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Abstract48
49

There are only few studies that use both demographic and genetic data to assess population viability50
of plant species. We combined genetic and demographic data from 11 endangered perennial orchid51
populations of varying size in order to reveal determinants of viability. Small populations had52
substantially lower viability compared to large populations. Seedling recruitment rates were53
remarkably lower in small populations; this was not due to pollination limitation or inbreeding54
depression because the fruit set and heterozygosity were not correlated with population size,55
suggesting that there may be differences in successful germination. Low recruitment resulted in56
significantly lower predicted population growth rates in small populations. The impact of57
stochasticity on viability varied among populations and stochastic simulations indicated that only one58
large population was viable, whereas all the other large populations were predicted to go extinct59
within decades. While there was a positive correlation between the deterministic population growth60
rate and allelic richness, we did not find any other correlations between genetic variation and fitness61
or population size. The study populations are likely remnant populations of a once large meta-62
population that decreased in size due to unfavourable environmental conditions. Management should63
focus on the maintenance of large population size, which is needed to avoid negative consequences64
of stochasticity and to enhance seedling recruitment rates.65
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Highlights73
74

-The viability of an endangered orchid was studied using demographic and genetic data.75
-Small populations had considerably lower viability compared to large populations.76
-Low seedling recruitment rates result in low viability of small populations.77
-Allelic richness correlated positively with the deterministic population growth rate.78
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1. Introduction97
98

Endangered species often consist of small and fragmented populations, which are vulnerable to99
extinction due to environmental and demographic stochasticity (Lande 1988; Shaffer 1981). In100
addition, small populations suffer from genetic stochasticity caused by genetic drift and inbreeding101
(Young et al. 1996). A higher probability to mate with related individuals or elevated selfing rates102
lead  to  increased  levels  of  homozygosity,  which  may  result  in  the  expression  of  harmful  and103
deleterious recessive alleles, and consequently reduced fecundity and survival of individuals in small104
populations (Ellstrand and Elam 1993; Reed and Frankham 2003; Young et al. 1996). Additionally,105
random genetic drift is expected to lead to a reduced genetic diversity in small populations. Reduced106
genetic variation can constrain the evolutionary potential, and thus lower long-term viability of plant107
populations especially in rapidly changing environments (Ellstrand and Elam 1993; Young et al.108
1996). While it is recognised that genetic variation is important for long-term evolutionary processes,109
its short-term influence on the extinction risk has been questioned (Caro and Laurenson 1994;110
Caughley 1994; Lande 1988). It has been suggested that genetic factors only act after populations111
have already undergone significant declines in population size. However, there is extensive evidence112
for the influence of genetic factors on the extinction risk (Angeloni et al. 2011; Hedrick and113
Kalinowski 2000; Reed and Frankham 2003). For example, genetic erosion has been observed in114
small fragmented populations (Aguilar et al. 2008; Honnay and Jacquemyn 2007; Leimu et al. 2006),115
and inbreeding has been shown to decrease fitness in small populations (Oostermeijer et al. 1994).116
Levels of populations’ genetic diversity are thus expected to correlate with both the population size117
and the long-term population viability.118

In addition, ecological processes may reduce the population size further, after the population119
sizes are reduced due to deterministic processes. Such ecological processes include a reduced120
pollination due to the lack of conspecifics or low density (Allee effect; Courchamp et al. 1999; Groom121
1998; Lamont et al. 1993) or due to the failure of small populations to attract pollinators (pollination122
limitation; Sih and Baltus 1987; Ågren 1996), may reduce the population size further.123

A key for undertaking effective conservation actions is to understand the importance of124
genetic variation, stochasticity, demographic parameters and deterministic population dynamics on125
the performance of populations. To date, mostly demographic parameters have been used to gain126
knowledge on the population viability (Reed et al. 2002) and only few studies have incorporated both127
demographic and genetic parameters (e.g. Menges and Dolan 1998; Oostermeijer et al. 2003; Reed128
et al. 2002; Schmidt and Jensen 2000). Furthermore, studies often ignore important life history129
factors, such as dormancy, seed banks or clonal reproduction (Zeigler et al. 2013).130

The family of Orchidaceae has the highest proportion of endangered species of all plant131
families (Swarts and Dixon 2009). Orchids typically depend on biotic interactions for reproduction132
and germination, and are specialised in specific mycorrhizal fungi (Rasmussen 1995) and pollinators133
(Micheneau et al. 2009). In addition, orchids tend to be specialised in particular abiotic habitat134
conditions. High specialisation makes orchids vulnerable to the negative consequences of changing135
environmental conditions, as these inter-specific interactions can be altered, leading to decreased136
population sizes and, eventually local extinctions (Fay et al. 2015; Micheneau et al. 2009).137
Conservation of orchid species is challenging, because these interactions can be altered in many138
different ways by environmental factors, such as climate change and habitat fragmentation (Fay et al.139
2015). Understanding the consequences of declining population sizes and environmental changes on140
the demography of orchids is thus important for the conservation of these species (Swarts and Dixon141
2009).142

In this study, we combined genetic and demographic data to examine population viability of143
an endangered perennial orchid, the dark red helleborine (Epipactis atrorubens (Hoffm. Ex Bernh.)144
Besser). We used data collected from eleven populations of varying size to examine whether there145
was variation in the performance of different populations. The data enabled the examination of the146
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effect of population size, and associated processes (demography, stochasticity and genetics) affecting147
population viability. We first estimated demographic parameters from long-term data (three to sixteen148
years). We then used matrix population models to estimate population growth rates, identified the149
most important life stages for population growth rates, and used them in population viability analysis150
to estimate extinction risks and the effect of stochasticity. Second, we genotyped individuals based151
on six nuclear microsatellite markers, and quantified different measures of genetic variation. We then152
assessed the effect of genetic diversity on population viability by testing for correlations between153
genetic variation and viability measures, which included application of capture-recapture methods for154
modelling the effect of individual heterozygosity on survival.155

156
157

2. Material and methods158
159

2.1 Study species160
E. atrorubens is a perennial orchid, with a distribution extending from Europe until the Ural161
Mountains in Asia and western Siberia (Efimov 2004; Tuulik 1998). In Finland, its distribution is162
patchy, with populations occurring in only three regions, separated by at least 350 km. The species is163
currently categorized as vulnerable in Finland according to the IUCN red list criteria (Rassi et al.164
2010). Their habitat consists mainly of rocky slopes and shorelines, and it is characterized by165
limestone or dolomite. It has a predominantly allogamous reproduction, where pollination occurs by166
both wasps and bumblebees (Brzosko et al. 2006; Jakubska-Busse and Kadej 2011; Talalaj and167
Brzosko 2008). E. atrorubens has  been  shown  to  be  predominantly  allogamous,  but  no  self-168
incompatibility has been observed (Talalaj and Brzosko 2008). Individuals live in close association169
with mycorrhiza and the life-cycle is characterized by a protocorm life stage, overwintering as an170
underground rhizome and the ability to go into vegetative dormancy for several years (Jäkäläniemi et171
al. 2011). Its nectar producing flowers bloom at the end of July and capsules ripen in August.172
Individual plants can ramify from the single root neck just above the ground surface and consequently173
big plants can have several shoots (1-28 shoots). No indications of vegetative reproduction have been174
found for this species in the studied populations based on herbarium and field collections (own175
observations).176

177
2.2 Study area and sampling178
This study was carried out in the Oulanka National Park in Kuusamo, Northern Finland (66° 22’ 27”179
N, 29°13” E). This region houses the northernmost populations (62 populations) of E. atrorubens in180
Finland. These populations are fragmented and genetically differentiated within the studied area181
(Hens et al. 2017). Three populations were monitored since 2000 or 2002 (for 16 and 14 years,182
respectively), as being part of a long-term monitoring project. As these populations were few and183
consisted of only large populations (> 170 individuals), additional and smaller populations were184
included and monitored since 2009 or 2013 (for six and three years, respectively; Fig. 1; Table 1).185
From each population, 1-32 leaf samples were collected during 2011-2012, depending on the186
population size. One leaf was taken from each individual and frozen at -20ºC (Permits:187
LAPELY/348/07.01/2011, POPELY/568/07.01/2011). To ensure that the samples represent188
genetically  distinct  individuals,  only  one  leaf  was  taken  from groups  of  shoots  and  samples  were189
taken from well separated individuals.190

191
2.3 Monitoring192
In the four large populations (Kiutaköngäs N and Ampumavaara, Patoköngäs, Mataraniemi),193
individuals were marked and monitored in subsequent years in permanent 10 m x 10 m plots. The194
plots included different portions of the total population (Kiutaköngäs N 100%, Ampumavaara 80%,195
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Patoköngäs 46%, Mataraniemi <25%). In the seven small populations, all individuals were196
monitored. The individuals were tagged using numbered plastic tags in 2000 (Kiutaköngäs N and197
Ampumavaara), 2002 (Patoköngäs), 2010 (Kiutaköngäs SWa) and 2013 (Kiutaköngäs b,198
Kiutaköngäs E, Kiutaköngäs NWb, Kiutaköngäs NWc, Kiutaköngäs W, Kiutaköngäs SWc and199
Mataraniemi) and they were monitored yearly during the flowering time in early August. Each year,200
all newly found individuals were tagged. The recorded parameters included the number of shoots,201
number of flowers, number of capsules and the height of the plant for each individual.202

203
2.4 Genetic analyses204

205
2.4.1 Molecular methods206
DNA was extracted using a modified 2x cetyltrimethylammonium bromide (CTAB) protocol (Doyle207
1987). Six nuclear microsatellite loci were amplified to assess genetic variation (Tranchida-208
Lombardo et al. 2008; Minasiewicz and Znaniecka 2014) (Table A.1). The PCR amplifications were209
carried out in a reaction volume of 10 µl,  containing 1 x reaction buffer,  0.2 mM of dNTP, 1 µM210
(SW2-185, SW1-120, SW1-78, SW1-76) or 0.5 µM (SW2-152 and Ccal25) of each primer, 2.0 mM211
(SW2-185, SW2-152 and Ccal25) or 3.0 mM (SW1-120, SW1-78 and SW1-76) of MgCl2, 0.3 units212
of Biotools polymerase (B&M Laboratories,  Madrid,  Spain) and 5 – 20 ng of template DNA. The213
PCR  conditions  are  given  in  Table  A.2.  The  PCR  products  were  run  with  an  ABI  PRISM  3730214
automatic sequencer (Applied Biosystems) and the loci were scored with GeneMapper v. 5.0. In order215
to quantify genotyping errors due to scoring errors and/or allelic dropouts, the mean error rate per216
allele and per locus was calculated (Pompanon et al. 2005), based on randomly chosen samples (at217
least 6% of the sample size) that were genotyped a second time.218

219
2.4.2 Genetic analyses220
Micro-checker (Van Oosterhout et al. 2004) was used to quantify genotyping errors due to scoring221
errors, allele dropouts and null-alleles. Deviations from linkage equilibrium were tested in GENEPOP222
4 (Raymond and Rousset 1995; Rousset 2008) within the sample populations. Allele frequencies were223
calculated with FSTAT v2.9.3.2 (Goudet 2001). The observed (HO)  and  expected  (HE)224
heterozygosities were calculated in ARLEQUIN v3.5 (Excoffier and Lischer 2010). The inbreeding225
coefficient (FIS) was calculated and the significance of heterozygote excess or deficit was tested using226
10000 permutations in FSTAT v2.9.3.2 (Goudet 2001). The allelic richness (AR corrected for sample227
size using the rarefaction method) was calculated in FSTAT v2.9.3.2 (Goudet 2001). Individual228
heterozygosities were calculated as the heterozygosity weighted by locus (Aparicio et al. 2006) using229
the IR macroN3 in Microsoft Excel (Amos 2005). As only one individual was sampled from230
population Kiutaköngäs NWc, no genetic diversity estimates were calculated for this population.231

232
2.5 Matrix analyses233

234
2.5.1 Matrix construction235
Stage-based or Lefkovitch matrices (Lefkovitch 1965) were constructed for all individual populations236
using a life cycle graph (Fig. 2). Individuals were classified into eight life stages. Newly emerged237
individuals  that  were  smaller  than  3  cm  and  had  a  maximum  of  two  leaves,  were  classified  as238
seedlings (s). Vegetative individuals (v) had only one vegetative shoot (≥3 cm) and were not observed239
flowering in the previous years. A mature vegetative individual (mv) was a plant with more than one240
vegetative shoot and no fertile shoots or a plant with no fertile shoots that flowered in the previous241
years. A fertile individual (f) was classified as a plant with at least one fertile shoot.242

E. atrorubens can be dormant for one or several consecutive years (Jäkäläniemi et al. 2011).243
Consequently, mortality rates cannot be obtained from short-time data and dormant individuals244



6

cannot be distinguished from dead individuals based solely on above ground observations. In orchid245
studies, a plant is often classified as dead if it fails to emerge for more than three years (Hutchings246
1987), however, longer periods of dormancy have been documented (Shefferson 2009). In this study,247
dormancy has been observed for up to 13 years (see results). Consequently, individuals can be248
incorrectly classified as dead when not observed in the last four years of the monitoring period.249
Nonetheless, as dormancy lasted on average less than three years (see results), errors due to this were250
considered minimal. Thus, an individual not emerging for more than three years was considered dead.251
Consequently, the individuals that did not emerge during the last three years or less, could not be252
classified,  as  they  could  be  either  dead  or  dormant.  Due  to  this  limitation,  it  was  not  possible  to253
estimate mortality rates in populations that were monitored for only three years. Therefore, the254
average mortality rates estimated from populations that were monitored for longer periods were255
applied for these populations. We assumed that if a plant is classified as dead, it has died during the256
first year belowground (Instant death sensu, Alahuhta et al. 2017), consequently the mortality rates257
for dormant stages were zero. The estimates of population growth rates or the elasticity values of258
transitions are not dependent on whether the individual dies at once or after a period in dormancy259
(Slow death, Alahuhta et al. 2017). The dormant stage was defined when a previously observed260
individual had no visible above ground tissues during a certain period but re-emerged later. As the261
life stage before dormancy has an effect on the performance of the individual during and after262
reappearance (Swarts and Dixon 2009), four dormancy stages were used [dormant seedling (ds),263
dormant vegetative (dv), dormant mature vegetative (dmv) and dormant fertile (df)] depending on the264
life stage before dormancy.265

In orchids, individuals can stay in an underground protocorm stage for several years, before266
seedlings emergence. Due to the possibility of existing seed banks and dormant protocorm stages, for267
variable periods of time, the time between the seed formation and the recruitment is unknown.268
Therefore, there is a time lag between seed formation and recruitment. Due to restrictions on269
excavation in these protected habitats, exact knowledge on this is lacking, but a previous study has270
shown that recruitment can occur two years after the seed production (Bidartondo and Read 2008).271
In order to find the length of the time lag, we searched for the best model to predict the number of272
seedlings based on the number of fertile plants at different preceding time periods (i.e. using different273
time lags). This was done using a generalized linear model, with a negative binomial distribution and274
a logit link function. The AICc decreased with increasing time lag (Table A.3). Due to the absence275
of a clear model and the impossibility to know the exact time lag, recruitment as a proxy for fecundity276
in year t was calculated as the number of seedlings in year t divided by the average number of fertile277
plants before year t over the monitored years. Transition probabilities between the protocorm stages278
and from protocorm to small vegetative were set to 1. To test for density dependence for the279
recruitment of new individuals, a Pearson product-moment correlation between the number of280
seedlings and number of above ground plants was used (Ampumavaara R2 = -0.0731, p = 0.788;281
Kiutaköngäs N, R2 =-0.369, p = 0.160; Patoköngäs, R2= 0.0003, p = 0.999). Due to the absence of a282
significant correlation, no density dependence in recruitment was included in the matrix.283

284
2.5.2 Deterministic matrix models285
The census data were used to construct fifteen, thirteen, five or two annual transition matrices per286
population for the populations monitored for sixteen, fourteen, six and three years, respectively. The287
annual transition matrices were used to produce a mean population matrix. In the small populations,288
several transitions were not observed and set to zero.289

The finite rate of population growth (λd, hereafter the deterministic growth rate) and290
elasticities (eij) were calculated for all matrices using the PopTools package v3.2 (Hood 2010) in291
Microsoft Excel. The population growth rate (λd) is the dominant eigenvalue of the transition matrix292
and was used to assess the performance of a population (Caswell 2001). Elasticities were estimated293
to determine the relative importance of individual transition rates on population growth (Caswell294
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2001; Silvertown et al. 1993). The elasticities of the matrix elements were combined into three295
transition types; growth (transition to the next stage), stasis (individual that stays in the same stage)296
and recruitment and plotted on a demographic triangle (G-L-F triangle) to analyze the effect of the297
transition type on λ (Silvertown et al. 1993, 1996). As E. atrorubens can go from a fertile to a mature298
vegetative stage, a backwards transition (regression) is possible. This transition was included in the299
stasis type for simplicity (Bell et al. 2003; Silvertown et al. 1996).300

301
2.5.3 Stochastic matrix models302
In addition to the deterministic matrix models, stochastic matrix models were used to assess the303
population viability. Due to the short monitoring periods and consequently missing data on many304
transitions in the individual transition matrices of the small populations and Mataraniemi, stochastic305
matrix models were not applied on these populations. The stochastic growth rate (λS;  Morris  and306
Doak 2002) and the probability of extinction (Pe; Morris and Doak 2002) were calculated using the307
POPBIO v3.2 package (Stubben and Milligan 2007) in R. The annual population transition matrix308
models were used to calculate the probability of extinction (Pe). Matrices were selected at random309
with replacement (each matrix had an equal probability of selection). Simulations were performed for310
500 years into the future for ten runs of 5000 simulations. The population sizes from 2012 were used311
as the starting population vectors (N0), as it was the latest year, when all stages could be defined,312
including the dormant stages. In the large populations, all individuals inside and outside the 10 m x313
10 m plots were counted and the stage class distribution from inside the plot was used to extrapolate314
the total number of individuals for each stage class for the starting population vector (N0; Table A.4).315
The extinction risk was defined based on the simulations 100 years into the future. A population was316
defined as functionally extinct if it contained less than 25 individuals. A population was defined as317
viable if its probability for extinction was smaller than 5% over the next 100 years (Menges 1990).318
In order to study the effect of population size on population viability, all the annual population319
transition matrices of the large populations (N>100) were combined to assess the population320
extinction probability as described above. Population sizes of 50, 100, 200 and 500 were used as N0321
with the average stage distribution of the large populations.322

323
2.6 Correlations324
Pearson product-moment correlation tests were conducted to test for correlations between population325
size and the fruit set (percentage of flowers that set fruit), population growth rate (λd) and recruitment.326
In addition, we tested for the influence of the genetic variation on population viability by calculating327
the correlations between measurements of genetic variation (AR,  FIS and  HE) and the population328
growth rate (λd) and the population size. One-way ANOVA was used to test differences in the329
proportion of fertile individuals between small and large populations, the effect of population size330
(small population vs. large population) on recruitment and the deterministic growth rate (λd) and the331
impact of the varying monitoring years of the different populations. The analyses of the large332
populations were limited to the last three monitoring years and the recruitment and the deterministic333
growth rate (λd) were calculated. Further, one-way ANOVA was used to test for the difference in334
individual heterozygosity between young (defined here as individuals that had not been observed to335
flower) and old individuals (individuals that had been observed in the flowering stage during at least336
one year).337

338
2.7 Mark-recapture analyses339
Dormancy affects the likelihood of observing individuals, and may bias mortality estimates.340
Therefore, the data from the three large populations (Kiutaköngäs N, Ampumavaara and Patoköngäs)341
were further analysed using mark-recapture models that explicitly consider recapture probability342
when estimating survival (Lebreton et al. 1992). The mark-recapture analyses were conducted in343
MARK v8.0 (White and Burnham 1999). Recapture-probability (p) can be used to estimate344
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probability of being dormant as 1-p (Shefferson et al. 2001). Because the different stages are likely345
to have different survival rates, multi-state models were used to estimate survival to year t+1 given346
being in a certain stage in year t. The model included three populations and four stages, survival of347
the stages (phi), recapture probabilities (p) of the stages and transition (M) probabilities between348
stages, Phi(pop+stage) p(pop+stage) M(pop+stage). We fixed the following probabilities to zero:349
recapture probability of a seedling, transitions from larger stages to seedlings and from mature stages350
to vegetative stages. Time dependence was not included in the model because the number of351
parameters would have become very large compared to the amount of data. Hence, goodness of fit352
was examined using the median c-hat approach, which suggested no overdispersion (ĉ = 0.97, 95%353
CI 0.79 – 1.14). Note that this model did not explicitly consider the probability of moving from an354
above ground stage to a dormant stage or vice versa. These survival (mortality) estimates were355
compared to those estimated with the traditional approach.356

We used data from individuals that were genotyped with microsatellites to examine whether357
survival is affected by individual heterozygosity. Sampled individuals included only vegetative,358
mature vegetative and fertile individuals at the time of sampling and the populations were pooled.359
The global model with only stage-dependent model parameters [Phi(stage) p(stage) M(stage)] was360
compared to models where survival of different stages were constrained with an individual361
heterozygosity value. The models were compared using the Akaike’s information criterion corrected362
for small sample size (AICc). A difference of two AICc units was considered to infer real support for363
a variable (Burnham and Anderson 2002). The goodness of fit was examined using the median c-hat364
approach, which suggested no overdispersion (ĉ = 0.96, 95% CI 0.87 – 1.04).365

366
3. Results367

368
3.1 Demographic rates369
The age (number of years after seedling germination) at which maturity was reached (first year of370
flowering) varied greatly between individuals from four to eleven years, and was on average 7.4 years371
(±  2.29  SD).  Some individuals  did  not  reach  maturity  within  16  years.  The  length  of  the  dormant372
stage varied from one to thirteen years and was on average 1.34 years (Fig. 3) over all the life-history373
stages. On average, 16.3 % of the total population remained underground in a dormant stage374
(calculated from populations monitored during 2007-2012). The number of individuals in each life375
stage varied among years in each population (Table A.5). The proportion of fertile individuals was376
larger in the small populations compared to the large populations (F1,9 = 7.534 , p = 0.023). The fruit377
set rate did not increase significantly with population size (R2 = 0.339, p = 0.308). Recruitment was378
low in all populations (0-0.086; Table 1) and significantly lower in the small populations compared379
to the large populations (F1,9 = 17.453, p = 0.002). When the analyses were limited to the last three380
monitoring years, the recruitment of Patoköngäs decreased as no seedlings were observed during the381
last three monitoring years. As a consequence, the difference in recruitment was not significantly382
lower in the small populations (F1,9 = 2.725, p = 0.133). In the large populations, the annual number383
of seedlings varied from 0 to 14 (corresponding recruitments = 0 – 0.393; Table A.5). Fruitset was384
observed in all populations and varied across years (Table A.5). Survival rates for seedlings (average385
across populations 0.82) showed variation among populations being the lowest in Patoköngäs (Table386
2). The average survival was higher in other stages (vegetative = 0.97, mature vegetative = 0.99,387
fertile = 0.99; Table 2). The population specific matrices are given in Table A.6.388

The survival rates estimated with the multi-state model showed the same trend but were lower389
than those estimated with the matrix approach (Table 2). The probabilities of being dormant (1-390
recapture rate) were 0.27-0.30 for vegetative, 0.29-0.51 for mature vegetative and 0.0 to 0.01 for391
fertile individuals in different populations. The probabilities of moving from vegetative stage to392
mature stage were low (from 0.014 to 0.029). The probabilities of moving from vegetative stage to393
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fertile stage were 0.075-0.126, while the probabilities of moving from mature vegetative to fertile394
stage were 0.295-0.389. The probability of moving from fertile to mature vegetative stage ranged395
between 0.297-0.516.396

Survival was not affected by individual heterozygosity. The reduced model was more397
supported than any model constraining survival with individual heterozygosity (range in ∆AICc =398
0.02-2.2), suggesting that the individual heterozygosity values were uninformative parameters in399
terms of survival.400

401
402

3.2 Elasticities, population growth rates and extinction risks403
Survival of the mature vegetative and fertile individuals had the highest elasticities (Tables 1 and404
A.7). Recruitment had an elasticity different from zero only in large populations (Tables 1 and A.7),405
and elasticities for transitions of dormant stages were low (0.000-0.088). The importance of406
recruitment on the population growth rate was higher in large populations (N > 100) with population407
growth rates that exceeded one compared to small populations (Fig. 4). In small populations,408
recruitment did not contribute to the population growth as these populations were on the F=0 vertex409
(Fig. 4).410

The deterministic population growth rate varied among populations (Table 1) and was411
significantly lower in the small populations (λd = 0.993-0.994) compared to the large populations (λd412
= 1.000-1.016) (F1,9 =  51.902,  p  <  0.001,  Fig.  5)  and  a  significant  positive  correlation  between413
population growth rate and the population size was observed (R2 = 0.779, p = 0.005). This correlation414
was observed also, when the analyses of the large populations were limited to the last three monitoring415
years  that  were  common  among  the  small  and  large  populations  (F1,9 = 7.343, p = 0.024). The416
stochastic growth rate varied from 0.973 to 0.993 in the large populations (Table 3).  The population417
extinction probabilities ranged from 0.036 to 0.934 within the next 100 years, and only one population418
was considered viable according to the used criteria (Fig. 6). The same trends in the elasticity values419
were observed from the stochastic matrix model as from the deterministic model (Table A.8, Fig A.1).420

An increase in the initial population size decreased the probability of quasi-extinction. Quasi-421
extinction probability was 0.967, 0.663, 0.253 and 0.026 for an initial population sizes (N0) of 50,422
100, 200 and 500 individuals, respectively (Fig. 6).423

424
3.3 Genetic analyses425
An excess of homozygotes indicated null alleles in three populations for Ccal-25 (Patoköngäs,426
Kiutaköngäs N, Ampumavaara) and for SW2-185 (Kiutaköngäs N, Kiutaköngäs E, Kiutaköngäs427
SWc). Indications for scoring errors due to stutter bands were observed in three populations for SW2-428
185 (Kiutaköngäs N, Kiutaköngäs E, Kiutaköngäs SWc). Due to the absence of signs of null-alleles429
or indications of stutter bands in other populations, we used all the six loci in further analyses. The430
mean error rate was 0.12 per locus and 0.06 per allele. No linkage disequilibrium was detected431
between the loci. Deviations from the Hardy-Weinberg equilibrium were found in four populations432
(Table 4) as a deficit of heterozygotes, possibly indicating inbreeding. All loci had low levels of433
polymorphism with only two (SW1-76, SW2-152), three (Ccal25, SW2-185 and SW1-120), or five434
(SW1-78) alleles per locus. The genetic diversity estimates are given in Table 4. Allelic richness435
increased with population size, however this correlation was not significant (R2 = 0.423, p = 0.223).436
Instead, allelic richness correlated with the deterministic population growth rate (R2 =  0.680,  p  =437
0.031). The heterozygosity was not linked to population size (R2 = 0.052; p = 0.887) nor the438
deterministic population growth rate (R2 = 0.201; p = 0.577). Individual heterozygosity ranged from439
0 (homozygous over all loci) to 1 (heterozygous in all loci) and differed significantly between440
populations (F9,186 = 2.231, p = 0.022) but was not significantly lower in the small populations441
compared to the large populations (F1,194=1.191, p = 0.277). Young and old individuals did not differ442
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in their heterozygosity (F1,192 = 0.026, p = 0.872). The inbreeding coefficient (FIS) was not correlated443
with the population size (R2 = 0.105; p = 0.772).444

445
446

4. Discussion447
448

4.1 Viability449
In this study, we incorporated both demographic and genetic parameters to assess their effects on the450
viability of an endangered perennial orchid, which enabled us to identify critical life history stages451
for small populations and the potential mechanisms limiting these stages. We showed that the viability452
of small populations (N < 100) was remarkably lower compared to large populations. Small453
populations had a significantly lower deterministic growth rate due to remarkably low recruitment454
rates. While the three year monitoring of the small populations was likely too short to capture the full455
demography, the recruitment over the three year period was extremely low, being zero in all of them,456
except in Kiutaköngäs SWc. This population was the largest among the monitored small populations,457
indicating that a certain minimum population size is required for successful recruitment.458

459
4.2 Low seedling recruitment460
Lowered seedling recruitment rates appeared to be the bottleneck for viability in small orchid461
populations. Low fecundity can be caused by both ecological and genetic processes. In small462
populations, ecological processes can decrease the reproductive output. These processes may include463
failure to attract pollinators or problems in plant-pollinator interactions, resulting in low seed464
production (Ågren 1996; Sih and Baltus 1987). Orchids are particularly vulnerable to pollen465
limitation due to their pollinator specialisation and decreased fruit set has indeed been observed in466
several  small  orchid  populations  (Abeli  et  al.  2013;  Gijbels  et  al.  2015).  However,  we  observed467
capsules also in the small populations, suggesting that flowers did not fail to set fruits due to pollinator468
deficit. Further, we did not find any correlation between fruit set and population size. Other studies469
have also revealed a lack of a correlation between the fruit set and the population growth rate in470
orchids and that other factors, such as seedling recruitment rate, were determinants of population471
viability (Calvo and Horvitz 1990; Calvo 1993).472

Successful recruitment depends both on the availability of seeds and suitable microhabitats473
(Nathan and Muller-Landau 2000). In orchids, recruitment is limited by the availability of474
microhabitats rather than the fruitset (Kull 1998). Orchids are characterised by very strict habitat475
conditions, both biotic and abiotic. Successful seedling recruitment has been shown to be determined476
mainly by the presence of suitable mycorrhiza (Bidartondo et al. 2008), as orchids depend on477
mycorrhizal associations for germination of their small seeds that lack sufficient nutrients478
(Rasmussen 1995; Arditti and Ghani 2000). Successful seedling recruitment may be further restricted479
by the strong mycorrhizal fungal specialisation (Shefferson et al. 2007). This specialisation has been480
shown to be more pronounced during the protocorm stage in some species, including E. atrorubens481
(Bidartondo and Read 2008; Bidartondo et al. 2004; McCormick at al. 2004; Shefferson et al. 2008).482
High fungal specialisation can have strong implications for the conservation of orchids (McCormick483
et al. 2004), as the distribution of mycorrhiza determines the establishment of new individuals and484
thus the spatial distribution of orchids (Rasmussen 1995; Bidartondo et al. 2004). There are485
indications that the abundance of mycorrhiza decreases with increasing distance from adult plants486
(Batty et al. 2001; Diez 2007). Seedling recruitment is therefore expected to be higher near dense487
sites due to a higher abundance of fungi associated with the roots of the adult plants. The amount of488
suitable microhabitats can therefore be higher in large populations compared to small populations.489
This mechanism is effectively an Allee effect (Lamont et al. 1993; Courchamp et al. 1999). The small490
populations contained proportionally more fertile and thus older individuals compared to large491
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populations, indicating that small populations are likely remnants of once larger populations. Low492
quality or quantity of microhabitats suitable for successful germination might be behind the low493
recruitment rates in the small populations. However, based on our results no inferences on this can494
be made and more research is needed to test for the influence of microhabitat conditions, such as495
fungal abundance, on the germination rates.496

497
4.3 Genetic variation498
We found positive inbreeding coefficients in almost all populations, suggesting that inbreeding may499
occur. In small populations, higher probabilities to mate with related individuals and increased selfing500
rates through geitonogamy or autogamy due to pollinator deficit are expected. In the last case,501
pollination limitation cannot be observed as a reduced fruit set, as individuals do not fail to produce502
seeds.503

Increased selfing and mating with relatives, might reduce the fitness through a lowered504
fecundity and decreased survival and growth rates, as a result of the expression of harmful and505
deleterious recessive alleles in homozygotes (Ellstrand and Elam 1993; Reed and Frankham 2003;506
Young et al. 1996). Many studies that have shown the negative effects of inbreeding on individual507
and population survival (Keller and Waller 2002; Reed and Frankham 2003) and reproductive success508
(Ferdy et al. 2001; Sletvold et al. 2012). However, despite of low observed genetic diversity (as509
compared to other orchids; e.g. Gustafsson 2000; Soliva and Widmer 2003) and significant inbreeding510
levels, we found no indications of inbreeding depression. No correlation between population size and511
genetic variation (allelic richness, heterozygosity or the inbreeding coefficient) was observed,512
suggesting that the low seedling recruitment observed in small populations is not due to genetic513
factors. These results contrasts with meta-analyses on other orchids and plants that show decreased514
genetic variation in small populations (Aguilar et al. 2008; Gijbels et al. 2015 Honnay and Jacquemyn515
2007; Leimu et al. 2006). Further, the heterozygosity was not significantly different in young (non-516
fertile stage) versus old plants. Additionally, no indications for a lower survival due to inbreeding517
were found using the mark-recapture analyses. A similar lack of a relationship between the inbreeding518
coefficient and population size has been observed in several meta-analyses in orchids (Gijbels et al.519
2015) and other plants (Aguilar et al. 2008; Honnay and Jacquemyn 2007; Leimu et al. 2006). The520
lack of a correlation in this study may be explained by historically low variation and purging of521
deleterious  alleles  in  these  populations  or  by  the  low  number  of  markers  and  low  levels  of522
polymorphism in our study populations. Despite the lack of a correlation of the genetic variation with523
the populations size, the allelic richness correlated positively with the deterministic population growth524
rate. While the population size represents only a momentary point of the population, the population525
growth rate represents the long-term dynamics of populations. Allelic richness may be a better526
correlate for the long-term than for the short-term dynamics. These results are interesting as there is527
not much empirical evidence on the genetic effects on long-term population viability.528

529
4.4 Temporal stochasticity530
We observed high levels of inter-annual variation in the demographic parameters within populations.531
Variation was especially noticeable in the seedling recruitment rate that showed substantial temporal532
and between population variation. The observed variation affected the population viability by533
reducing population growth rates. The stochastic growth rates (λS) ranged from 0.973 to 0.993,534
indicating  slight  declines.  This  was  also  reflected  by  the  probability  of  extinction  (Pe), which535
suggested extinction of all large populations (Pe > 0.050) except for Ampumavaara (Pe = 0.036) during536
the next 100 years. Stochasticity may play an important role in the persistence of small populations,537
populations that are at equilibrium or slightly growing can be affected in the long-term (Lande 1988;538
Shaffer 1981). Thus, maintenance of large population sizes is needed to buffer the negative539
consequences of stochasticity.540
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The effect of stochasticity on viability varied across the large populations. Populations541
Ampumavaara and Kiutaköngäs N had almost identical stochastic growth rates (λs= 0.992-0.993) and542
relatively low probabilities of extinction (Pe = 0.036-0.084). However, population Patoköngäs had a543
high probability of extinction (Pe = 0.934) and a low stochastic growth rate (λs = 0.973), reflecting a544
higher effect  of stochasticity on the viability of this population.  This was due to the low seedling545
recruitment and survival rate in Patoköngäs. The seedling recruitment rate was lowest in Patoköngäs546
(F = 0.028) among the large populations (F = 0.051, Ampumavaara and F = 0.082, Kiutaköngäs N).547
In this population no seedling recruitment was observed in nine years. In addition, the average seeding548
survival rate of Patoköngäs (survival = 0.600) was the lowest among the large populations (survival549
was  0.889 in Ampumavaara and 0.889 in Kiutaköngäs N). This pattern was observed using both the550
survival values estimated with the matrix approach and multi-state mark-recapture method. Further,551
the variation of the seedling survival rate was high in this population.552

When the large populations were combined to simulate the extinction probability using553
different initial population sizes (N0), the increase in population size enhanced population viability554
by buffering against the inevitable decline caused by stochasticity. An initial population size of >300555
individuals was required for a viable population.556

557
4.5 Conservation implications558
E. atrorubens is reported to have declined in Finland due to succession and human caused threats,559
such as trampling, collecting and mining (Rassi et al. 2010) and local population extinctions have560
been observed in the study region. Management of the remaining habitat fragments is needed in order561
to prevent further decline of suitable habitats.562

We found indications that small populations are not viable over a long period, due to low563
recruitment rates. The low observed seedling recruitment in small populations is possibly linked to564
the lack of suitable microhabitats for germination rather than ecological or genetic processes, such as565
inbreeding depression, pollen limitation or pollinator deficit. This can have profound consequences566
to the conservation of orchids.567

We identified stasis as the most important transition for the population growth rate. This is in568
line with other perennial species in which survival and growth have the largest effect on the569
population growth (Silvertown et al. 1993; 1996). However, in the studied populations the570
reproduction was low and consequently the recruitment had low elasticity values (0-0.020). They571
were highest in the large populations (N>100) that reproduced. Elasticity values for fecundities have572
been shown to be positively correlated with the population growth rate (Oostermeijer et  al.  1996).573
Population growth occurs only when recruitment is different from zero, and population growth rates574
will decline below unity when the fruit set and seedling recruitment are severely limited (Silvertown575
et al. 1996). The low recruitment rate will eventually lead to the extinction of small populations.576
Elasticity values should thus not be interpreted without taking into account the corresponding growth577
rates (Oostermeijer et al. 1996; Silvertown et al. 1996), when planning conservation and management578
of endangered species. As survival rates were not particularly low compared to other similar orchids579
(e.g. Kéry and Gredd 2004; Shefferson 2006; Shefferson Kali 2006; Shefferson et al. 2001;2003), our580
results strongly suggest that management should focus on enhancing recruitment. We note, however,581
that we were unable to conclude anything about mortality in small vs. large populations. Survival582
rates could be higher for example due to reduced density dependence effects from competition or583
lower due to unfavourable microhabitats.584

585
Acknowledgements586

587
We would like to thank the Thule institute and the Department of Biology of the University of Oulu588
for funding the research. We also thank Elizabeth Crone’s research group for the help in the long term589
monitoring of the large populations and the staff of the Oulanka research station for the support during590



13

the fieldwork. Further, we thank Kirsi Alahuhta for giving comments on the manuscript. Any opinion,591
findings, and conclusions or recommendations expressed in this material are those of the authors and592
do not necessarily reflect the views of the National Science Foundation.593

594
Funding595

596
This work has been supported by the Thule institute and the Department of Biology of the597
University of Oulu and the National Science Foundation of Elizabet Crone’s research group (NSF598
DEB 10-20889). VMP was supported by the Academy of Finland, Research Council for599
Biosciences and Environment (278759).600

601
602
603

References604
605

Abeli, T., Jäkäläniemi, A., Wannas, L., Mutikainen, P., Tuomi, J., 2013. Pollen limitation and606
fruiting failure related to canopy closure in Calypso bulbosa (Orchidaceae), a northern food-607
deceptive orchid with a single flower. Bot. J. Linn. Soc. 171, 744–750.608

609
Ågren, J., 1996. Population size, pollinator limitation, and seed set in the self-incompatible herb610
Lythrum salicaria. Ecology 77, 1779–1790.611

612
Aguilar, R., Quesada, M., Ashworth, L., Herrerias-Diego, Y., Lobo, J., 2008. Genetic consequences613
of habitat fragmentation in plant populations: susceptible signals in plant traits and methodological614
approaches. Mol. Ecol. 17, 5177–5188.615

616
Alahuhta, K., Crone, E., Ettinger, A., Hens, H., Jäkäläniemi, A., Tuomi, J., 2016. Instant death,617
slow death and the consequences of assumptions about prolonged dormancy for plant population618
dynamics. J. Ecol. 105, 471–483.619

620
Amos, W., 2005. IR macroN3.IR Manual. http://www.zoo.cam.ac.uk/directory/william-amos.621

622
Angeloni, F., Ouborg, N.J., Leimu, R., 2011. Meta-analysis on the association of population size623
and life history with inbreeding depression in plants. Biol. Conserv. 144, 35–43.624

625
Aparicio, J.M., Ortego, J., Cordero, P.J., 2006. What should we weigh to estimate heterozygosity,626
alleles or loci? Mol. Ecol. 15, 4659–4665.627

628
Arditti, J., Ghani, A.K.A., 2000. Tansley Review No. 110. Numerical and physical properties of629
orchid seeds and their biological implications. New Phytol. 145, 367–421.630

631
Batty, A.L., Dixon, K.W., Brundrett, M., Sivasithamparam, K., 2001. Constraints to symbiotic632
germination of terrestrial orchid seed in Mediterranean bushland. New Phytol. 152, 511–520.633

634
Bell, T., Bowles, M., McEachern, A., 2003. Projecting the success of plant population restoration635
with viability analysis. In: Brigham, C.A., Schwartz, M.W. (Eds.) Population viability in plants.636
Conservation, management and modelling of rare plants. Springer, Berlin, pp. 313–348.637

638



14

Bidartondo, M.I., Burghardt, B., Gebauer, G., Bruns, T.D., Read, D.J., 2004. Changing partners in639
the dark: isotopic and molecular evidence of ectomycorrhizal liaisons between forest orchids and640
trees. Proc. R. Soc. B 271, 1799–1806.641

642
Bidartondo, M.I., Read, D.J., 2008. Fungal specificity bottlenecks during orchid germination and643
development. Mol. Ecol. 17, 3707–3716.644

645
Brzosko, E., Tałataj, I., Wróblewska, A., 2006. Genetic structure of rare Epipactis atrorubens646
populations from two national parks in northeast Poland. Polish Botanical Studies 22, 1–10.647

648
Burnham, K.P., Anderson, D., 2002. Model selection and multi-model inference. A Practical649
information-theoretic approach. Springer-Verlag, New York.650

651
Calvo, R.N., 1993. Evolutionary demography of orchids: intensity and frequency of pollination and652
the cost of fruiting. Ecology 74, 1033–1042.653

654
Calvo, R.N., Horvitz, C.C., 1990. Pollinator limitation, cost of reproduction, and fitness in plants: a655
transition-matrix demographic approach. Amer. Nat. 136, 499–516.656

657
Caro, T., Laurenson, M.K., 1994. Ecological and genetic factors in conservation: a cautionary tale.658
Science 263, 485–486.659

660
Caswell, H., 2001. Matrix population models, 2nd edn. Sinhauer, Massachusetts.661

662
Caughley, G., 1994. Directions in Conservation Biology. J. Anim. Ecol. 63, 215–244.663

664
Courchamp, F., Clutton-Brock, T., Grenfell, B. 1999. Inverse density dependence and the Allee665
effect. Trends Ecol. Evol. 14, 405–410.666

667
Diez, J.M., 2007. Hierarchical patterns of symbiotic orchid germination linked to adult proximity668
and environmental gradients. J. Ecol. 95. 159–170.669

670
Doyle, J.J., 1987. A rapid DNA isolation procedure for small quantities of fresh leaf tissue.671
Phytochem. Bull. 19, 11–15.672

673
Efimov, P., 2004. Genus Epipactis ZINN (Orchidaceae) in the Russia. Turczaninowia 7, 8–42.674

675
Ellstrand, N.C., Elam, D.R., 1993. Population genetic consequences of small population size:676
implications for plant conservation. Annu. Rev. Ecol. Syst. 24, 217–242.677

678
Excoffier, L., Lischer, H.E.L., 2010. Arlequin suite ver 3.5: A new series of programs to perform679
population genetics analyses under Linux and Windows. Mol. Ecol. Resour. 10, 564–567.680

681
Fay, M.F., Pailler, T., Dixon, K.W., 2015. Orchid conservation: making the links. Ann. Bot-London682
116, 377–379.683

684
Ferdy, J-B., Loriot, S., Sandmeier, M., Lefranc, M., Raquin, C., 2001. Inbreeding depression in a685
rare deceptive orchid. Can. J. Botany 79, 1181–1188.686

687



15

Gijbels, P., De Hert, K., Jacquemyn, H., Honnay, O., 2015. Reduced fecundity and genetic diversity688
in small populations of rewarding versus deceptive orchid species: a meta-analysis. Plant Ecol.689
Evol. 148, 153–159.690

691
Goudet. J., 2001. FSTAT, a program to estimate and test gene diversities and fixation indices692
(version 2.9.3). Available from http://www.unil.ch/izea/softwares/fstat.html. Updated from Goudet693
(1995).694

695
Groom. M.J., 1998. Allee effects limit population viability of an annual plant. Amer. Nat. 151, 487–696
496.697

698
Gustafsson, S., 2000. Patterns of genetic variation in Gymnadenia conopsea, the fragrant orchid.699
Mol. Ecol. 9, 1863–1872.700

701
Hedrick, P.W., Kalinowski, S.T., 2000. Inbreeding depression in conservation biology. Annu. Rev.702
Ecol. Syst. 31, 139–162.703

704
Hens, H., Jäkäläniemi, A., Tali, K., Efimov, P., Kravchenko, A.V., Kvist, L., 2017. Genetic705
structure of a regionally endangered orchid, the dark red helleborine (Epipactis atrorubens) at the706
edge of its distribution. Genetica 145, 209–221.707

708
Honnay, O., Jacquemyn, H., 2007. Susceptibility of common and rare plant species to the genetic709
consequences of habitat fragmentation. Conserv. Biol. 21, 823–831.710

711
Hood, G.M., 2010. PopTools version 3.2.5. Available on the internet. http://www.poptools.org.712

713
Hutchings, M.J., 1987. The population biology of the early spider orchid, Ophrys Sphegodes Mill. I.714
a demographic study from 1975 to 1984. J. Ecol. 75, 711–727.715

716
Jäkäläniemi, A., Crone, E.E., Närhi, P., Tuomi, J., 2011. Orchids do not pay costs at emergence for717
prolonged dormancy. Ecology 92, 1538–1543.718

719
Jakubska-Busse, A., Kadej, M., 2011. The pollination of Epipactis Zinn, 1757 (Orchidaceae)720
species in Central Europe–the significance of chemical attractants, floral morphology and721
concomitant insects. Acta. Soc. Bot. Pol. 80, 49–57.722

723
Keller, L.F., Waller, D.M., 2002. Inbreeding effects in wild populations. Trends Ecol. Evol. 17,724
230–241.725

726
Kéry, M., Gredd, K.B., 2004. Demographic analysis of dormancy and survival in the terrestrial727
orchid Cypripedium reginae. J. Ecol. 92, 686–695.728

729
Kull, T., 1998. Fruit-set and recruitment in populations of Cypripediu calceolus L. in Estonia. Bot.730
J. Linn. Soc. 126, 27–38.731

732
Lamont, B.B., Klinkhamer, P.G., Witkowski, E.T.F., 1993. Population fragmentation may reduce733
fertility to zero in Banksia goodii - a demonstration of the Allee effect. Oecologia 94, 446–450.734

735
Lande, R., 1988. Genetics and demography in biological conservation. Science 241, 1455–1460.736

737



16

Lebreton, J., Burnham, K.P., Clobert, J., Anderson, D.R., 1992. Modeling survival and testing738
biological hypotheses using marked animals: a unified approach with case studies. Ecol. Monogr.739
62, 67–118.740

741
Lefkovitch, L., 1965. The study of population growth in organisms grouped by stages. Biometrics,742
1–18.743

744
Leimu, R., Mutikainen, P., Koricheva, J., Fisher, M., 2006. How general are positive relationships745
between plant population size, fitness and genetic variation? J. Ecol. 94, 942–952.746

747
McCormick, M.K., Whigham, D.F., O’Neill, J. 2004, Mycorrhizal diversity in photosynthetic748
terrestrial orchids. New Phytol. 163, 425–438.749

750
Menges, E.S., 1990. Population viability analysis for an endangered plant. Conserv. Biol. 4, 52–62.751

752
Menges, E.S., Dolan, R.W., 1998. Demographic viability of populations of Silene regia in753
midwestern prairies relationships with fire management, genetic variation, geographic location,754
population size and isolation. J. Ecol. 86, 63–78.755

756
Micheneau, C., Johnson, S.D., Fay, M.F., 2009. Orchid pollination: from Darwin to the present day.757
Bot. J. Linn. Soc. 161, 1–19.758

759
Minasiewicz, J., Znaniecka, J., 2014. Characterization of 15 novel microsatellite loci for760
Cypripedium calceolus (Orchidaceae) using MiSeq sequencing. Conserv. Genet. Resour. 6, 527–761
529.762

763
Morris, W., Doak, D., 2002. Quantitative conservation biology; theory and practice in conservation764
biology. Sinauer, Sunderland, Massachusetts.765

766
Nathan, R., Muller-Landau, H.C., 2000. Spatial patterns of seed dispersal, their determinants and767
consequences for recruitment. Trends Ecol. Evol. 15, 278–285.768

769
Oostermeijer, J.G.B., Eijck, M.W., Nijs, J.C.M., 1994. Offspring fitness in relation to population770
size and genetic variation in the rare perennial plant species Gentiana pneumonanthe771
(Gentianaceae). Oecologia 97, 289–296.772

773
Oostermeijer, J.G.B., Brugman, M.L., De Boer, E.R., den Nijs, H.C.M., 1996. Temporal and spatial774
variation in the demography of Gentiana Pneumonanthe, a Rare Perennial Herb. J. Ecol. 84, 153–775
166.776

777
Oostermeijer, J.G.B., Luijten, S.H., den Nijs, J.C.M., (2003) Integrating demographic and genetic778
approaches in plant conservation. Biol. Conserv. 113, 389–398.779

780
Pompanon, F., Bonin, A., Bellemain, E., Taberlet, P., 2005. Genotyping errors: causes,781
consequences and solutions. Nat. Rev. Genet. 6, 847–846.782

783
Rasmussen, H.N., 1995. Terrestrial orchids: from seed to mycotrophic plant. Cambridge University784
Press.785

786



17

Rassi, P., Hyvärinen, E., Juslén, A., Mannerkoski, I., (Eds.), 2010. The 2010 Red List of Finnish787
Species. Ympäristöministeriö & Suomen ympäristökeskus, Helsinki. pp, 195.788

789
Raymond, M., Rousset, F., 1995. GENEPOP (Version 1.2): Population genetics software for exact790
tests and ecumenicism. J. Hered. 86, 248–249.791

792
Reed, D.H., Frankham, R., 2003. Correlation between fitness and genetic diversity. Conserv. Biol.793
17, 230–237.794

795
Reed, J.M., Mills, L.S., Dunning, J.B., Menges, E.S., McKelvey, K.S., Frye, R., Beissinger, S.R.,796
Anstett, M., Miller, P., 2002. Emerging issues in population viability analysis. Conserv. Biol. 16, 7–797
19.798

799
Rousset, F., 2008. Genepop007: A complete re-implementation of the genepop software for800
Windows and Linux. Mol. Ecol. Resour. 8, 103–106.801

802
Schmidt, K., Jensen, K., 2000. Genetic structure and AFLP variation of remnant populations in the803
rare plant Pedicularis palustris (Scrophulariaceae) and its relation to population size and804
reproductive components. Am. J. Bot. 87, 678–689.805

806
Shaffer, M.L., 1981. Minimum population sizes for species conservation. Bioscience 31, 131–134.807

808
Shefferson, R.P., 2006. Survival costs of adult dormancy and the confounding influence of size in809
lady's slipper orchids, genus Cypripedium. Oikos 115, 253–262.810

811
Shefferson, R.P., 2009. Essay Review: The Evolutionary Ecology of Vegetative Dormancy in812
Mature Herbaceous Perennial Plants. J. Ecol. 97, 1000–1009.813

814
Shefferson, R.P., Kali, K., 2006. Dormancy is associated with decreased adult survival in the burnt815
orchid, Neotinea ustulata. J. Ecol. 95, 217–225.816

817
Shefferson, R.P., Proper, J., Beissinger, S.R., Simms, E.L., 2003. Life history trade-offs in a rare818
orchid: the costs of flowering, dormancy, and sprouting. Ecology 84, 1199–1206.819

820
Shefferson, R.P., Taylor, D.L., Weiss, M., Garnica, S., McCormick, M.K., Adams, S., Gray, H.M.,821
McFarland, J.W., Kull, T., Tali, K., Yukawa, T., Kawahara, T., Miyoshi, K., Lee, Y.I., 2007. The822
evolutionary history of mycorrhizal specificity among lady’s slipper orchids. Evolution 61, 1380–823
1390.824

825
Shefferson, R.P., Sandercock, B.K., Proper, J., Beissinger, S.R., 2001. Estimating dormancy and826
survival of a rare herbaceous perennial using mark–recapture models. Ecology 82, 145–156.827

828
Shefferson, R.P., Kull, T., Tali, K., 2008. Mycorrhizal interactions of orchids colonizing Estonian829
mine tailings hills. Am. J. Bot. 95, 156–164.830

831
Sih, A., Baltus, M., 1987. Patch size, pollinator behavior, and pollinator limitation in catnip.832
Ecology 68, 1679–1690.833

834
Silvertown, J., Franco, M., Menges, E., 1996. interpretation of elasticity matrices as an aid to the835
management of plant populations for conservation. Conserv. Biol. 10, 591–597.836



18

837
Silvertown, J., Franco, M., Pisanty, I., Mendoza, A., 1993. Comparative plant demography--838
Relative importance of life-cycle components to the finite rate of increase in woody and herbaceous839
Perennials. J. Ecol. 81, 465–476.840

841
Sletvold, N., Grindeland, J.M., Zu, P., Ågren, J., 2012. Strong inbreeding depression and local842
outbreeding depression in the rewarding orchid Gymnadenia conopsea. Conserv. Genet. 13, 1305–843
1315.844

845
Soliva, M., Widmer, A., 2003. Gene flow across species boundaries in sympatric, sexually846
deceptive Ophrys (Orchidaceae) species. Evolution 57, 2252–2261.847

848
Stubben, C., Milligan, B., 2007. Estimating and analyzing demographic models using the popbio849
package in R. J. Stat. Softw. 22, 1–23.850

851
Swarts, N.D., Dixon, K.W., 2009. Terrestrial orchid conservation in the age of extinction. Ann. Bot-852
London 104, 543–556.853

854
Talalaj, I., Brzosko, E., 2008. Selfing potential in Epipactis palustris, E. helleborine and E.855
atrorubens (Orchidaceae). Plant Syst. Evol. 276, 21–29.856

857
Tranchida-Lombardo, V., Hopkins, S.E., Selosse, M-A., Cozzolina, S., Taylor, D.L., 2008. Isolation858
and characterization of new polymorphic microsatellite loci in the mixotrophic orchid Limodorum859
abortivum L. Swartz (Orchidaceae). Mol. Ecol. Resour. 8, 1117–1120.860

861
Tuulik, T., 1998. Orchids of Hiiumaa. Pirrujaak 5, Kärdla.862

863
Van Oosterhout, C., Hutchinson, W.F., Wills, D.P.M., Shipley, P., 2004. Micro-checker: software864
for identifying and correcting genotyping errors in microsatellite data. Mol. Ecol. Resour. 4, 535–865
538.866

867
White, G.C., Burnham, K.P., 1999. Program MARK: survival estimation from populations of868
marked animals. Bird study 46(S1), S120–S139.869

870
Young, A., Boyle, T., Brown, T., 1996. The population genetic consequences of habitat871
fragmentation for plants. Trend Ecol. Evol. 11, 413–418.872

873
Zeigler, S.L., Che-Castaldo, J.P., Neel, M.C., 2013. Actual and potential use of population viability874
analyses in recovery of plant species listed under the U.S. endangered species act. Conserv. Biol.875
27, 1265–1278.876

877
878
879
880
881
882
883
884
885
886



19

Tables887
888

Table 1. Basic demographic parameters of the study populations obtained from the deterministic889
matrix models. Number of monitored individuals per population (N), the maximum counted890
individuals including those outside the monitored plot, time of monitoring in years (T), recruitment891
(R), population growth rate (λd), elasticity of the survival of seedlings (es), vegatatives (ev), mature892
vegetatives (emv) and fertiles (ef), and recruitment (er). Note that the elasticity’s do not sum up to 1,893
as elasticity’s of dormant stages are not shown.894
Population N Nincl.

outside

plot

T  R λd es ev emv ef er

Ampumavaara 247 313 16 0.051 1.009 0.016 0.078 0.319 0.449 0.016
Kiutaköngäs N 171 171 16 0.082 1.016 0.019 0.114 0.383 0.320 0.019
Patoköngäs 152 315 14 0.028 1.006 0.008 0.036 0.237 0.549 0.008
Mataraniemi 134 >500 3 0.024 1.000 0.007 0.043 0.497 0.397 0.007
Kiutaköngäs SWc 65 6 0.020 0.994 0.000 <0.001 0.221 0.715 0
Kiutaköngäs b 32 3  0 0.993 0.000 <0.001 0.042 0.916 0
Kiutaköngäs E 36 3  0 0.993 0.000 <0.001 0.040 0.960 0
Kiutaköngäs NWb 30 3  0 0.993 0.000 0.000 1 0 0
Kiutaköngäs NWc 11 3  0 0.993 0.000 0.000 0.000 1 0
Kiutaköngäs SWa 15 3  0 0.994 0.000 0.000 0.310 0.595 0
Kiutaköngäs W 17 3  0 0.993 0.000 <0.001 0.336 0.613 0

895
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901

902

903
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Table 2. Survival rates of the large populations estimated with the matrix approach and multi-state912
mark-recapture methods. Only three large populations were used for the mark-recapture analyses.913

Stage Matrix
approach

mark-recapture
Estimate CI

Ampumavaara
Seedling 0.889 0.766 0.614-0.870
Vegetative 0.966 0.914 0.886-0.935
Mature vegetative 0.991 0.962 0.942-0.976
Fertile 0.988 0.972 0.955-0.982
Kiutaköngäs N
Seedling 0.967 0.968 0.712-0.997
Vegetative 0.978 0.936 0.908-0.956
Mature vegetative 0.993 0.978 0.957-0.989
Fertile 0.992 0.970 0.943-0.985
Patoköngäs
Seedling 0.600 0.429 0.189-0.708
Vegetative 0.973 0.967 0.933-0.984
Mature vegetative 0.995 0.990 0.943-0.998
Fertile 0.998 0.984 0.949-0.995

914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
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935
936
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938
939
940
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Table 3. Basic demographic parameters based on the stochastic matrix analyses of populations943
Ampumavaara, Kiutaköngäs N and Patoköngäs. The number of individuals during year 2014 (N2014),944
the number of individuals used a starting populations for the simulations (N0), the stochastic growth945
rate (λs), the probability of extinction (Pe), the viable time (tviab) and the elasticity of the survival of946
seedlings (es), vegatatives (ev), mature vegetatives (emv) and fertiles (ef), and recruitment (er). Note947
that the elasticity’s do not sum up to 1, as elasticity’s of dormant stages are not shown.948

Population N2012
N2014

N0 λs (C.I) Pe (100years, 25
ind)

tviab es ev emv ef er

Ampumavaara 119 139 0.992 (±0.001) 0.036 (±0.003) 106 0.015 0.083 0.317 0.468 0.014
Kiutaköngäs N 133 133 0.993 (±0.001) 0.084 (±0.004) 85 0.014 0.082 0.414 0.346 0.014
Patoköngäs 86 145 0.973 (±0.001) 0.934 (±0.005) 36 0.002 0.030 0.217 0.631 0.002

949
950
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Table 4. Genetic diversity estimates for each population. The sample size (N), expected951
heterozygosity (He), observed heterozygosity (Ho), allelic richness (AR), inbreeding coefficient (FIS)952
and the p-value for Hardy-Weinberg equilibrium. The indicative adjusted nominal level (0.05) is953
0.00083. He, Ho, AR and their standard deviation are calculated as the means over loci. No genetic954
diversity estimates were calculated for population Kiutaköngäs NWc, as only one individual was955
sampled for this population.956
Population N  Ho  ±SD He  ±SD FIS p-value AR±SD
Patoköngas 30 0.317±0.246 0.351±0.185 0.096 0.136 1.841±0.408
Kiutaköngäs N 30 0.289±0.154 0.439±0.128 0.347 <0.001 2.084±0.389
Ampumavaara 30 0.204±0.163 0.242±0.124 0.160 0.040 1.598±0.255
Mataraniemi 25 0.312±0.174 0.397±0.206 0.220 0.014 1.850±0.634
Kiutaköngäs SWc 22 0.203±0.067 0.300±0.166 0.331 0.011 1.478±0.433
Kiutaköngäs b 11 0.238±0.111 0.225±0.099 -0.059 0.694 1.524±0.353
Kiutaköngäs E 12 0.287±0.258 0.378±0.197 0.253 0.064 1.440±0.550
Kiutaköngäs NWb 9 0.342±0.061 0.361±0.102 0.059 0.386 1.747±0.393
Kiutaköngäs SWa 11 0.198±0.272 0.256±0.261 0.236 0.094 1.491±0.694
Kiutaköngäs W 16 0.439±0.187 0.505±0.135 0.137 0.142 1.845±0.714

957
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Figures958
959

960
Fig. 1. Map of the studied populations. Black lines represent roads. Grey areas represent rivers or961
lakes.962
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970
Fig. 2. Stage-based life cycle graph for E. atrorubens. Life stages are protocorm (p), seedling (s),971
vegetative (v), mature vegetative (mv), fertile (f), dormant seedling (ds), dormant vegetative (dv),972
dormant mature vegetative (dmv) and dormant fertile (df). Arrows represent possible transitions.973
Matrix elements (aij) corresponding to the transition matrix are indicated for growth (Gij), stasis (Sij),974
and reproductive (Fij) transition rates.975
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1001
Fig. 3. Distribution of the length of dormancy including all life-history stages.1002
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1032
Fig. 4. Elasticities of growth (G), stasis or regression (L), and recruitment (R) for deterministic stage-1033
based matrices of each population plotted on a ternary graph according to Silvertown et al. (1993).1034
Small populations (N<100) are given as circles and large populations (N>100) are given as triangles.1035
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1053
Fig. 5. Deterministic growth rate (λd) for small (N<100) and large populations (N>100).1054
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1090

1091
Fig.  6.  (a)  Probability  of  extinction  (Pe) for populations Patoköngäs, Kiutaköngas N and1092
Ampumavaara. (b) Probability of extinction (Pe) for different hypothetical starting population sizes1093
(N0), for the large populations combined. The projections were carried out for 500 years. The quasi1094
extinction threshold was 25 individuals. The grey line indicates the 5% viability threshold.1095


