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INTRODUCTION

The effects of small plant population size on fitness and ge-
netic diversity are of fundamental importance in plant ecol-
ogy, evolution and conservation. Decreasing habitat qual-
ity and habitat loss and fragmentation, all major drivers of 
the present biodiversity crisis (Young & Clarke 2000), have 
caused severe decreases in population size in numerous 
plant species. Since small plant populations are more prone 
to extinction (e.g. Schleuning et al. 2009, Dornier & Chep-
tou 2012), it is of major importance to understand how plant 
traits mediate the susceptibility of plant species to decreasing 
population size in terms of genetic diversity and reproduc-
tion. 

Ecological mechanisms, such as pollinator and pollen 
limitation, reduce the fitness in small populations through 
reduced reproductive success (e.g. Ågren 1996). Addition-
ally also genetic mechanisms, especially reduced genetic 

variability is expected to be an important cause of decreas-
ing viability in small populations (Young et al. 1996). Ge-
netic variation can be lost through random genetic drift, i.e. 
random variation in allele frequencies between generations 
in finite populations (Honnay 2013). Furthermore, elevated 
inbreeding in small populations will increase the degree of 
homozygosity (Keller & Waller 2002). Inbreeding in plants 
can result from mating between related individuals, or from 
increased selfing, either through geitonogamy or autogamy 
(Honnay & Jacquemyn 2007, Aguilar et al. 2008, Angelo-
ni et al. 2011). Loss of genetic variation through drift and 
increased homozygosity may have important consequences 
for the long and short term survival chances of a popula-
tion. In the longer term, low genetic variability can constrain 
the evolutionary potential of plant populations (Booy et al. 
2000), which may be especially problematic when environ-
mental conditions are rapidly changing. In the short term, 
the expression of deleterious recessive alleles through in-
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creased homozygosity may jeopardize reproductive success 
(Charlesworth & Willis 2009).

Orchidaceae is one of the most species-rich plant fami-
lies in the world, estimated to contain more than 27,000 spe-
cies (Chase 2005). Orchids, however, are also predicted to 
have the highest proportion of threatened or extinct species 
of all plant families (Swarts & Dixon 2009). This is likely 
the result of specific life history traits that typify most or-
chid species. In general, orchids are habitat specialists with 
special requirements regarding both abiotic and biotic envi-
ronmental quality (Swarts & Dixon 2009). Most orchid spe-
cies rely on biotic interactions with both specific mycorrhizal 
fungi (Smith & Read 2008, Rasmussen & Rasmussen 2009) 
and pollinators (van der Pijl & Dodson 1966, van der Cingel 
1995) for completion of their life cycle. Even seemingly mi-
nor environmental changes can alter these interactions and 
elicit a strong negative impact on plant performance, leading 
to decreasing population sizes and eventually local extinc-
tion. It is therefore of conservation importance to understand 
the deleterious consequences of declining population sizes 
in orchids (Swarts & Dixon 2009), especially since their de-
cline might be a first sign of a habitat degradation process.

Although orchids exhibit complex floral adaptations to 
pollinators, two broad categories of pollination systems can 
be discerned within the orchid family (Neiland & Wilcock 
1998, Tremblay et al. 2005). Whereas most species offer 
substantial nectar rewards to entice pollinators (further re-
ferred to as ‘rewarding orchids’), one third of the species 
mimics odours and visual stimuli to deceive pollinators with 
the promise of food or reproduction (further referred to as 
‘deceptive orchids’) (Cozzolino & Widmer 2005). A prevail-
ing hypothesis for the existence of pollination by deceit is 
the outcrossing hypothesis, stating that deceptive pollination 
promotes outcrossing (Dressler 1981, Nilsson 1992, Jersá-
ková et al. 2006). In contrast to pollinators that receive a re-
ward, deceived pollinators rapidly learn to avoid rewardless 
plants (i.e. pollinator learning) and are more likely to leave 
for a different population, increasing pollen flow and de-
creasing genetic differentiation among populations (Peakall 
& Beattie 1996, Johnson 2000, Jersáková et al. 2006). Fur-
thermore, rewarded pollinators tend to visit more flowers on 
the same inflorescence, spend more time on the same flower 
and visit neighbouring conspecific individuals (Johnson et al. 
2004, Jersáková et al. 2008). Although this behaviour gener-
ally increases the percentage fruit set in rewarding orchids as 
compared to deceptive species (Tremblay et al. 2005), it also 
results in higher geitonogamous pollination, and potentially 
in inbreeding depression in rewarding species (Smithson & 
Macnair 1997). For instance, Johnson et al. (2004) predicted 
that nectar production in the deceptive orchid Anacamptis 
morio (L.) Bateman, Pridgeon & M.W.Chase (syn. Orchis 
morio L.) would result in a 40% increase in geitonogamous 
pollination. On the other hand, Smithson (2006) could not 
find differences in genetic load among the deceptive orchid 
species Himantoglossum robertianum (Loisel) P.Delforge 
(syn. Barlia robertiana) and A. morio and the rewarding spe-
cies Anacamptis fragrans (Pollini) R.M.Bateman.

Because pollinator behaviour is directly related to nectar 
availability it can be expected that both fitness and genetic 
consequences of a decreased population size are mediated by 

the production of nectar reward. Deceptive orchids may be 
less prone to the loss of genetic variation from small popula-
tions because lack of floral reward may maintain outcross-
ing. Nectar production, on the other hand, may exacerbate 
the detrimental genetic consequences of small population 
size, as it reduces pollen movement among and within popu-
lations. So far, a systematic review of the relation between 
nectar production and susceptibility to the consequences 
of decreased population size is lacking. Here we reviewed 
all published studies that reported the relationship between 
orchid population size and population genetic diversity or 
fruit set. We used meta-analytical techniques to answer 
the following questions: (i) are fruit set and population ge-
netic diversity in orchid species positively correlated with 
population size?; (ii) is this correlation stronger for reward-
ing orchid species than for deceptive species?; and (iii) do 
populations of deceptive orchid species exhibit lower among 
population genetic differentiation than populations of re-
warding species?

MATERIALS AND METHODS

Data collection

In March 2013, we conducted a search in the Thomson Reu-
ters Web of Science (ISI) database. We used a combination 
of the following keywords: orchid*AND genetic* OR fruit 
set*. We supplemented the search with relevant studies cit-
ed in the first papers. We only included papers that reported 
either population genetic diversity or measures of fruit set 
together with population sizes and the sample size per popu-
lation. Fruit set was recorded as the percentage of flowers 
that set fruit under natural conditions. The following meas-
ures of population genetic diversity were retrieved from each 
study when available: number of alleles per locus (A), the 
percentage of polymorphic loci (P), expected heterozygosity 
(He) and the inbreeding coefficient (FIS). In some cases, FIS 
was calculated as one minus the ratio between observed and 
expected heterozygosity. It is common practice to include the 
percentage of polymorphic loci in meta-analyses. However, 
the screening and selecting for polymorphic loci can differ 
between studies, and hence some reservation is necessary 
when interpreting the results. We also retrieved the genetic 
variation among populations (FST). When fruit set or genetic 
diversity values were not reported, we extracted raw data 
from graphs and tabulated it using GetData Graph Digitizer 
2.24 (Fedorov 2008). The presence of nectar reward for each 
species was either mentioned in the published papers or re-
trieved from monographs (e.g. Claessens & Kleynen 2011). 
To exclude the possibility that results were dependent on the 
genetic markers applied, we also retrieved the type of marker 
used in each study. All studies used neutral genetic markers 
to investigate population genetic variation. Since these are 
likely not loci under selection, loss of neutral genetic vari-
ation does not always result in decreased fitness. Previous 
meta-analyses, however, showed that, in general, neutral ge-
netic variation does correlate with population fitness (Reed 
& Frankham 2003, Leimu et al. 2006).
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Data analysis

Effect sizes and their 95% bias corrected confidence inter-
vals were calculated as the Spearman rank correlation coef-
ficient (rs) between population size and the different meas-
ures of population genetic diversity (A, P, He, FIS) or fruit set 
(electronic appendix 1). We did not perform a Fisher z trans-
formation on the individual correlation coefficients because 
this leads to more biased effect sizes (Field 2001). A positive 
effect size implies that population genetic diversity or fruit 
set declines with decreasing population size, except for FIS 
where a positive effect size indicates lower homozygosity in 
small populations. Every study reported a single FST value as 
measure of genetic variation among studied populations; a 
high FST value implies more genetic drift and low gene flow. 
We treated the FST value of each study as an effect size in the 
analyses. Each study was weighted according to [(A - 2)N]1/2, 
where A is the number of populations studied, and N is the 
mean number of individuals sampled across all populations 
(Reed & Frankham 2003). 

When manuscripts with small treatment effects or non-
significant results do not get published, the literature can be-
come biased (Thornton & Lee 2000). This implies that there 
is a correlation between effect size and study weight as only 
large effects are reported by small sample size studies. To ex-
plore the possibility of publication bias, we constructed fun-
nel plots by plotting effect sizes against study weights, and 
we tested the significance of this relationship using a Spear-
man rank correlation (Palmer 1999).

The shared phylogenetic history of taxonomic data can 
create biased results, as more related species may have simi-
lar traits and similar responses to environmental changes 
compared to distantly related species (Gitzendanner & Soltis 
2000). Therefore, we tested for phylogenetic independence 
with phyloMeta version 1.3 (Lajeunesse 2009). We con-
structed a phylogenetic tree of the studied species in Mes-
quite 2.72 (Madison & Madison 2009) using phylogenetic 
data from Cameron et al. (1999) and Bateman et al. (2003) 
(electronic appendix 2). Because estimates of divergence 
times were unavailable, we applied four arbitrary branch-
length assumptions: (1) all branch lengths equal 1; (2) 
branch length equals the number of species in a clade minus 
one with all the species constrained to be contemporaneous 
(Grafen 1989); (3) species are contemporaneous, but all in-
ternode branch lengths are equal to one (Pagel 1992); and 
(4) branch length from the tip to a current node equals the 
logarithm (base 10) of the number of tip species descend-
ing from that node (Nee’s method) (Purvis 1995). To allow 
comparisons among the different phylogenetic and phyloge-
netically independent, traditional models, we calculated log-
likelihood values and Akaike’s information criterion (AIC) 
for each phylogenetic model. The model with the best fit was 
selected based on the Akaike weight (Burnham & Anderson 
2001), which is the likelihood of the model divided by the 
sum of the likelihoods of all models. 

We used MetaWin 2.1 software (Rosenberg 2000) for 
the meta-analysis and performed random-effects models. 
In contrast with fixed models, random models take into ac-
count that the dataset contains different species and differ-
ent study areas (Borenstein et al. 2010). The heterogeneity 

among effect sizes was assessed using the Q statistic (Hedg-
es & Olkin 1985). When the Q statistic was significant, we 
explored its cause, using nectar reward (Yes or No) (Lipsey 
& Wilson 2001). In addition to Q statistics, we calculated 
95% bias-corrected bootstrap confidence intervals (9999  
iterations) for the overall effect size (Adams et al. 1997).

To exclude potential biases we performed additional 
weighted linear mixed models. We related the weighted ef-
fect size of the different measures to the fixed categorical 
predictor: nectar reward (Yes or No). The variables: smallest 
and largest population size, genetic marker (RAPD, AFLP, 
SSR, ISSR, isozyme or allozyme) and study were included 
as a random-variables in a set of different models. The mod-
els provided similar results and did not provide additional in-
formation (electronic appendix 3), therefore only the results 
of the classical meta-analysis are reported.

RESULTS 

Generalities of the meta-analysis

We retrieved 28 studies on 26 different orchid species that 
reported one or more genetic diversity measures in relation-
ship to population size, yielding a total of 32 records (see 
electronic appendix 1). Eleven species were rewarding, four-
teen deceptive, and 1 had an unknown pollination system. 
We also retrieved sixteen studies reporting the relationship 
between population size and fruit set of seven rewarding and 
eleven deceptive orchid species, resulting in a total of 22 
records (electronic appendix 1). Eighty-eight percent of the 
species analysed were temperate and terrestrial, but tropical 
or epiphytic orchids were also included. All studied species 
were entomophilous and all species were self-compatible, 
except one (Anacamptis palustris (Jacq.) R.M.Bateman, 
Pridgeon & M.W.Chase), which we could not find informa-
tion on the mating system. This implies that mating system 
(self-incompatible vs. self-compatible) could not confound 
our results. The number of populations per study are reported 
in electronic appendix 1. There was no evidence of a publi-
cation bias as all funnel plots were funnel shaped and sym-
metrical, and none of the corresponding Spearman rank cor-
relations were significant (rA = 0.29, rP = -0.13, rHe = -0.08, 
rFIS = -0.31, rfruit set = -0.15; P > 0.15 in all cases) (see elec-
tronic appendix 4). For all effect sizes, the best model fit was 
obtained when excluding phylogenetic relationship (see elec-
tronic appendix 5). Therefore, a traditional standard random-
effects model was used in all subsequent analyses (Rosen-
berg 2000).

Consequences of small population size

Most spearman rank correlation effect sizes were all posi-
tive, indicating that orchid genetic diversity and fruit set de-
creased with decreasing population size (P < 0.05; fig. 1). 
FIS, however, did not significantly change with population 
size. Orchid pollination system (rewarding vs. deceptive) 
significantly affected the relationship between population 
size and fruit set (Qbetween = 5.36, P < 0.05; electronic appen-
dix 3, fig. 2). Fruit set of deceptive orchids was unaffected 
by population size whereas fruit set of rewarding orchids de-
creased with decreasing population size. Effect sizes calcu-
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Figure 1 – Overall mean weighted effect sizes (Spearman rank 
correlations between genetic diversity and population size) and 
95% bias-corrected bootstrap confidence intervals for four measures 
of genetic diversity in orchids (A, number of alleles per locus; P, 
percentage of polymorphic loci; He, expected heterozygosity; FIS, 
inbreeding coefficient) and one fitness measure (fruit set).

Figure 2 – Mean weighted effect sizes (Spearman rank correlations 
between population size and genetic diversity or fruit set) and 
95% bias-corrected bootstrap confidence intervals calculated for 
rewarding (white squares) and deceptive (black squares) pollination 
in orchids. Qbetween statistics were significant for the fitness measure 
fruit set (p < 0.05), but not for the genetic diversity measures (FIS, 
inbreeding coefficient; He, expected heterozygosity ; P, percentage 
of polymorphic loci; A, number of alleles per locus; p > 0.05 in all 
cases).

lated for the different measures of genetic diversity did not 
significantly differ between rewarding and deceptive orchids 
(electronic appendix 3, fig. 2). FST values of rewarding or-
chids were, however, significantly higher than FST values of 
deceptive orchid species (fig. 3; mean weighted FST = 0.24 
and 0.10 for rewarding and deceptive orchids, respectively; 
Qbetween = 2.05, P < 0.05). This suggests higher gene flow 
among populations of deceptive orchids, compared to re-
warding species.

DISCUSSION

Our results show that fruit set significantly diminished with 
smaller population size. However, the effect of population 
size on fruit set was largely dependent on pollination sys-
tem, with rewarding orchids showing a strongly positive 
correlation between fruit set and population size, whereas 
no such relation was found in deceptive species. Previous 
studies (Neiland & Wilcock 1998, Tremblay et al. 2005) 
showed that fruit set is higher in rewarding orchids com-
pared to deceptive orchids, and a simple t-test on the origi-
nal data of this study confirmed these findings (P < 0.05). 
For rewarding orchids, small population size thus appears to 
result in pollen limitation, through a reduction of available 
mating partners or pollinators, or both (Steffan-Dewenter &  
Tscharntke 1999), or through changed plant-pollinator in-
teractions (Kolb 2008, Pellissier et al. 2012). Alternatively, 
deceptive orchids may always be pollen limited due to pol-
linator learning, independent of population size (Neiland 

& Wilcock 1998, Tremblay et al. 2005). Additionally, pol-
len limitation in small populations of deceptive orchids can 
be partly countered by rare-morph advantages (Smithson & 
Macnair 1997, Eckhart et al. 2006), leaving deceptive or-
chids fruit set unaffected by population size. 

We were unable to differentiate between the effects of 
food and sexual deception as only three sexual deceptive or-
chids (three Ophrys species) were included in the dataset. It 
is hypothesized that the reproductive success of sexual de-
ceptive orchids may be higher at small population sizes as 
they have a higher chance to be pollinated by the limited pool 
of misguided pollinators actively seeking out these flowers 
(Peakall & Beattie 1996). Our data confirms this hypothe-
sis as these three studies show a strong negative effect size 
regarding the relation between population size and fruit set 
(see electronic appendix 1). Furthermore, by removing the 
sexually deceptive orchids from the analyses, the difference 
between nectar producing and food deceptive orchids lost 
significance, even though the general trend remains strong, 
and fruit set of deceptive orchids is unaffected by population 
size. (Qbetween = 2.7, P = 0.12; rfruitset= 0,18 and 0,47 for food 
deceptive and reward pollination, respectively ).

In both deceptive and rewarding species, population ge-
netic variation significantly decreased with decreasing popu-
lation size. The effect of population size was strongest for 
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the number of alleles per locus, suggesting that a reduction 
in population size will directly cause a reduced pool of al-
leles probably by eliminating those alleles that are present at 
low frequencies (mainly reflected by A) (Lowe et al. 2005). 
Subsequent generations will experience further reductions in 
genetic diversity (A, P and He) by the elimination of both 
rare and more common alleles through random genetic drift 
(Young et al. 1996). Compared to other plant species, or-
chids appear to be highly vulnerable to the loss of alleles. 
For example, the correlation effect size for A (rs = 0.41) was 
stronger than that reported by Honnay & Jacquemyn (2007) 
(rs = 0.36) who investigated habitat fragmentation effects in 
a much broader range of plant species. The effect size for P 
and He (0.31 and 0.20, respectively), on the other hand, were 
slightly lower than the values found by Honnay & Jacque-
myn (2007) (0.35 and 0.23, respectively).

Similar to previous meta-analyses (Leimu et al. 2006, 
Honnay & Jacquemyn 2007, Aguilar et al. 2008) we found 
no relation relating FIS to population size. A possible reason 
for a lack of a relationship between FIS and population size 
is a selection process against less fit homozygotes in small 
orchid populations. Because environmental conditions in 
small habitats are often less suitable (e.g. through shrub en-
croachment in the case of grassland species or canopy clo-
sure in case of forest floor species), seedling recruitment is 
limited or non-existing, while only the most fit, least inbred 
individuals survive over time. Hence small populations only 
contain fit remnant individuals of large populations, while 
large populations also contain inbred seedlings. Addition-
ally, due to loss of genetic diversity in small populations, FIS 
can decrease because homozygotes of rare alleles are miss-
ing (Young et al. 1996). Interestingly, Angeloni et al. (2011), 
who directly measured inbreeding depression, found a posi-
tive correlation between the degree of inbreeding depression 
and population size. They suggested that it is possible that 
genetic load is purged in small populations, although By-
ers & Waller (1999) generally found only weak evidence for 
purging in plant populations. 

We expected that deceptive orchids were better protect-
ed against the loss of genetic variation in small populations 
than rewarding species, for which nectar production might 
exacerbate the detrimental effects. Our results did not meet 
this expectation as the effect of decreasing population size 
on genetic diversity was not significantly different between 
deceptive and rewarding orchid species. This result is some-
what surprising, especially since the FST values suggested 
significantly higher gene flow among populations of decep-
tive orchids, compared to rewarding orchids, confirming ear-
lier results of Cozzolino & Widmer (2005). Gene exchange 
among populations results in the supplementation of alleles 
lost in a particular population. However, when recent habi-
tat fragmentation and degradation decrease the size of orchid 
populations, their isolation increases simultaneously (An-
drén 1994). This likely reduces gene flow between popula-
tions and restricts the replenishment of lost alleles. Gene 
flow among populations of rewarding orchids is in general 
lower than in deceptive orchids as is shown by their relative-
ly higher FST.  Following increasing isolation, the population 
genetic diversity of rewarding orchids may therefore be less 
affected by reduced gene flow, as compared to deceptive spe-

Figure 3 – Comparison of weighted mean genetic differentiation 
(FST) among deceptive and rewarding orchid populations. Rewarding 
orchid populations have significantly higher FST than deceptive 
orchid populations (Qbetween = 2.05, p < 0.05, bars represent 95% 
bias-corrected bootstrap confidence intervals).

cies that rely on a frequent replenishment of alleles to main-
tain their population genetic variation. This is similar to the 
way that the population genetic diversity of selfing species is 
less affected by habitat fragmentation compared to outcross-
ing species (Leimu et al. 2006, Honnay & Jacquemyn 2007). 
Thus, contrary to our expectations, we found that deceptive 
orchids were as susceptible to loss of genetic variation in 
small populations as rewarding orchids, potentially due to 
the simultaneous occurrence of increased population isola-
tion. 

To conclude, we found that both fruit set and genetic var-
iation of orchids significantly declined in small populations. 
However, fruit set was, in general, not related to population 
size in deceptive orchids, whereas fruit set was significantly 
lower in smaller populations of rewarding species. Deceptive 
orchids, however, lost genetic variation from small popu-
lations to the same extent as rewarding species. Lower FST 
values in deceptive orchids further indicated that gene flow 
among populations is higher in deceptive than in rewarding 
species. Therefore, decreasing population sizes may have a 
stronger effect on population genetic diversity of deceptive 
orchids if gene flow is reduced. Furthermore, FIS showed no 
relation with population size, potentially due to a selection 
process against less fit homozygotes in small orchid popula-
tions. Thus, our results indicate that small population sizes 
strongly diminish the population viability of both reward-
ing and non-rewarding orchids. Fitness of rewarding orchids 
mainly declines through ecological mechanisms, whereas 
deceptive orchids seem to be more susceptible to loss of ge-
netic diversity when gene flow becomes reduced.
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SUPPLEMENTARY DATA

Supplementary data are available in pdf at Plant Ecology and 
Evolution, Supplementary Data Site (http://www.ingentacon-
nect.com/content/botbel/plecevo/supp-data) and consist of: 
(1) orchid species and studies used for the meta-analysis; (2) 
phylogenetic tree of all the orchid species used in the me-
ta-analyses; (3) results of traditional meta-analysis and ad-
ditional weighted mixed-model analysis; (4) funnel plots of 
effect size using the Spearman rank correlation coefficient 
(r) versus study weight for four genetic diversity measures 
and fruitset; and (5) results of Akaike information criterion 
(AIC) analyses for five evolutionary random-effects models 
of plant phylogeny. 
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