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Abstract: A joint demographic and population genetics stage-based model for a subdivided population was
applied to Gentiana pneumonanthe, an early successional perennial herb, at a regional (metapopulation) scale.
We used numerical simulations to determine the optimal frequency of habitat disturbance (sod cutting) and
the intensity of gene flow among populations of G. pneumonanthe to manage both population viability and
genetic diversity in this species. The simulations showed that even small populations that initially had near-
equal allele frequencies could, if managed properly through sod cutting every 6 to 7 years, sustain their high
genetic variation over the long run without gene flow. The more the allele frequencies in the small populations
are skewed, however, the higher the probability that in the absence of gene flow, some alleles will be lost and
within-population genetic variation will decrease even under proper management. This implies that although
local population dynamics should be the major target for management, regional dynamics become important
when habitat fragmentation and decreased population size lead to the loss of local genetic diversity. The
recommended strategy to improve genetic composition of small populations is the introduction of seeds or
seedlings of nonlocal origin.
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Consecuencias Regionales de la Demograf́ıa y Genética de una Población Local en Relación con la Gestión de
Hábitat de Gentiana pneumonanthe

Resumen: Aplicamos un modelo combinado de demograf́ıa y genética poblacional basado en etapas a una
población subdidivida de Gentiana pneumonanthe, una hierba perenne de sucesión temprana, a una escala
regional (metapoblacional). Utilizamos simulaciones numéricas para determinar la frecuencia óptima de per-
turbación de hábitat (corte de césped) y la intensidad de flujo genético entre poblaciones de G. pneumonanthe
para manejar tanto la viabilidad poblacional como la diversidad genética de esta especie. Las simulaciones
mostraron que, manejadas adecuadamente mediante cortes cada 6-7 años, aun las poblaciones pequeñas
que inicialmente tenı́an frecuencias alélicas casi iguales podı́an mantener su alta variación genética a largo
plazo sin deriva génica. Sin embargo, a mayor sesgo en las frecuencias alélicas de las poblaciones pequeñas, es
mayor la probabilidad de que se pierdan algunos alelos y disminuya la variación genética intrapoblacional,
aun bajo condiciones de manejo adecuadas. Esto implica que, aunque la dinámica poblacional local debiera
ser el principal objetivo de manejo, la dinámica regional es importante cuando la fragmentación del hábitat
y la reducción del tamaño poblacional conducen a la pérdida de diversidad genética local. La introducción
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de semillas o plántulas de origen fuereño es la estrategia recomendada para mejorar la composición genética
de poblaciones locales.

Palabras Clave: análisis de viabilidad poblacional, modelos poblacionales matriciales

Introduction

The importance of both genetic and demographic effects
on population viability has long been recognized by con-
servation biologists (e.g., Schonewald-Cox et al. 1983;
Lande 1988). Estimating these effects on the short- and
long-term viability of a population, and especially of a
network of populations, however, is extremely difficult.
This estimation requires (1) extensive data on population
demography sampled during a sufficiently long period
of time, (2) knowledge of the reproductive biology of the
species, and (3) an assessment of the extent and structure
of genetic variability and environmental and demographic
effects on the reproductive biology. Studies with suffi-
cient data to estimate genetic and demographic effects
(either alone or simultaneously) on population viability
are rare (reviewed in Oostermeijer et al. 2003). Numer-
ical simulation performed on the basis of demographic,
environmental, and genetic data is a powerful tool. With
this tool it is possible to investigate the separate and joint
effects of several parameters on long-term population vi-
ability, such as demographic and environmental stochas-
ticity (Menges 1991, 1992), colonization and extinction
(Valverde & Silvertown 1997), genetics (Burgman & Lam-
ont 1992; Oostermeijer 2000; Young et al. 2000), and con-
servation and management strategies (Crone & Gehring
1998; Menges & Dolan 1998; Oostermeijer 2000; Bohrer
et al. 2002; Doubledee et al. 2003; Osunkoya 2003). Pop-
ulation modeling is particularly useful for addressing is-
sues of manipulated disturbances in ecosystems subject
to periodic disturbance and subsequent recovery. Popu-
lation viability analyses (PVA) make it possible to identify
optimal frequency of burning (Gross et al. 1998; Drech-
sler et al. 1999; McCarthy et al. 2001; Quintana-Ascencio
et al. 2003), and regimes of mowing, grazing (Hunt 2001;
Lennartsson & Oostermeijer 2001), and sod cutting (Oost-
ermeijer 2000). But these PVAs are rarely conducted for
populations linked through migration, and metapopula-
tion viability analyses that incorporate genetic informa-
tion (reviewed in Menges 2000; Oostermeijer et al. 2003)
are especially rare.

We used a numerical simulation model to determine
the optimal management scheme for Gentiana pneumo-
nanthe (marsh gentian), a perennial herb of early suc-
cessional stages of heathlands and nutrient-poor mown
grasslands. The low and relatively open vegetation char-
acteristic of these two seminatural habitats has been en-
sured in The Netherlands for many centuries by annual
mowing and haymaking, sod cutting, and grazing. Ongo-

ing abandonment of traditional farming leads to the rapid
disappearance of these species-rich unique biotopes for
which the marsh gentian flowers form a sort of “flag-
ship.” Oostermeijer et al. (1996) and Oostermeijer (2000)
suggest that heathland populations of G. pneumonanthe
should be managed with sod cutting because it resets
succession. The demographic simulation model Ooster-
meijer (2000) set up in RAMAS/stage 1.4 (Ferson 1991) is
based on regression equations for stage-transition proba-
bilities that depend on time since disturbance (onset of
secondary succession) and population size (number of
reproducing adults). Transitions in this model are sensi-
tive to small population size through a demographic “in-
breeding depression” effect that reduces transition rates
for the progeny of self-pollinated plants. We used Oost-
ermeijer’s (2000) parameterization approach in a simula-
tion model that allowed incorporation of genetic drift and
gene flow at specified rates among several populations in
a metapopulation network. We reconsidered his manage-
ment recommendations with a stricter goal of preserving
not only the populations but also the genetic diversity
within the populations.

We used our model to determine the optimal frequency
of disturbance (in this case cutting sod on heathlands) and
the optimal intensity of gene flow among populations of
G. pneumonanthe that will maintain or increase popu-
lation viability and population genetic diversity in this
species.

Methods

Study Species and Demographic Data

Gentiana pneumonanthe is a predominantly outcross-
ing, self-compatible, iteroparous perennial herb charac-
teristic of wet heathlands and hay meadows. It is a rare
species because of various negative effects of human
impact on its natural habitats and the lack of appropri-
ate management in nature reserves (Oostermeijer et al.
1994).

We used data on a heathland population in Terschelling,
where the demographic effects of succession after sod
cutting on G. pneumonanthe have been monitored for 6
years. Demographic censuses on G. pneumonanthe have
been done on six life stages (Oostermeijer et al. 1994,
1996), but for the transition probability matrix used in this
study we distinguished only three stages to reduce com-
putational complexity: (1) immatures, individuals with
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cotyledons, and with or without a stem or an overwinter-
ing shoot (pooling the seedlings and juveniles described
in Oostermeijer et al. 1994, 1996); (2) nonreproducing
adults, individuals without cotyledons, with one or more
flowerless stems, and with one or more overwintering
shoots or plants in a dormant state without any organs vis-
ible above ground (pooling the vegetative adult and dor-
mant stages described by Oostermeijer et al. 1994, 1996);
and (3) reproducing (generative) adults, plants with one
or more flowering stalks.

The Model

We created a numerical simulation program (written in
R-script) that allows PVA to be conducted on a set of
populations connected through predefined rates of mi-
gration of dispersing immatures. The simulation model in-
corporates population genetics (initial allele frequencies
and heterozygosity, random genetic drift, and inbreed-
ing), population demography, and migration among pop-
ulations.

The model did not incorporate environmental stochas-
ticity because directional time-related (i.e., successional)
changes in population demography were more important
in the heathland populations of gentian than changes
caused by climate-related stochastic variability (Ooster-
meijer et al. 1996). In addition, the assumption of deter-
ministic demographic processes made it easier to follow
and interpret different effects on stochastically modeled
genetic structures. Because our main objective was to un-
derstand how the population’s demography and genetics
are affected by migration and sod-cutting management,
adding stochastic environmental variability would have
made the separation of effects more difficult. We there-
fore did not model stochastic variability and set the tran-
sitions at the observed means reported by Oostermeijer
(2000).

The model deals with a spatially structured population
(metapopulation) that occupies a finite (and relatively
small) number of patches (12 populations in this case).
Demography within each patch is described by a stage-
genotype-structured transition matrix incorporating the
three life stages described earlier in this paper and three
genotypes (AA, AB, and BB) of a single locus with two
codominant alleles, A and B. The metapopulation is rep-
resented by a vector, N. We define n as the dimension
of N:

n = (12 populations) ∗ (3 life stages)
∗ (3 genotypes) = 108. (1)

Each “population element” in N represents the num-
ber of individuals of a particular genotype at a particular
life stage in a population.

The model simulates three subprocesses: (1) demogra-
phy that includes all life-stage transitions (excluding fe-
cundity) and migration; (2) genetics that includes mating

relationships affecting the gene distribution in the off-
spring (fecundity); and (3) management. All demographic
processes, the total number of offspring, and the por-
tion of the population to survive management were de-
termined by a set of deterministic equations (Table 1).
The offspring genotypes and the management time were
determined stochastically by drawing random numbers
from defined distributions.

In general the model progresses in time through a series
of transitions that are described by

Nt+1 = M ∗ [D( At) ∗ (T( At, St) ∗ Nt + Ft( At, St))], (2)

where T is a matrix of transition rates that does not in-
clude fecundity; F is a fecundity vector; D is a manage-
ment matrix; M is a migration matrix; t is the current time
step; S is a vector of successional stages of each popula-
tion element; and A is a vector of the number of adults in
the population. The A, F, N, and S are vectors of dimen-
sion n, and T, D, and M are square matrices of dimension
n2.

Because the transition matrix T did not include fecun-
dity and migration, it represented only survival and stage
transition probabilities within each population. Transi-
tions were functions of the successional stage S and the
number of adults in a population ( A). Figure 1 shows a
scheme of possible transitions within a population in T
and Table 1 gives the functions and coefficients of T.

Migration (represented by the M matrix) was possible
only for individuals of the immature life stage, hence rep-
resenting seed dispersal. Because each individual repre-
sented one of three genotypes (AA, AB, or BB), their move-
ment changed the allele frequencies in the original and
destination population. Migration among patches thro-
ugh seed dispersal occurred according to the “island”
model, meaning that the emigrants from each origin pop-
ulation were distributed equally over all destination pop-
ulations (i.e., all populations were equally spaced from
each other). For all nonmigrating populations and life

Figure 1. Scheme of population transitions in G.
pneumonanthe, which is one block section of the total
transition matrix (T ), where N is the total number of
individuals at the particular life stage in the
population and a is the transition rate from one stage
to another. The subscripts i, v, and r are the
immatures, nonreproducing adults, and reproducing
adults, respectively. The functions for transition rates
are presented in Table 1. Fecundity is not included in
the transition matrix.
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Table 1. Parameterization used in the demographic-genetic stage-based model for G. pneumonanthe.∗

Sod-cutting intensity at different
life stages as a function of G.

pneumonanthe population size

Maximal transition portion of
probabilities matrix no. of individuals
T {a(0)}at succession reproducing to survive
stage S = 0 Equations for transitions related to adults in a sod cutting

time since sod-cutting coefficient, selfing population
i v r rate, and population size R i v r

i 0.030 0 0 avi = (avi(0) – 0.107 ∗ ts)∗ ID ∗ e−0.000001∗(A) <100 0.20 0.20 1.00
v 0.756 0.916 0.181 ari = (ari(0) – 0.0134 ∗ ln(ts))∗ ID∗ e−0.000001∗(A) 100–500 0.10 0.10 0.75
r 0.022 0.067 0.765 avv = (avv(0) – 0.150 ∗ ln(ts))∗ ID 500–1000 0.05 0.05 0.50

arv = (arv(0) – 0.033 ∗ ln(ts))∗ ID >1000 0.01 0.01 0.20
arr = (arr(0) – 0.2828 ∗ ln(ts))∗ ID
avr = 1 – 0.054 − arr equations for sod-cutting stage and coefficient
fir = max(0, round(16 − 9.320 ∗ ln(ts))) ts = min(8, max(1, (S – 4))
ID = 1 − (0.40 ∗ sf ) S = t – tst + 8 – integer((1– [portion r survived])∗8)
sf = 0.898 − 0.148 ∗ ln(R )

∗Key to variables and abbreviations: i, immature; v, vegetative adult; r, reproducing adult; R, A, number of reproducing adults in a population
and the total number of adults (nonreproducing + reproducing), respectively; a, transition rates, first and second subscripts of a specify to what
life stage and from which, respectively; f, fecundity; ID, inbreeding depression coefficient; sf, selfing rate coefficient; t, current time step; tst , time
step of last sod cutting in the population; S, succession stage; ts, succession coefficient; integer, a function that rounds a real number down to
the nearest integer; round, a function that rounds a real number to the nearest integer; min and max, functions that equal the minimum and
maximum, respectively, of two values.

stages, M had unity diagonal values and zero off-diagonal
values.

The fecundity vector F specified the number of off-
spring to be added to the population at the current
time step. The F values for all life stages other than
immature were set to zero. The total number of imma-
tures produced by a population was a deterministic and
successional-stage-dependent function ( fir equation, Ta-
ble 1). This total was distributed among the three possi-
ble genotypes, assuming random mating, production of
infinite gametes, and survival of zygotes corresponding to
the number of offspring per adult following Mendelian ge-
netic rules. This random redistribution of the total among
genotypes was done using one of the following proce-
dures:

1. When the population was not large (<1000 off-
spring), the model used an individual-based ap-
proach. For each reproducing individual, the model
drew a random number from the distribution of geno-
types in the reproductive adults in the population to
determine the genotype of its mating pair. Then the
model drew another set of random numbers from the
Mendelian distribution of expected offspring geno-
types of the parental pair to determine the genotype
of each offspring.

2. When the total number of expected offspring in the
population was >1000, a statistical approach was
adopted. This approach preserved the same geno-
type distributions as the individual-based approach
but was more computationally efficient. The deter-
mined total number of offspring in each population

was distributed among genotypes according to the
following equations:

(
F1AA

F1BB

)
= NF

(
P{A}2

P{B}2

)
+ √

NF ∗
([ √

λC1 0
0

√
λC2

]

∗
[

VC11 VC21

VC12 VC22

])
∗

(
X1

X2

) (3)

and

F1AB = N F − F1AA − F1BB, (4)

where NF is the total number of offspring produced by
the population; P{A} and P{B} are the allele distribu-
tions of A and B; X1 and X2 are standard normal random
numbers; and λC1, λC2, VC1, and VC2 are the eigenval-
ues and corresponding eigenvectors, respectively, of the
covariance matrix C of the genotype probabilities. The
covariance matrix is

C =
[

P {A}2
(
1 − P{A}2

) − P {A}2 ∗ P{B}2

−P{A}2 ∗ P{B}2 P{B}2
(
1 − P{B}2

)
]
. (5)

Parameterization and Simulations

Because G. pneumonanthe is a successional species, the
transitions in the population matrix were dependent on
time and population size. These dependences were in-
troduced as linear and logarithmic functions as described
in Oostermeijer (2000). A negative relationship between
selfing rate and survival and fecundity of reproductive
individuals in populations of G. pneumonanthe (Raij-
mann et al. 1994) was implemented in our model through
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the “inbreeding depression” equation (ID in Table 1),
which reduced stage transition rates in smaller popula-
tions. Transition from immature to adult was also affected
by density dependence in large populations (equations
in Table 1) and simulated the competitive suppression of
seedlings by adult plants.

Succession affected transitions by changing the succes-
sion coefficient (ts) in the transitions equations (Table 1).
In a full course of succession (starting at succession time
St = 1), there was no effect during the first 5 years and
transitions were at a specified maximal level. Then the
transitions logarithmically decreased for the next 8 years
and from year 13 until the next sod cutting the transitions
were kept at a constant minimum (Table 1). Succession
time was a function of how long ago and how intensive
the last sod cutting had been (Table 1). In principle, sod
cutting is administered by the park managers in rotation
between plots with a fixed time interval. But the actual
year of sod cutting at each particular site varies because of
logistic considerations (e.g., costs and availability of the
machinery) and the order of the sites, which is decided
arbitrarily. To simulate this variation, we sampled the year
at which sod cutting was administered in our model and
used a uniform distribution from 2 years before to 2 years
after the target year (i.e., the year scheduled according to
the planned cutting interval). In this way, sod cutting oc-
curred at random, with an average at the scheduled time,
and maximally 2 years off the target schedule.

Management by sod cutting removes vegetation and
sets back succession, creating favorable conditions for
germination and establishment of G. pneumonanthe. The
cutting, however, has a side effect on the gentian popu-
lations because it inevitably kills some individuals. The

Table 2. The initial population sizes and stage/allele distributions of G. pneumonanthe, estimates of observed (Hi) and expected (Hs)
within-population heterozygosity, population inbreeding coefficient (FIS), and population subdivision (FST ).

Initial size∗

small large

no moderate strong no
Stage Genotype differentiation differentiation differentiation differentiation

i AA 0 0 0 0 0 500
AB 0 0 0 0 0 1000
BB 0 0 0 0 0 500

v AA 2 4 0 7 0 500
AB 5 5 5 2 2 1000
BB 2 0 4 0 7 500

r AA 2 4 0 7 0 50
AB 5 5 5 2 2 100
BB 2 0 4 0 7 50

Population genetic parameters
Hi 0.55 0.55 0.22 0.50
HS 0.50 0.40 0.20 0.50
FIS −0.11 −0.38 −0.10 0
FST 0 0.20 0.60 0

∗The scenarios of genetic composition assumed either one population type throughout the metapopulation under “no differentiation” or two
population types in equal proportion under “moderate differentiation” and “strong differentiation.”

fraction of the population surviving after sod cutting was
dependent on size (Oostermeijer 2000). In the first year
after sod cutting, the succession stage (S ) was set back
as a function of this surviving population fraction and
then increased by 1 for each time step until the next sod
cutting (Table 1). The succession stage determined the
succession coefficient (ts) that affected transitions and
fecundity (Table 1).

The number of simulations was set to 100 for each ex-
perimental scenario. In each simulation we ran the model
for 100 generations. For the 100th generation, in addition
to the number of adult plants, we calculated the propor-
tion of populations that went extinct and the following
genetic parameters: total genetic variation (HT ), among-
population structure of genetic variation (FST ), and het-
erozygosity (HS).

We estimated the effects of initial population size, ini-
tial population allele frequencies, gene flow, variation in
the start of sod cutting among populations, and frequency
of sod cutting. Table 2 shows the initial population sizes
and distributions for 12 populations connected through
migration of newly recruited immatures (which also sup-
ply gene flow). The initial population size of a large pop-
ulation was set to 200 reproducing adults, which is repre-
sentative of natural heathland G. pneumonanthe popula-
tions. The numbers for the other two stages were charac-
teristic of “invasive” populations in an early successional
stage (Oostermeijer et al. 1994). Nine flowering, nine
nonreproducing, and no immature individuals comprised
the small population, a population structure typical for
“regressive” populations in a late successional stage. Large
populations initially had an inbreeding coefficient of zero
and equal allele frequencies. Small populations had (1) a
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slight excess of heterozygotes and symmetrical and equal
allele frequencies (i.e., no genetic differentiation as a re-
sult of past genetic drift, mimicking sudden fragmentation
of a large, random mating population); (2) an excess of
heterozygotes and a moderately unequal frequency of A
and B alleles among populations (moderate genetic dif-
ferentiation); or (3) a slight excess of heterozygotes and
a very unbalanced frequency of A and B alleles among
populations (strong genetic differentiation; Table 2). The
moment of disturbance (sod cutting) was either synchro-
nized (performed in the same year in all populations) or
was randomly assigned to each population within a range
of ±2 years around the target time. Three scenarios of
island-type model gene flow assumed either no (0), mod-
erate (0.01), or high (0.1) migration (expressed as the
proportion of immature originating from immigration).

Results

Effects of Management under No Migration

The demographic effect of the sod-cutting interval was ev-
ident. Frequent sod cutting improved the transition rates
of the population by setting back succession. Because the
current practice of sod cutting never kills all the repro-
ductive adults, frequent sod cutting does not drive the
population to extinction. Instead, it increases its viability
via improved growth transition rates and higher fecun-
dity. But there was also a distinct effect of initial popula-
tion size on population performance (Fig. 2). Large pop-

Figure 2. Performance of G. pneumonanthe metapopulation under synchronized sod-cutting managements
ranging from every 6 to every 14 years when initial population sizes are (a) large (200 reproducing plants) and
(b) small (9 reproducing plants).

ulations (200 flowering plants) did not go extinct when
sod cutting was performed at least every 11 years. The
initially small population of nine flowering plants, how-
ever, survived only if sod cutting was done at least every
7 years, and for an increase of the initial flowering pop-
ulation by a factor of 2 (36, 72, 144, 288), the minimal
sod-cutting frequency could increase by 1 year (8, 9, 10,
and 11 years, respectively). The effect of environmental
stochasticity may change the optimal interval between
subsequent sod-cutting events but not the general trend
we observed (i.e., an increase in the optimal sod-cutting
interval with an increase in initial population size).

Because of the deterministic settings of demographic
processes in the model, the genetic composition of small
populations did not influence the population growth rate
(data not shown). Initial differences in allele frequencies
had no or a very minor effect on the total genetic variation
(HT ) but a strong effect on the among-population struc-
ture of genetic variation (FST ) and heterozygosity (HS).
Heterozygosity decreased and population subdivision in-
creased when allele frequencies in initial populations
changed from equal to skewed (Table 3). These effects
were observed under both synchronized and desynchro-
nized sod-cutting management regimes but were more
pronounced when there was variation in the start of sod
cutting among populations (Table 3).

A comparison between the two disturbance scenarios
(cutting in the same year in all populations or randomly
assigned to populations within ±2 years around the tar-
get time) revealed that introducing variation at the start of
sod cutting across populations decreased the probability
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Figure 3. Probability of
metapopulation extinction
in 100 generations with
different scenarios of initial
population size ( L, 200
reproducing plants; S, 9
reproducing plants), sod
cutting (±0,
synchronized—all
populations in the same
year; ±2,
variable—randomly
assigned to each population
within ± 2 years), and gene
flow (m = 0%, 0.01%, and
0.1% of newly recruited
immatures).

of metapopulation extinction, irrespective of initial pop-
ulation size or allele frequencies (Fig. 3). It did, however,
decrease the number of surviving populations (Table 4).

Effect of Management with Migration

In a metapopulation with an island-type structure of gene
flow (used here to simulate G. pneumonanthe dynamics)
and under an assumption of synchrony in stage transitions
of different populations, gene flow through migration
cannot have any consequences for species growth rate
and viability because immigration equals emigration. This
corresponds to a situation of several semi-isolated popu-
lations at similar distance from each other that are of sim-
ilar sizes, demographic structure, and dynamics, and for
which management is carried out in the same year. Under
such circumstances, all populations are equal in size and
the number of individuals emigrating from a single pop-
ulation equals the sum of all immigrants from the other

Table 4. Number of populations surviving (SD) in G. pneumonanthe metapopulation after 100 generations as an average of 100 simulations under
different initial population sizes and allele frequencies and interval of sod cutting.∗

Large (200
reproducing adults) Small (9 reproducing adults)

±0 ±2 ±0 ±2Sod-
cutting differentiation differentiation differentiation
interval
(years) no no no moderate strong no moderate strong

6 12 (0) 12 (0) 12 (0) 12 (0) 12 (0) 11.98 (0.14) 11.83 (0.43) 11.90 (0.30)
7 12 (0) 12 (0) 12 (0) 12 (0) 12 (0) 9.71 (1.47) 8.57 (1.53) 9.09 (1.50)
8 12 (0) 12 (0) 1.56 (0.82) 0 0 3.30 (1.60) 2.63 (1.35) 3.16 (1.23)
9 12 (0) 12 (0) 0 0 0 1.06 (0.25) 1 (0) 1 (0)

10 12 (0) 11.69 (0.56) 0 0 0 0 0 0
11 12 (0) 7.45 (1.70) 0 0 0 0 0 0
12 0 1.81 (0.87) 0 0 0 0 0 0
13 0 0 0 0 0 0 0 0

∗Sod cutting: ±0, synchronized (all populations in same year); ±2, variable (randomly assigned to each population with ±2 years).

populations. Desynchronization of stage transitions in dif-
ferent populations introduced by variation in the start of
sod cutting among the populations, however, made migra-
tion important for both demography and genetics. Among
populations, desynchronization of the management time
enabled the whole metapopulation to survive at a lower
sod-cutting frequency. In real populations, environmen-
tal stochasticity would add to this effect, amplifying the
population differences caused by desynchronized man-
agement.

A metapopulation composed of small initial popula-
tions of nine flowering plants survived with variable sod-
cutting frequency of at least every 9 years compared with
every 7 years with synchronized sod cutting, and sur-
vived with minimal sod-cutting frequency of every 12
years compared with 11 years in large initial populations
(Fig. 3).

When management was desynchronized, the effect
of migration on overall population demography was
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negative (Fig. 3). This occurs because large early-success-
ional populations with high transition rates are dispropor-
tionably losing juveniles that migrate to late-successional,
low-transition populations. But this negative effect was
rather small for both large and small initial populations,
and an increase from no migration to high migration (i.e.,
10% of the immature population each year are immi-
grants) caused an increase of no more than 20% in ex-
tinction probability (Fig. 3).

Gene flow (via migration) had no effect on the extent
of genetic diversity in the total population (HT ). It did,
however, have a great effect on the structure of genetic di-
versity when initial populations were small and allele fre-
quencies skewed. Increase in gene flow increased HS and
decreased FST and eventually turned the whole metapop-
ulation into a single panmictic population (Table 4). This
effect was evident under both management regimes, with
or without variation in the timing of sod cutting.

Discussion

Our results place the genetic and demographic conse-
quences of small population size in G. pneumonanthe in
a metapopulation context. The genetic and demographic
effects of population size were tested by incorporating ex-
plicit genetic composition of populations and gene flow
among the populations. Before considering the effect of
management on G. pneumonanthe at the regional scale,
however, we need to define what kind of a “population of
populations” this species represents. The metapopulation
of G. pneumonanthe—once widely distributed over wet
heathlands and hay meadows—has become extremely
fragmented in the last 50 years. Many populations became
small and isolated from each other because of the intensi-
fication of human activities. The breeding system (insect-
pollinated, self-compatible outcrosser) and seed dispersal
(gravity) suggest some modest among-population gene
flow through pollen exchange but very little exchange
via seed dispersal. Small populations of few individuals
may persist for long periods of time (more than 30 years;
Chapman et al. 1989; Oostermeijer et al. 1992), but the
chances of recolonization of areas in which G. pneumo-
nanthe has become extinct are nearly zero. Freckleton
and Watkinson (2002) called a population of populations
of this kind a “regional ensemble” in which local dynam-
ics prevails over regional dynamics, with a relatively low
probability of local extinction and a very low probability
of recolonization. Therefore, local population dynamics
should be a major target for management in this type of
species. Questions remain, however, about how impor-
tant regional dynamics actually are and whether there is
a need to design specific regional management plans.

Like Oostermeijer (2000), we found that small popu-
lations can be regenerated through disturbance manage-
ment such as sod cutting of appropriate frequency. Small

populations, however, often have reduced levels of ge-
netic diversity because of either inbreeding (reduced het-
erozygosity) or genetic drift (loss of alleles), and this can
be prevented or restored only through gene flow. Our sim-
ulations showed that small populations that initially had
near-equal allele frequencies could sustain their high ge-
netic variation over many generations without gene flow,
if managed properly (i.e., through sod cutting at an opti-
mal frequency) and assuming no stochastic environmen-
tal variability. This is possible because negative effects
of inbreeding and drift on genetic diversity disappear af-
ter the rapid increase in population size that follows sod
cutting. The more the allele frequencies in the small pop-
ulations are skewed, however, the higher the probability
that some alleles will be lost even under proper manage-
ment. As a result, within-population genetic variation will
become very low unless restored through gene flow.

In an ensemble of many small G. pneumonanthe pop-
ulations with growth rates of ≥1 (as a result of optimal
management through sod cutting) under absence of gene
flow, we may expect the among-population component
of genetic variation to be high and the within-population
genetic variation to be negligible. As our results show,
under sufficiently high gene flow, the situation will be
reversed. With an assumption of optimal management on
a regional scale, the total genetic diversity under both
scenarios will remain high and approach that in a large
population in Hardy-Weinberg equilibrium. The question
is what scenario is optimal for managed G. pneumonan-
the to ensure high viability and persistence and preserve
evolutionary potential.

The scenario that includes gene flow would be pre-
ferred if the species does not demonstrate outbreeding
depression (unlikely to occur if there is substantial gene
flow), is self-incompatible, and has high inbreeding de-
pression. The opposite would be true for a scenario in
which gene flow is absent (i.e., when the species occu-
pies different habitats, where it undergoes different se-
lection pressures, demonstrates local adaptation, has no
self-incompatibility, and experiences no or low inbreed-
ing depression).

Because properly managed small populations are not
prone to extinction, fixing different rare alleles in differ-
ent populations prevents their loss by drift. Thus, max-
imizing between-population variability and minimizing
within-population variability might be effective, depend-
ing on the likelihood of extirpation. G. pneumonanthe is
self-compatible with a modest effect of inbreeding (Raij-
mann et al. 1994; Oostermeijer et al. 1996).

Oostermeijer and colleagues failed to detect either lo-
cal adaptation or outbreeding depression in this species
(Oostermeijer et al. 1995, 1996). It is unlikely that out-
breeding depression effect will be detected unless crosses
occur over >100 km (Oostermeijer et al. 2003). But out-
breeding depression may occur after crosses between
heathland and grassland populations because of their
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very different demographic behaviors (and thus their
likely adaptations; Oostermeijer et al. 1996). Establish-
ing among-population gene flow and maximizing the
within-population component of variability as a part of
management should not have negative consequences as
long as management focuses on gene flow within and not
among the two main habitat types.

An advantage of maintaining high genetic diversity
within small populations over sustaining genetically dis-
similar small populations with reduced genetic diversity
is the lower probability of losing some alleles from the
regional gene pool. The extinction of several local popu-
lations will then have little effect on the regional genetic
diversity because they are replications of the same geneti-
cally diverse gene pool over space. In contrast, extinction
of several genetically differentiated local populations may
result in a significant reduction of regional diversity. Al-
though random extinction was not included in the sim-
ulation, environmental stochasticity might, in extreme
events, drive some populations to extinction. Hence, pre-
serving within-population diversity might be even more
important in reality than is shown in the model.

Our model did not include the explicit mechanism of
gene exchange; instead, immature individuals were swa-
pped between populations. We have not considered a ge-
ographically explicit metapopulation structure or varied
the among-population distances. Therefore, our conclu-
sions apply to an area where populations are rather dense
and evenly distributed in space, and where they experi-
ence similar environmental conditions (e.g., core pop-
ulations). Managing isolated, remote (peripheral) popu-
lations might be a different issue and is not addressed
here. In practical terms, improving genetic composition
of small populations through gene flow can be achieved
in several ways, under either long- or short-term manage-
ment strategies. For the former the best option would
be to reduce fragmentation by increasing landscape con-
nectivity (wide seminatural corridors). If, for whatever
reason, gene exchange by natural migration would not
be possible, pollen carryover from adjacent populations
or introduction of seeds or seedlings could be the two
options for short-term management.
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