbaijan Khoy to Chalderan, after Zavieh village, 
Qezeljeh village Dam

38°50′N 44°28′E 2330 m 7

15 Iran West Azerbaijan Khoy to Chalderan, after Zavieh village, 
Qezeljeh village Dam

38°50′N 44°28′E 2330 m 18

16 Iran West Azerbaijan Chalderan to Khoy, 1 km before Zorava 
village

38°48′N 44°34′E 1700 m 32

17* Iran West Azerbaijan Madoab to Bijar, 3.5 km N Menbar 
village

36°37′N 46°46′E 2110 m 25

18 Iran West Azerbaijan Mahabad to Bukan, ca. 3 km NE Darman 
village

36°45′N 45°54′E 1840 m 25

19 Iran West Azerbaijan Mahabad to Piranshahr road, ca 20 km 
W Mahabad

36°45′N 45°29′E 1830 m 8

20 Iran West Azerbaijan Piranshahr to Sardasht road, 5 km before 
Kubar village

36°33′N 45°13′E 1450 m 21

21 Iran Kurdistan Saqqez to Divandareh road, 59 km 
before Divandareh

36°11′N 46°33′E 1520 m 9

22* Iran Kurdistan Saqqez to Divandareh road, 35 km 
before Divandareh

36°09′N 46°49′E 2060 m 22

23 Iran Kurdistan Divandarreh to Marivan, 1900 m 35°37′N 46°40′E 1970 m 13

Note: Populations used for examination of fine-scale spatial genetic patterns have been indicated by asterisks.
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& Vekemans, 2002). Calculations were performed in SPAGeDi 1.4 
(Hardy & Vekemans, 2002).

The spatial structure of genetic differentiation was investigated 
by calculating mean pair-wise genetic differentiation between pairs 
of populations for a series of different geographic distance catego-
ries, and by investigating the strength of association between ge-
netic divergence and spatial distance. Pairwise genetic distances 
were separated into 10 distance categories such that 25 or 26 com-
parisons were included in each category, which resulted in the dis-
tance categories reported in Table 3. Calculations were performed in 
SPAGeDi 1.4 (Hardy & Vekemans, 2002).

The presence of a phylogeographic structure was tested both by 
comparing global values for NST and GST, and RST and FST, for plastid 
haplotypes and for nuclear microsatellites, respectively, and by com-
paring the slopes of corresponding pairwise statistics on geographic 
distances (Table 3; see e.g., Hardy & Vekemans, 2002).

Tests for isolation by distance structure, IBD, were conducted 
separately for nuclear microsatellites and plastid haplotypes by 
means of Mantel tests. Pairwise genetic distances were given as 
pairwise FST/(1  −  FST) for nuclear microsatellites, pairwise GST/
(1  −  GST) for plastid haplotypes, and geographic distances as 
the logarithm of geographic distance (Rousset, 1997). Pairwise 
genetic distances were calculated in SPAGeDi 1.4 (Hardy & 
Vekemans, 2002). Associations between distance matrices were 
tested by 10,000 rounds of permutation in NTSYS-pc 2.2 (Rohlf, 
2005).

The distance matrices of pairwise FST for nuclear microsatellites 
and pairwise GST for plastid haplotypes were rotated in principal co-
ordinates analyses (PCO) to extract the maximum of differentiation 
patterns possible by visual inspection. Pairwise genetic distances 
were obtained in SPAGeDi 1.4 (Hardy & Vekemans, 2002). PCOs 
were calculated in NTSYS-pc 2.2 (Rohlf, 2005).

TA B L E  2  Summary of nuclear microsatellite and plastid haplotype diversity statistics in Dactylorhiza umbrosa

Population

Nuclear microsatellites Plastid DNA haplotypes

N A Ae AR He FIS N A Ae AR He

All populations 
confounded

407 15.50 6.46 4.92 0.748 0.397*** 402 96 32.42 4.71 0.969

01 22 6.75 3.24 3.87 0.617 0.364*** 22 9 8.59 3.99 0.887

02 9 4.25 3.22 3.58 0.589 0.301** 9 3 2.84 2.54 0.667

03 20 7.00 4.95 4.45 0.705 0.343*** 18 6 3.50 2.99 0.719

04 22 7.50 5.62 4.64 0.746 0.390*** 21 11 11.10 4.23 0.914

05 21 6.25 4.31 4.14 0.719 0.382*** 21 9 10.05 4.12 0.905

06 10 4.50 2.93 3.62 0.651 0.373*** 10 6 7.64 3.97 0.889

07 4 4.25 4.75 0.812 0.422** 4 1 1.00 0.000

08 21 5.75 4.05 4.13 0.743 0.174* 21 7 5.15 3.50 0.810

09 9 4.25 4.20 0.724 0.178ns 9 4 4.10 3.21 0.778

10 19 5.25 3.09 3.45 0.566 0.425*** 19 4 1.42 1.79 0.298

11 25 5.50 3.74 3.54 0.554 0.321*** 25 5 3.81 3.00 0.740

12 20 6.25 4.48 4.27 0.682 0.313*** 20 8 5.79 3.64 0.832

13 25 7.75 4.66 4.37 0.683 0.360*** 25 7 4.93 3.40 0.800

14 7 5.25 5.67 4.69 0.758 0.455*** 7 6 10.76 4.52 0.952

15 18 8.00 5.90 4.86 0.721 0.294*** 16 6 5.04 3.43 0.808

16 32 9.00 7.14 5.10 0.786 0.410*** 32 16 13.43 4.35 0.927

17 25 8.00 5.08 4.15 0.653 0.355*** 25 12 9.12 4.07 0.893

18 25 8.00 5.91 4.16 0.651 0.291*** 25 8 5.79 3.62 0.830

19 8 5.25 4.38 4.12 0.647 0.167ns 8 2 1.70 1.89 0.429

20 21 7.50 5.90 4.20 0.599 0.290*** 21 8 8.44 3.97 0.886

21 9 4.00 3.00 3.39 0.546 0.069ns 9 2 1.28 1.56 0.222

22 22 5.75 4.89 3.81 0.643 0.230** 22 3 1.21 1.45 0.178

23 13 5.25 4.15 3.56 0.572 0.338*** 13 2 1.18 1.38 0.154

Mean 17.7 6.14 4.58 4.10 0.668 0.315 17.5 6.3 5.56 3.21 0.675

Note: For nuclear data: N, number of plants sampled; A, average number of alleles per locus; Ae, effective number of alleles per locus; AR, allelic 
richness adjusted for a population of five samples (10 gene copies); He, expected diversity corrected for sample size; FIS, inbreeding coefficient 
(departure from Hardy-Weinberg equilibrium: *p < .05; **p < .01; ***p < .001).
For plastid haplotype data: N, number of plants sampled; A, number of different haplotypes per population; Ae, effective number of haplotypes per 
population; AR, haplotype richness adjusted for a population of 5 samples; He, expected diversity corrected for sample size.
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Pairwise FST and the FIS estimates from nuclear microsatellites 
and pairwise GST from plastid haplotypes were used to calculate the 
pollen to seed-flow ratio, mp/ms according to the formula given by 
Ennos (1994) and Petit et al., (2005):

where FST(B) and FIS(B) are derived from biparentally inherited markers 
and FST(M) is derived from maternal plastid markers. Separate calcula-
tions were performed for global data and for each of the 10 distance 
categories obtained in the analyses of spatial genetic structure out-
lined above.

Commonly adopted differentiation measures including FST and 
GST tend to underestimate levels of differentiation when applied 
to microsatellites and other marker systems with many alleles per 
locus (Hedrick, 1999), and a modified differentiation measure, G′ST, 
has been designed for comparison across marker systems with dif-
ferent degrees of variability (Hedrick, 2005). To describe this effect 
on general population differentiation, we calculated both the stan-
dard GST according to Nei (1973) and the modified G′ST for the nu-
clear microsatellite data. Calculations were performed in GenAlEx 
6.5 (Peakall & Smouse, 2006, 2012). Still, standard metrics are re-
garded as better suited to describe population genetic processes in 
situations where mutation rates are high in comparison to migration 
rates (Kartzinel et al., 2013). Since our primary interest was to in-
vestigate the relative amounts of genetic differentiation in relation 
to geographic distance, the choice of metric should not impose any 
major effects on our results. Moreover, the use of standard metrics 
allow us to compare the outcomes of our analyses, including pollen 
to seed-flow ratios, with other studies of spatial genetic structure 
performed in the orchid family.

3  |  RESULTS

Variation was found at all plastid regions except for L3, which was 
invariant in the material analysed. Altogether 96 different haplo-
types were identified in the 402 samples that yielded complete 
data. The number of private haplotypes ranges from zero to 12 
within populations. Most of the private haplotypes were confined 
to one or few samples. Populations 03, 07, 09, and 19 had no pri-
vate haplotypes, and the highest numbers were found in popu-
lations 16 and 17 with 12 and 10 haplotypes, respectively. The 
nuclear microsatellite loci ms3, ms11, ms2, and msD2501 each 
yielded 13, six, 29 and 14 alleles, respectively. A total of 62 dif-
ferent alleles were recorded (Table S3). A few were restricted to 
single populations. Populations 15 and 20 had two private alleles 
each, whereas populations 01, 02, 04, 07, 08, 17 and 23 had one 
private allele each (Table S3).

Mean number of alleles per locus ranged from 4.0 to 9.0 within 
populations, and mean allelic richness calculated with n = 5 and ex-
cluding populations with less than five individuals varied between 
3.39 and 5.10 (Table 2). Expected heterozygosity, He, ranged from 
0.546 to 0.812, mean 0.668. Inbreeding coefficients were generally 
quite high (mean average over loci within populations FIS = 0.315), 
and significantly higher than zero in the majority of populations 
(Table 2). The number of haplotypes per populations ranged from 
1 to 16, and haplotype richness calculated with n = 5 and excluding 
populations with less than five individuals ranged from 1.38 to 4.52 
(Table 2). Expected heterozygosity, He, for plastid haplotypes ranged 
from 0 (fixed in population 07) to 0.952, with mean 0.675.

We measured the exact relative positions of sampled plants in 
five of the studied populations to enable analysis of finescale spatial 
genetic structure. No significant correlation between kinship values 

{[(

1∕FST(B) − 1
)

×
(

1 + FIS(B)

)]

− 2
(

1∕FST(M) − 1
)}

∕
(

1∕FST(M) − 1
)

,

F I G U R E  2  Principal coordinates 
analysis (PCO) summarizing differentiation 
between analysed populations of 
Dactylorhiza umbrosa on the basis of 
plastid data. The analysis was based on 
pairwise GST values. Population samples 
have been numbered as in Figure 1 and 
Table 1
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and geographic distance was discovered in any of the populations, 
neither for nuclear microsatellites, nor for plastid haplotypes.

There was a fairly strong subdivision among populations in the 
plastid haplotypes and there was also significant general phylogeo-
graphic structure in the haplotype data (Table 3; NST  =  0.504 vs. 
GST  =  0.310, p  <  .001). Subdivision among populations was lower 
in nuclear microsatellites and there was no significant general phy-
logeographic structure (RST = 0.120 vs. FST = 0.082, ns). The stan-
dardized measure of population differentiation, G′ST, described a 
clearly higher value of differentiation than the standard GST, 0.345 
and 0.108, respectively.

Plastid haplotype data and nuclear microsatellite data resulted 
in similar patterns of geographic differentiation when pairwise ge-
netic differentiation between populations were used as input data 
for PCO ordinations (Figures 2 and 3). On the basis of plastid data, 
populations from the NW part of the sampling area (06–09) formed 
a separate cluster linked by pop 05 to the rest of the populations, 
which themselves formed an elongate cluster within which popula-
tions from the central part (01–04, 12–16), the eastern part (10–11, 
17–23) and the southern part (17–23) were somewhat separated 
(Figure 2). Examination of the original data set revealed that sam-
ples from the NW part of the distribution usually amplified only a 
single fragment at region L1, and that no plants with a duplicated 
fragment were found in populations 06, 07, 08 and 09. In the PCO 
based on nuclear microsatellite data, populations from the north-
western part diverged towards the upper left, populations from 
the eastern and southern parts diverged towards the upper right 
and populations from the west-central part linked these groups to-
gether (Figure 3).

A significant isolation by distance structure was observed 
when pairwise GST derived from haplotype data was compared to 
geographic distances (r = .152, p [random z ≥ observed z] = .0006, 

t  =  1.8808). Comparing population pairs in different distance cat-
egories (Table 3, Figure 4), we found that populations up to 53 km 
apart had an average NST = 0.252, whereas populations up to 696 km 
apart, had an average NST = 0.633. NST was rising more steeply than 
GST with increasing geographic distance for the plastid data (slope ln 
distance = 0.105 vs. 0.059, p <  .0000), demonstrating a significant 
phylogeographic structure of plastid genomes.

An even stronger isolation by distance structure was evident 
in the nuclear microsatellite data when pairwise FST was com-
pared to geographic distances (r  =  .591, p [random z  ≥  observed 
z] =  .0001, t = 8.0476). Populations up to 53 km apart were mini-
mally differentiated from each other (average pairwise FST = 0.004; 
Table 3, Figure 4), whereas average differentiation in the category 
comprising the most distant pairs of populations was still moder-
ate (FST = 0.169). However, the slope of RST to geographic distance 
did not differ from that of FST for nuclear microsatellites (slope ln 
(dist) = 0.044 vs. 0.029, p = .841), revealing no significant phylogeo-
graphic structure of nuclear microsatellite data.

The correlation between pairwise GST derived from haplotype 
data and pairwise FST derived from nuclear data was weak and non-
significant (r = .177, p [random z ≥ observed z] = .071, t = 1.5448).

Pollen to seed flow ratios, mp/ms, were calculated for differ-
ent distance categories on the basis of the corresponding GST 
from plastid data and FST from nuclear microsatellite data (Table 3, 
Figure 4). The ratio mp/ms was 8.4 and 12.8 for the distance catego-
ries of 0–26 and 26–89 km, respectively, whereas mp/ms ratios were 
lower and fluctuated between 2.8 and 4.9 for higher distance cat-
egories. The high ratio calculated for the second distance category 
(mp/ms = 12.8), was explained by strong divergence between pop-
ulation 23 and populations 21 and 22 in the plastid genome, which 
gave rise to a high average GST for this distance category. The overall 
pollen to seed flow ratio was 4.08 (Table 3).

F I G U R E  3  Principal coordinates 
analysis (PCO) summarizing differentation 
between analysed populations of 
Dactylorhiza umbrosa in nuclear 
microsatellites. The analysis was based on 
pairwise FST values. Population samples 
have been numbered as in Figure 1 and 
Table 1

01

05

06

040.0

Axis 1 (77.4 %)

03

-0.1 0.0-0.2

02

Ax
is

 2
 (3

2.
2 

%
)

0907

10

08

0.1

0.1

-0.1

11

15

16

14
13 12

19

17

20
18

22

23

21



1800  |    HEDRÉN et al.

4  |  DISCUSSION

4.1  |  Isolation by distance structure

We hypothesized that D. umbrosa might have been present within 
its current distribution area for a sufficiently long period to have de-
veloped a mature metapopulation structure, which would now be 
manifested as an isolation by distance structure (IBD) in neutral ge-
netic marker systems. The structuring of nuclear microsatellite data 
was in agreement with this prediction. We found that pairwise FST 
estimates derived from these data were increasing with geographic 
distance between populations and that the association was signifi-
cant (r = .591, p < .001).

Our result differs from that of two related marsh orchids stud-
ied in northern Europe, in which the correlations between FST and 
geographic distance was not as clear. In D. majalis ssp. lapponica on 
the island of Gotland (Hedrén et al., 2018), still a weak IBD (r = .269, 
p = .0465) was observed, but in D. majalis ssp. majalis studied over 
two geographic scales of 178 and 985 km, respectively (Hedrén & 
Nordström Olofsson, 2018), there was no significant IBD. At least 
two factors may explain the difference between D. umbrosa and the 
northern European members of Dactylorhiza.

First, Phillips et al., (2012), who summarized IBD statistics in 
terrestrial orchids studied by allozyme markers found that the 

significance of an IBD structure increased with the range of the 
sampling area. In studies covering less than 250 km only three out 
of seven studies showed a significant IBD, whereas in studies with 
wider sampling nine out of eleven studies showed a significant IBD. 
Here, we sampled populations of D. umbrosa at a maximum distance 
of 696 km, so the sampled range appears to be wide enough to dis-
close the presence of a significant IBD.

A second factor could be the age of the population system under 
study. Comparison of the genetic structure in D. umbrosa with that 
of Dactylorhiza species distributed in northern Europe suggests that 
it takes a long time for a metapopulation system to stabilize, such 
that local extinctions, recolonization and gene flow by pollen and 
seeds reach a state of equilibrium. Habitats in northern Europe were 
ice-covered or otherwise uninhabitable for orchids during the last 
ice age, which peaked at ca. 21 ka BP (Wohlfarth et al., 2008). Most 
of the genetic patterns we have observed in northern European 
Dactylorhiza seem to be linked to recolonization history, including 
immigration from multiple directions (Nordström & Hedrén, 2008; 
Ståhlberg & Hedrén, 2009), or marginal effects with lower amounts 
of diversity stored in populations of recent origins (Hedrén, 2009; 
Hedrén et al., 2018), but there is little structure in genetic differenti-
ation patterns at the regional scale.

A long life-span may also contribute to a slow development of IBD 
in Dactylorhiza and related genera of terrestrial orchids. Although 

F I G U R E  4  Correlogram reporting the relationship between spatial distance and various measures of population differentiation in 
Dactylorhiza umbrosa. NST and GST report on differentiation in the plastid genome. NST includes information on amount of differentiation 
between haplotypes, whereas GST only reflects differences in haplotype frequencies. 95% confidence intervals for GST were obtained by 
10,000 rounds of permutation of Euclidean distances among haplotypes. RST and FST report on differentiation in the nuclear genome by 
analysis of nuclear microsatellites. RST includes information on amount of differentiation between alleles, assuming a stepwise mutation 
model. FST only reflects differences in allele frequencies. 95% confidence intervals for FST were obtained by 10,000 rounds of permutation 
of allele sizes among alleles within loci. The pollen to seed flow ratio, mp/ms, was calculated on basis of GST, FST and FIS estimates obtained by 
permutation. Pairs of populations were separated into 10 distance categories such that 25–26 pairs were included in each distance category
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the plants are herbaceous, the flowering stems arise from tubers 
produced during the previous growth season, and individual plants 
can become quite old. The exact generation time of D. umbrosa is 
not known, but in the more delicate congener D. majalis ssp. lappon-
ica, examined at one site in central Norway, the half-life of flowering 
plants was estimated to 5.8 years (Øien & Moen, 2002). Adding a 
few years for development from seed to first flowering, individual 
plants observed in the field may on average be around 10  years. 
Furthermore, populations are often large and gene frequencies only 
change slowly following gene dispersal between sites. Changes in 
genetic patterns may also be retarded due to geitonogamy, but on 
the other hand, the deceit pollination system should promote gene 
dispersal of pollen over longer distances than in rewarding orchids 
(Jersáková et al., 2006).

Altogether, the clear geographic structuring of molecular data 
found in D. umbrosa seems to agree with the hypothesis that D. um-
brosa has a long history within the sampled distribution area, prob-
ably stretching back much longer than the last ice age. Although 
individual populations of D. umbrosa may be as young as populations 
of other Dactylorhiza species in previously glaciated areas, vacant 
sites may still be colonized by seeds from neighbouring sites, and the 
regional populations should in any case be older than regional popu-
lations of Dactylorhiza in northern Europe. Given a long enough time, 
seed and pollen dispersal between populations may also have con-
tributed to a stronger similarity between neighbouring populations 
than between distant populations, such that an isolation by distance 
structure could have developed.

We also observed a low level of differentiation between pop-
ulation of D. umbrosa (FST = 0.082). This value is in the lower range 
of overall estimates given for the orchid family in compilations by 
Hamrick and Godt (1996), Forrest et al., (2004) and Phillips et al., 
(2012), 0.087, 0.187, and 0.146, respectively, but still in agree-
ment with orchids characterized by food deception. On basis of 
data compiled by Forrest et al., (2004), Cozzolino and Widmer 
(2005) calculated mean GST in deceptive orchids to be only half 
of that in rewarding orchids (GST = ca. 0.125 vs. GST = ca. 0.25). 
Other estimates of population differentiation in Dactylorhiza spe-
cies range from GST = 0.0183 in D. foliosa to GST = 0.309 in D. in-
carnata (Table S4).

4.2  |  Plastid differentiation and pollen to seed 
flow ratio

As expected, differentiation between populations of D.  umbrosa 
as revealed by plastid markers was considerably higher than that 
revealed by nuclear markers (GST = 0.310 vs. FST = 0.082), but still 
lower than in many other orchids. Estimates obtained from other 
species of Dactylorhiza range from 0.137 in D. foliosa (Lowe) Soó 
to 0.707 in D.  majalis (Rchb.) P.F. Hunt & Summerh. ssp. majalis 
(Table S4). High GST values for the plastid genome in orchids were 
also reported by Petit et al., (2005), ranging from 0.27 to 0.87 
(mean 0.59). These values are similar to other plants with maternal 

inheritance of the plastid genome (mean GST  =  0.67; Petit et al., 
2005).

Combining the overall FIS value and the FST for the nuclear ge-
nome with GST for the plastid genome, we calculated an overall 
pollen to seed dispersal ratio of mp/ms = 4.076 in D. umbrosa. This 
value is low compared to seed plants in general, in which a median 
value for the mp/ms ratio was estimated to ca 17 (Petit et al., 2005). 
However, D.  umbrosa should also be compared to other orchids 
for which pollen to seed dispersal ratios are available (Table S4). In 
Figure 5 we have plotted corresponding estimates of population dif-
ferentiation in the nuclear and plastid genomes against each other 
and also given the functions for mp/ms = 1, and mp/ms = 10. The 
ratio observed in D. umbrosa was slightly higher than that observed 
in some other temperate terrestrial orchids, but well within the range 
of ratios calculated for orchids growing in tropical and subtropical 
areas. Most temperate, terrestrial species express high levels of pop-
ulation differentiation in both the nuclear and the plastid genomes 
and have low pollen to seed dispersal ratios. mp/ms ratios calculated 
in other species of Dactylorhiza range from 0.96 in D.  majalis ssp. 
lapponica (Hartm.) H. Sund. to 7.30 in the Madeiran D. foliosa (Table 
S4). Tropical epiphytic orchids express lower levels of differentiation 
in both the nuclear and the plastid genomes than temperate spe-
cies, but higher pollen to seed dispersal ratios, often higher than 10. 
Also the subtropical terrestrial species Epidendrum fulgens Brongn. 
from southern Brazil expressed a high pollen to seed dispersal ratio, 
mp/ms = 14.25 (Pinheiro et al., 2011).

Whereas tropical epiphytes on average only express slightly 
lower levels of differentiation between populations than do tem-
perate terrestrial orchids in the plastid genome, the main reason for 
their relatively high seed to pollen dispersal ratios is apparently the 
very low levels of differentiation in the nuclear genome (Table S4, 
Figure 5). In agreement with this observation, Phillips et al., (2012) 
found a lower level of population differentiation in epiphytic orchids 
(FST = 0.109) than in terrestrial orchids (FST = 0.161), although the 
difference was not statistically significant. Tropical orchids often 
grow in dispersed populations, but have elaborate pollination sys-
tems and some species have been shown to be strongly adapted to 
specific pollinators that are capable of transporting pollen over long 
distances (e.g., Janzen, 1971; Kroodsma, 1975). The three epiphytes 
included in this study for comparison are all adapted to be visited 
by large, strong-flying pollinators, Laelia rubescens Lindl. by hum-
mingbirds (Trapnell & Hamrick, 2004), Epidendrum firmum Rchb.f. by 
strong-flying moths (Kartzinel et al., 2013) and Brassavola nodosa (L.) 
Lindl. by hawk-moths (Trapnell et al., 2013, 2019), apparently leading 
to efficient pollen dispersal and low levels of population differentia-
tion in the nuclear genome. However, the efficiency of seed disper-
sal may not differ much between orchids in tropical and temperate 
areas, so a comparatively high pollen to seed flow ratio in tropical 
orchids is not surprising. On the other hand, average estimates 
for pollen to seed flow ratio might become lower when more data 
become available of especially tropical orchids pollinated by less 
strong-flying insects such as biting midges (Bogarin et al., 2018) and 
fruit flies (Karremans et al., 2015).
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4.3  |  Pollen to seed flow ratio versus 
geographic distance

As expected from general observations of pollen and seed disper-
sal patterns (Hamrick & Trapnell, 2011; McCauley, 1997; Petit et al., 
2005), we found that the pollen to seed dispersal ratio, mp/ms, in 
D. umbrosa decrease with geographic distance. A few other orchid 
species have also been analysed at different geographic scales, but 
in these cases, the correspondence between mp/ms and geographic 
distance has gone in different directions (Table S4). A weak indica-
tion of decreasing mp/ms ratios with distance was observed in epi-
phytic Laelia rubescens (Trapnell & Hamrick, 2004), but in Brassavola 
nodosa (Trapnell et al., 2013, 2019) and Epidendrum firmum (Kartzinel 
et al., 2013), even an opposite pattern was observed. In the present 
study, all samples were examined for plastid microsatellites with 
high variability, and we were able to describe geographic variation 
in the plastid genome to a fair amount of detail. Other studies have 
often used less variable markers than we did for analysis of the plas-
tid genome, and have often analysed lower numbers of samples. As 
result, estimates of FST/GST from the plastid genome can be impre-
cise, and hence also pollen to seed flow ratios.

The finding that the pollen to seed flow ratio is high between 
populations at short distance, but drops at higher distances is com-
patible with the hypothesis that seed dispersal in orchids is highly 
leptokurtic (Hamrick & Trapnell, 2011). Most seeds fall near their 
source within populations, whereas pollen is on average dispersed 
more efficiently at medium range within populations, and between 
close populations. A small fraction of seeds can still be dispersed 
very far, which is obviously necessary for range expansion and colo-
nization of vacant sites.

4.4  |  Colonization history and 
metapopulation structure

During an early colonization phase, when a new population settles 
far from already existing populations, the seeds founding the new 
population may arrive from almost any distance and source. As long 
as the new population is small, other vacant sites in the neighbour-
hood are also likely to be colonized by seeds from long distance, and 
there is a distinct possibility that different populations are founded 
by seeds from different source areas (Hedrén & Nordström Olofsson, 
2018; Hedrén et al., 2018). This pattern would initially result in high 
level of differentiation between populations. However, once multi-
ple populations in a region have grown large in numbers of seed-
producing individuals, further populations are likely to be founded 
by seeds from the same region (Trapnell et al., 2013). Given that local 
populations are connected in regional metapopulation systems with 
local extinctions and recolonizations (Wade & McCauley, 1988), 
neighbouring populations should successively share more of the re-
gional haplotypes, and population differentiation should slowly de-
crease over time. In parallel, genetic divergence from other regions 
will increase due to mutation, selection and random processes, until 
an isolation by distance structure, IBD, has developed.

In this study, we nevertheless observed that populations at 
close distance were clearly differentiated in plastid haplotypes 
(NST = 0.252, GST = 0.194, Figure 4, Table 3). Members of Dactylorhiza 
are self-fertile (Neiland & Wilcock, 1995), and new populations can 
be established from single seeds. If the first plant starts to produce 
seed before any other seeds have arrived to the site, the first plant 
may fill the site with its own offspring (Trapnell et al., 2013). All 
plants would carry the same plastid haplotype, and seeds arriving 

F I G U R E  5  Plot of FST (or corresponding statistics describing differentiation between populations) derived from plastid markers against 
FST derived from nuclear markers in D. umbrosa and other orchids studied for differentiation in both genomes (Table S4). Some orchids 
have been reported for different geographic scales and are given as multiple entries. The dotted lines give mp/ms = 1 and mp/ms = 10, 
respectively. The broken line is the maximum possible theoretical value for nuclear FST given the corresponding FST of a maternally inherited 
plastid genome, assuming an island model at drift-migration equilibrium (see Petit et al., 2005). Abbreviations: Ap, Anacamptis palustris; 
Bn, Brassavola nodosa; Df, Dactylorhiza maculata ssp. fuchsii; Di, D. incarnata; Dl, D. majalis ssp. lapponica; Dm, D. majalis ssp. majalis; Du, 
D. umbrosa; Eh, Epipactis helleborine; Ei, Epidendrum firmum; Eu, E. fulgens; Hh, Himantoglossum hircinum; Lr, Laelia rubescens; Po, Pogonia 
ophioglossoides
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later should only have marginal impact on haplotype frequencies. 
The often relatively low number of recorded plastid haplotypes 
within populations, as compared to the total number of haplotypes 
(Table 2) is in agreement with such a process. Even if a new popula-
tion is established from a seed with a haplotype that is present also 
in other populations in the same region, haplotype frequencies may 
still remain different, resulting in high estimates of pairwise NST or 
GST also between close sites (Trapnell et al., 2013).

Seed dispersal is necessary for founding new populations, but 
pollen dispersal seems to be more efficient for gene flow between 
already established populations of orchids (Helsen et al., 2015; 
Jacquemyn et al., 2009). Given a long enough time, allele frequen-
cies at nuclear microsatellite loci should even out more efficiently be-
tween populations than plastid haplotype frequencies (Trapnell et al., 
2013). As a consequence of pollen dispersal between neighbouring 
populations, nuclear alleles will also spread more efficiently within 
the species as a whole (McCauley, 1994). These processes explain 
why we found a stronger IBD structure in the nuclear genome than 
in the plastid genome, and also why there was no significant phylo-
geographic signal in the nuclear data, in contrast to the plastid data.

The dispersal and colonization processes in D. umbrosa seem to 
agree with those described for tropical epiphytes, such as Brassavola 
nodosa (Trapnell et al., 2013). In epiphytes, new populations (in 
separate trees) are typically founded by one or few seeds from sur-
rounding populations. Gene flow between established populations 
proceeds by pollen dispersal, and if seeds arrive from long distance 
they should have negligible influence on already established meta-
populations. However, whereas many tropical epiphytes form meta-
populations with high turnover (Trapnell et al., 2013; Winkler et al., 
2009), metapopulation processes in the terrestrial D.  umbrosa are 
apparently much slower.

Whereas studies of northern European orchids have revealed 
only restricted geographic structuring of genetic variation in many 
cases, we found here a clear geographic structuring in D. umbrosa, 
expressed as an isolation by distance structure in the nuclear ge-
nome, a phylogeographic structure in the plastid genome, and a pat-
tern of decreasing pollen to seed dispersal ratios at progressively 
larger geographic distances. We suggest that this discrepancy is a re-
sult of the much longer time period available for developing a genetic 
structure in D. umbrosa, as compared to its European counterparts. 
Although orchids are exceptional in having minute, dust-like seeds 
that are seemingly easily dispersed by wind and might contribute to 
efficient gene dispersal over long distances, we conclude that such a 
gene dispersal is still not efficient enough to overcome factors that 
promote genetic divergence in a longer time perspective. In these 
respects, orchids are no different from other plant species in which 
seed dispersal is more restricted.
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