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Conservation biologists have drawn up a range of guidelines for the conservation of genetic diversity—to maxi-
mise the chances that populations of threatened species persist, and to conserve this variation for its potential
utility. However, our understanding of the effectiveness of conservation guidelines formaintaining genetic diver-
sity in situ is limited. Furthermore, we lack information on how species-level variation in mating system affects
these genetic conservation strategies.We used the British geographical ranges of eight widespread but declining
plant species, varying in breeding system, as a model to assess the effectiveness of guidelines for the in-situ con-
servation of neutral genetic diversity. By applying simulated in-situ conservation scenarios to amplified fragment
length polymorphism data, we show that the conservation of one population (the “minimum-set” approach)
would retain ~70% of common allelic variation, but few or no rare alleles (alleles with frequency ≤ 0.05). Our re-
sults indicate that the conservation of N35% of populations would be needed to reach the Convention on Biolog-
ical Diversity's recommendation to conserve 70% of genetic diversity in situ, as applied to rare alleles (~10
populations within each species' British range). The capture of genetic variation in simulated conservation net-
works was insensitive to breeding system. However, a spatially stratified approach to population selection led
to significantly greater capture rates for common alleles in two of our study species, relative to a spatially random
strategy. Our study highlights the challenges of conserving genetic variation, and emphasises the vulnerability of
genetic biodiversity to reductions in the extent of species' ranges.

© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Conservation practitioners have limited resources to carry out their
work, and must mitigate extinction threats to species and populations
against a background of activities that compete with conservation for
land use. Hence they often need to make, either explicitly or implicitly,
decisions regarding how many and which populations in a species'
range should be conserved (Margules and Pressey, 2000; Prendergast
et al., 1999). The populations comprising species' ranges often differ ge-
netically from one another. For instance, levels of genetic diversity can
vary in response to local population size and habitat fragmentation,
and populations also differ in the expression of inbreeding depression
and in their environmental adaptations (Aguilar et al., 2008; Angeloni
et al., 2011; Ellstrand and Elam, 1993; Frankham, 1996; Franks et al.,
2014; Leimu and Fischer, 2008). Thus, the decision to protect a subset
of populations is likely to carry immediate consequences for the
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conservation of genetic biodiversity (Neel and Cummings, 2003a), and
may also alter the demographic sustainability of populations through
habitat fragmentation and responses to environmental change.

Conservation and agricultural biologists have used theoretical and
empirical approaches to understand how genetic diversity is captured
under different conservation scenarios, and to formulate guidelines for
the conservation of genetic diversity (summarised in Table 1). Initially,
these dealtwith the capture of allelic diversitywithin ex-situ collections,
and were derived from sampling theory for neutral alleles (Marshall
and Brown, 1975). Recent ex-situ guidelines range from relatively
small targets (e.g. collection of seed from 10 individuals in each of five
populations; Centre for Plant Conservation (CPC, 1991) to comprehen-
sive collections of germplasm (Brown and Marshall, 1995). However,
these ex-situ guidelines are also relevant to, and have been extended
to include, the conservation of genetic diversity in situ (Dulloo et al.,
2008; Neel and Cummings, 2003a). This development is important, be-
cause only 28–38% of threatened plants have five populations in ex-situ
collections (Godefroid et al., 2011). Furthermore, ex-situ populations
can rapidly become genetically diverged from their source populations
(Lauterbach et al., 2012), may lose adaptation to their source environ-
ment, and may become inbred (Schoen and Brown, 2001), highlighting
the need for complementary in-situ conservation.
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Table 1
Summary of conservation guidelines relevant to the conservation of genetic diversity.

Guideline Intended scope Description

Margules et al. (1988)
minimum set
approach

Representation of species
within protected area
networks

Aims to represent each
species at least once, i.e. at
least one population per
species

Marshall and Brown
(1975) target

Ex-situ collections of crops
and their wild relatives

Aims to capture each of a
species' common alleles
(those present at
frequency ≥ 0.05 in any
individual population) with
90–95% probability; 50–100
individuals from each
population

Brown and Briggs
(1991) guideline

Ex-situ collections of
endangered plant species

Recommends collection of a
minimum of 10 individuals
from each of five
populations

Centre for Plant
Conservation (1991)
original guideline

Ex-situ collections of
endangered plant species

Recommends collection of
10–50 individuals from
each of five populations

Dulloo et al. (2008)
guideline

In-situ networks of
genetic reserves for crop
wild relatives

Recommends conservation
of a minimum of five
populations in situ within
genetic reserves (protected
areas)

Lawrence et al. (1995)
guideline

Ex-situ germplasm
collection for natural or
agricultural plant
populations

Aims to conserve at high
probability all of the
common alleles
(frequency N 0.05) present
in a species; collect seed or
vegetative tissue from 172
plants

Brown and Marshall
(1995) guideline

Ex-situ seed collection Recommends collection of
seed from 50 individuals
from each of 50 populations
per ecogeographical region
of each species

Centre for Plant
Conservation
updated guideline
(Guerrant et al.,
2004)

Ex-situ seed collection for
endangered plant species

Recommends collection of
seed from 50 individuals
from each of 50 populations
per ecogeographical region
of each species

Updated global
strategy for plant
conservation (CBD,
2010)

Crops, their wild relatives
and other
socio-economically
important plant species

Recommends conservation
of 70% of genetic diversity
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An understanding of the effects of population sampling on the con-
servationof genetic diversity is also needed to guide policy. The Conven-
tion on Biological Diversity (CBD) provides an international policy
framework for the conservation of plant genetic diversity, which applies
particularly to its uses in crop breeding and to its human utility value
(e.g. for crop improvement; Castañeda-Álvarez et al., 2016; CBD,
1992). Furthermore, the IUCN states that there is a need for ‘themainte-
nance of existing genetic diversity and viable populations of all taxa in
the wild in order to maintain biological interactions, ecological process-
es and function’ (Maunder and Byers, 2005). Recent revisions to this
general framework (CBD, 2010) recommend the conservation of 70%
of genetic diversity (Table 1). However, this recommendation was ac-
companied by little specific guidance as to what sort of genetic diversity
should be targeted, or how many populations should be conserved in
situ to achieve this, especially for wild species with low potential utility
value (e.g. species that are not wild relatives of crop plants).

The impacts of genetic guidelines (Table 1) on the conservation of
genetic diversity and demographical sustainability have not been
assessed thoroughly. Assuming that the genetically effective population
size (NE) is 10% of the census population size (NC), the larger guideline
census sample sizes listed in Table 1 would imply NE exceeding 50, on
average (Palstra and Ruzzante, 2008). These effective population sizes
may be sufficient for the maintenance of fitness in the short term
(Franklin, 1980; Jamieson and Allendorf, 2012). However, such
approximations remain highly controversial, and are not guaranteed
to hold in individual cases, due to wide variation in the ratio of NE/NC

among species (Frankham et al., 2014; Franklin et al., 2014).
It also remains unclear as to how effectively these sampling strate-

gies would conserve the quantitative genetic variation that underpins
evolutionary potential and adaptation (Hamilton, 1994; Schoen and
Brown, 2001). In principle, variation at neutral molecular markers
could be used as a proxy (Brown and Briggs, 1991). Conclusions regard-
ing quantitative variation would then rest on the assumption that neu-
tral and quantitative genetic variation share similar sampling properties
(Hamilton, 1994). However, neutral genetic structure is only weakly
correlated with quantitative genetic structure (Leinonen et al., 2008;
Reed and Frankham, 2001;Willi et al., 2006), limiting its utility as a gen-
eral indicator in conservation genetics. Ultimately, genomics ap-
proaches are likely to greatly enhance our understanding of the
distribution of quantitative and detrimental genetic variation in species
of conservation concern, resolving these uncertainties (Savolainen et al.,
2013; Shafer et al., 2015). In the meantime, neutral molecular markers
continue offer a valid method for assessing the genetic consequences
of conservation guidelines and strategies.

Previous studies have shown that the conservation of neutral genetic
variation depends strongly on the numbers of populations conserved
(Neel and Cummings, 2003a), and that ecological criteria and reserve
guidelines might lead to poor representation of genetic biodiversity in
conservation networks (Neel and Cummings, 2003b). This early work
investigated the effectiveness of genetic conservation strategies using
four rare outbreeding plant species (Neel and Cummings, 2003a). In-
breeding (selfing) plant species were not included in these studies,
but their genetic responses to habitat fragmentation and inbreeding dif-
fer in important ways from those of outcrossing species. For example,
habitat fragmentation leads to stronger reductions in molecular varia-
tion in outcrossing species than in selfing species (Aguilar et al., 2008).
Furthermore, common and recently rare plant species are at greater
risk of losses of genetic biodiversity following fragmentation than natu-
rally rare plant species (Aguilar et al., 2008). Thus, there is a need to as-
sess the effectiveness of genetic conservation guidelines in a broader set
of species, incorporating both inbreeding, and relatively more wide-
spread taxa.

Here, we consider the effectiveness of conservation sampling guide-
lines for capturing species' genetic diversity in situ, using amplified frag-
ment length polymorphism (AFLP) datasets gathered from natural
populations of eight currently widespread, but declining plant species.
Our study species spanned a range of mating systems from highly in-
breeding to obligate outcrossing.We simulated a range of in-situ conser-
vation strategies by sampling populations from each genetic data set,
using both randomised and spatially stratified sampling approaches,
and measured the effects on the retention of common and rare alleles.
We also measured the influence of conservation scenarios on levels of
expected heterozygosity and genetic differentiation. Our results confirm
that much common allelic diversity may be readily conserved in rela-
tively few populations (~five), but also suggest that a substantially
greater number of populations (≥10) would be required to capture
rare allelic variation efficiently.

2. Material and methods

2.1. Study species

We studied eight herbaceous plant species native to the British Isles:
Arabis glabra (L.) Bernh., Cirsium eriophorum (L.) Scop., Cirsium
heterophyllum (L.) Hill, Dianthus deltoides (L.), Gentianella campestris
(L.) Börner, Iberis amara (L.), Pinguicula vulgaris (L.) and Trollius
europaeus (L.); nomenclature follows Stace (1997). These species were
selected through consultation with UK conservation agencies. In addi-
tion, they were selected to be representative of species that have suf-
fered recent reductions in their geographical ranges. All except C.
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eriophorum have experienced retraction in range extent in the UK
(Preston et al., 2002). Furthermore, they were chosen to include a bal-
ance of geographical distributions, including species distributed pre-
dominantly within the north and predominantly within the south of
theBritish Isles (Fig. A1, Supplementarymaterials; available as anonline
appendix). Finally, species were selected so that their mating systems
typified the span present in herbaceous plants, from highly inbreeding
to obligate outbreeding (Table 2). All the species are diploids, except
G. campestris and P. vulgaris, which are tetraploid and octoploid, respec-
tively, relative to the basic chromosome numbers within their genera
(Casper and Stimper, 2009; Löve and Löve, 1975).

2.2. Study populations and sampling

We selected study populations of each study species based on a spa-
tially hierarchical design. First, we created maps of the local density of
presence/absence records for each species (Fig. A1), and used these to
choose up to six geographical sampling regions per species (Fig. 1;
Table A2; Fig. A3). Sampling regions were spread across the British
range of each species and, where possible, each occupied a local gradi-
ent in density (a local range edge). Next, we selected up to eight popu-
lations per region (where possible), and approached landowners for site
access permissions. Almost all study populations had distinct bound-
aries, often reflecting the patchy distribution of the species' preferred
habitats (Table A4). The mean size of the sampling regions (maximum
distance between any pair of populations within a region) was
35.1 km. Themean distance among pairs of sampled populationswithin
regions was 20.2 km.

We visited our study populations over two field seasons (2005 and
2006) and recovered ~57 leaf tissue samples per population on average
Table 2
Mating system, sampling design, and a summary of genetic diversity and structure inferred fro

Species (family) Mating systema Sampling design

No.
regions

No.
populations

No. individuals
(Mean; range per
population)

Arabis glabra
(Brassicaceae)

Inbreeding 3 16 724
(44.3; 17–80)

Cirsium
eriophorum

(Asteraceae)

Possibly inbreeding 5 25 333
(13.4; 10–16)

Cirsium
heterophyllum

(Asteraceae)

Outbreeding, can
reproduce vegetatively

5 37 1782
(48.7; 16–136)

Dianthus deltoides
(Caryophyllaceae)

Mixed mating,
self-compatible

3 18 827
(45.8; 16–124)

Gentianella
campestris

(Gentianaceae)

Mixed mating,
self-compatible

6 26 1475
(40.7; 18–186)

Iberis amara
(Brassicaceae)

Self-incompatible 4 17 1313
(77.2; 21–183)

Pinguicula vulgaris
(Lentibulariaceae)

Mixed mating,
self-compatible, can
reproduce vegetatively

6 24 775
(32.3; 18–47)

Trollius europaeus
(Ranunculaceae)

Obligate outbreeder 5 42 1530
(36.4; 15–49)

a “Mixed mating” refers to situations in which plants set seed when non-self-pollen has bee
pollinators. “Outbreeding” refers to the situation where plants set little or no seed when pollin
known. Further details and references can be found in Text A7.

b HT and HW are, respectively, the total gene diversity of the entire sample of individuals an
c Calculation of FST follows Lynch and Milligan (1994), and its significance has been tested b
d Isolation by distance calculations were done using FST / (1 − FST) as the measure of geneti
⁎⁎ p b 0.01.
⁎⁎⁎ p b 0.001.
(each approximately 1 cm2), applying additional a priori sampling rules
within populations (Text A5, Table A6). These samples were placed im-
mediately on silica gel and stored at room temperature until needed.

2.3. DNA genotyping

DNA was extracted from leaf samples using a high-throughput
plate-based method (Whitlock et al., 2008a), and genotyped using
AFLP markers (Vos et al., 1995). AFLP chromatograms were scored
using the software GENEMAPPER V3.7 (Applied Biosystems) and AFLPSCORE

version 1.4b (Whitlock et al., 2008b). Genotyping error was controlled
by genotyping replicate tissue samples and through error rate analysis
within AFLPSCORE. We present full details, including methods for analysis
of genetic diversity and structure, in Text A7 and Table A8.

2.4. Assessment of allelic variation

We considered only AFLP fragment presence alleles, since identifica-
tion of null alleles is ambiguouswhen they are present at low frequency.
We restricted our assessment of allelic variation to loci that were poly-
morphic globally across all populations within species. Allele frequency
was measured using Zhivotovsky's Bayesian approach (Zhivotovsky,
1999), and we classed fragment presence alleles as either common
(p N 0.05 in at least one population) or rare (p ≤ 0.05 in all populations).
Rare alleles could not be identified in Cirsium eriophorum, since all pop-
ulation sample sizes were b20.

Information on the level of within-population inbreeding (FIS) is
needed to be able to calculate allele frequencies using AFLP markers,
and this information was not available for all of our species. Therefore
we estimated allele frequencies and identified common and rare alleles
m AFLP data, for each of eight plant study species.

Genetic diversityb Population
genetic
differentiation
FST

c (S.E.)

Isolation by distanced

No.
loci

Number loci
polymorphic
(range per
population)

HT HW

(S.E.; range
of Hj)

Mantel
Z-statistic

Slope and
intercept
of IBD

83 72
(6–20)

0.165 0.057
(0.005;
0.025–0.082)

0.657⁎⁎

(0.036)
2832⁎⁎⁎ 0.480,

−0.036

79 38
(2–17)

0.114 0.058
(0.006;
0.016–0.122)

0.499⁎⁎

(0.101)
4220 −0.016,

1.291

111 110
(41–87)

0.238 0.163
(0.008;
0.035–0.260)

0.315⁎⁎

(0.102)
4868⁎⁎⁎ 0.037,

0.422

95 79
(9–44)

0.218 0.135
(0.009;
0.056–0.199)

0.383⁎⁎

(0.087)
1238⁎⁎⁎ 0.095,

0.242

109 103
(4–71)

0.137
0.078
(0.013;
0.016–0.253)

0.429⁎⁎

(0.099)

4244⁎⁎⁎ 0.158,
0.264

256 244
(81–160)

0.199 0.172
(0.005;
0.133–0.216)

0.135⁎⁎

(0.109)
248⁎⁎⁎ 0.051,

−0.020

139 108
(11–28)

0.095 0.065
(0.003;
0.045–0.097)

0.318⁎⁎

(0.046)
1637⁎⁎⁎ 0.047,

0.227

119 119
(48–76)

0.191 0.176
(0.002;
0.154–0.216)

0.080⁎⁎

(0.062)
200⁎⁎⁎ 0.002,

0.011

n excluded, but where outcrossed pollen is thought to be produced in the presence of
ators are excluded, but where the precise mechanism behind this reduced seed set is not

d the mean of gene diversities for individual populations.
y 5000 permutations of individuals among populations.
c distance, and log of distance measured in km as the measure of physical distance.



A. glabra
C. eriophorum
C. heterophyllum
D. deltoides
G. campestris
I. amara
P. vulgaris
T. europaeus

(40.9, 21.1)
(43.2, 30.6)
(36.6, 17.4)
(25.1, 14.5)
(45.0, 28.2)
(18.6, 9.0)
(25.3, 15.4)
(41.4, 20.5)

North Sea

Irish Sea

English Channel

100 km

Fig. 1. Map of mainland Britain showing location of sampling region centroids for eight
plant species, within which study populations were selected for recovery of leaf tissue
samples. Values in parentheses appearing beside species names are mean of maximum
breadth of sampling regions, and mean distance between pairs of sampled populations
within regions, respectively, both in km. Gridlines are spaced at 100 km. Vertical
gridlines are aligned with grid north in the British (Ordnance Survey) national grid
reference system. Location markers for region centroids have been jittered in space
where necessary to improve their visibility relative to other markers.
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first assuming complete inbreeding at equilibrium (FIS = 1), and then
assuming Hardy-Weinberg equilibrium (HWE; FIS = 0). However, the
results of the analyses described below were very similar irrespective
of the value of FIS chosen, so we present the results for the analysis as-
suming inbreeding. Additionally, we considered fragment frequency
thresholds of 1 – q4=0.186 and 1 – q8=0.337 for the polyploid species
(G. campestris and P. vulgaris, respectively) in order to identify common
and rare alleles in these species. These correspond approximately to al-
lelic thresholds of 0.05 for each species, assumingpolysomic inheritance
and HWE. The outcomes of analyses using these thresholds were quali-
tatively similar to those assuming diploidy. In addition,we note that the
assumption of diploidy is conservative in terms of the quantity of genet-
ic variation captured by conservation sampling designs. Therefore, we
present only the diploid analysis for these polyploid species.

2.5. Population sampling

We adopted the Monte Carlo population sampling procedure de-
scribed by Neel and Cummings (2003a) to estimate the sampling distri-
bution for capture of allelic diversity, within-population heterozygosity
(HW) and genetic differentiation (FST). In short, we drew samples of
populations, without replacement, ranging in size from 1 to n − 1 of
the total number of sampled populations, to simulate the in-situ conser-
vation of subsets of populations for a given species. Sampling of popula-
tions was random with respect to the region membership of the
populations (hereafter, the “fully randomised” sampling design). We
drew 1000 replicate Monte Carlo samples for each number of popula-
tions considered. Individual Monte Carlo samples specified the identity
of populations, including all sampled individuals, to be “conserved” in
situ. We then used data from polymorphic AFLP loci to determine the
proportion of common, rare and all (both common and rare) alleles
retained in each sample of populations. This approach assumes that
sampled populations conserved the genetic variation they contained
perfectly, while variation from non-sampled populations was assumed
to be lost. The effects of population sampling on genetic structure
were assessed for each sample, by calculating HW and FST, following
the methods of Lynch and Milligan (1994). To assess the consequences
of a spatially representative strategy for the in-situ conservation of ge-
netic variation, we performed a second set of sampling simulations.
Here, we sampled randomly, as before, but constrained population se-
lection to maintain balance in the representation of the original sam-
pling regions as the number of conserved populations was increased
(hereafter, the “spatially stratified” sampling design).

We used the results from theMonte Carlo analyses to determine the
genetic consequences of the minimum set approach and the Centre for
Plant Conservation's's (1991) five-population guideline for the in-situ
conservation of genetic variation. Although the original CPC (1991)
guidelines have been superseded (Guerrant et al., 2004), they provide
a useful benchmark to allow comparison of our results with those of
Neel and Cummings (2003a). We also assessed how many populations
would be required to achieve the CBD's recommendation to conserve
70% of genetic variation in plant species (whichwe interpreted as a pro-
portion of alleles) and theMarshall and Brown (1975) target of conserv-
ing all common alleles with N90% confidence. Data analyses were
carried out in R (version 3.2.2; R Development Core Team, 2008), except
where specified otherwise.

3. Results

3.1. Allelic diversity

The proportion of allelic diversity captured (measured as either all,
common or rare alleles) rose rapidly with the first few populations con-
served by our simulated in-situ sampling designs. Beyond this, the rate
of capture of additional variation decelerated towards an asymptote
(at 100% of alleles captured). In some species and simulation runs this
asymptote could be reached before all populations had been sampled
(Fig. 2).

Conservation of only one population per species (the minimum set
approach) captured 63.7% of all alleles on average across eight species
(range 43.1–78.4%), and 69.8% of common alleles (range 49.8–91.0%).
No rare alleles were detected in any populations of C. eriophorum, C.
heterophyllum or D. deltoides. In the remaining five species, rare alleles
were considerably more difficult to capture than common alleles. Sam-
ples of single populations recovered 3.7% of rare allelic variation (mean
across five species; range b0.1%–10.0%).

The CPC recommended conservingmaterial ex situ from at least five
populations (Brown and Briggs, 1991; CPC, 1991). Conserving five pop-
ulations under our fully randomised in-situ sampling design captured
86.4% of all alleles (mean across eight species; range 81.0–92.1%) and
91.1% of common alleles (range 81.0–95.5%). As with the minimum-
set approach, rare alleles were more difficult to capture when only
five populations were sampled (43.6% on average, range 14.3–70.5%;
five species). However, rare alleles showed the greatest relative increase
in capture between the minimum-set (one-population) strategy and
the CPC's five-population approach, indicating that these are most sen-
sitive to choice of conservation sampling strategy. Use of a spatially
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stratified design to sample five populations significantly increased the
capture of common allelic variation in C. heterophyllum (5.7% increase)
and D. deltoides (7.6% increase), relative to a fully randomised design
(p=0.014 and p=0.002, respectively). Neither the capture of common
allelic variation in the remaining species, nor the capture of rare allelic
variation in any of the species differed significantly between fully
randomised and spatially stratified sampling designs.

The CBD recommend the conservation of 70% of genetic diversity
(Table 1, CBD, 2010). Seventy per cent of all, or common, allelic variation
in our genetic datasets could be captured in three or fewer populations
on average (b16% of all populations), for all species, regardless of sam-
pling design. However, the capture of 70% of rare allelic variation re-
quired 5–15 (mean 9.4) populations per species (31–42% of all
populations of each species) when using a fully randomised sampling
design, and 6–16 (mean 11.2) populations per species when using the
spatially stratified sampling design.

In order to meet the Marshall and Brown (1975) target for conserv-
ing all common alleles with 90% confidence using a fully randomised
sampling design, it was necessary to conserve, on average, 87.8% of
the total number of populations (range 69–100%, equivalent to 16–29
populations per species; Fig. 2, grey curves). This target could be
achieved in a comparable number of populations using spatially strati-
fied sampling (13–31 populations, 82.9% of the total population number
on average across species).

3.2. Genetic structure

Sampling subsets of populations for conservation lead to a pattern of
regression to themean in within-population heterozygosity (HW), with
most variability among replicate samples when few populations were
sampled (Fig. 3). This pattern was most pronounced for species with
the highest range of within-population genetic diversity (e.g. G.
campestris, C. heterophyllum; Table 2, Fig. 3). When only one population
was selected, HW varied by 19.9% on average across species from the
values observed when all populations were selected (range 0.4–
54.3%), and by 2.5% where five populations were selected using the
fully randomised sampling design (range 1.4–4.3%). We observed simi-
lar, but more pronounced effects when we considered the extent of ge-
netic differentiation (FST) resulting from sampling different numbers of
populations for conservation (Fig. 3). For example, when two
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populations were selected at random, FST spanned almost the full range
of possible values; the resulting population “network” could be either
very highly differentiated (FST N 0.8) or close to undifferentiated
(FST ≈ 0; Fig. 3). On average, the random selection of any one pair of
populations for conservation resulted in FST deviating from the value ob-
tainedwhen all populationswere considered by 8.8% (range 2.2–43.5%),
while conserving five populations at random resulted in a mean devia-
tion of FST by 4.9% (range b0.1–12.5%). Genetic structures resulting from
the spatially stratified population sampling design closely paralleled
those for the fully randomised design (Fig. A9).

3.3. Breeding system

Genetic diversity within, and differentiation among, populations of
our study species were broadly as expected, given what is known
about their breeding systems; values for each species were consistent
with mean values for studies on plants with similar breeding systems
(Table 2; Hamrick et al., 1991; Nybom, 2004). However, any effect of
breeding system on the capture of allelic variation when different num-
bers of populations were sampled was limited. There was some indica-
tion that breeding system could influence the capture rate of allelic
variation within the first few populations conserved. For example, con-
servation of only one population (theminimum-set approach) captured
on average 62.5% and 63.1% of all alleles for the inbreeding species A.
glabra and C. eriophorum, respectively. The same sampling intensity
conserved a greater quantity (73.6% and 72.4%) of the diversity present
in the obligate outbreeders I. amara and T. europaeus. However, C.
heterophyllum and the species with mixed mating systems showed a
range of values bracketing those for other species (43.1% in D. deltoides
to 78.4% in G. campestris).
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4. Discussion

Weused AFLP data obtained from eight plant species to simulate the
effects of different conservation sampling designs proposed to capture
and conserve genetic diversity. Our study was novel in its focus on
widespread (but declining) species with a range of breeding systems,
and in investigating the sampling of rare as well as common alleles. In
agreement with previous studies, our results show that many of the
common alleles present within species ranges can readily be included
in relatively small networks of conserved populations. However, the
capture of rare allelic variation is likely to be much more sensitive to
the choice of conservation samplingdesign; our data indicate that great-
er numbers of protected areas may be necessary for the in-situ conser-
vation of total range-wide genetic biodiversity in line with recent
guideline targets (CBD, 2010).

4.1. Effects of plant mating system

Our studywas novel in considering the effects of in-situ conservation
strategies in eight plant species that differ markedly in mating system.
Levels of genetic diversity within individual populations broadly
reflected the expectation given each species mating system (Table 2;
Fig. 3). However, the capture of allelic variation within samples com-
prising multiple populations was not related to species' mating system.
Therefore, our results suggest that the effects of in-situ strategies for
conserving genetic variation that incorporate multiple populations
(e.g. CPC, 1991) might be relatively insensitive to mating system varia-
tion, and of general utility across plant species.

4.2. Random vs. stratified sampling strategies

Our study simulated the effects of conservation guidelines for genet-
ic diversity by sampling populations froma total set either at random, or
using a spatially stratified design. Use of a spatially stratified strategy to
select populations for conservation led to a significant improvement in
the capture of common allelic variation for two of our eight study spe-
cies. This finding supports previous suggestions for ex-situ conservation
that material should be collected from geographically or ecologically di-
vergent populations to maximise the conservation of genetic diversity
(Farnsworth et al., 2006; Kell et al., 2012). It is likely that improvements
in the capture of genetic diversity under a spatially stratified sampling
design were due to range-wide patterns of genetic structure. Our
study species displayed significant genetic isolation by geographical dis-
tance (present in 7 species; Table 2) and significant differentiation
among and within regions (Fig. A10, Table A11). Such genetic structure
is likely to be common in plant species (Nybom, 2004). Therefore, strat-
ified designs are likely to be of general applicability in establishing in-
situ conservation networks that effectively capture genetic biodiversity.

Spatially stratified approaches to population selection for in-situ
conservation may also more fully represent the range of quantitative
variation present within species, strengthening evolutionary potential.
Levels of neutral diversity in individual populations (measured in this
study usingAFLP) are not likely to be a reliable indicator for correspond-
ing levels of quantitative variation (Reed and Frankham, 2001). Howev-
er, many plant populations are adapted to their local environment
(Leimu and Fischer, 2008), implying that populations often contain
the genetic variants required for fitness in the environments that they
occupy. Thus, it may be sensible to select a set of populations for conser-
vation that represent the full range of environments occupied by a spe-
cies, in order to facilitate the capture of this variation (Dulloo et al.,
2008). The use of a spatially stratified sampling design, combined with
the inclusion of additional ecologically divergent populations
(Farnsworth et al., 2006; Kell et al., 2012), represents one valid ap-
proach for establishing such a conservation network.

There are likely to be additional non-spatial criteria that conserva-
tion practitioners will consider before selecting populations for
conservation. From a genetic perspective, these may include the selec-
tion of individual populations that have a large genetically effective
population size (NE; Gregory et al., 2006; Jamieson and Allendorf,
2012). Choosing populations with high NE is desirable because the risk
of inbreeding decreases as NE increases. Inbreeding is likely to lead to
the expression of inbreeding depression in plant populations
(Angeloni et al., 2011) and controls the loss of variation through drift
(Hedrick, 2005). Natural populations with large NE are most likely to
be genetically diverse (Frankham, 1996). Thus, the inclusion of a subset
of populations with large effective size will enhance the likelihood that
protected area networks contain a core of genetically diverse and demo-
graphically sustainable populations.

4.3. The conservation of rare allelic variation

We found that rare alleles (≤0.05 in frequency range-wide) were
challenging to capture within simulated in-situ conservation networks.
On average across species, only 43.6% of rare allelic variants could be
conserved in random samples of five populations. Use of spatially strat-
ified population selection did not improve capture rates for rare alleles.
These results underscore the potential difficulties in designing conser-
vation networks that would efficiently capture these variants. However,
it should be noted that our analyses may overstate the difficulties in
capturing rare alleles, since not all populations were sampled exhaus-
tively; 36% of the individuals present in each population were sampled,
on average, and some rare alleles may have gone undetected. Nonethe-
less, the use of our results to guide population selection for in-situ con-
servation will be conservative, because a greater proportion of rare
alleles will be captured than our results imply.

Guidelines for the conservation of genetic diversity could, in princi-
ple, be adjusted to accommodate rare variants. Any decision to do so,
however, must be justified on the basis of value added to conservation
outcomes. Rare alleles can have beneficial, deleterious or neutral effects
on fitness. Evidence frommutation accumulation experiments suggests
that most novel (initially rare) alleles arising throughmutation are del-
eterious (Keightley and Lynch, 2003), and hence could have negative
impacts on population growth and should not be targets for conserva-
tion. However, other rare alleles can be beneficial, increasing fitness,
for example, by facilitating adaptation to changing ecological condi-
tions, or offering increased resistance to parasites (Loewe and Hill,
2010; Piertney and Oliver, 2005). The distribution of fitness effects for
the rare alleles detected in our study is unknown. Thus, in the following
section we consider the implications of genetic conservation guidelines
for both common and rare alleles.

4.4. Implications of current guidelines

The tenth conference of the parties to the Convention of Biological
Diversity (CBD, 2010) has recommended the conservation of 70% of ge-
netic diversity for crops, their wild relatives and other socio-economi-
cally important species. The target could be reached easily for
common allelic variation within three or fewer populations, but was
much more difficult to reach for rare allelic variation, requiring 5–16
populations per species. Thus, the CBD target implies the need for a sig-
nificant investment in protected areas, if genetic biodiversity is to be
conserved in situ.

The CPC (1991) suggested that ex-situ collections should be made
from five populations per species, in order to adequately conserve com-
mon allelic variation. Our results confirm earlier findings (Neel and
Cummings, 2003a) that the application of this guideline for in-situ con-
servation leads to the effective representation of common allelic diver-
sity. In contrast, however, our findings also indicate that this strategy
would be of limited value in capturing rare alleles; less than half of all
rare alleles were captured in samples of five populations. Thus, the
CPC guideline represents a “minimum standard” for genetic conserva-
tion, but may not be appropriate when it is desirable to maximise the
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conservation of the genetic diversity (e.g. in the conservation of crop ge-
netic resources).

We found two further guidelines to be poorly suited for the conser-
vation of genetic biodiversity in situ. First, Marshall and Brown (1975)
recommended that all of a species' common alleles should be conserved
with N90% probability. Our observations support earlier findings (Neel
and Cummings, 2003a), indicating that it would be necessary to sample
a very high proportion of populations (69–100%) to achieve this target,
rendering it impractical. Second, we found that application of the mini-
mum-set approach (conservation of one population per species;
Margules et al., 1988; Margules and Pressey, 2000) is likely to lead to
conservation networks with only poor coverage of range-wide genetic
biodiversity.

4.5. In-situ conservation for widespread but declining species

Very rare plant species rightly have a high priority for conservation.
However, currentlywidespread but rapidly declining species can also be
considered threatened (e.g. Gentianella campestris; Cheffings et al.,
2005; IUCN, 2001), and retain significant range-wide genetic biodiversi-
ty that is at risk of loss. These species of intermediate conservation con-
cern may be more vulnerable to population loss than rare species with
stable distributions, as their decline from a formerly widespread distri-
butionmay lead to local inbreeding and, potentially, inbreeding depres-
sion, through loss of connectivity (Habel and Schmitt, 2012). Our results
suggest that more stringent conservation targets for genetic diversity
might be appropriate for these species, especially if rare allelic variation
is to bemaintained. For example, the conservation of ten populations of
each of our study species in situwould be a reasonable minimum target
in order to protect genetic diversity within their British ranges. If ten
populationswere selected, as opposed to five (the CPC target), the aver-
age proportion of rare allelic variation captured could be increased
markedly (from 43.6% to 75.1%). Furthermore, this approach would
have satisfied the CBD, 2010 target (70%), if applied to rare allelic varia-
tion, for four of the five species that had rare alleles.

4.6. Conclusions

Our results show that in-situ conservation networks should easily
capture a large proportion of the common allelic variation presentwith-
in species of conservation concern, regardless of their mating system. In
contrast, rare allelic variation is likely to be capturedmuch less efficient-
ly, and our results suggest that the genetic consequences of in-situ con-
servation strategies will differ most in their effects on these rare
variants. For species that are currently relatively widespread, an in-situ
conservation guideline of a minimum of 10 populations, selected
using a spatially stratified design, could prove a useful complement to
CPC's five-population guideline for ex-situ conservation. Such an ap-
proach would likely enhance the conservation of rare allelic variation
in situ, and assist in reaching themost recent CBD guidelines on the con-
servation of genetic biodiversity.
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