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Abstract

Plants in riparian environments have to tolerate disturbances like floods and erosion. In the absence
of disturbances, habitats will gradually become unfavorable for early-successional species. This can
have fundamental consequences not only for adaptation at the individual level, but also for the
viability of local populations as well asfor the persistence of the species on aregional scale.

Slenetataricaisarare perennial plant exposed to annual floods of the Oulanka River. After sand
burial most plants formed vertical rhizomes and new meristems by bud ramification. The special
anatomical features of these fleshy underground structures seemed to alow the plants to be very
resilient against fast-flowing water. Seed structure may enhance long-distance dispersal by water.
Selection gradients for plant height were positive at the individual and group levels, but for the
number of stems they were in opposition, as selection at the group level favored a smaller number of
stems. This can be associated with pollination and herbivory, since taller and larger plants often
attract more pollinators and mammalian herbivores.

At the local level, population growth was most sensitive to the survival and growth of juvenile
individuals. The populations showed different fates, and according to stochastic simulations some of
them will disappear in the near future. Their colonization and extinction rates varied between the
years, but their balance over the study period was positive. Small patches had the highest risk of
extinction and recolonization of extinct patches was very rare. Elasticity analysis indicated that the
survival of patches made a much greater contribution to patch dynamics than did the production of
new patches.

The short-term dynamics of S tatarica depend primarily on local dynamics but, in the long run,
the species will track the availability of habitat, and its persistence will depend on successful
colonizations. The amount of suitable habitat depends on river disturbance. Conservation of this
species requires the creation of new suitable open sites for colonization, a dispersal process leading
to successful colonizations, and favorable habitats for survival. These conditions can be maintained
either by natural processes of river disturbance or by active conservation management.

Keywords: conservation, demography, flood, habitat tracking, local population,
metapopulation, regional population, stochasticity
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1 Introduction

It has been estimated that 5.6% of all vascular plants in Finland are presently threatened
(Rassi et al. 2001). Compared to the situation in 1991 (Rassi ef al.1992) an additional 30
species have now been estimated as threatened (Rassi ef al. 2001). The classification of
threatened species and the establishment of conservation arcas have been the main
conservation actions in Finland, while active monitoring and management to improve the
population viability and persistence of endangered species is rather limited compared to
many other countries (see Rassi ef al. 2001, Bell ef al. 2003). Conservation assessment of
species consists of determining current and expected future population trends, identifying
the demographic vital rates, which are currently depressed, determining the
environmental and biological factors that cause the depressed rates, and then examining
what could be done to correct these limiting factors (see Caughley 1994, Schemske et al.
1994). In practice, in order to estimate its probability of persistence, the viability of a
species is often expressed as a risk of extinction within a given time interval (Akcakaya
& Sjogren-Gulve 2000, Menges 2000, Reed et al. 2002). Population viability analyses
(PVAs) are usually done for single local populations, but recently it has become
increasingly popular to evaluate the viability of the species over larger spatial scales. For
the analyses on regional scales, useful methods have been developed in order to estimate
the capacity of fragmented landscapes to maintain viable metapopulations and to predict
extinction thresholds in relation to the amount of available suitable habitat (Lande 1988a,
1993, Hanski 1997, Hanski & Ovaskainen 2002). However, these methods have not yet
been widely applied in analyzing the viability of threatened plant species in Finland
(Rautiainen et al. 2004) or the relative abundance of plant species in fragmented
landscapes (Ouborg & Eriksson 2004).

Preserving a certain geographical location for a species may not always be sufficient
to ensure its long-term persistence. This especially concerns plant species growing in
transitional environments along succession gradients. The management of meadow plant
communities, for instance, requires regular mowing or grazing, which keep the vegetation
sufficiently low to ensure successful recruitment and survival of rare species, which are
grazing tolerant but competitively inferior to taller plants (e.g., Huhta 2001, Hellstrom
2004). Accordingly, the survival of early successional species on riversides is critically
dependent on natural disturbance processes (Menges 1990, Falk 1992), such as floods.
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The survival of riparian species relies not only on their physiological tolerance of
physical stress, but also on their ability to keep in track of habitat changes that occur as a
consequence of succession and flood disturbances. Therefore, preservation of natural
dynamics by itself or maintaining natural processes by management activities is the key
element in the conservation of species growing in transient environments.

Silene tatarica (L.) Pers. (Caryophyllaceae) is a perennial herbaceous plant growing
on riversides. In the present thesis I have investigated the viability and survival of this
threatened species at the levels of individual plants, local and regional populations in
relation to the structure and dynamics of riparian habitats.

1.1 Dynamics and heterogeneity of riparian environments

The causes of local extinction may be either stochastic or deterministic. Deterministic
extinctions are typical to successional environments, where populations disappear as their
habitat becomes unsuitable or too fragmented (Harrison 1991). The stochastic aspect can
be classified as demographic, genetic and environmental stochasticity and catastrophes
(Shaffer 1981). Demographic stochasticity concerns the changes in population size
caused by randomness in birth and death rates, and it is independent among individuals.
Genetic stochasticity refers to the loss of genetic diversity caused by drift or inbreeding.
Environmental stochasticity causes random fluctuations in the population growth rate,
driven by variation in external factors, such as fire, flood or weather. Fluctuations caused
by demographic stochasticity are inversely proportional to population size, while
fluctuations caused by environmental stochasticity can occur regardless of population
size (Lande 2002). Demographic and genetic stochasticity concern small populations
which are just established or are declining to extinction (for a discussion, see Harrison
1991). The most important cause of extinctions in regional populations is probably
environmental stochasticity, including catastrophes (Harrison 1991, Caughley 1994). It
has been shown to have an effect on population dynamics in many plant species by
destroying old habitats and creating new open ones suitable for colonization (e.g.,
Menges 1990, Husband & Barret 1998, Watkinson et al. 2000).

S. tatarica grows on the shores of the Oulanka River, which is a meandering river with
a natural disturbance regime. It grows in a succession area between the water-line and
forest. On a worldwide scale the meanders of the Oulanka River can be included among
those which cut into their banks most rapidly in Fennoscandia, and bank erosion along
the river is regarded as highly exceptional (Koutaniemi 1984). The intensity of spring
floods varies yearly and along different stretches of the river, forming erosion slopes and
accumulation shores (Fig. 1, Koutaniemi 1984). Therefore, the location of the river
channel change over the years. In addition to sand and gravel movement from upstream
to downstream, ice jams and scours and bank slumping are typical during floods. Dead
trees felled by riverbank erosion and carried by water can have a dramatic scouring effect
on the shores. Consequently, the disturbance of the river exerts pressures on the survival
of S. tatarica in the area.
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Fig. 1. Schematic diagram of a meandering river surrounded by forest habitats. Erosion
slopes are located at the outer bends of the river and accumulation shores at the inner bends
of the river. The arrow represents the direction of water flow.

Over evolutionary time, organisms evolve traits that enable them to survive, recover,
exploit and even depend on disturbance, and such adaptations can carry both costs and
benefits (Lytle & Poff 2004). An example of a cost can be a competitive disadvantage in
the absence of floods and a benefit that the life-history strategy is synchronized in
relation to the occurrence of flow regime events (Blom & Voesenek 1996, Lytle & Poff
2004). Because humans have altered the flow regimes of most rivers and streams,
understanding the behaviour of species in natural riparian systems is crucial for the
management and restoration of running water ecosystems. However, only little attention
has been paid to how organisms have evolved in response to floods. Some plant species
can survive due to their ability to tolerate physical stress like sand burial, submerging and
mechanical damages. This can be due to the special morphological adaptations and
resilience of structures (Lytle & Poff 2004). Disturbance is both a major source of
temporal and spatial heterogeneity and an agent of natural selection in the evolution of
life histories (Sousa 1984, Menges & Quintana-Ascencio 2003). Drought can also
sometimes represent an important source of mortality, especially among seedlings and
juvenile plants.

Plants can adapt to heterogeneous environments either genetically to local conditions
which are rather predictable in time, or by means of phenotypic plasticity, i.e., the ability
to alter allocation patterns, morphology, or physiology in response to environmental
variation. These adaptations whether genetic or purely phenotypic, will influence the
demographic vital rates of young and mature plants as well as the patterns of how these
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vital rates will vary in time within a given local population and in space among
populations occupying different habitats in relation to succession gradients and
disturbance regimes.

1.2 Local dynamics and population structure

In riparian environments, the intensity of flooding varies between the years. The
openness of the habitat is indicative of repeated, current and/or past disturbances, because
in the absence of disturbance, succession will gradually lead to closed meadow and
finally forest vegetation. Accordingly, S. fatarica grows in habitats ranging pure sand and
gravel to almost closed vegetation and this spatial and also temporal heterogeneity in
growing conditions should affect the dynamics of populations. In open habitats, intensive
and frequent disturbances may reduce survival especially among juvenile individuals. If
disturbances occur regularly each year, these populations will eventually become extinct.
Successful establishment of new populations requires either that new colonizations occur
in relatively open sites with low disturbance intensity and frequency or that the colonized
site becomes more favorable to survival due to habitat changes associated with
succession. When the succession proceeds, the vegetation becomes more closed. With
increasing competition, the establishment of seedlings becomes increasingly difficult and
juvenile survival declines. However, adult survival may be less affected. Eventually, the
surrounding vegetation becomes so dense that seedling establishment becomes a rare
event and even adult survival declines. As a consequence, the population as a whole
begins to decline and dies out sooner or later.

A short-term objective of PVA is to estimate the extinction risk and the expected time
to extinction of populations and to find suitable management options (e.g., Ackakaya &
Sjogren-Gulve 2000, Menges 2000, Reed er al. 2002). One method of this kind of
analysis is stochastic simulation (Shaffer 1981, Caswell 1989, 2001, Tuljapurkar 1989,
1990, Menges 1992, Menges & Quintana-Ascencio 2003), which can be based on
population growth trajectories formed by matrix projection models (Caswell 2001). The
matrix population model shows the rate and direction of population growth. To acquire
enough demographical data for matrix analysis it is necessary to follow marked
individuals in different life stages and their reproductive output for several years and in
many populations to get a more reliable estimate of spatial and temporal variation in
population trends (Menges & Quintana-Ascencio 2003). On the basis of field data it is
possible to estimate vital rates, i.e., the rates of transition from one stage to another.
Consequently, matrix mathematics allows the calculation of the projected growth rate for
populations in different years and, by sampling randomly annual matrices, the stochastic
growth rate can be estimated.

Using more sophisticated analyses, it is possible to recognize the stages in the life
cycle that contribute most to population dynamics, which can help in ranking
management strategies for the species. Examples of these are prospective analyses, such
as sensitivity and elasticity analyses (Goodman 1971, de Kroon et al. 1986, Caswell
2001), and retrospective analyses, such as life table response analysis (LTRE, Caswell
1989, 2001, Horvizt ef al. 1996). Sensitivity analysis measures the absolute and elasticity
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analysis the proportional contribution to the finite growth rate of a population given that
there occurs an infinitesimal absolute or proportional change in the vital rate. This change
can be due to intrinsic (genetic or physiological) or extrinsic (environmental) reasons.
LTRE analysis is an extension of sensitivity analysis on the sense that it explains the
observed variation in population growth rates in terms of variation in vital rates weighted
by their sensitivity values.

The dynamics of local populations can have a significant effect on the dynamics and
evolution of species in a regional level (see reviews in Ackakaya & Sjogren-Gulve 2000).
In addition, regional processes can provide new insights into the dynamics of species,
since the patterns of their abundance and distribution may not be predictable on the basis
of local population dynamics alone.

1.3 Metapopulation approach

A long-term objective of spatial PVA is to indicate suitable conditions, in which species
retain their potential for evolutionary change without intensive management, or to
provide recommendations for management (e.g., Ackakaya & Sjogren-Gulve 2000). A
spatial extension of the PVA analysis is the occupancy models of metapopulations (e.g.,
Hanski 1999, Ackakaya & Sjogren-Gulve 2000, Menges & Quintana-Ascencio 2003).
Because it sheds light on patterns of distribution and population turnover rates on a
regional scales, the metapopulation approach is especially useful in fragmented
landscapes (Hanski & Simberloff 1997). The metapopulation framework also encourages
to face issues such as long-distance dispersal, environmental heterogeneity over space
and time, and the interplay between gene flow and local selection.

The classical metapopulation is subdivided into many local populations in discrete
patches, and it has a limited dispersal, asynchrony in the dynamics of local populations
and frequent local extinctions and recolonizations (Levins 1969, Harrison 1991, Gilpin &
Hanski 1991, Hanski 1999). It has been suggested that few species actually exist in a
balance between extinction and colonization, as assumed by the classical metapopulation
model (Harrison 1991, Harrison & Taylor 1997, Baguette 2004, but see Hanski 2004) and
even the same species can have many types of regional dynamics (Eriksson 1996). In the
recent decade, the metapopulation view has broadened and several other types of
metapopulations have been distinguished (Harrison 1991, Harrison & Taylor 1997,
Hanski 1999). In mainland-island (Boorman & Levitt 1973) and source-sink
metapopulations (Pulliam 1988) local extinctions occur only in the smallest populations,
which can have a minimal effect on the regional persistence of the metapopulation
(Harrison 1991, Harrison & Taylor 1997). In source-sink metapopulations the source
areas export propagules to sink populations, while in mainland-island populations the
source areas are very large with a minimal risk of extinction. Remnant populations or
non-equilibrium populations are defined as systems of almost isolated local populations,
in which some are maintained a long time in spite of low or negative population growth
(Harrison 1991, Eriksson 1996). In such populations, extinction may take a long time
because of the buffering effect of the long life span and relatively stable environment of
the species (Harrison 1991, Eriksson 1996, Ouborg & Eriksson 2004). This time delay
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can further led to an extinction dept (sensu Tilman et al. 1994, see also Hanski &
Ovaskainen 2002).

Freckleton & Watkinson (2002, 2003) suggested a classification of regional and local
populations of plants (Table 1). They considered that the regional availability of a
suitable habitat is the key factor in a plant population structure. From regional
populations they first isolated metapopulations, in which they include classical,
mainland-island and source-sink populations. Typical for metapopulations is that regional
processes dominate, patches are discrete, and extinctions, colonizations and
recolonizations are common. Second, they isolated “regional ensembles”, where both
regional and local processes are important and extinctions, colonizations and
recolonizations are rare. The remnant metapopulations are included in this category. For
the last category they suggested spatially extended populations, in which local processes
dominate, and extinctions, colonizations and recolonizations are very rare or nil.
According to Freckleton and Watkinson (2002), the only convincing case of plant
metapopulations is Eichhornia paniculata (Husband & Barret 1998). They included most
of the Silene species in the regional ensembles (Table 1). However, their classification
and especially their definition of ‘region’ has been criticized by Ehrlén and Eriksson
(2003), who suggested that ‘metapopulation dynamics are largely a matter of spatial and
temporal scales’. Furthermore, we actually know very little about the regional dynamics
of plants. This can be due to the fact that there is a lack of appropriate field studies on a
large enough spatial scale for a long enough time (Eriksson 1996, Harrison & Taylor
1997, Hanski 1997, Husband & Barret 1996, Freckletown & Watkinson 2002, Bullock et
al. 2002, Menges & Quintana-Ascencio 2003). The turnover rate of populations is faster
in stochastic environments and some promising studies have been made of the regional
dynamics of plants in seasonal pools (Husband & Barrett 1998) and in riparian
environments (Menges 1990, DeWoody et al. 2004).
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Table 1. Classification of plant regional dynamics used in the present thesis. For more
comprehensive treatments and discussion, see the original references and Eriksson
(1996), Husband and Barret (1996), Hanski (1999), Ehrlén and Eriksson (2003), and
Sndll and colleagues (2003). Regional dynamics of Silene is classified according to the
Freckleton and Watkinson (2002).

Regional dynamics Habitat Extinction-colonization dynamics Regional

Dynamics in

Silené’
Equilibrium Suitable habitat in discrete Extinctions and colonizations common
metapopulations ' patches; static habitat structure and in balance; recolonizations
common; asynchronous dynamics of
local populations, regional dynamics
dominate
Remnant, non- Suitable habitat in discrete Extinctions > colonizations; low rate of
equilibrium meta-  patches; static habitat structure recolonization; transient dynamics
populations' leading to extinction
Habitat tracking, Suitable habitat in discrete Extinctions and colonizations common;
non-equilibrium patches; dynamic landscape recolonizations rare; asynchronous
metapopulations'? dynamics of local populations related to
habitat changes
Regional Patches of suitable habitat Extinctions, colonizations and S. vulgaris,
ensembles’ surrounded by large areas of recolonizations are rare; local and S. dioica,
unsuitable habitat regiona dynamics both important S. alba*
Spatially extended  Suitable habitat rather High rate of dispersal within a large S. latifolia®
populations® continuously distributed in spatially structured or unstructured
space population; local dynamics dominate

!'sensu Harrison and Taylor 1997. ? sensu Freckleton and Watkinson 2002, Table 1. * sensu Thomas 1994. *
Silene latifolia = S. alba, ® Original papers: S. vulgaris (Taylor et al. 1999), S. dioica (Giles & Goudet 1997,
Ingvarsson & Giles 1999), S. alba (McCauley et al. 1995, Antonovics et al. 1994), S. latifolia (Delmotte et al.
1999).

The patch dynamics theory (e.g., Picket & White 1985, Amarasekare & Possingham
2001), which has formed the basis of landscape ecology, focuses on changes in the state
of patches themselves. According to Wiens (1997), metapopulation models have
concentrated purely on the dynamics of species and have largely ignored landscape
elements, which can have a great effect on the dynamics of species. Recently the
metapopulation theories have approached landscape ecology, since more spatial elements
and habitat properties have been added to the models (Hanski 1991, Fahrig 1992, Hess
1996, Thomas 1994, Keymer et al. 2000, Hastings 2003) and many empirical studies
have shown that e.g., the spatial configuration, habitat properties and duration, life
history of species and isolation affect the dynamics of many species (Hanski 1994,
Overton 1994, Quintana-Ascencio & Menges 1996, Fleishman et al. 2001, Snéll et al.
2003). Despite the progress in theoretical and empirical research, most metapopulation
models assume static landscapes, where physical patches are neither created nor
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destroyed (see Keymer et al. 2000, Baguette 2004, Verheyen et al. 2004). Especially in
transient environments, the interaction between the rate of change of landscape and the
spatial or temporal arrangement of patches, determines the probability of a species’
regional survival (see Pease et al. 1989, Fahrig & Merriam 1994, Stelter et al. 1997,
Whittaker 1998, Travis & Dytham 1999, Johnst ef al. 2002). For example, successional
processes create a dynamic landscape, where the patch state is dependent on the time
elapsed since the last disturbance (Stelter ef al. 1997, Amarasekare & Possingham 2001)
and individual patches are likely to disappear through habitat succession (Harrison 1994,
Thomas 1994). According to the model of Pease and colleagues (1989), a species adapted
to moving habitats must either track its habitat spatially, or adapt genetically to the new
environmental conditions.

Most treatments of plant metapopulations are based on classical metapopulation
models, which assume a static landscape and fast local dynamics of the species (e.g.,
Levins 1969). The dynamics of the system are usually described in terms of the
equilibrium value (P*) of the occupancy (P) of suitable habitat patches, which is
determined by the colonization rate (c) of unoccupied suitable patches and the extinction
rate (e) of occupied patches (P* =1 - e/c). Below I call this “equilibrium dynamics”,
which is characterized by a balance between colonization events, cP(1-P), and
extinction events, eP , in the classical model, i.e., cP*(1 - P*) - eP* =0 (Levins 1969,
Hanski 1997, equilibrium metapopulations in Table 1). By “non-equilibrium dynamics” I
refer to transient regional dynamics in static or dynamic landscapes. In static landscapes,
transient dynamics may refer to viable metapopulations (e < c), which are invading new
areas but have not yet reached equilibrium (0 <P* =1 - e/c), or remnant populations
which are slowly driven towards extinction (c <e). In dynamic landscapes, regional
populations may more or less permanently remain at the transient phase if habitat
dynamics are fast enough relative to the dynamics of the species so that the species, while
tracking habitat changes, remain behind landscape changes (Fahrig & Merriam 1994,
Harrison & Taylor 1997, habitat tracking, non-equilibrium metapopulations in Table 1).
As far as succession and disturbance processes are driving habitat changes in riparian
environments, the latter kind of regional dynamics can be common in riparian plants.

1.4 Aims of the study

S. tatarica needs special strategies to survive in riparian environments. First, individual
plants have to tolerate stochastic disturbances that occur as a consequence of river
movements, floods and erosion. Second, drought and sometimes herbivory can influence
the survival as well as reproduction of individual plants. Third, in the absence of
disturbances, vegetation density and composition will gradually change, and due to the
increasing intensity of competition , will become unfavorable for the early-successional
species. In this thesis, I intend to explore and outline how the variability and
heterogeneity of riparian environments may influence the adaptation, population viability
and local and regional dynamics of S. tatarica.

S. tatarica grows almost alone on disturbance-prone sand and gravel beaches and
slopes. While I had no a priori predictions of how the species could possibly survive both
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the physical stress of the floods and sand burial, it is almost inevitable that the species
must have some morphological and physiological adaptations for tolerating physical
stress as well as disturbance. In the first paper (I), I therefore explored the anatomical,
morphological and physiological structures, which could enhance the survival of S.
tatarica in disturbance-prone riparian habitats. I further compared whether there may be
some differences in these characteristics between plants growing on riversides and in less
disturbed roadside habitats.

Fruit and seed production of herbaceous plants often correlate positively with the size
of an individual plant (e.g., Geber 1990). However, selection of plant height and, on the
other hand, the number of stems can vary considerably, depending on the species and
their preferred habitats (e.g., Aarssen and Irwin 1991, Aarssen 1995). In the second paper
(II), T estimated the intensity of directional selection on plant height and the number of
stems. It has recently been suggested that such estimates can vary greatly, depending on
sample size (Kingsolver et al. 2001). The large data set of S. tatarica enabled calculation
of the strength of selection in different habitats replicated in time and space, and analysis
of how plant density, habitat differences along the succession gradient and herbivory may
shape plant fitness. Furthermore, the species is patchily distributed in space, and I
therefore also tested whether group membership might influence the selection estimates
for which I had no a priori expectations.

Because the landscape along the Oulanka River is dynamic, this can have profound
effects on the population dynamics of S. tatarica both on the local scale of separate local
populations (III) and on the regional scale over larger geographical areas (IV). When I
started studies III and IV, I expected that river disturbances as well as succession towards
closed vegetation are likely to cause local extinctions of S. tafarica populations. This
would mean the species can not persist in riparian habitats if it can not successfully
colonize new sites. This would in turn imply first that local populations would show
rather divergent fates (III), and second that colonization-extinction dynamics are
important for the persistence of the species on the regional scale (IV). My hypothesis was
that the regional dynamics would be related to metapopulation dynamics in spite of the
fact that the species is patchily distributed along the river in a rather continuous suitable
habitat. In the beginning of the study, I was not sure if the dynamics satisfy all the other
criteria that metapopulations are usually expected to exhibit at equilibrium conditions
(ITI-IV). Because of the stochastic riparian environment, this assumption of equilibrium
dynamics may fail in my study system (IV). Finally, I discuss possible consequences that
this kind of colonization-extinction dynamics may have for the conservation of riparian
plant species in dynamic landscapes.



2 Materials and methods

2.1 Species

S. tatarica is an endangered, long-lived perennial plant. In Finland it grows on slopes and
along the shorelines of the Oulanka, Kitinen and Kemijoki Rivers, but its main
distribution area is on the steppes of Europe, with rare occurrences in Hungary, Germany,
Lithuania and northwest Russia (Ulvinen 1997). The river valley of Oulanka has been
one of the main dispersal corridors of species to Finland (Cajander 1914) and it is
probably that this species has arrived to the area during the period when the climate was
suitable for steppe species. The Kitinen and Kemijoki Rivers do not have natural flood
dynamics since they are regulated for electric power production, but the Oulanka River is
in its natural state. In addition, some ruderal populations have been found along roadsides
and the banks of railways. The species occurs in habitats ranging from very open to those
with quite dense but low vegetation cover. Its habitat area is almost continuous with
varying degrees of openness. It begins to flower in its third year. The species has no
vegetative propagation and therefore new individuals and populations are established
only by seeds. Numerous tiny seeds are dispersed by gravity and water and they
germinate in the beginning of June. During spring flooding most individuals are dormant
when submerged. Extensive soil sampling from riverside habitats showed no evidence of
a permanent seed bank (Jék&l&dniemi, unpublished).

2.2 Study areas

The area studied in I-IV is situated along the Oulanka River in Kuusamo, in northern
Finland (66° N and 29° E). The Oulanka River is a meandering river with sandy and
gravel riverbanks and shores. The roadside population studied is located 23 km SW of the
riparian populations and it was established there about 15 years ago (I). The garden plants
were grown approximately 30 km SW of the roadside site (I). In the riparian habitat, the
sand burial of plants can be up to meters, but burial along the roadside and in the garden
is likely to be only 0-2 cm.
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2.3 Anatomical, morphological and physiological features

I collected plants for the study (I) from three sites: from a riverside with disturbance,
from a roadside and from a garden without a disturbance regime. While the age of the
riparian and roadside plants varied, the exact age of the garden plants was known. I
collected the seeds for the garden plants from the riverside in 1998 and sowed them in
1999, and afterwards I used the plants for a resilience study and as an age reference in
general.

In 2000 and 2002 I excavated 70 adult flowering individuals of the same size from the
riparian habitat, 40 from the roadside habitat and 30 from the garden habitat for
morphological and anatomical studies. Then I took samples 0.5—1 c¢m in length from roots
and underground stems and split them longitudinally and prepared them for light
microscopy. Afterwards, I counted the growth rings, i.e., the age of the plant from the
cross sections. After preparing the samples I studied the surface structures of the roots,
stems and seeds with a field emission scanning electron microscope (FESEM). To get an
idea of the seedling growth, ten seeds were germinated in water in the lab. I analyzed the
glucose, fructose, saccharose, and starch concentrations of the roots and underground
stems from eight adult flowering individuals from the riverside and five from the
roadside (I). Carbohydrates were quantified using an enzymatic method (Beutler et al.
1978) relative to standards obtained from the Boehringer Mannheim Company.

For a tensile strength test, I collected the roots of 20 individuals from each site (I) and
took the samples from just below the root collar, which experience the highest velocity
pull during flooding. I clamped a piece of root two cm in length with ten mm free length
at its ends into the jaws of an Instron testing machine with a computer capable of
simultaneously measuring applied force and displacement, and calculating the stress, the
strain and the Young’s modulus. Lower values of Young’s modulus indicate higher
resilience of the plant. Stress at maximum load is the tensile strength of the material, i.e.,
high values indicate resistance against straight pulling. Strain at maximum load indicates
the ability of the material to sustain large relative elongation before breaking. Strain at
maximum load is proportional to the maximum curvature to which the specimen can be
bent without breaking. For more details on the parameters and calculations, see Beer and
Johnston (1992).

2.4 Field work

For the demographic study (III), I randomly chose a total of fifteen populations from
upstream and downstream parts of the river. The straight-line distance between the most
upstream and the most downstream populations was eleven km and the distance along the
river channel was seventeen km. In total, I monitored 4005 individually tagged plants
from 1998 to 2003 (122-396 plants per population, depending on the population size).
Because survival and reproduction of the species is connected to the size of the plants and
the age of an individual more than three years old is difficult to determine reliably, I used
the matrix population models with stage-based classification (Lefkovitch 1965) for
studying demography. The five stages were based on the size and reproductive status of
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the individuals: (1) juveniles with one vegetative shoot < 1 cm in height, (2), small
vegetative individuals, 1 cm <height <14 cm with 1-3 vegetative shoots, (3) large
vegetative individuals with more than three vegetative shoots and > 14 cm in height, (4)
small fertile individuals with 1-5 fertile shoots, (5) large fertile individuals with more
than 5 fertile shoots. I conducted the annual census from the peak of flowering to the time
the seeds matured in August and marked all or a maximum of 30 new seedlings every
year to obtain an estimate of their survival. In each census, individual plants were
classified by stage and their reproductive output was recorded by counting their capsules
and the number of seeds per capsule in one to three randomly chosen capsules/individual.
I did the fecundity calculations by using the number of reproductive individuals and
emerging seedlings in the whole sample area (in 1999, due to the small number of
seedlings) or in areas of 2.5 to 9 m’, depending on plant density. Then I projected the
seedling production to the previous year’s reproductive output of the individuals. When a
marked individual was absent, I recorded it as a sign of mortality. The total population
size was counted in 2001 and the numbers of vegetative and fertile individuals were
separated. In 1999-2000 I measured and calculated the height and the number of
flowering, vegetative and eaten shoots from each individual.

For the study of regional dynamics (IV), I surveyed altogether 43 km of the riverside
annually in September 1999-2003. A narrow, potentially suitable habitat area along the
river’s shore was disrupted by 36 unsuitable habitat areas, which were 50-500 m long
and densely covered by grasses and trees. In study IV a patch refers to a spatially distinct
stand of individual plants, in which the distance between neighboring plants is less than 5
meters. Thus, later it was possible to extrapolate the patch structure for grouping
distances of 10, 30, 50, 100 and 200 m. At the 200 m level all the identified patches were
at least 200 m apart. In the first year I permanently marked all the patches found,
measured their maximum length and width, and the distance between patches. The area of
a patch (m?) was roughly estimated by multiplying its width by its length. In the
subsequent years, I marked all new patches and surveyed the fate of old patches. An old
patch may have survived without any change, survived and grown in size, divided into
smaller patches, united together with other patches or became extinct. By using the age,
the reproductive stage and the number of individuals, I determined five stage classes for
patches: (1) newly colonized patches with only 1-year-old seedlings, (2) patches with
only 2-year-old or older vegetative individuals, (3) small fertile patches with 1-5
flowering individuals, (4) medium-sized fertile patches with 6-20 flowering plants, and
(5) large fertile patches with more than 20 flowering individuals. These five stage classes
provide a representative life cycle of a patch from new colonization (stage 1) towards the
establishment of a viable local stand (stages 2—3) and finally to a more mature, larger and
possibly more permanent population (stages 4-5). In 2001, I counted the number of
fertile and vegetative individuals in small patches (number of individuals < 300). For a
few very large patches, I counted individuals along 1/3—1/2 of the length of the patch and
calculated the total number of individuals for the total length of the patch.

To study the effect of habitat type, I estimated the surface coverage (%) of open
ground (sand, gravel and humus) at the microhabitat level of individual plants from an
area of 0.25 m’ in each population in 1998-1999 (N = 52-258/population). Open
microhabitat consisted of over 80%, half-vegetated of 31-80% and closed below 30% of
open ground. At the population level, an open habitat type was defined to have over 60%
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of open microhabitats, and a closed habitat type to have over 60% of closed
microhabitats. The remaining, half-vegetated populations, were included in the
intermediate habitat type. In addition, I estimated the openness of the habitat of a patch
by measuring the diameter of the biggest spot of bare ground between plants, using the
classification: less than 0.1 m, 0.11-1 m and more than 1 m. The site morphology was
classified as flat (frequently under water during floods), or slope (a high risk of erosion).

2.5 Selection analyses

The use of multivariate statistical techniques (see Brodie et al. 1995) for measuring the
direction and magnitude of selection at the individual level has been widespread in field
studies (Hoekstra et al. 2001, Kingsolver et al. 2001). In the second study (II) I used the
data collected from the marked individuals in all fifteen populations in 1999 and 2000
(I1I), the latter year having harsher weather than the former year. In this study I used the
group as a synonym for a patch or a stand of plants in spatially structured and subdivided
populations. As a fitness indicator I used the number of capsules per plant, because it was
highly correlated with seed production. This was related to the morphological characters
of the height and the number of stems per plant. To allow comparisons across characters,
the absolute fitness values were transformed to relative fitness values by dividing each
absolute measure by the mean absolute fitness of the population (Lande & Arnold 1983).
To compare the strength of selection I estimated the opportunity of selection (Wade &
Arnold 1980), defined as the variance in relative fitness. The multivariate regression
analysis between the morphological characters and the number of capsules involved
calculations of two selection coefficients, which allow an estimation of directional
phenotypic selection and selection of correlated characters at both the individual and
group levels (Lande & Arnold 1983, Arnold & Wade 1984a, b). Selection differential is
the difference between the mean value or variance of a trait before and after selection and
it represents the total effect of selection. This total selection differential can be partitioned
into selection differentials among and within patches (Price 1970).

Selection gradients measure the direct effects of selection on each trait and show the
target and the direction of selection, and allow the comparison of the magnitude of
selection among different traits. Sometimes environmental factors may affect the
characters and fitness and selection gradient analysis can be inaccurate, but the analysis
can be improved by adding them as covariates in the model (Mitchell-Olds & Shaw 1987,
Rausher 1992, Stinchcombe et al. 2002). Accordingly, I tested the possible effect of
herbivory, but its intensity only marginally increased the power of the statistical model
and it was not included in the final model. Because ANCOVA suggested that patch
membership significantly affected variance in fitness, I estimated the selection gradients
using contextual analysis (Fig. 2), as described in Heisler and Damuth (1987). This
methods attempts to identify the selection pressure on the characters that affect fitness
both at the individual and group levels (Heisler & Damuth 1987, Stevens et al. 1995).
When contextual analysis is used in the study of natural selection, it permits one to
determine whether the group structure has an effect on individual fitness, but it also
provides a method of identifying the particular group-level properties that are relevant for
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fitness variation in spatially structured populations. The group-level traits may include
“aggregate characters” such as the group means of the individual-level traits (e.g., plant
height) as well as “global or emergent characters”, which are not measurable at the
individual level (e.g., plant density) (Heisler & Damuth 1987). Two aggregate characters
(the mean height and the mean number of stems per plant in population) and one global
character (density) was used in the present analyses. To further analyze the differences of
selective forces in different habitat types, I split the populations into three types (open,
intermediate and closed) based on the percentage of vegetation cover.

2) / b) / °)
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Trait values Trait values Trait values

Fitness (w)

Fig. 2. Contribution of individual values (I) and group means (C) of a phenotypic trait on the
fitness (w) of individual group members in a spatially structured population, which is
subdivided into three groups or patches. The slope of the regression lines correspond to the
selection gradient within the groups (B;), which indicates directional selection for increasing
the trait in all three cases a—b. a) The within-group regression lines have the same intercept
and hence the group means of the trait do not make any independent contribution to fitness,
i.e., the group-level coefficient pc=0. b) The intercept of the within-group regressions
increases with the group mean indicating directional between-group selection (fc > 0) of the
trait. ¢) The intercept of within-group regressions decreases with the group mean, indicating
opposite directions of within-group (f; > 0) and between-group (Bc < 0) selection pressures.

2.6 Population and patch dynamics

I had four (1999-2003) to five (1998-2003) annual estimates of demographic transition
probabilities from fifteen populations (III). A total of 64 transition matrices from different
years and populations, four annual matrices (data pooled over populations, 1999-2000,
20002001, 2001-2002, and 2002-2003) and fifteen population matrices (data pooled
over years) were formed. In addition, all observations of the transitions were pooled for a
summary matrix (Horvitz et al. 1996). The theoretical framework and methods of the
matrix population models and perturbation analyses used in this work are described in de
Kroon and colleagues (1986), van Groenendael and colleagues (1988) and Caswell
(2001).

I carried out the log-linear analysis to study the effects of population and year on the
demographic fate of individuals (Caswell 2001 p. 326, III). To quantify the
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spatiotemporal variation in transitions and the projected finite rates of increase (A), I
calculated the coefficients of variations (CV) among the sites for each year and within-
sites among years. The reproductive values of the stages and the elasticities of each
transition were calculated following Caswell (2001). In addition, I calculated the
composite elasticities for growth (progression in stage), survival (stasis), retrogression
(regression in stage) and fecundity (cf. Silvertown et al. 1993). Stasis refers to remaining
in the same stage, and retrogression refers to shrinkage to a lower stage, as in Golubov
and colleagues (1999).

In stochastic simulations (III) I assigned matrices representing each of four or five
time intervals an equal probability of sampling, and populations were considered extinct
if their size dropped below one individual. The initial population structure (number of
individuals per stage) for a simulation was determined by extrapolating the observed
proportions in various stages to the actual population size. I calculated the average annual
population growth rates from 100 simulations per 10, 50, 100, 500 and 1000 years and
used logistic regression to study the effect of the number of fertile individuals, habitat
type and slope/flat morphology on site on the extinction probability of populations within
500 years. I used the fixed life table response experiment (LTRE; Caswell 2001) to find
out the contribution of each transition to the variation in the projected population growth
rates. A grand mean matrix was used as a reference matrix (see Horvitz ef al. 1996). For
LTRE analysis, a grand mean matrix was calculated as a mean of all matrices, and four
annual mean matrices (mean over populations) and fifteen population matrices (mean
over years) were formed. In the comparison of flats and slopes the mean of flat shores
was used as the reference matrix. Those with large positive or negative contributions are
the most important matrix entries (Horvitz et al. 1996). In this study I performed analyses
of the fixed effects of site, habitat type, and flat/slope morphology. In addition, I used the
random design of the LTRE analysis to analyze the contributions of transitions to the
between-year variance of A.

In the regional study (IV) I described the structure of the study populations in terms of
the relative frequency of the different patch types, defined above, and the dynamics of the
populations in terms of annual changes in the total number of patches in the study area
(IV). First, I calculated the actual changes in the number of patches (N) from one year (t)
to the next (t+1) as A1 = Nwi/N,, analogously to the standard discrete-time model of
population growth. Then I calculated the arithmetic and geometric means of the annual
estimates of Aw for the entire study period. Second, in order to study the colonization-
extinction dynamics, I applied the difference equation model where the balance between
the relative rates of colonization and extinction indicates an increase (> 0) or a decrease
in the number of patches (< 0) or a stationary state (= 0). Third, the dominant eigenvalue
of the transition matrix provides an estimate of the finite rate of increase (A) in the
number of patches (IV). The first row of the transition matrix shows the average number
of new colonizations that a fertile patch (types 3—5) was expected to produce annually. I
estimated fecundities by allocating new colonizations among fertile patch types in
proportion to (i) the annual frequencies of the patch types, and (ii) the number of
flowering individuals in a given patch type in 2001. My primary interest was not to
compare the elasticity values of single transitions (de Kroon et al. 1986, van Groenendael
et al. 1988, Caswell 1989), but rather to study how the increase in the grouping distance
from 5 to 200 m may influence the relative importance of colonization dynamics and
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survival and growth of established patches. I therefore combined the transitions into four
groups (composite elasticities), as stated above.

2.7 Statistical methods

I carried out the matrix calculations (III-IV) and stochastic simulations (II) using
Microsoft Excel for matrix analysis KARISMA developed by Kari Lehtild. I performed
all the statistical analyses using SPSS for Windows 10.1.4, a statistical software
application.



3 Results

3.1 Anatomical, morphological and physiological structures

The species has a long, deep penetrating tap root (I). During flooding, individuals in
riparian habitats could be buried under sand, and after burial, the main stem began to
ramify sympodially by growing a fleshy, vertical rhizome towards the ground surface and
branching there into many new aerial shoots. The buried plants had mainly long
internodes with regular bud formation in the axils of its scale leaves. The internodes in
roadside and garden plants were much shorter than in the riparian plants. A common
feature in all habitats was a huge number of axillary buds in the stem bases as a result of
bud ramification. I did not find any significant differences in bud demography between
the habitats. During aging, bud formation continued from the axils of the scales on the
primary buds and then onto secondary buds until a whole group of buds was formed.
Buds buried under sand could remain alive for many years as dormant short shoots.

The roots of riparian and roadside plants showed significantly higher resilience than
did the roots of garden plants (i.e., Young's moduli was smaller), but there was no
difference between riparian and roadside plants (I). The plants from all habitats could
bend equally without breaking, i.e., there were no differences in relative elongation
before breaking between the sites. However, the plants in the riparian and roadside
habitats had less stress at maximum load than did those in the garden, i.e., they withstood
a lower amount of straight pulling before breaking.

Most of the anatomical structures were similar between the sites and between root and
rhizome (I). Early secondary growth was typical of both roots and rhizomes. In the
annual rings of the secondary xylem, the vascular elements were asymmetrically
interspersed with bands of unlignified parenchyma forming a ring of porous wood with
early and late wood.

Tracheids with helical thickenings were common in the primary xylem, and
scalariform thickenings could be seen in the vascular elements in the peripheral areas of
the secondary xylem. Lacunar collenchyma with intercellular spaces was a typical
supporting tissue outside the phloem, and sclerenchyma was found only in aerial stems.
Parenchyma cells around the thin-walled collenchyma cells separated the latter into
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clusters just below the cork cambium. Surprisingly, storage material in both the
underground stems and roots consisted of sugars, and the amount of saccharose was
exceptionally high compared to most dicotyledons. Starch was absent.

The seeds were very tiny, having a reniform shape with a concave dorsal surface and a
dorsal groove (I). The red-brown, dark brown or black seed coat was waxy and cutinized.
Epidermal cells of the seed coat were air-filled and papillate. After immersion in water,
the seeds started to swell and sink slowly to the bottom. The seeds were capable of
germinating in water and when the cotyledons reached their final size, the seedlings rose
again to the water surface.

3.2 Natural selection

When fitness variation was analyzed related to plant height and the number of stems at
the individual and group levels (II), the analysis of covariance indicated that group
membership significantly affected variance in fitness in both study years (1999 and
2000), and a higher density increased reproductive success. The selection differentials
and gradients for plant height were positive at both levels. At the individual level, the
higher mean number of stems was favored in opposition to the group level, where the
number of stems was selected towards smaller values (Fig. 3).
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Fig. 3. Direction and the strength of selection gradients in Silene tatarica at the individual,
patch and habitat levels. The schematic diagram of plants describe the direction of selection
in plant height and the number of stems. The significance level is the same for both traits if
only one level is shown. *** p <0.001, ** p > 0.01, * p < 0.05, NS = not significant.

Herbivory was more intense in 2000 and greatest in open habitat (II). Because of this
difference, the herbivory was added into the model as a covariate and it increased the
explanatory power of the model in each habitat type. In contrast to the individual-level
selection gradients, the gradients at the group level were different between the habitat
types in both study years, with the selection forces being highest in the closed habitat
with low exposure to river disturbance (Fig. 3). In individual-level selection, high plants
with many stems were favored in all habitats. Patch-level selection generally favored
plants with fewer stems, except in intermediate and closed habitats in 1999. Higher plants
had the best reproductive success in open habitats in 1999 and in closed habitats in both
years (Fig. 3).

In this study with a large sample size, the estimates of selection had rather high values
in both years (II). But when the data was split into three parts with respect to the habitat
types, the magnitude of the selection gradient increased further. Consequently, higher
estimates of selection gradients were obtained with smaller and more homogeneous data
sets.
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3.3 Local population dynamics

In the study of fifteen local populations (III), stasis (i.e., staying in the same stage) was
the most common transition among all stages in the pooled data over populations and
years, except in juveniles, which often grew to small vegetative individuals. In addition,
the average fecundity of large fertile individuals was many times higher than that of small
fertile individuals. The reproductive value also increased towards large fertile individuals,
the steepest increase occurring between small and large fertile individuals. The expected
stable stage and observed distributions were significantly different in all years. According
to both observed and expected distributions, the populations mostly consisted of juvenile
and small vegetative individuals. The high seedling production in the beginning of the
study period was later seen as the increasing amount of small and large vegetative
individuals in the end of the study period. According to the log-linear model, the
transition probabilities varied significantly among populations and years. Temporal
variation was generally lower than spatial variation among populations, the variation
being highest among juvenile individuals.

The finite growth rate (A) varied significantly between the populations and years (III).
The lowest value of A was 0.348 and the highest was 1.938. The overall best period was
1999-2000, and the 2002-2003 period was the worst. The growth rate from the grand
mean matrix over years and populations was 1.161. The geometric mean of population
growth rates over the years 1998-2003 showed that six of fifteen populations had
increasing population size. In decreasing populations, A either fluctuated (five
populations) or was quite constant (four populations) between the years. Only one
population showed an increasing trend every year, while there were six populations with
a decreasing trend all the time. Stochastic simulations resulted in three different groups of
populations: increasing (six), slowly decreasing (five) and rapidly decreasing (four
populations). The five slowly decreasing populations were estimated to become extinct
within 500 years, and the four rapidly decreasing populations within 100 years. In one of
the latter populations, the decrease was so rapid that it was predicted to disappear within
fifteen years. The extinction probability within 500 years was significantly higher on flat
shores as compared to slopes.

In the summary matrix over populations (III), elasticity concentrated to growth in
three study periods (1999-2002) and to stasis in one study period (2002-2003). Among
growth transitions, the highest elasticity was found in growth from juvenile to small
vegetative individuals. In 2002-2003, the highest elasticity was in sthe tasis of large
fertile individuals. When comparing populations, elasticity components correlated closely
with the mean population growth rate. Correlations were positive in the case of growth
and fecundity, and negative in the case of stasis and regression.

The LTRE analyses quantify the contributions of the matrix entries to the difference in
the population growth rate as compared to the reference matrix (grand mean over sites
and years) (IIT). The growth transitions and especially the transition from juvenile to
small vegetative individuals were the most influential in the temporal variation in A.
Among the sites, three populations had higher and twelve populations had lower growth
rates than the grand mean matrix. These differences were mainly due to two transitions:
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survival and growth from juvenile to small vegetative individuals, and the fecundity of
large fertile individuals.

The populations in intermediate habitats had a higher growth rate than the reference
matrix, opposite to closed and open habitats (III). In closed habitats, A was reduced due to
the lower probability of surviving and growing from juvenile to small vegetative
individuals. In open habitats, A remained low because of the lower fecundity of large
fertile individuals. Accordingly, in intermediate habitats both juvenile and large fertile
individuals performed well and, hence, the average population growth rates were higher.

When comparing slopes and flat shores, higher fecundity improves A on slopes, while
growth had the greatest negative effect (III). The fecundity of large fertile individuals was
the most important transition in shaping the difference in A between slopes and flat
shores.

3.4 Regional population dynamics

In the regional study (IV), the colonization rate (0.2—-12%) was higher than the extinction
rate (0.7-5%) in the beginning of the study period, whereas the reverse was true in the
end of the study period. However, the mean difference between colonizations and
extinctions over the years was positive. Recolonization of patches that had previously
become extinct was very rare (0.4% of all colonizations). New sites were colonized by a
few individuals and the mean distance from new patches to the closest old patch was
46.0 £ 39.9 m (median = 36 m). Extinctions were most common among new, vegetative
and small fertile patches, and no extinctions were found among medium and large fertile
patches. When compared with the habitat distribution of all patches, colonizations were
more frequent in open habitats, whereas extinctions were not specifically associated with
open habitats. According to the logistic regression analysis, an increase in patch area
decreased extinction probability.

The realized and projected finite rate of increase in the number of patches varied only
slightly from year to year, being around one, and both growth rates indicated a slight
increase in the number of patches. The matrix models indicated a period of increase
followed by a period of decrease, which is consistent with the actual changes in the
number of patches. Stasis (staying in the same stage from one year to the next) was the
most common stage transition among both vegetative and fertile patches. The mean of the
observed distributions did not differ from the stable distribution of the mean matrix.
According to the matrix analysis, the large fertile patches had the highest reproductive
value and stasis had the highest elasticity value, followed by growth and fecundity
(production of new patches).

With increasing scale from 5 metres to 200 metres, the balance between colonizations
and extinctions approaches zero. As a consequence, increasing scale led to slower patch
dynamics, and stasis achieved greater dominance among patch transitions. Stable stage
distributions differed from observed distributions in most years and scales, whereas mean
distributions differed only at the 200 m scale. The elasticity analysis seems to be
qualitatively robust, as the increasing scale did not change the ranking of the importance
of the transitions.



4 Discussion

4.1 Adaptations to river disturbance

Several anatomical, morphological and physiological features of S. fatarica make the
species well adapted to physical stress on the riverside. Typical phenomena of these
annually flooded habitats are submerging, sand burial, strong currents and mechanical
damages by ice plates and dead trees carried by water. Besides flooding, the species is
subject to summer drought, a long freezing period during winter, and mammalian
herbivory.

After sand burial the species begins to grow an underground stem to reach light (I).
This has also been recorded in seagrasses in marine waters (e.g., Wallén 1980, Disraeli
1984, Marba & Duarte 1994, 1997, Marba et al. 1994, Terrados 1997) and a few sand
dune species (e.g., Maun & Lapierre 1984, Zhang & Maun 1992). Some of the buds in
the former growing point stayed alive, which can be useful after sand erosion (I). Sand
accretion may stimulate the formation of large bud families by bud ramification, which is
a formerly unknown feature among herbs, but more common in trees (Chattaway 1958,
Blake & Carrodus 1970, Kauppi ef al. 1987, 1988, 1991, Johansson 1992). In addition, a
large number of basal buds can also buffer against mammalian browsers as new shoots
are initiated from the buds following apical damage (e.g., Paige & Whitham 1987,
Strauss & Agrawal 1999). Although I do not have comparative morphological data from
other geographical regions, the structures described in the present study may well present
adaptations to ground disturbance in the steppes, such as wind-carried loess, which often
causes plants to be buried. In this sense, S. fatarica could have become “preadapted” to
the disturbance dynamics of the Oulanka River.

A low rigidity of roots and rhizomes and responses to velocity pull are crucial
elements for the species survival under flooding water and herbivory pressure (I). In
general, the resilience of S. fatarica was many times higher than that of other terrestrial
plants, and it showed almost similar rigidity as aquatic species that is typical for fast-
flowing rivers (Usherwood et al. 1997). This study revealed that rigidity was not
connected to the age of the plant. Instead, a mixture of these primitive and developed
anatomical structures was typical for S. tatarica. Enhancing the low rigidity for these
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primitive anatomical structures (see Esau 1965, Fahn 1990, Ennos 1993, Usherwood et
al. 1997) were (i) an abundance of tracheids and parenchymatous cells in the xylem, (ii)
the presence of helical and scalariform thickenings of the vascular elements even in
secondary wood and, (iii) the presence and location of collenchyma instead of
sclerenchyma in the cortex area. In addition to resilience, the deeply penetrating tap root
increases anchorage strength during a flood.

Furthermore, the long tap root of the species enables the plant to get water from deep
layers of soil, which enhances survival during drought periods (I). The tap root is typical
also for Silene regia (Menges & Dolan 1998) and Lithospermum caroliniense (Weller
1985) in dry prairie and sand habitats, respectively. The wood of S. fatarica was strongly
xeromorphic. The helical thickenings of the tracheary elements allow water, which is
needed in conditions of increased evapotranspiration, to pass through quickly (Mauseth
1998). Furthermore, tracheids reinforce the conductive system when the vessels embolize
during drought and freezing periods (Carlquist 1999) and in a very dry season stronger
scalariform thickenings are needed to keep the tracheary elements open (Mauseth 1998).
Sugars as a storage material allow the plants to start their growth earlier in spring
(Crawley 1997) and to accumulate resources over brief warm periods in autumn. In
addition, they can also increase cold-resistance and could be utilized during submergence
(De Simone et al. 2003).

Plants from ruderal sites differ slightly from riparian plants, indicating the presence of
phenotypic plasticity of individuals (I). Flooding can form an important selection
pressure on plants, and variation in flooding duration can induce intraspecific
specialization even within populations (Lenssen ef al. 2004). Natural selection is
predicted to favor traits that increase plant fitness. Since the number of flowers and fruits
is often a function of meristem availability (Geber 1990), plant reproductive success
often correlates positively with plant height and ramification. Indeed, in S. fatarica,
selection gradients were positive for both characteristics (II). This can be associated with
pollination, since taller and larger plants often attract more pollinators (e.g., Heinrich
1983, Peakall & Handel 1994, Donnelly ef al. 1998, Lortie & Aarsen 1999). In addition
to a multivariate statistical technique, sensitivity analyses can be used to predict trait
combinations that should be favored by selection (Caswell 1989, 2001). Sensitivity
analysis of transition matrices (III; data not shown) also showed strong selection towards
bigger size, i.e., taller plants and a higher number of stems, which is in concordance with
the results of the multivariate analysis.

Selection detected at the group level also favored taller plants (II). Dense groups with
taller plants may be more visible to pollinators than sparse groups with shorter plants
(e.g., Heisler & Damuth 1987, can Treuren ef al. 1994, Roll et al. 1997, Kunin 1997,
Kéry et al. 2000). In general, there was a group-level selection against a large number of
stems, and this was most evident in the open habitats. This may suggest an association
with mammal herbivory, which was more severe in open habitats. Groups with a large
number of stems may have been more attractive to the herbivores and thus a small
number of stems were favored. In closed habitats, competition with other plants can lead
to the selection of higher plants.

A large number of selection studies in natural environments reviewed by Kingsolver
and colleagues (2001) pointed out that most of the selection differentials and gradients
had rather low values. Large ones were associated with a small sample size. Moreover,
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selection estimates were seldom replicated in time or space. In this study with a large
sample size, the estimates of selection had high values in both years (II), but when the
data was split into three parts with respect to the habitat types, the magnitude of the
selection gradient increased. This may be true in a more general context, too, since large
samples may be collected from more heterogeneous environments than small samples,
and the heterogeneity may lower the estimates of selection in larger pooled data sets.

Consequently, the heterogeneity of habitat as well as the spatial structure of S. tatarica
populations are important in shaping the strength of selection (see also Stevens et al.
1995, Stinchcombe ef al. 2002). In this species, the relatedness within patches is likely to
be high, since new patches are established by a few founding individuals (IV) and the
average dispersal distance of seeds within local populations is rather short (< 10 m; Tero
et al. 2005).

4.2 Population and patch dynamics

Environmental stochasticity is often more important than demographic stochasticity for
the fate of local populations (Caughley 1994). In S. tatarica, spatial variation in
transitions, especially among juvenile individuals, and in population growth rates was
much higher than temporal variation (III). These observations emphasize the importance
of local conditions and environmental heterogeneity in shaping the demography and the
dynamics of populations (e.g., Moloney 1988, Stratton 1992).

The seedling and juvenile dynamics explained most of the variation in the growth rates
of S. tatarica populations (III). This was supported by both the elasticity and LTRE
analyses. Moreover, these results are consistent with my unpublished data where the
annual mean growth rates correlated positively with juvenile survival, but not with the
survival of fertile individuals (Jikéldniemi et al., unpublished). Adults of this species
were quite well equipped to survive flood disturbances (I). In some sites seedlings can
establish every year, but in other sites only in good years (IV). Annual floods remove
litter, which with competition can inhibit seedling establishment and survival, especially
in closed habitats. In addition, extinctions were common in young patches (IV) and
therefore suitable and safe seedling habitats are crucial for new populations to survive.
This suggests that there is large spatial and temporal variation in the location of suitable
seedling and adult habitats, depending on the local weather conditions and disturbance
intensity. In a common garden experiment, the emergence of seedlings of S. fatarica was
greatest from a sand surface (Marttila 2004), but for example in sand dune species L.
caroliniense, it was from the depth of 1-4 cm (Weller 1985). In sand dunes, sand at depth
of 10-15 cm tended to be moister than at the surface (Weller 1985), therefore the rapid
production of a tap root increases the likelihood of surviving droughts.

The projected and simulated growth rates showed similar trends in population growth.
Some populations increased, some decreased and a few of them were projected to
become extinct in the near future (IIT). The habitat properties and its physical morphology
can explain a part of this variation. First, flat shores were expected to be subject to
frequent and widespread flood disturbances with more detrimental consequences for
young than mature plants, whereas populations on steep slopes are more likely to be
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subject to more harsh but smaller spread erosion disturbances, which could destroy young
as well as mature plants (III). Although, the difference in A in favor of the slopes was
small, the probability of extinction was significantly lower on slopes than on flat shores.
According to LTRE, higher fecundity improved A on slopes and the fecundity of large
fertile individuals was the most important transition in shaping the difference in
population growth rates. Second habitat type along the succession gradient did not affect
the probability of extinction (III). However, the average population growth rate indicated
an increasing trend in intermediate habitats, whereas most populations in open and closed
habitats showed a declining trend. The low average growth rate in closed habitats was
mainly affected by the lower probability to survive and grow from juvenile to small
vegetative individuals. In open habitats, on the other hand, low population growth was
associated with the lower fecundity of large fertile individuals. This can be connected to
the greater amount of herbivory in open habitats (II). The plants performed better in
intermediate habitats because of weaker river disturbance and competition than in open or
closed habitats, respectively.

Oostermeijer and colleagues (1994) have classified the populations of perennial
Gentiana pneumonathe as invasive or ‘dynamic’, normal or ‘stable’ and regressive or
‘senile’ populations. Invasive populations consisted mainly of seedlings and juveniles,
normal populations of adult stages with a low number of seedlings and juveniles and
regressive populations of only adult individuals. In S. tatarica, invasive populations were
typical in open, normal populations in intermediate and regressive populations in closed
habitats. However, this division of populations did not completely follow Oostermeijer
and colleagues (1994) because, for example, the survival of juvenile individuals was
significantly lower than that of adults in all habitat types (III-IV).

The extinction-colonization and patch dynamics revealed that the rate of colonization
was quite high (0.2-12%) compared with the 2.8% rate of Pedicularis furbishae (Menges
1990), but 5-6 times lower than that of Silene alba (Antonovics et al. 1994). The ability
to germinate and float in water (I) enhance the establishment of new populations, which
typically consist of a few seedlings (IV). According to my observations, in most cases,
the seedlings were situated in open habitats near the flood water line. Variation in seed
color (I) may affect germination ability and seed predation in different habitat types. For
example, on sand shores the predation of light brown seeds is expected to be lower than
that of black seeds. On the other hand black seeds accumulate solar radiation better than
brown seeds and therefore they can germinate earlier in the summer. Later germination of
brown seeds may ensure seedling production even if seedlings from black seeds die
during cold weather. The brown color can be an adaptation to the northern conditions
since in the steppes the black seeds should be favored because of a short wet season and
the dark color of the surface. However, the effects of seed color variation on predation
probability and germination were not examined in this study.

The rate of extinction of S. tatarica was quite low (1-5%) compared with the 36% rate
of the annual Eichhornia paniculata (Husband & Barrett 1998), the 9-30% rate of S. alba
(Antonovics et al. 1994) and the 2—12% rate of P. furbishae (Menges 1990) (III). These
comparisons are, however, somewhat biased in favor of annual plants, since they do not
take into account the longer generation time of perennial species (see Whittaker 1998:
141). Population size in stochastic environments can be unconnected to the extinction
rate (Hanson & Tuckwell 1978, 1981, Lande 2002). Because the risk of extinction in S.
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tatarica was more strongly associated with patch area (IV) than with population size,
environmental stochasticity may be more important than demographic stochasticity in
determining the persistence of small populations (e.g., Lande 1988b, 1993, Wiens 1997).
Considerable annual variation in both colonization and extinction rates further support
this view. Basically, the extinction of newborn patches can be due to river dynamics as
well as unfavorable weather conditions, whereas the extinction of large patches of mature
plants requires large-scale erosion or a sufficiently large and thick accumulation of
eroded sand.

The balance between the extinction and colonization rates may be largely a matter of
flood intensity. A low flood water level is profitable for colonizations, because
disturbance by ice plates and dead trees creates much open areas for seedlings. At the
high flood water levels extinctions are common because of the water erosion and thick
accumulation of sand. However, the seeds might disperse longer than during the low
flooding, but it is expected that most of the seeds disappear because of moving sand and
gravel. During high floods the water level rises to the forest line and provides an
opportunity for late successional sites to be disturbed and consequently, improves the
survival of seedlings there. After colonization, moist weather is needed for successful
seedling establishment of S. fatarica. The combination of high flood and dry weather in
early summer creates the opportunity for a year with a high extinction rate. The
difference in the colonization and extinction rates in this study were positive in the first
two years and then negative, but the mean over the study period was positive (IV)
suggesting that the regional population is viable in spite of annual fluctuations between
good and bad years.

4.3 Metapopulation concept and regional dynamics

In the long run, all patches of S. tatarica can be expected to have some risk of extinction
because of deterministic causes related to succession and environmental stochasticity
related to river disturbances (III, IV). The dynamics of local populations was
asynchronous (III), and there is also evidence of rare long-distance dispersal between the
populations (Tero et al. 2003). Consequently, this species shows many features of
metapopulation dynamics and the metapopulation perspective has helped in
understanding the spatial dynamics of this species.

Because the extinction of plant populations is a result of rather slow processes, the
persistence of S. fatarica in time scale of years or decades largely depends upon local
processes, as suggested by Freckleton and Watkinson (2002, 2003). The dynamics of S.
tatarica do not satisfy two features of plant metapopulations (sensu Freckleton &
Watkinson 2002); high rates of recolonization and plant distribution to discrete habitat
patches. In the classification of Freckleton and Watkinson (2002) the low recolonization
rate of S. tatarica points toward regional ensembles or spatially extended populations
(Table 1), although the rates of extinction and colonization are probably higher and long-
term dispersal more common than expected (IV). There is much suitable habitat along the
Oulanka River for S. tatarica to colonize, and consequently recolonizations are rare. The
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low rate of recolonization has been suggested to be very common in plants (Freckleton &
Watkinsson 2002).

The fact that populations are subdivided into many scales means the delimitation of
local populations is often subjective (Hanski & Gilpin 1991). Ehrlén and Eriksson (2003)
suggested that metapopulation dynamics are largely a matter of spatiotemporal scale and
depending on the scale, and different researchers can classify the same system differently.
In S. tatarica the turnover rate decreased and the growth rate converged near one when
the scale was increased from 5 to 200 meters. In this sense the scale of research matters,
since the dynamics of species become slower (IV). However, the elasticity analysis of
patch demography in S. tatarica showed that the spatial scale did not have any significant
effect on the importance rank of transitions with respect to their contribution to the
growth rate of regional population

In this study the regional network of potentially suitable habitats includes both
occupied and unoccupied habitat areas (IV). This regional population consists of local
patch networks or local populations, each of which includes one or more patches of
plants occupying an area of potentially suitable habitat. A short-distance dispersal refers
to local dispersal within a single local network, either within a patch or between patches,
whereas long-distance dispersal refers to either dispersal between distant patches within a
local network or between separate local networks. A molecular genetic study of S.
tatarica indicated relatively short local dispersal distances, less than 10 m (Tero et al.
2005), and the patchy appearance may well result in part from limited local dispersal.
Because new colonizations were found at an average distance of 46 m from the closest
old patch, colonization is not only influenced by short-distance dispersal, but to a great
extent also by long-distance dispersal, either within or between local patch networks.
Furthermore, the elasticity analysis strongly supported the importance of local within-
patch processes, since the stasis of local patches clearly made a higher contribution than
did the production of new patches. As local networks are occasionally destroyed, the
long-term persistence of the species will more or less inevitably require that new
colonizations occur and that they further lead to the establishment of new viable local
populations. When new potential colonization sites are created and old networks and
patches are destroyed by extrinsic forces, the abundance and distribution of the species
will, in the long run, track the availability of the habitat (see also Thomas 1994, Harrison
& Taylor 1997, Keymer et al. 2000, Snill et al. 2003). The survival of S. tatarica in
habitat-tracking regional population depends on two processes: the rate of creation of
new habitats and the rate of colonization of such empty habitats, and it is not possible to
distinguish between the two in this study.

Consequently, my study system full fills some but not all of the requirements of
metapopulations, as stated by Hanski (1999, pp. 17-19) and Freckleton and Watkinson
(2002). This concerns mainly the discreteness of patches. However, habitats are
heterogenous in many scales and patch boundaries may in real landscapes be indistinct
gradients rather than sharp discontinuities (Wiens 1997, Hanski 1999, Freckleton &
Watkinson 2002). The distinction between one population occupying a number of
different patches and a metapopulation consisting of populations in discrete habitat
patches is not always clear (Stacey et al. 1997). The perception of metapopulations in
terms of the species’ occupancy in a network of discrete habitat patches may well be a
most useful approximation, but perhaps it should not be adopted as the generative model
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for defining metapopulations (for a discussion, see Baguette 2004, Hanski 2004), at least
not in plant population biology. Some genetic studies have adopted a more liberal
perspective (Tero et al. 2003, Pannell & Obbard 2003) and, furthermore, metapopulation
dynamics can also be modeled as a set of populations interconnected by migration
without any explicit reference to the habitat structure (for examples, see Hanski 1997).
Thus, the main question does not seem to be habitat structure as such but rather whether
migration or colonization-extinction dynamics have any significant impact on the
persistence of the species in addition to the local “within-patch” dynamics. In the case of
S. tatarica the answer is likely to be positive, since the local populations showed highly
divergent fates (III), and hence the colonization-extinction dynamics will most probably
be crucial for the long-term persistence of this species (IV).

4.4 Long-term persistence in transient environments

The classical view of metapopulations emphasizes a balance between extinctions and
recolonizations of local populations that facilitates long-term persistence of
metapopulations (Levins 1969, Hanski 1999). Environmental stochasticity and
deterministic threats are the most likely ultimate causes of natural local extinctions.
Deterministic local extinctions are more common than stochastic in many species
(Hanski & Simberloff 1997) and also in real metapopulations (Thomas 1994), which is
considered to violate the assumptions of the classical metapopulation model (Harrison &
Taylor 1997). In deterministic extinctions the local patch may remain unsuitable after
extinction occurs, and the persistence of regional population depends on how well the
organisms can track the shifting spatial locations of new suitable habitat patches (Thomas
1994, Wiens 1997). In this sense it is possible that patch disappearance or unsuitability
leads to a non-equilibrium situation in colonization-extinction dynamics, especially if the
species has a long life span (see Thomas 1994, Harrison & Taylor 1997). Regional
equilibrium is possible when the habitats are quite permanent in relation to the generation
time of the species and to the frequency and intensity of external disturbances. In the non-
equilibrium case of habitat tracking species (Table 1), the survival of regional scales
depends on the rate of new colonizations compared to the rate of local extinctions, and a
positive colonization-extinction balance requires the creation of a certain amount of
suitable habitats related to the rate of habitat destruction and deterioration (IV).

An environmental mosaic perspective shifts the emphasis to transient dynamics and
away from the equilibrium concept of metapopulation dynamics, for which there is said
to be little evidence in nature (Thomas 1994, Whittaker 1998, Baguette 2004; but see
Hanski 2004). In recent years, several attempts have been made to replace “equilibrium
assumptions” with spatial and temporal variability driven by “non-equilibrium processes”
(Wiens 1995, Whittaker 1998). Some authors (e.g., DeAngelis & Waterhouse 1987,
Harrison 1991, 1994, Thomas (1994) have even questioned whether it is valid to define
the existence of an equilibrium state at all, and they have suggested that this is a property
that can emerge asymptotically from extrapolation to sufficiently large spatial scales. My
results partly support this view. The rates of colonizations and extinctions of S. fatarica,
varied among the study years, but with increasing scale the colonization-extinction
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balance as well as the finite rate of patch number approached an “apparent equilibrium
state”, i.e., colonizations — extinctions =0 or A =1, respectively (IV). However, this
equilibrium can be also seen as an artefact, since only a few colonization and extinction
events occurred on the largest scales of 100-200 m (IV).

To some extent, most disturbance regimes in real landscapes will impose a
spatiotemporal correlation on the dynamics of a suitable habitat (Stelter et al. 1997). On
the regional scale the dynamics of S. tatarica resembles the dynamics of the grasshopper
Bryodema tuberculata (Stelter et al. 1997), in which extinctions due to succession or
flood events are compensated by colonization of newly created gravel bars. A similar
situation has also been found in the P. furbishae plant (Menges 1990), in which new
habitat is created by floods, and in the Euphydryas gillettii butterfly (Debinski 1994) by
fire and beaver activity, and the Trimerotropis saxatilis grasshopper (Gerber & Templeton
1996) by fire. In addition, the persistence of simulated populations of the riparian gravel
shore plant Aster kantoensis, is dependent on flood frequency and the time until perennial
invasion (Shimada & Ishihama 2000). Also another riparian plant Boltonia decurrens,
requires regular flooding for suitable habitat creation and seed dispersal along the river
(DeWoody et al. 2004).A perennial species with wind dispersed seeds, Erigeron acer
subsp. decoloratus (Asteraceae), shows very similar dynamics to S. fatarica (IV;
unpublished data in 1999-2003) along the Oulanka River. In plants this could be seen as
“passive habitat selection”, in which local populations grow in areas to which they are
well adapted and decline in areas where they are poorly adapted (Lande 2002) and then
disperse to a new open patch to escape from succession. For habitat tracking species
long-distance seed dispersal is the mechanism by which a suitable habitat is colonized,
thereby enabling the regional population to persist despite the fact that individual
populations are doomed (Cain et al. 2000, Keymer ef al. 2000, Johnst ef al. 2002).

Spatial variation in the projected and stochastic growth rates of populations as such
(II) tends to suggest that the present case of S. fatarica can be largely consistent with the
habitat tracking model of regional dynamics (see Thomas 1994, Harrison & Taylor 1997,
Snéll et al. 2003). Because four of fifteen populations included in this study are estimated
to become extinct within 15-60 years, the long-term persistence of the species will more
or less inevitably require that new colonizations occur and that they lead to new viable
local populations (see also Ehrlén & Eriksson 2003). Consequently, the observed
colonization-extinction dynamics (IV), the divergent fates of local populations (III, IV),
habitat dependence (IV) and the ability for long distance dispersal in S. tatarica (Tero et
al. 2003) support the view that the regional dynamics of the species could be consistent
with the non-equilibrium dynamics of the habitat tracking model. While this kind of
dynamics may in some respect differ from the classical metapopulation model in static
landscapes (Fig. 4), both of them presume that colonization-extinction dynamics are
important for the persistence of the species on regional scales.
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Fig. 4. Schematic view of dynamics in a plant metapopulations in static landscapes
(equilibrium metapopulation, Table 1) and in a habitat-tracking species living in a dynamic
landscape where suitable habitat patches are destroyed and new ones created by external
disturbances and vegetation changes in the course of succession. Open and closed circles
denote unoccupied and occupied suitable habitat patches, respectively.

4.5 Conservation implications

In a conservation sense, it is most profitable to recognize that all populations are spatially
structured (Fahrig & Merriam 1994). A long-term conservation goal is to maintain
genetic variation in a regional population, which may be composed of multiple
subpopulations that are connected by some gene flow (Mills & Allendorf 1996, Allendorf
& Ryman 2002). According to Wright’s theories (1931, 1940, 1943) evolution might
proceed rapidly in spatially structured populations, especially if there are local extinctions
and recolonizations. In species with frequent turnover in natural environments, genetic
stochasticity is expected to affect persistence relatively little, and Lande (1988b) and
Sjogren (1991) have shown that it increases the risk of extinction in populations that have
recently declined in size and that lack histories of severe fluctuations. Extinction-
colonization dynamics in a regional population need not affect both the demography and
the genetic structure of species to the same extent (Pannell & Obbard 2003). For
example, in plant species distributed via hydrochory, dispersal patterns may better
explain the genetic structure among populations than do extinction-colonization
processes (DeWoody ef al. 2004).

Local populations of S. fatarica have been shown to have clear subpopulation
differentiation with an intermediate level of intrapopulation genetic diversity, a low level
of gene flow and few long-distance dispersal events and migrants (Nm = 0.333) between
patches (Tero et al. 2003). Several studies have suggested (e.g., Kimura & Crow 1963,
Mills & Allendorf 1996) that occasional migration (1-10 migrants/generation) between
small local populations can maintain genetic variation better than would a single large
population, essentially because drift is likely to fix different alleles in different
populations. Inbreeding has been shown to be very rare in S. tatarica (Tero et al. 2005).
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The genetic studies of S. tatarica also suggested recent population bottlenecks (Tero et al.
2003), which are probably due to the founder effect, since the populations are established
by a few individuals (IV). Genetic differentiation within a metapopulation can be
dependent on the origin of the dispersers (McCauley 1991). Slatkin (1977) defined two
modes of colony formation; in the migrant pool mode genes are drawn individually and at
random from all possible source populations and in the propagule pool mode all the
individuals are from one of the possible source populations. It has been suggested that .
tatarica shows a colonization structure that is a mix of these two models (Tero et al.
2003). S. tatarica has arrived to the Oulanka River just after the last Ice Age and survived
from there on without signs of genetic erosion. Therefore, it is expected that ecological
factors are more important than genetic ones in the conservation of the species.

Models of extinction by demographic stochasticity predict that subdivision of a habitat
should decrease the mean time to extinction, while environmental stochasticity models
predict that subdivision may increase the mean time of extinction (Quinn & Hastings
1987). However, Akcakaya and Baur (1996) found that, in animal populations,
subdivision may act as a way to decrease the effects of environmental fluctuations and
catastrophes, if such threats are distributed unevenly over the landscape. Fahrig (1992)
showed in a simulation study that in a dynamic landscape the rate of change in landscape
structure is more important than the degree of patch isolation in determining population
survival and abundance. As long as the dispersal behavior can track the rate of change in
the landscape’s spatial structure, it is possible for the species to survive in the changing
landscape (Fahrig & Merriam 1994). If the landscape structure change at a rate higher
than this, the species will be unable to compensate for local extinctions in terms of new
colonizations at a sufficient rate and the regional population will become extinct (Fahrig
& Merriam 1994). Consequently, for habitat tracking species to persist in a dynamic
landscape, conservation must focus on maintaining habitat continuity (Thomas 1994).
Lande (1987, 2002) found that some species cannot persist if the proportion of suitable
habitat drops below a certain level. Below the threshold value, the effects of patch
isolation begin to be important for regional dynamics (Wiens 1997, Hanski & Ovaskainen
2002). Consequently, questions arise; how large a geographical area is needed for a
species to persist, how much suitable habitats are needed and what is the temporal and
spatial suitability of a habitat?

In S. tatarica, the river forms an appropriate vector of dispersal, and most seedlings
and new patches were found at the flood water level, where most open areas exist. In
Finland, the species is also distributed along regulated rivers, where new locations
suitable for colonization are not created by natural processes. There most local
populations occur on constructed riverbanks of accumulated sand and gravel. In addition,
the species has dispersed to secondary habitats along roads and railways, where I have
found a few new populations (I). In this ruderal habitat, the species seems to thrive the
best in locations with an open or half-open habitat with sand-gravel ground.

According to the above outline, conservation of S. tatarica requires (1) the creation of
new suitable open sites for colonization, (2) a dispersal process leading to successful
colonizations, and (3) favorable conditions for survival of the colonizers to
reproductively mature stages. These conditions can be maintained either by natural
processes or by active conservation management. In Oulanka, the river channel forms a
corridor for seeds to disperse and the natural dynamics of the river creates opportunities
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for new colonizations and early successional areas for older populations to survive. In
regulated rivers, the river corridor enables the seeds to disperse, but the establishment of
new populations requires the creation of suitable open habitats. In ruderal habitats,
management activities such as sowing or transplanting populations to open habitats may
well ensure the persistence of the species on the regional scale.



5 Conclusions

The most critical life-history phase in S. tatarica is colonization. Although seed
production is high, most of the seeds may be lost during a flood. Seedling survival is low,
and hence only a few new populations reach reproductively mature stages. However, after
the bottleneck in establishment, the survival of reproductively mature plants is quite high,
because they obey several adaptive structures for tolerating both stress and disturbances.
In addition, large populations have a low risk of sudden extinction.

While environmental stochasticity can increase the probability of extinction in single
local populations, divergent fates of populations and habitat heterogeneity may, on the
other hand, improve the long-term persistence of the species over larger regional scales.
In S. tatarica, the duration and availability of suitable habitat, dispersal by water and
asynchronous dynamics of local populations are connected to river disturbance. The
survival probability of the species is most probable on the level of intermediate
disturbance, because weaker disturbance can not create enough open areas for
colonization and more extensive disturbance destroys most of the populations. In this
sense, habitat tracking is the most important phenomenon in shaping the dynamics of S.
tatarica. When the species slowly tracks the availability of suitable habitat, its long-term
persistence depends on a positive balance between new colonizations and local
extinctions that occur as result of environmental changes associated with succession
and/or flood disturbances. The results of this study could be indicative for entire species
groups growing in transient successional habitats.

The study at the regional level gave information on the habitat properties of new
populations, habitat configuration and the extent of colonization- extinction dynamics.
Consequently, the dynamics of the present species and its response to the disturbance
regime can not be fully understood by studying the local processes alone. Furthermore,
metapopulations have often been modeled in a static landscape, where the physical
location of patches cannot change over the years. The future development of regional
models is likely to expand towards dynamic landscape models, which put more emphasis
on the transient dynamics of metapopulations and which may incorporate the dynamics of
habitat patches in patch occupancy models. Such dynamic landscape approaches may
give additional information on the minimum area needed to preserve a species with a
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habitat tracking strategy and to maintain a suitable amount of natural disturbance in a
transient environment.
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