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Abstract

Predicting population dynamics for rare species is of paramount importance in order to evaluate the likelihood of extinction
and planning conservation strategies. However, evaluating and predicting population viability can be hindered from a lack
of data. Rare species frequently have small populations, so estimates of vital rates are often very uncertain due to lack of
data. We evaluated the vital rates of seven small populations from two watersheds with varying light environment of a
common epiphytic orchid using Bayesian methods of parameter estimation. From the Lefkovitch matrices we predicted the
deterministic population growth rates, elasticities, stable stage distributions and the credible intervals of the statistics.
Populations were surveyed on a monthly basis between 18–34 months. In some of the populations few or no transitions in
some of the vital rates were observed throughout the sampling period, however, we were able to predict the most likely
vital rates using a Bayesian model that incorporated the transitions rates from the other populations. Asymptotic population
growth rate varied among the seven orchid populations. There was little difference in population growth rate among
watersheds even though it was expected because of physical differences as a result of differing canopy cover and
watershed width. Elasticity analyses of Lepanthes rupestris suggest that growth rate is more sensitive to survival followed by
growth, shrinking and the reproductive rates. The Bayesian approach helped to estimate transition probabilities that were
uncommon or variable in some populations. Moreover, it increased the precision of the parameter estimates as compared
to traditional approaches.
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Introduction

A large amount of effort has been placed in understanding

population dynamics of orchids [1–8], focusing mainly on

conservation and management decisions [9–13]. Almost all studies

are of terrestrial temperate species, whereas approximately 70% of

orchid species are epiphytic.

Insufficient information on the basic biology and dynamics of

the species often limits attempts to conserve small populations.

When population sizes are small, decisions frequently rely on

intuition or data from other populations or species. Parameter

estimates are usually uncertain when data are limited. In some

cases, it is not possible to even construct meaningful credible

intervals [14]. Traditional approaches using standard statistical

methods for evaluating population parameters can be limiting

[14–17]. Here we use Bayesian methods to estimate the

parameters of an orchid population model by using information

from a number of populations simultaneously.

One value of the Bayesian approach is that it takes advantage of

a priori information and considers the probability distribution for

the parameter of interest [18]. Moreover, the 95% Bayesian

credible interval for a parameter can be interpreted as intended by

most biologists as the interval with a 0.95 probability of containing

the true value [19–20]. A further advantage of the Bayesian

approach is that the parameters of arbitrarily complex models can

be estimated with relative ease [17–18], [21].

As part of a long-term objective of evaluating alternative

approaches for the management of small hyper-dispersed species

in lithophytic and epiphytic habitats, we evaluated the transition

probabilities of a matrix population model seven riparian

populations of a lithophytic tropical orchid from the Caribbean.

Specifically we asked 1) what are the transition probabilities

among life cycle stages, 2) which of the transitions have the highest

and lowest elasticities, 3) what is the expected stable stage

distribution, 4) how different are populations from a stable stage

distribution, and 5) how different are populations from different

riparian environments? In answering these questions, we focused

on the size and precision of the parameter estimates.

Methods

Model system
The model organism Lepanthes rupestris Stimson is an

epiphytic and mostly lithophytic (on boulders) endemic to Puerto
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Rico, and found in the Yunque National Forest (YNF). No specific

permits were required for research as this species is neither

endangered or protected (no removal or manipulation of plants

were performed). For further information contact, El Yunque

National Forest, HC-01, Box 13490, Rio Grande, PR, 00745–

9625, USA. The study was carried out along two rivers, Quebrada

Sonadora (latitude 18u 199170 N, longitude 65u 499 110 W) and

Quebrada Grande (latitude 18u 199 090 N, longitude 65u 499

300W). These rivers are first order tributaries of the Espı́ritu Santo

River in north-eastern Puerto Rico. The sections studied range

between 400 and 500 m in elevation and occur in secondary

mature ‘Tabonuco Forest’, dominated by Dacryodes excelsa [22].

For the purposes of this study, a population is defined as the set

of individuals growing on a single boulder (lithophyte) or tree

(epiphyte). For ease of communication we will use the term

phorophyte to refer to both (tree and boulder) host types. There is

a mean of 45.368.1 (s.e.) adults per phorophyte and a mean

distance of 4.8 m61.3 (s.e.) between phorophytes [23]. Most

populations have fewer individuals than the mean (Median 26);

[6], [23]. Populations are clumped in space, small and separated

from each other by short distances. In general, populations on

separate phorophytes are genetically distinct and gene flow among

populations appears to be limited [24] suggesting that each

population has limited interactions with its neighbors. Lepanthes
rupestris is self-incompatible and is protandrous [25]. Although

much effort has been invested to discover the mechanism for

transferring the pollinaria, pollinators are unknown for this

species. The only known pollinator for one of .800 species of

the Neotropical genus is described as a black winged fungus gnat

[26] and suggests that pollination occurs through pseudo-

copulation by male black winged fungus gnats.

Description of Field Site
Average annual precipitation is 3460 mm but rainfall is

seasonal, with higher values from May through December relative

to the January to April period [27]. Water discharge in these

streams is highly variable and closely follows precipitation events

[28]. Large storms increase water discharge to levels that are much

higher than normal and are capable of moving boulders and

carrying large pieces of debris downstream [28]. The sections of

Quebrada Sonadora are much wider (approx. 10 m) than those of

Quebrada Grande (approx. 3 m). Most orchid populations are in

the understory in the latter river and receive only indirect sunlight

compared to populations along Quebrada Sonadora [29]. The size

of plants is directly correlated with light availability in ex situ and

in situ experiments and influences directly the production of

flowers and consequently male and female reproductive success

[29–30]. However, plant growth was non-linearly related to light

availability with maximum growth occurring in the range 1 to 5

mol m22 day21 [29].

Data collection
A total of 1346 individuals of L. rupestris in seven populations

were tagged and monitored at monthly intervals for 18 months or

more throughout the sampling period in two river systems,

Quebrada Sonadora and Quebrada Grande. The number of

individuals varied among populations (Table 1). Analyses were

performed using demographically structured models in which

Figure 1. Schematic diagram of the life-cycle of Lepanthes
rupestris and transitions between life-history stages between
successive census dates (monthly surveys). G = probability of
passing from one stage to another, P = probability of surviving the time
period and remaining in the same stage. Arrows labelled with Gij’s
indicate movement of an individual from one stage to another. Pij’s
indicate individuals remaining in the same stage at the next census
date. The arrow labelled Fij indicates the production of new individuals
by sexual reproduction by a specific stage. S = seedlings, J = juveniles,
A0 is a non-reproducing adult stage, representing individuals that have
reproduced at some point in their life but which are presently not
reproducing, A1 = small reproductive adults (only one active inflores-
cence), A2 = large reproductive adults (two or more active inflores-
cence). New individuals are introduced in the populations only from
reproducing individuals.
doi:10.1371/journal.pone.0102859.g001

Table 1. Number of individuals, and life-history stage at the beginning of the sampling period, in seven populations of Lepanthes
rupestris.

Population Months surveyed Seedlings Juveniles Adults

Quebrada Grande 1 345 44 72 97

Quebrada Grande 2 184,5 66 74 95

Quebrada Grande 3 182 107 39 102

Quebrada Sonadora 4 193 40 135 86

Quebrada Sonadora 5 193 14 8 74

Quebrada Sonadora 6 192 28 6 62

Quebrada Sonadora 7 192 66 33 98

Total 365 367 614

Populations were visited once per month between September 1994 and November 1996. 1Population Quebrada Grande 1 surveyed since March 93. Months not
surveyed 2June 94, 3July 94, 4August 94, 5July 95.
doi:10.1371/journal.pone.0102859.t001
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individuals were grouped into distinct classes. Readers unfamiliar

with the approach can read Caswell [31] or Akçakaya et al. [32]

for a brief explanation of the methods and assumptions. Lepanthes
rupestris is a small caespitose species of approximately to 15 cm

tall; individuals have mainly 2 to 6 slender stems with a solitary

coriaceous leaf [33]. Inflorescences are produced and are active

throughout the year. Flower production on an inflorescence is

sequential from the base, each flower last approximately one and

half week (dependent of the environment) and fruits (globose ca.

4 mm; with thousands of seeds) are persistent for 6 weeks. At each

survey, individuals were recorded as being in one of five stages,

defined as follows (Figure 1): (i) seedlings: small plants without

petioles on any leaf, (ii) juveniles: individuals with at least one

lepanthiform sheath on the petiole and no current or previously-

produced inflorescences (these are persistent) (iii) non-reproducing

adults: individuals that were not currently flowering, but carried

dried inflorescences from a previous flowering event, (iv) small

reproductive adults: individuals with one photosynthesizing (green)

inflorescence with or without open flowers or fruits, (v) large

reproductive adults: individuals with two or more reproductive

shoots. Reproductive effort through female success (fruit set) by all

reproducing individuals was noted at every recording date. Fruits

remain on plants for about 1.5 months, as each fruit was

monitored individually by identifying the leaf, inflorescence and

position fruit on the inflorescence production was not overesti-

mated. Consequently, it was possible to account for all fruits

produced during the sampled period.

In Lepanthes spp., survivorship [24], [34–36] and reproductive

effort are highly correlated with plant stage [34–35].

Statistical Analysis
Data on monthly survival and transitions among the adult age

classes were analyzed with multinomial models. For example, non-

reproductive adults could remain as non-reproductive adults (n), or

transition to small (s) or large reproductive adults (l), or die (d).

Mortality of adults in stage i, month j and population k (mk,j,i) was

modelled using logistic regression with categorical variables for

stage, month and population. The regression took the form

logit(mk,j,i)~stageizmonthq½k�,jzpopk,

where stagei is an effect describing how mortality varies among the

three adult stages, monthq[k],j is an effect describing monthly

variation in mortality in population k that depends on which

stream it is in (q[k] took values of 1 or 2), and popk is an effect

Table 2. Number of fruits, number of recruits, and mean number of recruits produced per reproducing adult, recorded over the
whole survey period for seven populations of Lepanthes rupestris.

Population Number of fruits produced Number of recruits Mean number of recruits per adult/month

1 198 25 0.0180

2 72 47 0.0399

3 110 41 0.0361

4 105 11 0.0090

5 120 12 0.0111

6 25 5 0.0074

7 126 18 0.0199

All Pop 756 159 0.0206

No relationship was noted between number of fruits produced and recruits in the seven populations surveyed (linear regression, Number of recruits = 18.462824+
0.0393654 *Number of fruits, r2 = 2%. F1,6 = 0.087, NS).
doi:10.1371/journal.pone.0102859.t002

Table 3. Mean transition probabilities (and standard deviation of the estimate) for a 13-month period for population 1.

Seedlings Juveniles Non-reproducing adults Small reproductive adults Large reproductive adults

Seedlings 0.3096 (0.0290) 0.0037 (0.0010) 0 0.0373 (0.0083) 0.0427 (0.0090)

Juveniles 0.4696 (0.0355) 0.6786 (0.0295) 0 0.3025 (0.0645) 0.3333 (0.0701)

Non-
reproducing
adults

0.0197 (0.0077) 0.0962 (0.0142) 0.0865 (0.0115) 0.0877 (0.0138) 0.0880 (0.0134)

Small
reproductive
adults

0.0141 (0.0064) 0.0841 (0.0132) 0.1679 (0.0179) 0.1724 (0.0173) 0.1757 (0.0169)

Large
reproductive
adults

0 0.0194 (0.0064) 0.5931 (0.0404) 0.6166 (0.0362) 0.6389 (0.0326)

doi:10.1371/journal.pone.0102859.t003
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describing how mortality varies among the different populations.

The variable monthq[k],j was treated as a random effect while the

other three variables were treated as fixed effects. Within the two

streams, monthly variation in mortality was assumed to be the

same for all populations (i.e., within a given month j, populations

in the same river shared the identical value for the random effect

monthq[k],j), while no such correlation was assumed among

streams.

Conditional on survival, we assumed that adults reproduced

with a particular probability, and that reproductive adults were

large or small with a particular probability. These probabilities

varied among the type of adult (e.g., adults that were non-

reproductive in one month and those that were large repro-

ductive adults had different probabilities of reproducing in the

next month) and among populations. However, we assumed that

there was not monthly variation in these transitions (conditional

on survival). Thus, transitions for an adult of class i (taking

values n, s, l or d, that specify non-reproductive, small

reproductive, large reproductive or dead individuals, respec-

tively) to class n, s, l or d in month j and population k were

specified by the equations

pk,j,i,n~(1{mk,j,i)(1{rk,i)

pk,j,i,s~(1{mk,j,i)rk,i(1{sk,i)

pk,j,i,l~(1{mk,j,i)rk,isk,i

pk,j,i,d~mk,j,i

where rk,i is the probability that adults of class i in population k
are reproductive in the next month given that they survive, and

sk,i is the probability that adults of class i in population k are

large in the next month given that they survive and become

reproductive. We specified, not surprisingly, that dead individ-

uals (i = d) remained dead (i.e., pk,j,i,d = 0 for i = n, s and l, and

pk,j,d,d = 1), but estimated the other transition probabilities using

the available data.

Data on transitions between adults and the younger stage classes

(juveniles and seedlings) and among the younger classes were

available on approximately 13-monthly time scales. Conversely,

juveniles had sufficient time to develop into small or large

reproductive adults, but may remain as juveniles or transition to

non-reproductive adults. These assumptions provided realistic

Table 4. Mean transition probabilities (and standard deviation of the estimate) for a 13-month period for population 2.

Seedlings Juveniles Non-reproducing adults Small reproductive adults Large reproductive adults

Seedlings 0.2043 (0.0247) 0.0051 (0.0012) 0 0.07114 (0.0117) 0.0783 (0.012734)

Juveniles 0.3091 (0.0327) 0.5078 (0.0374) 0 0.5543 (0.0910) 0.6109 (0.0992)

Non-
reproducing
adults

0.0130 (0.0051) 0.0720 (0.0114) 0.2892 (0.0236) 0.2883 (0.0235) 0.2877 (0.0232)

Small
reproductive
adults

0.0093 (0.0042) 0.0630 (0.0106) 0.3163 (0.0175) 0.3196 (0.0170) 0.3216 (0.0167)

Large
reproductive
adults

0 0.0145 (0.0049) 0.3452 (0.0236) 0.3518 (0.0235) 0.3558 (0.0235)

doi:10.1371/journal.pone.0102859.t004

Table 5. Mean transition probabilities (and standard deviation of the estimate) for a 13-month period for population 3.

Seedlings Juveniles Non-reproducing adults Small reproductive adults Large reproductive adults

Seedlings 0.3220 (0.0272) 0.0122 (0.0027) 0 0.1239 (0.0221) 0.1365 (0.0235)

Juveniles 0.4856 (0.0303) 0.6937 (0.0240) 0 0.9964 (0.1724) 1.0644 (0.1836)

Non-
reproducing
adults

0.0204 (0.0079) 0.0983 (0.0143) 0.3195 (0.0226) 0.3213 (0.0222) 0.3214 (0.0219)

Small
reproductive
adults

0.0146 (0.0065) 0.0860 (0.0133) 0.3126 (0.0189) 0.3150 (0.1851) 0.3166 (0.0182)

Large
reproductive
adults

0 0.0198 (0.0065) 0.2976 (0.0254) 0.3026 (0.0256) 0.3104 (0.0262)

doi:10.1371/journal.pone.0102859.t005
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limits on the rates of development of individual plants from

seedlings to adulthood.

Reproduction rates were estimated using data on occurrence of

new seedlings and juveniles in the populations. The data indicated

that large reproductive adults produced 7.8 times as many fruits as

small reproductive adults and consequently we assumed the ratio

was in concordance with the production of seedlings and juveniles.

We assumed that this ratio was the same in all populations.

Similarly, the ratio of seedlings to juveniles being produced was

assumed to be the same in all populations. The actual rate of

seedling and juvenile production by reproductive adults was

permitted to vary among the seven populations. We assumed that

seedlings and juveniles that became non-reproductive adults in a

13-month period (i.e., had evidence of having produced fruits) had

contributed to production of seedlings and juveniles at the same

rate as small adults. Over this time period, we assumed that

seedlings could become small reproductive adults, but did not have

sufficient time to become large reproductive adults.

The survival of seedlings and juveniles was modeled using

logistic regression, with the rate varying among populations, and

between these two stages. Thus, survival of seedlings in population

k was given by logit(sy,k) = ak, and survival of juveniles was given

by logit(sj,k) = ak+b.

Conditional on the seedlings and juveniles surviving, the

probabilities of progressing to older stages were expressed as a

series of conditional probabilities. Thus, the probability of a

seedling (class y) becoming a juvenile (class j) in population k was

equal to pk,y,j = sy,kgyts,j, where gy is the probability of the seedling

progressing to an older stage conditional on surviving, and ts,j is

the probability of a seedling becoming a juvenile conditional on

the seedling surviving and not remaining a seedling.

For seedlings, the probability of becoming a non-reproductive

adult was pk,y,n = sy,kgy(1–ts,j)ts,n, where ts,n is the probability of a

seedling becoming a non-reproductive adult conditional on it

surviving. Finally, the probability of a seedling becoming a small

reproductive adult was pk,y,n = sy,kgy(1–ts,j)(1–ts,n). Similar expres-

sions were used for the transition probabilities of juveniles to the

juvenile, non-reproductive, small reproductive and large repro-

ductive stages.

The parameters of the model were estimated using the observed

data on transitions for the seven populations. The estimation

procedure was conducted in WinBUGS, a program for conducting

Bayesian analyses with Markov chain Monte Carlo methods [37].

This was used because it permitted a relatively easy analysis of the

complex hierarchical model [17] and accounted for instances

when data were missing. Missing data such as the absence of

detection of transition from one stage to another can be estimated

for a specific population from the whole data. In addition when

events are rare in a population or sample size are small, parameter

estimates can be unrealistic if estimated from the data for the single

population, hierarchical model uses the whole data set to calculate

the best parameter estimates for each specific populations.

Table 6. Mean transition probabilities (and standard deviation of the estimate) for a 13-month period for population 4.

Seedlings Juveniles Non-reproducing adults Small reproductive adults Large reproductive adults

Seedlings 0.3413 (0.0297) 0.0028 (0.001) 0 0.0278 (0.0083) 0.0307 (0.0092)

Juveniles 0.5181 (0.0338) 0.7227 (0.0255) 0 0.2171 (0.0651) 0.2393 (0.0714)

Non-
reproducing
adults

0.0217 (0.0084) 0.1024 (0.0149) 0.1542 (0.0177) 0.1554 (0.0174) 0.1550 (0.0170)

Small
reproductive
adults

0.0156 (0.0070) 0.0896 (0.0139) 0.2979 (0.0218) 0.3017 (0.0211) 0.3043 (0.0206)

Large
reproductive
adults

0 0.0207 (0.0068) 0.4512 (0.0315) 0.4617 (0.0308) 0.4749 (0.0302)

doi:10.1371/journal.pone.0102859.t006

Table 7. Mean transition probabilities (and standard deviation of the estimate) for a 13-month period for population 5.

Seedlings Juveniles Non-reproducing adults Small reproductive adults Large reproductive adults

Seedlings 0.3219 (0.0394) 0.0017 (0.0006) 0 0.0174 (0.0051) 0.0191 (0.0055)

Juveniles 0.4887 (0.0520) 0.6949 (0.0478) 0 0.1354 (0.0398) 0.1491 (0.0430)

Non-
reproducing
adults

0.0205 (0.0081) 0.0985 (0.0154) 0.1474 (0.0218) 0.1489 (0.0210) 0.1495 (0.0204)

Small
reproductive
adults

0.0147 (0.0067) 0.0861 (0.0143) 0.2085 (0.0197) 0.2144 (0.0187) 0.2185 (0.0182)

Large
reproductive
adults

0 0.0199 (0.0066) 0.4982 (0.0395) 0.5202 (0.0364) 0.5365 (0.0341)

doi:10.1371/journal.pone.0102859.t007
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Consequently, Winbugs allows for complex hierarchical models,

which in this case estimates transition probabilities from logistic

regression for survival and transitions. Thus one advantage is that

it estimates simultaneously the parameters of survival and

transitions for all populations while traditional methods estimate

these individually for each population [31].

To reflect a lack of prior information, vague prior distributions

were used for the parameters. Uniform distributions between zero

and one were used for probabilities (e.g., gy, ty,j, etc), and normal

distributions with means of zero and standard deviations of 1000

were used for the regression coefficients (e.g., ak, b, stagei and

popk,). The large standard deviation for the prior meant that it had

essentially no influence on the parameter estimate. The random

effects for monthly variation in adult mortality (monthj) were

modeled as deviates drawn from a normal distribution with a

mean of zero and standard deviation that had a wide uniform

prior distribution.

Code for conducting the analysis is given in the Appendix. A

total of 10000 samples from the posterior distributions of the

parameters were taken after discarding the initial 5000 samples as

a burn in. The sampled parameter values were exported from

WinBUGS and analyzed in the program Mathematica to calculate

the asymptotic growth rate (dominant eigenvalue of the 13-

monthly transition matrix), stable stage distribution and elasticities

of the parameter values as defined by Caswell [31]. These

population parameters were calculated within Mathematica for

each set of parameter values generated from WinBUGS, and then

their mean and standard deviation were calculated to characterize

their posterior distributions. Monthly survival rates of adults were

converted to 13-monthly rates by raising a sub-matrix of monthly

transition probabilities to the power of 13 (i.e., we did not allow

multiple reproduction events by adults within a single 13-month

period). Our model does not contain density dependence,

catastrophes and genetic effects.

For those unfamiliar with the Bayesian approach we recom-

mend that they explore the terminology and methodology with

these approachable books [21], [38–40].

Results

Variation in reproductive potential
Flower production varied greatly among individuals and

populations (Table 2). In a few populations most adult individuals

produced flowers (pop 5 and 7) while in other populations the

number of individuals that failed to produce flowers was

significantly higher (pop 1). Pollinaria removal (evidence of

pollinator activity) and fruit set showed a similar pattern of large

variation among individuals and populations. This suggests that

pollinator activity is different among populations.

In all populations larger plants had a higher probability of

bearing more fruits than small reproductive adults. A small

reproductive plant had a 1 to 4% probability of bearing a fruit in

any of the months sampled, while a plant having two or more

active inflorescences had a 7 to 20% probability of bearing fruits.

Table 8. Mean transition probabilities (and standard deviation of the estimate) for a 13-month period for population 6.

Seedlings Juveniles Non-reproducing adults Small reproductive adults Large reproductive adults

Seedlings 0.2638 (0.0366) 0.0006 (0.0005) 0 0.0070 (0.0050) 0.0077 (0.0055)

Juveniles 0.4008 (0.0502) 0.6085 (0.0555) 0 0.0543 (0.0391) 0.0598 (0.0427)

Non-
reproducing
adults

0.0168 (0.0068) 0.0862 (0.0146) 0.1841 (0.0274) 0.1925 (0.0263) 0.1986 (0.0266)

Small
reproductive
adults

0.0120 (0.0056) 0.0754 (0.0133) 0.2255 (0.0281) 0.2366 (0.0263) 0.2450 (0.0248)

Large
reproductive
adults

0 0.0174 (0.0059) 0.3272 (0.0413) 0.3459 (0.0400) 0.3611 (0.0391)

doi:10.1371/journal.pone.0102859.t008

Table 9. Mean transition probabilities (and standard deviation of the estimate) for a 13-month period for population 7.

Seedlings Juveniles Non-reproducing adults Small reproductive adults Large reproductive adults

Seedlings 0.1881 (0.0245) 0.0017 (0.0005) 0 0.0249 (0.0061) 0.0274 (0.0066)

Juveniles 0.2856 (0.0335) 0.4783 (0.0462) 0 0.1942 (0.0479) 0.2138 (0.0518)

Non-
reproducing
adults

0.0120 (0.0048) 0.0678 (0.0116) 0.1215 (0.0173) 0.1268 (0.0168) 0.1313 (0.0164)

Small
reproductive
adults

0.0086 (0.0040) 0.0593 (0.0107) 0.1887 (0.0218) 0.1972 (0.0205) 0.2047 (0.0193)

Large
reproductive
adults

0 0.0137 (0.0047) 0.4401 (0.0440) 0.4611 (0.0406) 0.4802 (0.0376)

doi:10.1371/journal.pone.0102859.t009

Maximizing Data Availability of Transitions

PLOS ONE | www.plosone.org 6 July 2014 | Volume 9 | Issue 7 | e102859



In spite of this, most adult plants when reproductive were small,

only a very small fraction of reproductive adults had two or more

inflorescences (see below, section on stable stage distribution).

Transition Probabilities
The stage with the highest probability of death during the

survey period was dominated by seedlings and was consistent for

all populations (10–51%; Table 3 to Table 9). The juveniles and

non-reproductive adult stages shared the second highest proba-

bility of death, while large reproductive adults were least likely to

die (3–20%). The transition probabilities varied among the seven

populations. For example, the likelihood of a seedling staying in

the same stage in the next time period ranged from 19 to 34%.

The stage that appears to impede growth in the life history of

Lepanthes rupestris is the juvenile stage where, in most of the

populations, individuals remained juveniles in the next survey

period (48–72%). Large adults did not stay in that stage for long;

only in populations one and five was the likelihood of remaining as

a large adult greater than 50% while in population three the

likelihood of remaining in that stage was much lower (31%). Non-

reproductive adults had a high probability of becoming reproduc-

tive (flower production) in the next time period in almost all

populations except population three, where non-reproductive

adults often remained in that stage (Table 3 to Table 9).

Asymptotic population growth rates of individual
populations

The asymptotic population growth rates of Lepanthes rupestris
had a range of 0.98 to 1.01 (Figure 2). In three of the populations

the asymptotic population growth rate cannot be distinguished

from stability (1, 4 and 5) because the 95% credible interval

overlapped 1.00, while two populations had asymptotic growth

rate below one by approximately 1–2% (5 and 6) and two

populations had asymptotic growth rates above one (2 and 3). The

positive growth in population 2 is small and suggests a maximum

increase of less then 1%, while population 3 was increasing by

about 1–2%.

Sites on both river systems (Quebrada Grande, pop 1–3;

Quebrada Sonadora, pop 4–7) had similar population growth

rates (Fig. 2), although the highest population growth rate

occurred on Quebrada Grande, the shadier river, and the two

lowest population growth rates occurred on Quebrada Sonadora.

Figure 2. Asymptotic growth rate of the seven populations of Lepanthes rupestris. The circles are the mean of the posterior distribution and
the bars represent the 95% credible intervals.
doi:10.1371/journal.pone.0102859.g002

Table 10. Mean elasticities (with standard deviation) for population 1.

Seedlings Juveniles Non-reproducing adults Small reproductive adults Large reproductive adults

Seedlings 0.0038 (0.0007) 0.0007 (0.0002) 0.002 (0.0004) 0.006 (0.0008)

Juveniles 0.008 (0.0011) 0.183 (0.030) 0.023 (0.004) 0.067 (0.007)

Non-
reproducing
adults

0.0005 (0.0002) 0.042 (0.006) 0.008 (0.002) 0.011 (0.002) 0.030 (0.005)

Small
reproductive
adults

0.0005 (0.0002) 0.045 (0.008) 0.018 (0.003) 0.027 (0.005) 0.073 (0.009)

Large
reproductive
adults

0.011 (0.004) 0.065 (0.006) 0.100 (0.007) 0.276 (0.031)

doi:10.1371/journal.pone.0102859.t010
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Elasticities
In all populations, modifying the parameters for recruitment

(Fij), survivorship (Pij) and growth (Gij) of seedlings would have

little impact on population growth rates as most elasticities are

small (elasticities #0.005; Table 10 to Table 16). In almost all

cases the largest elasticities were observed for the proportion of

large reproductive adults remaining reproductive (with a maxi-

mum elasticity of 0.276). In six of the populations, the largest

elasticities are associated with the larger class sizes of adults, and

mainly influenced by small and large reproductive adults

remaining reproductive and growing to the larger size class. The

exception is population three where the proportion of juveniles

remaining juveniles has the largest elasticity, with low values for all

other transitions. The sum of the elasticities of the small and large

adults was comprised between 0.59 to 0.71, except for population

three where it comprised a smaller fraction (0.46).

The expected stable stage distribution
If populations of L. rupestris do attain stability then the

expected stable stage distribution of the different populations

suggests that the juveniles (in four populations) or the large adults

(in three populations) are likely to be the most common of the five

stages (Table 17). In all populations, the frequency of seedlings is

expected to be small (,1–4%). The expected proportion of

reproductive adults (small and large adults) varies extensively

among populations from 27–61%. In all populations of Quebrada

Grande the juvenile stage comprised the largest proportion of

individuals at the stable stage distribution while at Quebrada

Sonadora the dominant stage varied among population.

The observed frequency distribution at the beginning of the

survey was significantly different from the predicted stable stage

distribution for all populations (all chi square p,0.0001), with the

number of observed seedlings higher than expected. The rarity of

populations observed at stable stage distribution in epiphytic

systems and orchids in general suggest that there is little evidence

that these orchids ever attain and sustain stable stage distribution

[1–7], [24], [34], [36], [41]. It is possible that for many orchid

species populations may always be in a transient phase [42–44].

Discussion

Transition rates
In general a large proportion of seedlings stayed seedlings (19–

34%) for more than a year and most juveniles did not growth to

the adult stage and remained in the same stage (48–72%). Because

of the differences among the width of the two rivers, Quebrada

Sonadora and Quebrada Grande, a priori we expected life history

differences between the two sites. We found that male and female

fitness did vary among populations but with no obvious

environmental differences [45] except that populations at

Quebrada Grande were generally shadier, and likely more humid,

than at Quebrada Sonadora, a wider river with more direct

sunlight. If pollinators are fungus gnats as we suspect, then local

environmental conditions such as humidity, quantity and quality

of forest litter, and soil organic matter may control their

Table 11. Mean elasticities (with standard deviation) for population 2.

Seedlings Juveniles Non-reproducing adults Small reproductive adults Large reproductive adults

Seedlings 0.001 (0.0003) 0.0003 (0.0001) 0.002 (0.0004) 0.002 (0.0004)

Juveniles 0.004 (0.0007) 0.076 (0.015) 0.038 (0.006) 0.041 (0.006)

Non-
reproducing
adults

0.0006 (0.0002) 0.037 (0.006) 0.065 (0.011) 0.069 (0.007) 0.067 (0.006)

Small
reproductive
adults

0.0005 (0.0002) 0.038 (0.007) 0.082 (0.007) 0.089 (0.009) 0.088 (0.007)

Large
reproductive
adults

0.009 (0.003) 0.091 (0.006) 0.099 (0.007) 0.100 (0.013)

doi:10.1371/journal.pone.0102859.t011

Table 12. Mean elasticities (with standard deviation) for population 3.

Seedlings Juveniles Non-reproducing adults Small reproductive adults Large reproductive adults

Seedlings 0.005 (0.0007) 0.002 (0.0004) 0.006 (0.0007) 0.005 (0.0006)

Juveniles 0.011 (0.0010) 0.189 (0.016) 0.070 (0.009) 0.059 (0.007)

Non-reproducing
adults

0.0009 (0.0003) 0.054 (0.006) 0.050 (0.007) 0.048 (0.005) 0.037 (0.004)

Small reproductive
adults

0.001 (0.0004) 0.068 (0.010) 0.070 (0.007) 0.067 (0.007) 0.052 (0.004)

Large reproductive
adults

0.016 (0.005) 0.069 (0.006) 0.067 (0.005) 0.053 (0.008)

doi:10.1371/journal.pone.0102859.t012
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populations and abundance. Consequently we should see more

pollinator activity at Quebrada Grande because of the shadier

environment. There was little or no difference in pollinaria

removal between the two river systems, but plants at Quebrada

Grande experienced higher fruit set. Why did we observe this

difference? The answer may rest more with flower response to

humidity than any effects on pollinators. Flowers of Lepanthes are

sensitive to dry conditions; low humidity reduces flower longevity

(Tremblay unpublished data). In addition, stigmatic maturity

depends on flower age (L. rupestris is protandrous), as does the

probability of successful pollination and fruit set [25]. Conse-

quently, flowers of Quebrada Sonadora populations may be

shorter-lived with reduced opportunity for pollinations. This may

explain the tendency for higher asymptotic population growth

rates at Quebrada Grande. A constant observed in all populations

surveyed is that the transition from juvenile to adulthood is

appears to be one of the bottlenecks in the life history of the orchid

as this transition was rarely observed during the survey period.

Out of a total of 4343 juveniles surveyed (sum of all populations

and all months) only 88 of these became adults. What is the cause

of this low transition rate to the adult stage but it is likely to be a

consequence of multiple environmental (abiotic and biotic

interactions) and stochastic factors. The transition between the

three adult stages was frequent, and large reproductive individuals

were not likely to be in that stage during the next survey period

(36–69%). Reproductive effort in all of the L. rupestris populations

was low and most often limited to a small fraction of adults.

Reproductive success is pollinator limited and is highly skewed

towards a few individuals [24]. Once the adult stage is attained,

mortality is low.

In an extensive review of the population ecology of orchids

mediated by environmental factors, Light et al. [7] list many

studies. However, most of these are short-term studies and

descriptive, which fails to use the information to predict

population persistence. Most orchid population dynamic studies

have been restricted to terrestrial species (for a review see) [46].

Comparative data on epiphytic and lithophytic species are limited

to four species [34], [47–52].

Large individuals have high reproductive potential and lifespan,

but these individuals are rare in the population. The lifetime

reproductive success of Lepanthes is extremely skewed where most

individuals have low (or zero) reproductive success and a few have

very high lifetime reproductive success [24]. In an 11-year study of

the related Lepanthes caritensis Tremblay and Ackerman, some

adults may survive for more than 20 years but most individuals live

less than 4 years [36]. In many species of orchids, larger

individuals have higher reproductive potential or success [53].

There is a correlation between life stages and size of individuals in

Lepanthes; generally leaf size and leaf number increase as an

individual progresses from juveniles to small reproductive adults

Table 13. Mean elasticities (with standard deviation) for population 4.

Seedlings Juveniles Non-reproducing adults Small reproductive adults Large reproductive adults

Seedlings 0.004 (0.001) 0.0006 (0.0002) 0.003 (0.0006) 0.005 (0.0007)

Juveniles 0.008 (0.001) 0.183 (0.029) 0.030 (0.006) 0.045 (0.007)

Non-
reproducing
adults

0.0004 (0.0002) 0.036 (0.006) 0.019 (0.004) 0.031 (0.005) 0.042 (0.006)

Small
reproductive
adults

0.0004 (0.0002) 0.037 (0.008) 0.043 (0.005) 0.072 (0.010) 0.097 (0.010)

Large
reproductive
adults

0.009 (0.003) 0.067 (0.005) 0.112 (0.008) 0.156 (0.022)

doi:10.1371/journal.pone.0102859.t013

Table 14. Mean elasticities (with standard deviation) for population 5.

Seedlings Juveniles Non-reproducing adults Small reproductive adults Large reproductive adults

Seedlings 0.003 (0.001) 0.0003 (0.0002) 0.002 (0.0005) 0.004 (0.001)

Juveniles 0.006 (0.002) 0.163 (0.054) 0.018 (0.005) 0.042 (0.008)

Non-
reproducing
adults

0.0003 (0.0001) 0.029 (0.006) 0.020 (0.005) 0.026 (0.005) 0.055 (0.011)

Small
reproductive
adults

0.0002 (0.0001) 0.029 (0.007) 0.032 (0.005) 0.043 (0.007) 0.093 (0.013)

Large
reproductive
adults

0.007 (0.003) 0.078 (0.008) 0.108 (0.011) 0.235 (0.036)

doi:10.1371/journal.pone.0102859.t014
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and large adults. Thus a complicating life history variable is that a

large proportion of reproductive orchids become smaller in the

next survey period suggesting that flower production or fruit

production may be costly. A cost of reproduction has been

observed in many species of orchids [53]. In epiphytic species,

subsequent plant size (pseudobulb or leaf number or size) is often

smaller after a reproduction. In terrestrial species, plants are often

dormant the next growth period or emerge as non-reproductive

individuals [13],[54], but this is not always the case [55].

In general, survival and growth were the most important

demographic processes in all of the populations. Stasis (sum of Pij)

had the largest of the elasticities in all seven populations (0.10–

0.28). While relative contribution of fecundity to change in

population growth was negligible for all populations (0.004–0.011).

Elasticites of all populations are dominated by growth and survival

with fecundity having little impact. This pattern of dominance of

elasticities from growth and survival suggest that Lepanthes
rupestris are more similar to iteroparous forest herbs and not

from open habitats [56].

Comparative data from orchids are rare [13],[34],[52],[57].

However, most studies suggest that survivorship is important. For

example, in the terrestrial Ophrys sphegodes over 87% of the

elasticities is explained by survivorship of reproductive individuals

[57]. In the epiphytic Lepanthes caritensis the highest elasticities

are found in stasis of the non-reproductive adults (.0.52%;

Tremblay 1997), while in the rare species Lepanthes eltoroensis the

highest elasticities varied among the five populations. In three

populations the survivorship and stasis of non-reproductive adults

was the highest and in two populations the stasis of reproductive

adults [34]. It appears that promoting flowering production and

remaining a reproductive adult would have the largest impact on

population growth, however, the relative importance of these

cannot be determined a priori. In the terrestrial Prasophyllum
correctum the most important demographic process is the dormant

stage (.0.31) [13].

Bayesian advantage
Our paper illustrates one of the benefits of using of a Bayesian

approach for estimating transition probabilities; relatively complex

statistical models can be analyzed [17]. These analyses can use

information from a wide range of sources simultaneously to fit

complex hierarchical models. Because information from several

populations is used concurrently, the resulting parameter estimates

tend to be more realistic compared to the case where each

population is analyzed individually using, for example, traditional

methods as in Ebert [58] or Caswell [31]. An example of this is

that estimating individual transitions for juveniles for two of the

populations was hampered because we observed no deaths during

our survey period (data not shown). This result is not unusual

when sample sizes are small. Similarly in one of the populations we

observed only 1 of 37 (3.7%) individuals that grew from a juvenile

to an adult stage, while in another population 38 of 778 (1.3%),

which are the best maximum likelihood of the observed data. The

Bayesian estimation of this transition can be further refined by

Table 15. Mean elasticities (with standard deviation) for population 6.

Seedlings Juveniles Non-reproducing adults Small reproductive adults Large reproductive adults

Seedlings 0.002 (0.001) 0.0001 (0.0002) 0.001 (0.0008) 0.002 (0.001)

Juveniles 0.003 (0.002) 0.133 (0.111) 0.013 (0.008) 0.020 (0.010)

Non-
reproducing
adults

0.0001 (0.0001) 0.016 (0.008) 0.044 (0.013) 0.055 (0.014) 0.078 (0.019)

Small
reproductive
adults

0.0001 (0.0001) 0.016 (0.009) 0.060 (0.013) 0.075 (0.016) 0.107 (0.021)

Large
reproductive
adults

0.004 (0.003) 0.090 (0.015) 0.114 (0.019) 0.166 (0.040)

doi:10.1371/journal.pone.0102859.t015

Table 16. Mean elasticities (with standard deviation) for population 7.

Seedlings Juveniles Non-reproducing adults Small reproductive adults Large reproductive adults

Seedlings 0.001 (0.0005) 0.0002 (0.0001) 0.001 (0.0004) 0.003 (0.0008)

Juveniles 0.003 (0.001) 0.082 (0.037) 0.017 (0.005) 0.040 (0.009)

Non-
reproducing
adults

0.0003 (0.0001) 0.027 (0.007) 0.020 (0.004) 0.029 (0.005) 0.062 (0.010)

Small
reproductive
adults

0.0003 (0.0001) 0.027 (0.008) 0.035 (0.005) 0.052 (0.008) 0.111 (0.012)

Large
reproductive
adults

0.007 (0.003) 0.084 (0.007) 0.125 (0.009) 0.273 (0.034)

doi:10.1371/journal.pone.0102859.t016
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taking advantage of all the data from all populations from gave

estimates that range from 5.93% to 8.96%, and more importantly,

credible intervals of the transition probabilities account for

estimation errors. The differences in transition rates could easily

be assigned to difference in sample size and not solely as a result of

environmental or genetic differences among populations.
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