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Abstract Recent advances in stochastic demography

provide tools to examine the importance of random and

periodic variation in vital rates for population dynamics. In

this study, we explore with simulations the effect of dis-

turbance regime on population dynamics and viability. We

collected 7 years of demographic data in three populations

of the perennial herb Primula farinosa, and used these data

to examine how variation in vital rates affected population

viability parameters (stochastic growth rate, kS), and how

vital rates were related to weather conditions. Elasticity

analysis indicated that the stochastic growth rate was very

sensitive to changes in regeneration, quantified as the

production, survival, and germination of seeds. In one of

the study years, all seedlings and mature plants in the

demography plots died. This extinction coincided with the

driest summer during the study period. Simulations sug-

gested that a future increase in the frequency of high-

mortality years due to climate change would result in

reduced population growth rate, and an increased impor-

tance of survival in the seed bank for population viability.

The results illustrate how the limited demographic data

typically available for many natural systems can be used in

simulation models to assess how environmental change

will affect population viability.

Keywords Climate change � Disturbance � Drought �
Habitat stage � Markov chains

Introduction

Populations of many species decline and risk going extinct

because of changes in the environment induced by human

activities. A major challenge facing ecologists is therefore

to identify the factors governing population dynamics and

to develop methods to forecast the effect of environmental

change on population viability (Lindenmayer et al. 2008).

Because all natural populations experience stochastic

variation in vital rates, stochastic demography models

(Tuljapurkar et al. 2003; Horvitz et al. 2005; Boyce et al.

2006; Gotelli and Ellison 2006) provide an appropriate

framework for analyzing the effects of directional changes

in environmental conditions and of changes in the distur-

bance regime on population dynamics.

In plants, environmental conditions may influence the

establishment of new individuals, and the growth, survival,

and reproductive success of established individuals in sev-

eral ways. For example, severe weather-induced distur-

bances such as drought, fire and flooding are often associated

with high density-independent mortality, and are typically

followed by improved conditions for establishment due to

released competition (e.g., Gross et al. 1998; Horvitz et al.

1998; Hubbell et al. 1999; Smith et al. 2005). As a result,

vital rates may shift periodically as a function of the cycle of

disturbance and recovery transitions following distur-

bance (between-phase variability, sensu Morris et al. 2006).
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To accommodate such shifts in vital rates, information about

disturbance regime and rates of recovery after disturbance

should be combined with data on the correlation between

vital rates and environmental state in analysis of population

dynamics (Horvitz et al. 2005). Models based on correla-

tions between vital rates and environmental conditions, and

stochastic variation or directional change in environmental

conditions can be used to examine a wide range of scenarios

by simulation models. Such analyses should be useful in the

evaluation of the effect of environmental changes on the

dynamics and viability of populations (Morris et al. 2006).

Climatic trends that influence the length of the growing

season and the frequency of disturbance events are impor-

tant for the dynamics of many species (Mouillot et al. 2002;

Sitch et al. 2003; Beckage et al. 2006). Consequently, the

threat of climate change to various species has, of late,

become a growing concern (McCarty 2001; Thomas et al.

2004; Maschinski et al. 2006; Parmesan 2006; Thuiller et al.

2008; Adler and HilleRisLambers 2008; Morris et al. 2008).

In this study, we employ a recently proposed method to

predict population viability in environments that undergo

directional change (Horvitz et al. 2005), based on the

limited demographic and environmental data typically

available for natural systems.

We examined how temporal variation in vital rates

affects population dynamics of the perennial herb Primula

farinosa using a combination of population and habitat

transition matrices. We collected demographic data over

7 years in permanent plots in three populations to docu-

ment interannual variability in vital rates, and the rela-

tionship between vital rates and summer precipitation. The

study was conducted in moist seminatural alvar grasslands

on Öland island, southern Sweden. This is a habitat that in

some years is affected by severe drought that strongly

affects the dynamics of local plant populations (Rosén

1982; Sterner and Lundqvist 1986). Examining the effects

of drought-induced disturbances is particularly relevant as

scenarios of global warming indicate that the frequency of

very dry and very wet years is likely to increase in northern

Europe (Kjellström et al. 2005; Rowell 2005). The present

study included one very dry summer, which was associated

with complete mortality of seedlings and mature plants in

the study plots. Our specific aims were (1) to document

current population dynamics of P. farinosa in habitats

known to be subject to intermittent severe disturbance,

(2) to assess the relative importance of survival, growth and

regeneration for overall plant fitness under different dis-

turbance regimes, (3) to examine the relationship between

summer precipitation expressed as the rainfall anomaly

index (RAI) and estimates of population vital rates, and

(4) to predict by simulations how an altered disturbance

frequency, e.g., due to climate change, would affect

population dynamics.

Materials and methods

Study species

Primula farinosa L. (Primulaceae) is a hermaphroditic,

self-incompatible, distylous perennial herb with a disjunct

distribution across most of Europe (Hambler and Dixon

2003). It is favored by grazing, and in Sweden many

populations have declined or become extinct due to ceased

or changed management practices during the last century

(Lindborg and Ehrlén 2002). Flowering individuals typi-

cally produce a single inflorescence, which develops from

the leaf rosette. The flowers are arranged in an umbel.

Flowering takes place in May. In the study area, butterflies

(especially Pyrgus malvae) and solitary bees (especially

Osmia bicolor) are the main pollinators. The fruit is a

multi-seeded capsule that matures in late June–July. Seeds

germinate in spring, and seedlings form a small leaf rosette

in the 1st year. Populations on the large islands of Öland

and Gotland in the Baltic Sea are dimorphic for scape-

length (Lagerberg 1948). The lifespan of established indi-

viduals is more than 21 years under low disturbance

(Ehrlén and Lehtilä 2002).

Study sites and climate

The present study examined population dynamics of

P. farinosa at three sites located in the northern part of

Stora Alvaret (the Great Alvar) on Öland island off the

southeast coast of Sweden (distances between sites ranged

from 0.6 to 2 km; Appendix A in the Electronic Supple-

mentary Material). The sites occur on alvars—habitats

characterized by shallow soils on limestone rock. The flat

topography results in a mosaic of temporal wetlands and

pools in a matrix of dry grassland (Rosén and Borgegård

1999). Two populations, Tranekärr and Dröstorp 1, were

located on very thin soils that are usually flooded in early

May and dry up completely later in the season. Vegetation

was sparse and restricted mainly to rock fissures in a matrix

of bare soils. Disturbance was intense due to repeated

flooding and drought, and freezing and thawing. The third

population, Dröstorp 2, was located in closed vegetation on

somewhat deeper soil with expected more stable water

availability. All sites were exposed to wind and sun, and to

some disturbance caused by trampling and grazing by

domestic grazers (cattle and sheep).

Quadrat sampling

In July 2000, we mapped and classified all P. farinosa

individuals in a total of 18 permanent 1 m 9 1 m quadrats

in the three populations. Plants were classified according

to developmental and reproductive status into three
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developmental stage classes: seedlings (i.e., new plants not

recorded in the previous year), vegetative rosettes, and

flowering rosettes. In the following 6 years, during the

fruiting period in June, survival and status (vegetative or

flowering) was recorded for all plants mapped in the pre-

vious year and any new seedlings in each quadrat were

recorded and mapped. The number of mature fruits pro-

duced by each reproductive plant was noted. These data

allowed us to track the fate of individual plants from

one year to the next. During the 7-year period 2000–2006,

8,911 individual seedlings, vegetative rosettes and flower-

ing rosettes were followed. In the analysis, short- and long-

scaped plants were pooled because a large proportion of

individuals never flowered, and there is presently no

method to determine scape morph of non-flowering plants.

Moreover, scape-morph differences in survival and prob-

ability of flowering were small in the present study

(v2-tests, P [ 0.30, except for 2001 in the Dröstorp 2

population when a larger proportion of long-scaped than

short-scaped plants flowered, P = 0.033), as well as in a

previous field study (Ågren et al. 2006) and in a common-

garden experiment, which included 1,860 plants from eight

populations (Toräng et al. 2010). To estimate seed pro-

duction per fruit, in each population we collected 1–2 fruits

from each of 18–110 reproductive plants growing in close

vicinity to the study plots in 2000 and 2001. We used

records of the number of fruits produced by reproductive

plants in the permanent plots in July 1999 to estimate

reproductive output in the study populations in the year

preceding the start of the demographic study.

Life-history transition matrices

The life cycle of P. farinosa can be regarded as consisting

of four stages: seeds, seedlings, vegetative rosettes, and

flowering rosettes (Fig. 1). To model population dynamics

we constructed life-history transition matrices, in which the

elements (aij) describe the probabilities of individuals to

transition from one stage class j in year t - 1 to stage class

i in year t (Caswell 2001). For each population, life-history

transition probabilities for established plants were calcu-

lated from observations pooled over quadrats. Elements of

the life-history transition matrix can be summed to obtain

the probability of growth (the probability of survival 9 the

probability of advancing into a higher stage-class), stasis

(the probability of survival 9 the probability of remaining

in a stage-class), retrogression (the probability of sur-

vival 9 the probability of retrogressing to a lower stage-

class) and fecundity. Vegetative propagation was not

observed in the quadrats and is rare in the study area (J.Å.,

J.E. and P.T., unpublished data).

For each population and year, seed production of flow-

ering individuals was estimated as fruit production for that

year multiplied by the population mean seed production per

fruit in 2000 and 2001 (mean ± SE based on these two

yearly means, 47 ± 6.7 seeds per fruit in Tranekärr (n2000 =

18, n2001 = 110), 57 ± 5.1 seeds per fruit in Dröstorp 1

[n2000 = 20, n2001 = 43), and 38 ± 3.1 seeds per fruit in

Dröstorp 2 (n2000 = 59, n2001 = 43)]. Seeds produced in

one year may, provided that they survive until the next year,

either germinate or enter a transient seed bank. The probability

Seeds 

Seedlings 

Vegetative
rosettes

Flowering rosettes 

a11 

a21 a32 

a33 

a34 

a42 

a43 

a44 

a14 

a24 

Fig. 1 Life cycle graph of

Primula farinosa. Four stage

classes were recognized in the

models: seeds (stage 1),

seedlings (stage 2), vegetative

rosettes (stage 3), and flowering

rosettes (stage 4). Arrows
represent possible transitions

between stages, and letter codes
with subscripts depict

corresponding matrix entries
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of the former transition is the product of seed survival and

germination rate; the probability of the latter transition is the

product of seed survival and (1 – germination rate).

The transition probabilities of seeds were inferred from

data on the number of new seedlings each year. Because

the number of seedlings appearing in one year is a function

of seed production in several previous years, we con-

structed a multiple regression model where the emergence

of seedlings in year t is a function of seed production in

year t - 1 and t - 2.

SeedlingsðtÞ ¼ aþ b1 � Seedsðt � 1Þ þ b2 � Seedsðt � 2Þ
ð1Þ

where a, b1 and b2 are constants. Including estimates of seed

production in year t - 3 and earlier did not improve the fit

of the model, suggesting that survival of seeds for more than

two seasons in the seed bank has little impact on population

dynamics. To calculate a mean value for seed survival, we

made the simplifying assumptions that seed survival and

germination were constant across years and did not vary

with seed age. We further assumed that the survival rates of

seeds and seedlings were equal from the start of germination

(usually in early May) until the census in June. Then

b1 = s 9 g, and b2 = s2 9 g 9 (1 - g), where s = seed

survival and g = proportion of surviving seeds that germi-

nate. Substitution then gives s = b1 ? (b2/b1). We fitted

this model to pooled data from all three populations and

years and obtained a mean value for seed survival of 0.60

(b1 = 0.0507 and b2 = 0.0281). Because we had records of

the number of flowering plants and their seed output from

1999 to 2002, and because all plants died between the

censuses of 2002 and 2003 and no flowering plants appeared

in the quadrats before 2004 or 2005, we could derive an

additional estimate of seed survival from the emergence of

new seedlings in these years. Assuming no net seed import

into the quadrats (i.e., all new seedlings develop from seeds

produced in the quadrats in previous years), the proportion

of seeds surviving from year to year had to be greater than

0.5. Although the two estimates of seed survival were close,

there is still a considerable amount of uncertainty involved

in the parameterization. We therefore examined how sen-

sitive model output was to probability of seed survival by

examining values from 0.5 to 1.0 in steps of 0.1.

We estimated the seed bank size and the proportion of

seeds germinating for each census from values of the

number of emerging seedlings and the estimated seed

survival. The number of seedlings emerging in year t is the

product of the seed pool in year t - 1 (i.e., the number of

seeds produced in year t - 1 and the number of seeds in

the seed bank in t - 1), seed survival from year t - 1 to t,

and the proportion of surviving seeds germinating at t.

Using this relationship, we could estimate the proportion of

seeds germinating from each census to the next. The size of

the seed pool was estimated as the product of seeds pro-

duced in previous years, seed survival estimated from

Eq. 1, and the proportion of seeds not germinating. The

initial number of seeds in the seed bank the first study year

(2000) was not known and could not be estimated by

simulations. It was instead estimated as the product of

seeds produced in 1999 and seed survival estimated from

Eq. 1 (0.60), plus the average seed production over all

study years (as an estimate of seed production in 1998)

multiplied by [0.60 9 (1 - germination)]. For the calcu-

lation of the initial seed bank, germination was estimated

as the average over all study years. The resulting life his-

tory transition matrices for each year and population are

presented in Appendix B of the Electronic Supplementary

Material, and corresponding deterministic lambda values

are reported in Table 1.

We examined whether survival of established plants

(seedlings and adult plants pooled) was higher in the deep-

soil population Dröstorp 2 than in the thin-soil populations

Tranekärr and Dröstorp 1 using v2-tests. This procedure

generated eight tests and the resulting P values were sub-

ject to sequential Bonferroni adjustment.

Habitat transition matrices

Demographic transition probabilities are likely to vary

among years depending on environmental conditions. In

our simulations, we included information on temporal

changes in vital rates in the form of habitat states. During

Table 1 Categories of habitat states between demographic censuses,

and the deterministic growth rate (kdet) with standard errors in three

Primula farinosa populations

Population Year Habitat categorya kdet ± SE

Tranekärr 2000–2001 Mature 1.46 ± 0.029

2001–2002 Mature 1.14 ± 0.034

2002–2003 Disturbance –

2003–2004 Recovery –

2004–2005 Mature 0.62 ± 0.0071

2005–2006 Mature 0.63 ± 0.042

Dröstorp 1 2002–2003 Disturbance –

2003–2004 Recovery –

2004–2005 Recovery –

2005–2006 Mature 0.99 ± 0.14

Dröstorp 2 2000–2001 Mature 1.16 ± 0.032

2001–2002 Mature 0.87 ± 0.055

2002–2003 Disturbance –

2003–2004 Recovery –

2004–2005 Recovery –

2005–2006 Mature 0.74 ± 0.086

a Habitat categories are explained in the text
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each census interval, a population is in one of K possible

habitat states. The probability that the habitat shifts from

state a to state b over one time step is denoted cba, and is an

element of a habitat transition matrix c. Each habitat state

determines a particular life-history transition matrix Aa.

The habitat transition matrix contains the probability rules

used to generate a sequence of habitat states over time, and

the relative frequency of habitat states is given by its

dominant right eigenvector f*.

We constructed one habitat transition matrix for each

study population. We considered each period between two

censuses as a unique habitat state and categorized habitat

states according to their order after disturbance, and to

whether they contained flowering plants at the start of the

period or not (Table 1). Our matrices have K = 6 possible

habitat states corresponding to the six transitions 2000–

2006. They were classified into three main categories: (1)

disturbance states, habitat states with complete mortality of

established plants; (2) recovery states, habitat states that

follow disturbance and during which at least some estab-

lished plants survive; and (3) mature states, habitat states

during which demographic transitions from flowering

plants were observed. We distinguished between recovery

states and mature states because during the former the

probability of the transition from seedling to vegetative

plant tended to be higher than during mature states (see

below) indicating differences in environmental conditions,

and because in two populations it took 2 years before any

reproductive plants appeared after disturbance. Each cate-

gory was represented by 1- to 4-year-specific life-history

transition matrices obtained from the six transitions from

2000 to 2006, resulting in a 6 9 6 Markov transition

matrix c for each population. Because of small sample

sizes, we could not construct reliable life-history transitions

matrices for the Dröstorp 1 population in 2000–2001 and

2001–2002. This population is therefore represented by a

4 9 4 transition matrix corresponding to the four transi-

tions from 2002 to 2006.

In all populations, the habitat state 2002–2003 belonged

to the disturbance category (Table 1). If the six transitions

observed in this survey is representative of the long-term

dynamics of P. farinosa in the study area, this gives a fre-

quency of similar catastrophic years of 1/6 & 0.17. To

model the long-term effect of intermittent disturbance years,

we hence constructed habitat transition matrices where the

disturbance state occurred with a probability of 0.17. The

remaining habitat transition probabilities were generated

based on the number of recovery states (i.e., habitat states

that follow disturbance and during which at least some

established plants survive) observed before any flowering

plants appeared in the population after disturbance.

The populations varied in terms of the number of

years it took until flowering plants appeared after the

disturbance in 2002–2003 (Table 1). The habitat transition

matrices are therefore specific for each population

(Appendix C in the Electronic Supplementary Material).

In the Tranekärr population, the disturbance in 2002–2003

was followed by a recovery state during which repro-

ductive plants appeared, while in the Dröstorp 1 and 2

populations, reproductive plants did not appear until

2 years after this disturbance. Four different mature

transitions were recorded in the Tranekärr population, one

in the Dröstorp 1 population, and three in the Dröstorp 2

population (Table 1).

Stochastic models of population dynamics

To model stochastic population dynamics we used MAT-

LAB-scripts (adjusted from C.C. Horvitz, personal com-

munication) and followed the methods suggested by

Tuljapurkar et al. (2003) and Horvitz et al. (2005). The

population size by stage at time t is enumerated in a vector,

N(t), and is governed by the following equation (Tulja-

purkar et al. 2003):

NðtÞ ¼ XðtÞNðt � 1Þ ð2Þ

where the random life-history transition matrix X(t) takes

on values determined by the habitat state between time

t - 1 and time t. The total population size P(t) is the sum

of the elements of vector N(t) and depends on previous

habitat states in the population. The stochastic growth rate

is obtained from the following equation (Tuljapurkar et al.

2003):

log kS ¼ lim
t!1
ð1=tÞ log½PðtÞ=Pð0Þ� ð3Þ

We obtained mean stochastic growth rates from simula-

tions with 100,000 time steps (Caswell 2001; Tuljapurkar

et al. 2003). We also quantified deterministic growth rate

for mature habitat states.

We further examined the sensitivity of fitness to changes

in life-history transitions for different habitat states. The

effects of perturbations of a given life-history transition on

the stochastic growth rate, kS, may vary among habitat

states (Tuljapurkar et al. 2003) as described by the matrices

of habitat-stage elasticities, ES
b;where b is a habitat state.

Stochastic elasticity, ES is the sum of habitat-stage elas-

ticities,ES
b, over habitats, and quantifies the importance of

individual life-history transitions for population growth

rate (Caswell 2001; Horvitz et al. 2005). Habitat elasticity

is the sum of all ES
b for a given habitat, and reflects its

relative frequency (Horvitz et al. 2005). The magnitude of

a given habitat-stage elasticity is a function of the habitat

elasticity, and the relative contribution of individual life-

history transition rates to the habitat elasticity (Horvitz

et al. 2005). In our study, we had four to six different

habitat states for each population and hence four to six
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different matrices of habitat-stage elasticities, ES
b. Habitat-

stage elasticities were estimated from numerical simula-

tions of 2,000 time steps.

Plant survival, weather and climate change

To assess the effect of weather-induced environmental

conditions on variation in survival, we correlated plant

survival with summer precipitation (June–August) in the

previous year. The habitats of P. farinosa on Öland may

dry out towards the end of the summer and this is likely to

expose the plants to drought stress. The rate at which the

soil dries out should be a function of the cumulative pre-

cipitation during the summer months (June–August), and

low precipitation during this period may reduce survival in

many local plant species in late summer (Sterner and

Lundqvist 1986; Andersson 1988; Bengtsson 1993; Rosén

1995). Hence, cumulative precipitation during June–

August in year t is important for survival until the next

year, which is recorded at census t ? 1. Precipitation was

expressed as the rainfall anomaly index based on data

recorded by the Swedish Meteorological and Hydrological

Institute’s (SMHI) weather station at the southern tip of the

island, about 45 km south of the study sites. This index

makes use of a ranking procedure to assign magnitudes to

precipitation anomalies (van Rooy 1965; Keyantash and

Dracup 2002). One estimate of survival was removed from

the analysis because it was based on very few observations

(survival 2000–2001 at Dröstorp 1, n = 12).

To document the historical frequency of years with a

RAI as low or lower than in 2002, data on monthly total

precipitation for the years 1950–2005 were obtained from

the SMHI weather station.

To explore how an altered disturbance frequency, e.g.,

due to climate change, would affect population dynamics,

we obtained stochastic growth rates for each population for

scenarios in which the catastrophic year frequency was

decreased by 50%, to 0.085, or doubled, to 0.34. We then

compared the results of these simulations with those based

on the observed frequency of catastrophic years (=0.17, see

above).

Results

Population dynamics under current conditions

Survival of established plants varied among years and

deterministic population growth rates varied among mature

habitat transitions. In the disturbance year 2002, all seed-

lings, vegetative rosettes, and flowering rosettes died in all

populations after the census in June, i.e., only newly

emerged seedlings were observed at the census in June

2003. In the other years, survival varied among populations

and life-history stages (Appendix B in the Electronic

Supplementary Material). Survival was higher in the deep-

soil population Dröstorp 2 than in the thin-soil population

Tranekärr following the summer with the second lowest

precipitation (2005), and also following the summers 2001

and 2004 (v2-tests, P \ 0.05 after sequential Bonferroni

adjustment; Fig. 2). Following the summer 2001, survival

in Dröstorp 2 was also higher than in the Dröstorp 1 popu-

lation (v2-tests, P \ 0.05 after sequential Bonferroni

adjustment; Fig. 2).

In all models, the stochastic growth rate kS was less than

1, indicating that population sizes are likely to decline

under current conditions. In models with the observed

disturbance year frequency (0.17), the stochastic growth

rate was very similar among populations and varied from

0.81 in the Dröstorp 1 and Tranekärr populations to 0.78 in

the Dröstorp 2 population (Table 2).

According to the simulation models, seeds made up the

major proportion of individuals present in all populations.

On average, 93% of all individuals were seeds at a given

time in the Tranekärr population, whereas the corre-

sponding figures in the Dröstorp 1 and Dröstorp 2 popu-

lations were 68 and 96%, respectively.

In all populations and for all habitats, the stochastic

growth rate was very sensitive to changes in regeneration,

quantified as the production, survival, and germination of

seeds. In the Tranekärr population, regeneration elasticity

summed across habitat transitions accounted for 72.6% of

total elasticity (regeneration elasticity defined as the sum of

the elasticities of seed production, seed survival, and seed

germination; Fig. 3; Appendix D in the Electronic Sup-

plementary Material). In the Dröstorp 1 and Dröstorp 2

populations, the corresponding figures were 63.1 and

77.3%, respectively (elasticities for individual transitions

not shown).

Rainfall anomaly index

2002

2005

2000

2001

2003

2004

0.0

0.2
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P
la
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u
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Tranekärr
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Fig. 2 The proportion of established plants (seedlings and adult

plants pooled) that survived to the next census in P. farinosa
populations Tranekärr (open squares), Dröstorp 1 (open circles), and

Dröstorp 2 (crosses) as a function of the rainfall anomaly index based

on summer (June–August) precipitation (n = 77–2,469)
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In all habitats, seed survival contributed most to regen-

eration elasticity, and its contribution increased with

increasing frequency of disturbance years (Appendix D in

the Electronic Supplementary Material), and remained high

for all modelled values of seed bank survival (Appendix E in

the Electronic Supplementary Material). In the Tranekärr

and Dröstorp 2 populations, the transition from seedling to

reproductive adult (a42, Fig. 1) also had high elasticity (13.1

and 11.1%, respectively). In the Dröstorp 1 population, the

transition from vegetative to reproductive adult (a43, Fig. 1)

had high elasticity (14.2%). Variation in habitat-stage

regeneration elasticities among modeled disturbance-year

frequencies was due mainly to variation in the relative

magnitude of habitat elasticities, i.e., the relative frequency

of the different habitat transitions (Fig. 3).

Plant survival, weather and climate change

The regression of plant survival on rainfall anomaly index

in the previous year was not statistically significant (gen-

eralized linear model with binomial error distribution,

separate for each study site, P [ 0.1 in all cases). However,

the massive mortality of seedlings and mature plants

between the censuses of 2002 and 2003 (Fig. 2) coincided

with the driest summer during the study period (Fig. 4). In

2002, only 77 mm rain was recorded during the 3 months

of summer, corresponding to an index value of -2.34, and

the little rain that did come was recorded in June and July

(June 26 mm, July 50 mm, August 0 mm). For years with a

summer precipitation greater than that observed in 2002, no

trend towards an increase in survival with increasing pre-

cipitation was observed (Fig. 2).

Simulations showed that the stochastic growth rate

decreased strongly with increased frequency of disturbance

years in all populations (Table 2). They further indicated

that kS was affected more strongly by the frequency of

disturbance years in the Dröstorp 1 and 2 populations than

in the Tranekärr population.

Table 2 Stochastic growth rate, kS, of three P. farinosa populations

estimated with simulations based on the observed, 50% of the

observed and 200% of the observed frequency of disturbance years

during the study period

Drought year frequency Population

Tranekärr Dröstorp 1 Dröstorp 2

50% of observed 0.85 0.89 0.86

Observed 0.81 0.81 0.78

200% of observed 0.74 0.67 0.68

Mean stochastic growth rates were calculated from 100,000 time steps

Halved drought-year frequency Observed drought-year frequency Doubled drought-year frequency

H
ab

ita
t-

st
ag

e 
re

ge
ne

ra
tio

n 
el

as
tic

ity
H

ab
ita

t e
la

st
ic

ity

0.0

0.1

0.2

0.3

0.0

0.1

0.2

0.3

0.0

0.1

0.2

0.3

0.0

0.1

0.2

0.3

0.0

0.1

0.2

0.3

0.0

0.1

0.2

0.3

(c)(b)(a)

(f)(e)(d)

(h)(g)

C
on

tr
ib

ut
io

n 
to

 
ha

bi
ta

t e
la

st
ic

ity

0.0
0.2
0.4
0.6

0.8
1.0

Dist
02-03

Rec
03-04

Mat
00-01

Mat
01-02

Mat
04-05

Mat
05-06

0.0
0.2
0.4
0.6

0.8
1.0

Dist
02-03

Rec
03-04

Mat
00-01

Mat
01-02

Mat
04-05

Mat
05-06

0.0
0.2
0.4
0.6

0.8
1.0

Dist
02-03

Rec
03-04

Mat
00-01

Mat
01-02

Mat
04-05

Mat
05-06

(i)
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Fig. 3 a–i Habitat-stage elasticity for regeneration (summed across

all relevant life stages: fecundity, seed survival in the seed bank, and

germination) and its two components for the Tranekärr population.

Graphs illustrate results of simulations based on a, d, g halved

disturbance frequency (0.085); b, e, h the frequency of disturbance

observed during the study years (0.17); and c, f, i doubled disturbance

frequency (0.34). Top panels Habitat-stage regeneration elasticity,

middle panels habitat elasticity, bottom panels proportional

contribution to habitat elasticity from regeneration (black), stasis

(grey), growth (white), and retrogression (too small to be visible in

a–f). Habitat transitions are named according to category (disturbance,

recovery or mature) and the year in which they were observed. In all

habitats, regeneration contributes most to total elasticity as seen in the

bottom graphs, and its relative contribution increases with increasing

frequency of disturbance years. The relationships among habitat-stage

elasticities were similar in the two other study populations
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Regeneration remained a major determinant of plant

fitness at all modelled disturbance year frequencies (Fig. 3;

Appendix D in the Electronic Supplementary Material).

The relative importance of regeneration compared to other

life-history transitions for stochastic growth rate was

largest in the models with doubled disturbance year fre-

quency and lowest in the models with halved disturbance

year frequency (Fig. 3; Appendix D in the Electronic

Supplementary Material). In all scenarios, seed survival

contributed most to regeneration elasticity.

Discussion

This 7-year study demonstrates how data on variation in

vital rates and environmental conditions summarized in

life-history and habitat transition matrices can be combined

to explore and simulate population dynamics in variable

and changing environments. Simulation models showed

that an increased frequency of disturbance years would

reduce population growth rate and increase the importance

of regeneration from seeds. The results suggest that a

predicted increase in the frequency of very dry years will

reduce the viability of the study populations.

This study indicates that seed dynamics (formation,

survival and germination of seeds) is more important than

survival of seedlings and adult plants for population growth

of P. farinosa at the examined sites, and that seed pro-

duction thus strongly contributes to plant fitness. Moreover,

the habitat-stage regeneration elasticities increased with

increasing frequency of disturbance years, indicating that

the importance of regeneration for plant fitness would

increase in populations subject to more frequent distur-

bance years. In the Tranekärr and Dröstorp 2 populations,

rapid development from seedling to reproductive adult was

also favoured as indicated by the high elasticity of this

transition. By comparison, plant survival was higher and

the establishment of new plants less important for the

dynamics of six populations studied in mainland habitats

(Lindborg and Ehrlén 2002). Franco and Silvertown (2004)

found that regeneration was less important than survival

and growth for population growth rate in a meta-analysis of

102 perennial plant species. Their study was conducted on

vital rate elasticities, while we estimated matrix element

elasticities. However, Silvertown et al. (1993) similarly

concluded that regeneration was less important than

survival and growth for population growth rate in a meta-

analysis based on matrix element elasticities. In our

simulations, the frequency of disturbance years affected

habitat-stage regeneration elasticities almost exclusively

through its effect on habitat elasticities, i.e., the relative

frequency of the different habitat transitions. In all habitats

and at all modelled frequencies of disturbance, the pro-

duction, survival and germination of seeds made the largest

contributions to population growth rate. We made the

simplifying assumption that survival rates of seeds and

seedlings are equal during the period from seedling emer-

gence in spring to the census in June. If survival of seeds is

higher than survival of seedlings during this period, then

our estimate of the elasticity for seed bank survival may be

underestimated and its importance thus somewhat higher.

The increase in habitat-stage regeneration elasticity with

increasing frequency of disturbance years was mainly an

effect of an increase in stochastic elasticity for seed sur-

vival (Appendix D in the Electronic Supplementary

Material). Increased importance of seed bank dynamics in

the presence of environmental stochasticity has similarly

been predicted in other studies (Cohen 1966, 1967; Kalisz

and McPeek 1993; Menges and Quintana-Ascencio 2004;

Adams et al. 2005). Kalisz and McPeek (1993) predicted

that populations of the annual herb Collinsia verna that

produce dormant seeds can be buffered from extinction in

fluctuating environments, but that they also will grow at

less than maximal rate in good years. Seed survival was

suggested to be crucial for the persistence of a population

of the perennial herb Helenium virginicum, which was

subject to drought stress (Adams et al. 2005). In the

perennial herb Eryngium cuneifolium, both population

viability and elasticities for seed germination were pre-

dicted to increase with increasing frequency of fire

(Menges and Quintana-Ascencio 2004). Hence, it seems

clear that survival in the seed bank is important for the

persistence of many populations of herbaceous plants

subject to disturbance.

In our study, seed germination and seed survival in the

seed bank was not measured directly but inferred from

several years of data on seed production and seedling

establishment. The parameters could be estimated with a
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Fig. 4 The rainfall anomaly index based on summer precipitation

(June–August) at the southern tip of Öland in 1950–2005. The period

of the present study is indicated

106 Oecologia (2010) 163:99–109

123



fairly high accuracy thanks to the lack of seed production

in 2003. Moreover, simulations with other values of sur-

vival in the seed bank suggested that the conclusions

concerning the relative contribution of regeneration for

life-time fitness were robust. For most plant species it is

very difficult to track the fate of seeds in natural popula-

tions and few studies have incorporated seed dynamics in

demographic models (Adams et al. 2005). This is prob-

lematic, because if omitted life stages are important pre-

dictors of population dynamics, the resulting models can

provide inaccurate assessments of the questions they are set

to address (Doak et al. 2002).

Several observations suggest that the massive mortality

observed in 2002–2003 was caused by drought. Many plant

species in the area, including P. farinosa, showed clear

signs of desiccation (J.Å., J.E. and P.T., personal obser-

vation). Moreover, between 2002 and 2003, 94% of the

P. farinosa populations in the area decreased in size,

indicating that an environmental factor acting over a large

spatial scale was responsible for the high mortality (n = 77

populations monitored in a 10 9 4 km large area in the

northern part of the Great Alvar; J.Å. and J.E., unpublished

data). That P. farinosa is negatively affected by extended

periods of drought is not surprising given that it thrives

in more stable moist soil conditions in other areas (cf.

Hambler and Dixon 2003). The study area is characterized

by thin soils on weathered limestone bedrock, and pre-

cipitation and water availability in summer has been sug-

gested to limit population growth of many local plant

species (Sterner and Lundqvist 1986; Andersson 1988;

Bengtsson 1993; Rosén 1995). During the period 1950–

2005, summers with a rainfall anomaly index lower than 2,

i.e., similar to or lower than that of 2002, have occurred

nine times in the area (Fig. 3). This means that the fre-

quency of similar drought years, 9/56 & 0.16, is very

similar to the observed frequency of disturbance years

during the study period, 0.17. If our interpretation is correct

and the observed mortality was due to drought, populations

are expected to decline in response to predicted future

increases in the frequency of very dry years.

Beyond the fact that the massive mortality between

censuses 2002 and 2003 was associated with the lowest

summer precipitation observed during the study period,

summer precipitation could not explain a significant por-

tion of the among-year variation in mortality. It is possible

that drought-related mortality of P. farinosa increases

drastically in years when summer precipitation is below a

certain threshold value. However, it is also clear that

additional factors contribute to among-year variation in

mortality in P. farinosa and that the importance of drought-

related mortality may vary among environments. As

expected, survival after the dry summer of 2005 tended to

be higher in the deep-soil Dröstorp 2 population than in the

two populations on thin soil (Fig. 2). Vital rates varied

considerably among years in the examined populations

(Table 1). By comparison, only limited among-year vari-

ation in deterministic population growth rate was docu-

mented in a 4-year study conducted in six populations on

the Swedish mainland (Lindborg and Ehrlén 2002). The

relatively stable population dynamics found in that area

may at least in part be due to lower among-year variation in

water availability because of deeper soils and generally

higher precipitation. Future studies should test the predic-

tion that increased among-year variation in precipitation is

less important for the population dynamics of P. farinosa

and other perennial herbs in mesic habitats than in the

shallow-soil alvar habitats of the present study. We col-

lected demographic data for 7 years, which is rather long

compared to most demographic studies of plants, but still

short when it comes to establishing the relationships

between environmental variables and vital rates. To

determine the causes of mass mortalities such as those

observed between 2002 and 2003, it would be necessary to

collect demographic data over an even longer period of

time and to combine this information with records of local

environmental conditions, observations of environmentally

induced plant damage, and experimental manipulation of

water availability.

The present study adds to the growing number of papers

published in recent years that attempt to forecast the effect

of global change on plant population dynamics. For

example, Adler and HilleRisLambers (2008) showed that

increased mean temperatures are likely to influence growth

rates of several herbaceous species. Levine et al. (2008)

demonstrated that temperatures and timing of major rain-

falls may affect population persistence in three annual

plants, and Lucas et al. (2008) similarly showed that the

seasonal timing of precipitation events may be important for

population dynamics in the perennial herb Cryptantha flava.

At the community level, Keith et al. (2008) modelled

extinction risks under stable and changing climate scenarios

in the South African fynbos, and Post and Pedersen (2008)

demonstrated that herbivores may influence the response of

plant communities to climate change. The present study and

that of Adler and HilleRisLambers (2008) are unique in that

they directly link plant demography to climatic data to

predict future scenarios by simulations. Linking climatic

factors to demographic parameters may increase our chan-

ces of formulating effective measures for the management

of plant populations in the face of global change.

To conclude, our study illustrates how the limited

demographic and environmental data typically available

for natural populations can be combined to examine popu-

lation viability under environmental change. In the study

system, simulations indicated that population growth rate is

very sensitive to changes in transition probabilities in the
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seed bank. They further indicated that population size

would decline and the importance of seed dynamics would

increase, with an increased frequency of dry years. The

approach undertaken in this study provides a powerful tool

to predict population viability in environments that

undergo directional change.
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grassland vegetation on Öland, Sweden. Folia Geobot Phytotax

30:131–140
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