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Abstract Melampyrum sylvaticum is an endangered
annual hemiparasitic plant that is found in only 19 small
and isolated populations in the United Kingdom (UK). To
evaluate the genetic consequences of this patchy distribution we compared levels of diversity, inbreeding and differentiation from ten populations from the UK with eight
relatively large populations from Sweden and Norway
where the species is more continuously distributed. We
demonstrate that in both the UK and Scandinavia, the
species is highly inbreeding (global FIS = 0.899). Levels
of population differentiation were high (F’ST = 0.892) and
significantly higher amongst UK populations (F’ST =
0.949) than Scandinavian populations (F’ST = 0.762;
P \ 0.01). The isolated populations in the UK have, on
average, lower genetic diversity (allelic richness, proportion of loci that are polymorphic, gene diversity) than
Scandinavian populations, and this diversity difference is
associated with the smaller census size and population area
of UK populations. From a conservation perspective, the
naturally inbreeding nature of the species may buffer the
species against immediate effects of inbreeding depression,
but the markedly lower levels of genetic diversity in UK
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populations may represent a genetic constraint to evolutionary change. In addition, the high levels of population
differentiation suggest that gene flow among populations
will not be effective at replenishing lost variation. We thus
recommend supporting in situ conservation management
with ex situ populations and human-mediated seed dispersal among selected populations in the UK.
Keywords Habitat fragmentation  Inbreeding 
Microsatellite  Scotland  UKBAP

Introduction
Small populations in discrete habitat fragments have a
greater risk of extinction than larger populations in more
continuous habitats (Matthies et al. 2004; O’Grady et al.
2004). This is due to demographic and environmental
stochasticities (Lande 1988), the occurrence of edge effects
over a greater proportion of the habitat area (Murcia 1995)
and resultant changes to species composition and to the
interactions between species (Lovejoy et al. 1986; Wotton
and Kelly 2011). There are also complex interactions
between small population size, genetic diversity and individual fitness (Spielman et al. 2004; Aguilar et al. 2006;
Aguilar et al. 2008).
The consequences of small population sizes and isolation on within-population genetic diversity is well understood (reviewed in Schaal and Leverich 1996; Young et al.
1996; Aguilar et al. 2008) and small and isolated populations typically contain less genetic diversity than larger
connected populations. Over time, individuals in small,
isolated populations will become more homozygous
because of the low amounts of available genetic diversity
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within the population and increased inbreeding (Frankham
et al. 2002).
The consequence of reduced genetic diversity and
increased homozygosity on individual fitness is complex
and depends in part on a species’ life-history traits (Hamrick and Godt 1996; Bekker and Kwak 2005; Aguilar et al.
2006; Duminil et al. 2007). For species that are obligate
outcrossers, this may result in inbreeding depression (Nason and Ellstrand 1995; Charlesworth and Willis 2009;
Teixeira et al. 2009; Jolivet et al. 2013). Reduced fitness of
individuals in small populations can act to further reduce
the population size, creating a positive feedback loop that
has been termed an ‘extinction vortex’ (Gilpin and Soulé
1986). For species that are highly selfing and thus naturally
highly homozygous, low genetic diversity and high
homozygosity is expected to have lesser impact on
inbreeding depression because of the prior purging of
deleterious alleles (Husband and Schemske 1996; Byers
and Waller 1999; but see Busch 2005; Michalski and
Durka 2007; Rouselle et al. 2011). However, even in naturally inbreeding species, low levels of genetic diversity
can act as a constraint on evolutionary potential (Neaves
et al. 2013).
Melampyrum sylvaticum L. (small cow-wheat), is a
summer annual hemiparasitic plant whose distribution in
the United Kingdom (UK) consists of a series of small and
isolated populations. It was once widely distributed across
upland areas but is now known from only 19 populations,
all located in Scotland (Dalrymple 2007). The extant
populations have low census sizes (18–8000 plants, most
with \100 individuals), cover small areas (3–150 m2), and
occur within discrete habitat fragments that are bordered by
unsuitable, anthropogenically-influenced habitat. A further
six populations are known to have gone extinct in the UK
since 2004 (Dalrymple 2007; Crichton et al. 2012). The
causes of population decline are believed to be habitat loss
and degradation over long time scales, over-grazing (Rich
et al. 1998; Dalrymple 2007), over-collecting and gradual
climate change (Tennant 2008). In addition, the species is
presumed to be dispersal limited and so unable to recover
well from reductions in population area and/or census size
(Dalrymple 2006). Because of this relatively recent and
rapid decline in abundance in the UK, M. sylvaticum is
IUCN red-listed as ‘endangered’ (Cheffings and Farrell
2005), designated by the UK government as a Biodiversity
Action Plan (UKBAP) species (UK Biodiversity Group
1999) and designated by the Scottish government as a
Species Action Framework (SAF) species (Scottish Natural
Heritage 2007).
Conservation actions to date include the monitoring of
extant populations, a species recovery plan involving a
series of seed translocations into new sites (Dalrymple 2006;
Dalrymple and Broome 2010), and localised population
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expansions (Andy Scobie, pers. comm., Cairngorms Rare
Plants Project, 2012). Whilst much is known about the
biology of M. sylvaticum (e.g. Dalrymple 2006; Dalrymple
2007; Těšitel 2007; Těšitel et al. 2010), a serious impediment to designing an appropriate conservation management
plan for the species in the UK is a lack of knowledge
regarding the species’ breeding system and the risks of
inbreeding or outbreeding depression; and the amount and
distribution of genetic diversity and functional phenotypic
diversity within and between populations (Hufford and
Mazer 2003; Edmands 2007; Kramer and Havens 2009).
To better inform conservation management plans for M.
sylvaticum we used nuclear microsatellite markers on a
range of population sizes from isolated to more continuous
habitats in the UK, Sweden and Norway to infer (1) the
breeding system, and to assess (2) the amount of withinpopulation genetic diversity, (3) the relationship between
within-population genetic diversity and the area covered by
the population, (4) the genetic differentiation between
populations, and (5) the relationship between genetic differentiation and geographic distance.

Materials and methods
Study species
Melampyrum sylvaticum (Orobanchaceae) is a diploid
(2n = 18) non-clonal, generalist-hemiparasitic therophyte
(summer annual) (Dalrymple 2007). It grows as an understory herb in open deciduous and coniferous woodlands,
distributed across temperate European mountain ranges and
across the Scandinavian and Russian boreal zone (Soó and
Webb 1972; Dalrymple 2007). The flower corolla is small
(8–12 mm long, Dalrymple 2007), zygomorphic and a
golden-yellow colour. It is not known which species act as
pollinators for M. sylvaticum, although bees (Hymenoptera)
have been suggested as the yellow zygomorphic flowers are
known to be attractive to them (Rumsey 1994). Melampyrum sylvaticum is self-compatible and able to set seed
without insect visitation, as demonstrated by flower-bagging
experiments (Molau 1993; Dalrymple 2006). A mature fruit
contains 1–4 large seeds with an elaiosome. Because of their
large size, dispersal of M. sylvaticum seeds is primarily by
gravity and secondarily by ants, resulting in predominantly
highly restricted short-distance dispersal around the maternal plant (Dalrymple 2007).
Sampling
Ten small isolated M. sylvaticum populations in Scotland
(‘UK’) were sampled in either July 2008 or July 2009,
representing the range of census sizes, area sizes and
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geographical spread of the species in the UK (Table 1). A
further eight populations from the Abisko region of
northern Sweden, the Sweden-Norway border, and the
Lofoten Islands of Norway (‘Scandinavia’) were sampled
in July 2008. These populations were large and located
within relatively undisturbed woodland habitat. The
Scandinavian sampling extended from the Abisko region to
the Lofoten Islands in order to replicate the distances
between populations sampled in the UK (population-pairwise geographic distances: UK: minimum = 1.09 km,
average = 75.74 km, maximum = 134.92 km; Scandinavia:
minimum = 2.45 km, average = 57.70 km, maximum =
146.24 km).
Sampling within a population involved identifying the
population boundaries and sampling up to 30 individuals
evenly across the area covered by the population. In the
UK, the discrete nature of the populations made this relatively straightforward. In the large Scandinavian populations, the population boundaries are more diffuse and
sampling was undertaken in areas where the species cover
was continuous. Leaf material was collected into plastic
zip-lock bags containing silica gel. The sampling area was
calculated in two ways. First, sampled plants were individually mapped (to transects in five UK populations and
by GPS in all Scandinavian populations) and the area
between the perimeter plants (the ‘convex hull’) was calculated in R (R Core Development Team 2010) using the
‘Spatstat’ package (Baddeley and Turner 2005). Second,
for five UK populations the area of sampling was estimated
Table 1 Sampled populations
of Melampyrum sylvaticum in
the UK and Scandinavia

Population

using Ordinance Survey maps and Google Earth. A population census was conducted at the time of sampling. For
the large Scandinavian populations, the census size was
estimated as being between 2000 and 5000, 5000 and
10,000, or more than 10,000 plants (Table 1).
DNA extraction and genotyping
DNA was extracted from silica gel stored leaf material using
the CTAB method (Doyle and Doyle 1990) and genotyped
using seven polymorphic microsatellite loci: MsU21,
MsV32, MsH14, MsQ84, MsT12, MsO66, and MsJ32
(Crichton et al. 2012b). The forward primers were tagged at
the beginning of their sequence with an M13 sequence (50 CACGACGTTGTAAAACGAC–30 ) and PCR reactions
were performed in 10-lL volumes using the protocol:
1 9 buffer (Bioline, London, UK), 2.5 mM MgCl2, 0.2 mM
dNTPs, 0.1 lM fluorescently labelled M13 primer (50 CACGACGTTGTAAAACGAC–30 ; 6-FAM, VIC, PET,
NED), 0.05 lM M13 tagged forward microsatellite primer,
0.1 lM reverse microsatellite primer, 0.05U taq (Bioline,
London, UK) and 1lL of unquantified DNA. The PCR
program cycled through: 1 9 94 °C 4 min; 30 cycles of
94 °C 30 s, 58.5 °C 30 s, 72 °C 30 s; 1 9 72 °C 20 min.
1 ll PCR product of each of the four primer-dye combinations per sample was added to 30 ll distilled water. 1 ll of
this mixture was then added to 9 ll formamide including
LIZ-500 (Applied Biosystems, Foster City, CA) as internal
size standard and run on a 3730 ABI automated sequencer at
Area (m2)

Census size

Abbreviation

Latitude (N)

Longitude (W)

AB

56° 360

3° 520

28

1700

Glen Tilt

GT

56° 47

0

0

3° 49

10

8000

Keltneyburn

KB

56° 370

4° 000

3

150

Lismore

LS

56° 320

5° 280

8

85

Corriefeol

CR

57° 300

4° 590

5

Eiridh

ER

57° 120

5° 120

50

Athair

AT

57° 120

5° 110

5

210

0

3° 350

10

100

UK
Aberfeldy

Mar

Mar

57° 04

River Nairn Viaduct

RNV

57° 460

4° 370

5

0

4° 370

64

Loch Ossian

30
1200

40

LO

56° 46

MR

68° 200

18° 460

133

5000–10,000

Rihtongira

RH

68° 21

0

0

18° 45

381

[10,000

Jieprinkiedde
Stenbacken

JD
ST

68° 270
68° 140

18° 510
19° 340

150
69

5000–10,000
2000–5000

Karsevagge

KR

68° 200

18° 410

125

5000–10,000

Riksgransen

RK

68° 260

18° 90

96

Skanland

SK

68° 38

0

Fiskoy

FS

68° 290

1500

Scandinavia
Marmorbrottet

0

2000–5000

16° 42

102

5000–10,000

16° 40

131

5000–10,000
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the Genepool facility in Edinburgh, UK. Peaks were scored
manually using GeneMapper software v 3.7 (Applied
Biosystems, Foster City, CA). Genotyping was repeated on
all samples which did not work or where scoring was
ambiguous.
Null alleles were inferred by consistent non-amplification of a sample using a primer pair for a given locus,
despite reliable amplification of the same sample when
using primer pairs for other loci. Population-wide null
alleles were present in locus MsT12 for all Scandinavian
populations and the UK population GT, and in locus MsJ32
for the UK population GT. Occasional null alleles present
in locus MsH14 in the UK population AB were treated as
missing data.
Genetic diversity
The total number of alleles per population (AN), allelic
richness (AR) (the mean number of alleles per locus, with
the smallest population [CR, n = 11] removed and so
rarefied to the next smallest sample size of 24 individuals),
gene diversity (HE), the observed heterozygosity (HO) and
the inbreeding coefficient (FIS) were calculated using
FSTAT v. 2.9.3.2 (Goudet 1995). The significance of FIS
from zero was calculated by permuting alleles among the
individuals within a population (1000 replications). The
proportion of loci that are polymorphic (P) and the number
of private alleles (AP) were calculated using GDA (Lewis
and Zaykin 2001). The number of unique multilocus
genotypes within a population was calculated on samples
with no missing data using GENALEX v. 6.2 (Peakall and
Smouse 2006) and transformed into the proportion of distinguishable genotypes (PD) by dividing the number of
unique multi-locus genotypes by the number of samples
used. The significance of the regional difference between
AR (with CR population removed), HE, HO, and FIS was
calculated in FSTAT using two-way randomisation tests
(1000 replications) with all the UK populations in Group 1
and all the Scandinavian populations in Group 2. The
significance of the regional difference between P, AN, AP,
and PD were calculated by performing an unpaired Welch’s
t test in R on the population-level values, between the two
regions. Tests for association between the genetic diversity
parameters of AR and HE with the sampling area (m2) were
calculated by performing a Pearson’s product moment
correlation coefficient in R.
Genetic structure
Population genetic differentiation was calculated using
three parameters. FST (Weir and Cockerham 1984) and
standardised F’ST (Hedrick 2005) were calculated using
FSTAT and RECODEDATA (Meirmans 2006), without
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assuming Hardy–Weinberg equilibrium, by permuting
genotypes among populations with 1000 replications. The
significance of regional differences was performed by
performing a between group comparison in FSTAT, using
a two-way randomisation test (1000 replications). DEST,
which relies on allelic differentiation rather than
heterozygosity (Jost 2008), was calculated using SMOGD
with 1000 bootstrap replications (Crawford 2010). The
significance of the difference in DEST values between
populations in the UK and Scandinavia was calculated by
performing an unpaired Welch’s t-test on the DEST values
of each of the five loci in each region.
To assess whether populations show an isolation-bydistance (IBD) pattern of genetic relatedness, Mantel tests
were performed in GENALEX separately on populations
within the UK and populations within Scandinavia using
the linearised population-pairwise DEST against populationpairwise linear geographic distance. Population-pairwise
DEST was linearised in order to unbind it from a maximum
of 1 by using the following formula: linearised DEST = DEST/(1-DEST) (Slatkin 1995, as applied to FST). Since it
is not possible to linearise a DEST of 1, in such instances the
value of DEST was reduced to DEST = 0.999 before linearisation. Population-pairwise geographic distances were
generated using a Geographic Distance Matrix Generator
(http://biodiversityinformatics.amnh.org/open_source/gdmg/).
The significance of the IBD relationship was assessed by
performing 999 permutations of data within the
matrices.

Results
Genetic diversity
As some loci showed clear evidence for null alleles in some
populations we undertook sensitivity analyses removing
different loci and/or populations (Table 4 in online supplementary material). The global picture on genetic
diversity and differentiation results was very similar
between the different datasets and the results are therefore
presented with two of the seven loci removed (MsJ32 and
MsT12) to maximise the representation of M. sylvaticum
populations.
The five microsatellite loci used in the study were all
polymorphic, P = 1. The number of alleles per locus ranged
from AN = 14–24, and the allelic richness ranged from
AR = 9.19–15.14 (Table 2). Expected heterozygosity ranged from HE = 0.680–0.923, whilst the observed heterozygosity was much lower, ranging from HO = 0.030–0.043.
Populations in the UK had significantly lower withinpopulation diversity than populations in Scandinavia for
the proportion of polymorphic loci (P) (P \ 0.05), number
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of alleles per locus (AN) (P \ 0.001), allelic richness (AR)
(P \ 0.01), proportion of distinguishable genotypes (PD)
(P \ 0.001), expected heterozygosity (HE) (P \ 0.01) and
observed heterozygosity (HO) (P \ 0.01) (Table 3). Populations in the UK had a lower number of private alleles than
populations in Scandinavia but the difference was not
significant (UK AP = 1.0, Scandinavia AP = 2.1,
P = 0.081) (Table 3).
Seven of the ten UK populations: GT, KB, LS, CR, AT,
Mar and RNV; and the Scandinavian population ST had
very low amounts of genetic diversity (P = 0–0.8; AN = 59; AR = 1–1.8; PD = 0.03–0.46; HE = 0–0.182) (Table 3).
One population (GT) was monomorphic at all five loci, and
three others (RNV, AT and KB) were monomorphic at four
loci. These populations covered the smallest areas (3–10 m2
for the UK populations; 69 m2 for ST) and had the smallest
census sizes (30–150 plants in the UK populations;
2000–5000 in ST) (Table 1). The one exception to this is
GT, a UK population with a large census size (n = 8,000),
but still a very small population area (10 m2).
The remaining three UK populations: AB, ER and LO;
and the Scandinavian population RK had intermediate
amounts of genetic diversity (P = 0.8–1; AN = 17–25;
AR = 3.3–5;
PD = 0.28–0.93;
HE = 0.411–0.582)
(Table 3). These three UK populations were the ones with
the largest areas in the UK (28 m2–64 m2) and had the
largest census sizes after GT (1200–1700 plants). Population RK was the Scandinavian population with the second
smallest area (96 m2) after ST and the smallest census size
(2000–5000 plants) (Table 1).
The remaining six Scandinavian populations: MR, RH, JD,
KR, SK and FS had the highest amounts of genetic diversity
(P = 1; AN = 30–41; AR = 5.8–7.6; PD = 0.71–1;
HE = 0.600–0.764) (Table 3). These populations covered the
largest areas (125–381 m2) and had the largest census sizes
(5000–[10,000 plants) (Table 1).
The genetic diversity parameters of allelic richness and
expected heterozygosity were significantly, positively
Table 2 Genetic diversity at
seven microsatellite loci in
Melampyrum sylvaticum from
the UK and Scandinavia

associated with sampling area (m2) across all eighteen
populations (AR: r = 0.795, P \ 0.001; HE: r = 0.742,
P \ 0.001) and across the ten UK populations (AR:
r = 0.975, P \ 0.001; HE: r = 0.923, P \ 0.001), but not
across the eight Scandinavian populations (AR: r = 0.560,
P = 0.149; HE: r = 0.504, P = 0.203) (Fig. 1).
At the population level the inbreeding coefficients was very
high, ranging from FIS = 0.849–0.931, and there was no
significant difference between the regions (UK FIS = 0.925,
Scandinavia FIS = 0.887, P = 0.374) (Table 3).

Genetic structure
Genetic differentiation, as estimated by FST showed very
high global population structure (FST = 0.554) and this
was significantly higher amongst UK populations
(FST = 0.749) than amongst Scandinavian populations
(FST = 0.326) (P \ 0.01). Similarly, the global standardised measure of genetic differentiation, F’ST, was
very high (F’ST = 0.892) and significantly higher
amongst UK populations (F’ST = 0.949) than amongst
Scandinavian populations (F’ST = 0.762) (P \ 0.01).
Population genetic differentiation as estimated by DEST,
was very high globally (DEST = 0.773) but there was no
significant difference between populations in the UK
(DEST = 0.796) or in Scandinavia (DEST = 0.689)
(P = 0.081).
There was no correlation between genetic and geographic distance at the inter-population level in either
region (UK: R2 = 0.010, P = 0.274; Scandinavia:
R2 = 0.000, P = 0.460). Population pairwise genetic differentiation ranged from DEST = 0.089–1 (Table 5 in
online supplementary material). The two populations with
the lowest pairwise differentiation of DEST = 0.089 were
two Scandinavian populations MR and KR, separated by
3 km. Total genetic differentiation of DEST = 1 occurred
for thirteen population pairwise combinations, separated

Locus

n

% Missing data

AN

AR

HE

HO

FIS

DEST

FST

F’ST

MsH14

500

1.57

18

11.58

0.858

0.038

0.889

0.824

0.617

0.931

MsO66

507

0.20

14

9.19

0.767

0.043

0.849

0.707

0.639

0.890

MsQ84

505

0.59

18

13.39

0.921

0.030

0.931

0.922

0.550

0.958

MsU21

508

0

21

15.14

0.923

0.039

0.928

0.887

0.419

0.923

MsV32

505

0.59

24

10.27

0.680

0.044

0.858

0.596

0.563

0.808

MsJ32*

472

1.26

3

2.19

0.454

0.004

0.955

0.419

0.803

0.886

MsT12*

220

7.56

9

8.12

0.859

0.005

0.975

0.915

0.805

0.988

n, number of samples successfully amplified and scored; AN, number of alleles per locus; AR, allelic
richness, the average number of alleles per locus; HE, unbiased expected heterozygosity; HO, observed
heterozygosity; FIS, inbreeding coefficient; DEST, estimator of allelic population differentiation; FST,
estimator of population differentiation; F’ST, standardised estimator of population differentiation. * Loci
with population-wide null alleles and therefore removed from further analyses
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Table 3 Genetic diversity of
Melampyrum sylvaticum from
the UK and Scandinavia at the
population, regional (UK and
Scandinavia) and global (all
populations) level, using five
microsatellite loci
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n

P

AN

AR

AP

PD

HE

AB

30

0.8

17

3.3

1

0.56

0.411

0.042

0.899***

GT

30

0

5

1.0

1

0.03

0

0

NA

KB

30

0.2

6

1.2

0

0.07

0.102

0

1***

LS

30

0.8

9

1.7

1

0.20

0.182

0.013

0.927***

CR

11

0.6

9

NA

1

0.46

0.131

0.036

0.722**

ER

30

1.0

20

3.9

1

0.28

0.428

0.020

0.953***

AT

24

0.2

6

1.2

1

0.08

0.017

0

1*

Mar

24

0.6

9

1.8

0

0.17

0.162

0

1***

RNV

29

0.2

6

1.2

0

0.07

0.007

0.007

NA

LO

30

1.0

26

5.0

4

0.77

0.582

0.047

0.920***

MR

30

1.0

30

5.9

0

0.7

0.607

0.020

0.967***

RH

30

1.0

41

8.0

2

1

0.764

0.161

0.789***

JD
ST

30
30

1.0
0.4

31
7

6.1
1.4

2
1

0.93
0.10

0.637
0.032

0.034
0.007

0.947***
0.794**

KR

30

1.0

30

5.8

1

1

0.600

0.087

0.854***

RK

30

1.0

25

4.9

5

0.93

0.506

0.100

0.802***

SK

30

1.0

38

7.4

4

1

0.741

0.040

0.946***

FS

30

1.0

39

7.6

6

0.90

0.691

0.067

0.904***

UK

26.8ns

0.5*

11.3***

2.3**

1ns

0.37**

0.199**

0.016**

0.925ns

Scandinavia

30.0

0.9

30.1

5.9

2.1

0.81

0.564

0.064

0.887

Global average

28.2

0.7

20.0

4.0

1.7

0.58

0.361

0.038

0.899

Population

HO

FIS

UK

Scandinavia

Regional average

n, sample size; P, proportion of polymorphic loci; AN, the total number of alleles over five loci; AR, allelic
richness over five loci, rarefied to a sample size of 24 individuals; AP, private alleles; PD, proportion of
distinguishable genotypes; HE, unbiased expected heterozygosity; HO, observed heterozygosity; FIS,
inbreeding coefficient. Significance levels: *** = P \ 0.001; ** = P \ 0.01, * = P \ 0.05; ns not significantly different from zero; NA not applicable

Fig. 1 Correlation between
(a) allelic richness (AR) and
(b) expected heterozygosity
(HE), with sampling area (m2)
for Scandinavian (SC) and UK
populations of Melampyrum
sylvaticum

by distances ranging from 1 km (between UK populations
ER and AT, located in different gullies of the same
mountain) to 1739 km (between UK population AT and

123

Scandinavian population ST, both with very low amounts
of genetic diversity) (Table 5 in online supplementary
material).
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Discussion
This research was initiated to gain a greater understanding
of the biology of the annual, hemiparasitic plant species M.
sylvaticum that is endangered in the UK in order to design a
species–specific conservation management plan with the
best chance of long-term success.
A key result of this study is that M. sylvaticum is highly
inbreeding irrespective of population demographic or
habitat factors. The inbreeding coefficients for M. sylvaticum populations (FIS = 0.722–1) are amongst the
highest, and least variable of any species within the Rhinanthoid Orobanchaceae clade (sensu Těšitel et al. 2010):
Euphrasia spp. FIS = 0.17–0.77 (French et al. 2005),
Rhinanthus minor FIS = 0–0.852 (Ducarme and Wesselingh 2013; Houston and Wolff 2012), and Rhinanthus
angustifolius FIS = 0–0.169 (Ducarme and Wesselingh
2013). Whilst it was known that M. sylvaticum was able to
set seed in the absence of pollinators (Molau 1993; Dalrymple 2006), this was presumed to occur primarily as a
reproductive back-up strategy for when cross-pollination
had not occurred (Smith 1963; Horrill 1972; Kwak 1988).
That M. sylvaticum is naturally highly inbreeding will
have positive consequences for how the species experiences surviving in small, isolated populations (Aguilar
et al. 2006, 2008). Most importantly, reproduction will be
assured in the absence of conspecifics or pollinator species,
and the effects of inbreeding depression are likely to be
reduced due to the prior purging of deleterious alleles
(Byers and Waller 1999). This may contribute to the persistence of M. sylvaticum in some of the small, isolated
habitat fragments. However, the predominantly selfing
breeding system will also restrict levels of gene flow in M.
sylvaticum populations which might be exacerbated by
limited seed dispersal (Dalrymple 2007). The seeds of M.
sylvaticum are the largest within the Orobanchaceae
(Těšitel et al. 2010) and are unlikely to exceed the dispersal
distances of closely related M. pratense where the average
distance is 0.91 m/year and the majority of seeds disperse
within 0.25 m of the mother plant (Heinken 2004). It is
therefore not surprising that the studied populations show
high levels of genetic differentiation (UK: F’ST = 0.949,
and Scandinavia: F’ST = 0.762).
A general finding from this study is that populations
occupying small patches of habitat have low genetic
diversity. This is the case for most UK populations, and the
one Scandinavian population (ST) with a similar population area to those from the UK also had lower genetic
diversity. The most diverse population from the UK (LO)
was the one occupying the largest area, and the large
populations in Scandinavia typically showed high levels of
genetic diversity. The six largest Scandinavian populations
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had the highest amount of genetic diversity and were
within large areas of natural woodland and did not have
clear boundaries. Genetic diversity was so high that the
majority of the plants sampled contained a unique multilocus genotype. This is in agreement with findings from
other studies where a continuous habitat relatively free
from anthropogenic disturbances tended to contain more
genetic, species and functional diversity than small and
isolated habitat patches (MacArthur and Wilson 1967;
Lovejoy et al. 1986; Saunders et al. 1991; Tabarelli et al.
1999; Flynn et al. 2009).

Conservation management implications
In light of these findings we recommend that as many of
the UK populations as possible, including the smallest
populations which have been historically been overlooked
(Centre for Plant Conservation 1991; Dalrymple and
Broome 2010), are conserved, ideally in situ but also ex
situ, because each population is likely to contain unique
genetic (and potentially functional phenotypic) diversity.
Whilst much of the within-population genetic diversity will
be ‘epitypic’ due to genetic drift, some may be ‘ecotypic’
due to natural selection to the local ecological and environmental conditions (Hufford and Mazer 2003; Picó and
van Groenendael 2007).
Given the strong relationship between population area
and genetic diversity, it is particularly important for this
species that seed collected for conservation activities is
collected from as many mothers as possible spread across
the site, over a number of successive years. This strategy
would ensure that much of the genetic diversity within a
population is captured (Kettle et al. 2008; Weeks et al.
2011), and would lessen the seed-collection burden from
the wild populations in any one year (Centre for Plant
Conservation 1991; McKay et al. 2005). The collected seed
could be sown into an ex situ environment and maintained
as a living collection (Crichton et al. 2012) with the seeds
produced being used to continue the living collection and
for restoration efforts, in line with Target 8 of the Global
Strategy for Plant Conservation: ‘‘At least 75 % of
threatened plant species in ex situ collections, preferably in
the country of origin, and at least 20 % available for
recovery and restoration programmes’’ (www.plants2020.
net/target-8).
Where there is suitable habitat near to an extant population, local expansion should be performed by humanmediated seed dispersal. This would increase the population area and number of individuals; capture as much of the
genetic diversity contained within the extant population as
possible and therefore slow down the effects of genetic
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drift; and increase the opportunity for novel diversity to
evolve. Local population expansion has already been
effectively performed at the AB and GT populations with
good results (Dalrymple 2006; Andy Scobie, pers. comm.
Cairngorms Rare Plants Project, 2012).
Translocation of seed into new sites has been performed
with limited success and it is difficult to know the reasons
for this (Dalrymple and Broome 2010). When material is
selected for translocations, ecological similarity between
donor and receipt sites is a pragmatic starting point
(Montalvo and Ellstrand 2000; Joshi et al. 2001; Bischoff
et al. 2006; Noël et al. 2011). The highly selfing nature of
the species means that the probability of persistent outbreeding depression resulting from translocations is low
because even if genetically incompatible lineages are
brought together, the chances of crossing events are limited. This provides an opportunity to experiment with using
seed from multiple genetically differentiated populations,
thereby maximizing the chances of some material being
adapted to the prevailing conditions of the new site and so
surviving in the short term, and of having adequate genetic
diversity to respond to future environmental change in the
longer term.
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Conservation biology. The Science of Scarcity and Diversity,
Sinauer Associates, pp 257–285
MacArthur RH, Wilson EO (1967) The theory of island biogeography. Princeton University Press, Princeton
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Czech Republic
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