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Abstract Plants of low stature may benefit from the
presence of large herbivores through removal of tall com-
petitive neighbours and increased light availability.
Accordingly, removal of grazers has been predicted to
disfavour small species. In addition to this indirect bene-
ficial effect, the population dynamics of plants is strongly
influenced by variation in external conditions such as
temperature and precipitation. However, few studies have
examined the interaction between large herbivores and
inter-annual variation in climate for the population
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dynamics of small plant species not preferred by herbi-
vores. We studied three populations of the perennial herb
Viola biflora exposed to different sheep densities (high,
low and zero) for 6 years in a field experiment. Plants were
also impacted by invertebrate and small vertebrate herbi-
vores (rodents). Rates of growth were marginally higher at
high sheep densities, and during warm summers both sur-
vival and growth were higher when sheep were present.
Thus, while the height of tall herbs was positively related
to July temperature, it was less so in the treatments with
sheep, suggesting that sheep reduce the negative effects of
interspecific competition for this small herb. Life table
response experiment analyses revealed that the population
growth rate (4) was slightly lower in the absence of sheep,
but between-year variation in A was larger than variation
among sheep density treatments. 4 was negatively related
to July temperature, with an additional negative effect of
vertebrate grazing frequency (sheep or rodent grazing). The
evidence from this 6-year study suggests that the popula-
tion dynamics of Viola biflora is determined by a complex
interplay between climate and grazing by both large and
small herbivores.

Keywords Climate - Grazing effects - Avoidance -
Matrix models - Field experiment

Introduction

Large herbivores affect plants directly and indirectly
through selective foraging, trampling, urination and defe-
cation, thereby modifying intra- and inter-specific interac-
tions and altering resource availability for plants (Hobbs
1996; Augustine and McNaughton 1998). Correspondingly,
exclusion of herbivores in habitats exposed to long-term
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grazing results in a change of overall plant community
composition and structure (Tansley and Adamson 1925;
Moen and Oksanen 1998). Avoidance through low stature
is one means of resisting grazing by large herbivores (Evju
et al. 2009) and small species are indirectly favoured by the
tendency of large grazers to remove tall neighbours and
thereby to increase light availability and reduce competi-
tion intensity (Olofsson et al. 2002). Indeed, several studies
show that small species increase in abundance with
increasing grazing pressure (see review in Diaz et al.
2007), whereas cessation of grazing is found to reduce the
abundance of small plants. Additionally, seedling recruit-
ment is generally increased by disturbances creating gaps
exposing the soil (Carson and Peterson 1990). Studies of
effects of grazing on plant communities in general, and in
alpine and arctic habitats in particular, are abundant (see
reviews in Mulder 1999; Diaz et al. 2007). More scarce are
studies of effects of grazing on plant population dynamics,
in particular of small, non-preferred plants. Bullock et al.
(1994) found that intensified summer grazing by sheep
increased rates of seedling emergence whereas winter
grazing increased survival rates of small- and medium-
sized rosettes of the non-preferred species Cirsium vulgare.
Continuous summer grazing by sheep was found to
increase recruitment rates and growth of rosettes, but reduce
seed production of Gentianella campestris (Lennartsson
and Oostermeijer 2001), and for Primula veris grazing and
clipping increased survival rates of seedlings and juveniles
(Brys et al. 2004; Ehrlén et al. 2005).

Long-term monitoring of plant communities shows that
the abundance of plants may fluctuate considerably between
years (e.g. @kland and Eilertsen 1996). In alpine ecosys-
tems, which are characterised by a very short growing
season, variation in temperature and precipitation contrib-
ute strongly to fluctuations in plant growth (Callaghan et al.
1989), seed production (Chambers 1995) and seedling
establishment (Forbis 2003). Arctic and alpine herbs and
graminoids show rapid response to warmer growing
seasons, in terms of increased growth (Arft et al. 1999;
Brooker and van der Wal 2003), which may reduce light
availability and thus disfavour low-stature species
(Klanderud 2008).

Herbivores and climate likely interact to affect plant
population dynamics. In an experimental study of plant
community responses to warming in the Arctic, Post and
Pedersen (2008) found that natural herbivory reduced
biomass accumulation and prevented a change in species
composition in favour of deciduous shrubs, which was
observed in the warming treatment without herbivores.
However, few studies of effects of vertebrate grazing on
plant population dynamics have lasted long enough to
incorporate temporal variability in vital rates. Unfavour-
able climatic conditions can exacerbate negative effects of
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grazing on preferred plant species (Bastrenta et al. 1995).
Rydgren et al. (2007) therefore suggest that under less
favourable climatic conditions, population decline may
occur at lower grazing severities. The relative importance
of climate and grazing on the population dynamics of
plants can only be disentangled by detailed experimental
demographic studies that last for many years.

In this study, we set out to examine effects of sheep
grazing and inter-annual variability in local climate on
the vital rates and population dynamics of Viola biflora.
V. biflora is a small perennial herb only sporadically grazed
by sheep (Evju et al. 2006), assumed to be favoured by
increasing grazing pressure due to reduced interference
from other species (e.g. Eskelinen and Oksanen 2006).
Three populations, located in areas with high sheep den-
sity, low sheep density and with no sheep, respectively,
were monitored from 2002 up to and including 2007. Small
mammalian and invertebrate herbivores have potentially
large impacts on plant populations (e.g. Doak 1992;
Rydgren et al. 2007), and the impact of rodents on plants in
alpine systems may exceed the impact of large herbivores
(Olofsson et al. 2004). We therefore included observational
data on rodent and invertebrate grazing in our study to
estimate the effect of variation in vertebrate and inverte-
brate grazing frequencies on V. biflora population growth
rate (4).

We hypothesise that sheep grazing favours V. biflora
through removal of tall neighbours and creation of gaps,
thereby increasing rates of survival, growth, flowering and
recruitment (seedling emergence). Conversely, we expect
the increased abundance of tall competitive species fol-
lowing cessation of grazing to affect the population nega-
tively through reduction of these rates. Since low-stature
plants may be negatively affected by the presence of tall
neighbours, we predict that in years with climatically
favourable growing conditions, growth and survival of
V. biflora would be more strongly reduced than in years in
which growing conditions are less favourable. However, as
grazing contributes to the removal of tall neighbours, we
predict that plants would be less negatively affected by
benign growing conditions in the high and low sheep
density treatments than in the ungrazed control.

Materials and methods
Study species

Viola biflora L. (Violaceae) is a perennial, short-statured
(<15 cm), iteroparous herb confined to mountain forests
and alpine areas (early melting snowbeds, short and tall
herb meadows) on more or less base-rich soil in Eurasia
and Western North America (Lid and Lid 2005). V. biflora
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has a slender, creeping rhizome. No vegetative reproduc-
tion has been observed in the study area (M. Eviju,
unpublished data). Flowering takes place in early to mid-
summer, and each plant normally produces one to a few
yellow flowers that may develop to capsules, containing up
to 12 seeds (M. Evju, unpublished data). To our knowl-
edge, no detailed studies of seed bank longevity exist, but
establishment from seed is common in alpine meadow and
early snowbed habitats (Welling and Laine 2002). Seeds
have been found only in the top layer of the soil (Molau
and Larsson 2000), but densities of seeds in the soil are
strongly dependent on habitat (Welling et al. 2004). In a
seed-sowing experiment, Vandvik (2002) observed germi-
nation in the field both one and two seasons after sowing,
suggesting a short-term persistent seed bank (cf. Thompson
et al. 1997). Germination seems to benefit from cold
stratification (Vandvik 2002).

Experimental design

We studied the species in a landscape-scale experiment
with three sheep densities (high, low and no sheep) in an
alpine habitat, 1,050-1,300 m a.s.l. (see Austrheim et al.
2008 for details). The study area is located in Hol munic-
ipality, Buskerud county, south Norway (60°40'-60°45'N,
7°55'-8°00E). Estimated mean annual temperature is
—1.5°C, with January temperature —10.8°C and July
temperature 8.9°C, and the mean annual precipitation is ca.
1,000 mm (Evju 2009). During the summer of 2001, we
established a large enclosure covering 2.7 km? with a total
of 17.3 km of standard sheep fencing (110 cm high) on a
mainly south-facing hillside. The large enclosure was
divided into nine parallel sub-enclosures running from low
to high elevations, each covering on average 0.3 kmZ.
Using a block-wise randomised design, three treatments
were replicated 3 times; high sheep density (80 sheep
km™?), low sheep density (25 sheep km™?) and no sheep.
Grazing lasted from the end of June to the end of August or
the beginning of September in all years, starting in 2002.
The vegetation mainly consists of a mosaic of low-stature
dwarf-shrub heaths and grass-dominated meadows, with
scattered birches (Betula spp.) in the low-lying areas
(Mobzk et al. 2009). In 2001, we established 180 permanent
plots (0.5 x 0.5 m) for vegetation sampling, 20 within each
sub-enclosure, using a random, stratified design that ensured
abalanced distribution of plots between altitudinal levels and
an even representation of main vegetation types (Austrheim
et al. 2008). These plots form the basis of this population
study of V. biflora, which lasted from 2002 up to and
including 2007. Mean monthly temperatures and precipita-
tion data, interpolated from weather stations surrounding the
study area, were provided by the Norwegian Meteorological
Institute (see Tveito et al. 2005 for methods). During the

study period, summers were particularly warm in 2003 and
2006 (Fig. 1a), whereas precipitation (Fig. 1b) and duration
of snow cover (Fig. 1c) were variable.

Field sampling

All 180 plots were used except in the high sheep density
treatment in which the species was so abundant that a
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Fig. 1 a Mean monthly temperature (°C) and b total monthly
precipitation (mm) in May, June, July and August (M J J A) during
the study period (open symbols show average temperature and
precipitation in the reference period 1961-1990, closed symbols show
observed values), and ¢ snow cover, measured as the percentage of
the study area covered by snow on 1 July each year
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subset of four plots in each sub-enclosure was randomly
selected at the start of the study (yielding a total of 12 plots
in which the species was monitored). In the other treat-
ments, the species was present in 12 (low sheep density)
and 11 (no sheep) plots at the start of the study. In plots in
which more than 20 V. biflora plants were present at the
start of the study, only a part of the plot was used for
monitoring. Two reduced plot sizes were used; 25 and
56.3% of the plot.

All plants present at the first census (2002) were non-
destructively tagged. In order to estimate the size of all
plants non-destructively, we counted the number of leaves
and measured plant height and length of the largest leaf,
and noted the number of capsules on reproductive plants.
All measures were made in late July or early August every
year, so that the census interval 2002-2003 includes the
period from August 2002 to July 2003. At each census new
plants were recorded and tagged. An additional census was
performed in late June each year except 2006 to search for
newly emerged seedlings. Signs of herbivore damage were
recorded for each plant, making it possible to quantify
grazing frequency in the census interval r. Grazing fre-
quency could then be characterised as being due to either
invertebrates or vertebrates, the latter including both sheep
and rodents, as it was difficult to distinguish between
physical signs of grazing by these animals in the treatments
in which sheep were present.

The life cycle graph and matrix parameterisation

In 2002, aboveground parts of 200 plants were collected
well outside of the plots, measured, dried to constant
weight at 80°C and weighed. A multiple regression model
was constructed from data on dry mass (DM; mg) plant
height (H; cm), number of leaves (L), and length of the
largest leaf (LL; cm). To reduce heteroscedasticity,
the variables were log,-transformed to zero skewness by
the procedure described by @kland et al. (2001). The
regression model for estimation of V. biflora dry mass
plants that was best in terms of fraction of variation
explained (R* = 0.950) was:

log, DM =3.6012 log, (LL + 1.2985) + 0.7461 log, L
+0.5810log, H
—0.2766log, (LL + 1.2985) log, H — 4.1996

An increase in size by one log, unit thus implied a
doubling in DM. The size of non-seedling plants in the field
was in the range 0.3-146 mg. A continuous decrease in
mortality with size (logistic regression, G = 105.3, df = 1,
P <0.0001, n =3,049), and a continuous increase in
the probability of setting fruit with size (logistic
regression, G = 394.9, df =1, P < 0.0001, n = 3,049),
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were observed. No plants were observed to set fruit if
log,DM < 2, and the proportion of plants setting fruit was
markedly higher for plants with log,DM > 4 (Table 1). We
defined life stage classes so that approximately the same
number of plants was present in each class and at the same
time each class represented a doubling of size compared to
the next smaller class (Table 1). For each life stage class the
conditional total life span, i.e. the average time to death for
individuals that survive to the given stage, was calculated
(Caswell 2001; Table 1).

To estimate seed production, 100 well-developed
(reproducing) plants were collected in 2007, distributed
evenly among sub-enclosures. The number of capsules and
seeds on each plant was counted in the laboratory. The
number of intact seeds per capsule was neither related to
individual plant size nor to the number of capsules per
individual, and did not vary significantly among the sheep
density treatments (M. Evju, unpublished data). These data
were thus pooled to give a species-specific mean of 4.59
seeds per capsule, which was considered as invariant
between years.

In order to study the relative importance of seed rain and
seed bank for seedling emergence, we set up a seed-addi-
tion experiment in 2005. Two permanent plots in each sub-
enclosure were randomly selected, and seed sowing plots
(0.50 x 0.25 m) were placed 2 m to the west of each of
these. In mid-August 2005, twenty-five seeds were sown in
one quarter of each plot, leaving the remaining three
quarters as control. Floral parts of V. biflora plants in and
adjacent (ca. 20 cm) to the plot were removed to reduce
input from seed rain. Seedling emergence was recorded in
late June 2006. A low and variable number of seedlings
were recorded in the seed-addition plots (mean & SD in
2006: 1.0 £ 1.4), and only a few seedlings were recorded
in the control plots (mean £ SD, adjusted for size differ-
ence between seed-addition plots and control plots:
0.2 + 0.9). To estimate the contribution from the seed
bank to observed seedling emergence, we counted the
number of seedlings emerging in the unsown control plots
(adjusted for size differences), and calculated the propor-
tion of seedlings that were likely to come from the seed
bank in the seed-addition plots. This varied from O to 100%
in the plots, with an average of 22%. In late June 2007, new
seedlings were searched for. In the seed-addition plots,
0.3 £ 0.5 (mean & SD) new seedlings were found,
whereas in the control plots an average of 0.1 + 0.3 new
seedlings were found. There was thus a negligible contri-
bution from the seed bank to new seedlings after 2 years of
no seed input, which confirms the assumption of a short-
term persistent seed bank in this species. Our modelling
was therefore based upon the assumption of a maximum
life time of seeds in the seed bank of 1 year. Furthermore,
we assumed that all seeds produced in year t — 1 that did
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Table 1 Definition of life stage classes, with important demographic
characteristics of these classes; average mortality (% of plants in that
stage class at time ¢ recorded as dead at ¢ 4 1), fecundity (% of plants
in that stage class setting seeds), conditional life span (average time to

death for individuals that enter that life stage) and the total number of
plants recorded in that life stage class (pooled over populations and
years)

Stage class Definition Mortality (%) Fecundity (%) Conditional life span (mean £ SD) Total number
Seedling <1 year old 48.6 0.0 38+5.0 422
X-small Log,DM < 1 27.0 0.0 5256 653
Small 1 < Log,DM <2 19.2 0.0 6.1 £59 579
Medium 2 < Log,DM < 3 14.8 1.7 6.6 + 6.1 574
Large 3 < Log,DM < 4 12.5 3.7 7.0 £ 6.2 630
X-large Log,DM > 4 8.5 23.1 75+ 6.3 615
Dormant Not observed Not observed 0.0 6.3 £ 6.0 169

X-small Extra small, X-large extra large, DM dry mass

not establish as seedlings in year ¢, entered the seed bank
and survived until year ¢ + 1, when they either germinated
or died. We constructed four scenarios within the range of
observed contributions from the seed bank to newly
emerged seedlings: 0, 25, 50 and 75% of new seedlings
originating from the seed bank. We calculated the A for all
transition matrices for all seed bank scenarios, and /. varied
only very little between the scenarios (Table S1). As seed-
bank dynamics were not a main issue of this study, for
further analysis of the population dynamics of V. biflora we
chose the scenario that most closely accounted for the
results of our seed-addition experiment; that 75% of the
observed seedlings originate directly from seeds produced
the previous year, that 25% originate from the seed bank,
and that seeds may survive in the seed bank for 1 year. To
estimate seed bank size the first year (2002), we assumed
that in 2000, the number of seeds produced (s) was the
average of the observed number of seeds produced in the
2002-2006 period. Furthermore, we assumed that in 2001,
the number of seedlings emerging (sdl.,) equalled the
average number of seedlings emerging from 2003-2007.
The seed bank size (spanx) Was thereby estimated as:

Spank = 8 — 0.75 x sdl,,,

Spank Was calculated separately for each population.

Because we observed seedlings emerging throughout the
whole growing season and these appeared at census as new
plants beyond the cotyledon stage, we defined as seedlings
all new, extra-small plants. At the first census (2002),
seedlings could not be distinguished from older plants. We
therefore used the population-specific pooled transition
probabilities (2003-2006) as an estimate for transitions
from seedlings to other life stage classes in 2002.

We observed prolonged dormancy, i.e. failure to produce
above-ground parts for one or several growing seasons
(Lesica and Steele 1994) in V. biflora. Of the plants recor-
ded both the first and the last year of the study, 73% never
went dormant, 20% went dormant for one growing season,

and 6% went dormant for two growing seasons. Only four
plants (1%) were observed to be dormant for more than two
growing seasons, and in order not to make population
models exceedingly complex we excluded these observa-
tions from the dataset. The observed proportion of dormant
plants varied between 4 and 12% among populations.

Mortality rates of dormant plants cannot be observed
directly and have to be estimated. We based our estimation
on the assumption that plants which entered dormancy had
the same mortality rates as non-dormant plants, and
accordingly set the weighted mean mortality rate for dor-
mant plants equal to the life stage class-specific mortality
rate x the proportion of dormant plants from this life stage
class, summed over all life stage classes. We assumed that
transition rates from the dormant stage at time ¢ to all other
stages at time ¢ + 1 were affected equally by mortality in
the dormant stage, and reduced transition rates by sub-
tracting from observed transition rates the estimated mor-
tality rate. As transitions to dormancy could not be
observed in the last transition period (2006-2007), we used
pooled data for 2002-2006 for each population to calculate
the transitions from each life stage class to dormancy in
this transition period. Correspondingly, we down-weighted
estimated mortality rates in 2005-2006 by adding the
population- and life stage-specific probability of a plant
going into dormancy to remain dormant for two growing
seasons.

From the classification into life stage classes we con-
structed a life cycle graph for V. biflora (Fig.?2). All
transitions were defined as belonging to one of four life
history components (cf. Silvertown et al. 1993): fecundity
(recruitment of seeds to the seed pool, and recruitment of
seedlings from current seed production and from the seed
pool); growth (transition to a larger life stage class); stasis
(survival in the same life stage class); and retrogression
(transition to a smaller life stage class or to dormancy).

Demographic analyses require a minimum number of
observations for each combination of factors, the response
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Fig. 2 Life cycle graph for Viola biflora, including the life stage
classes seedling (Sdl), extra small (XS), small (S), medium (M), large
(L), extra large (XL) and dormant (D). Matrix elements are subdivided
into: fecundity (F), expressed as the mean number of seeds or
seedlings produced per plant per stage, growth (G; transition to a

to which is to be studied. In order to provide reliable
estimates of transition probabilities for between-year and
between-treatment variation, we sacrificed finer-scale
(within-treatment) spatial variability of vital rates and
performed all matrix analyses on pooled data from sub-
enclosures within each of the three treatments (high den-
sity, low density and no sheep).

Statistical analyses and transition matrix modelling

We investigated the effect of sheep density and between-
year variation in local climate on vital rates (survival,
growth and flowering) using generalised linear mixed-
effect models (GLMMs). GLMMs were fitted to address
how rates of growth, survival and flowering varied with
sheep density treatment and weather conditions during the
growing season (mean July temperature; Fig. 1), with a
focus on the interaction between sheep density and July
temperature. Mean July temperature was chosen as a proxy
for overall favourableness of growth during the growing
season, representing mid-summer conditions during a short
alpine growing season (cf. Callaghan et al. 1989). To
account for repeated measurements and spatial dependence
in the design of the study, plant identity, plot and sub-
enclosure were included as random factors. Plant size
(log,DM) was used as a covariate, as survival and flow-
ering probability were strongly size dependent (Table 1).
To explore the hypothesis that increased presence of tall
neighbouring plants would affect the V. biflora plants in the
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larger stage class), stasis (S; survival in the same stage class), and
retrogression (R; the transition to a smaller stage class). In the life
cycle graph, transitions with elasticity >0.01 are shown as arrows
(based on the pooled matrix of the full dataset; see individual matrices
in the Supplementary Material)

no sheep treatment we also investigated the effect of sheep
density and July temperature on plant height of seven tall,
abundant herbs species recorded in the same plots between
2003 and 2007 (>10 cm; G. Austrheim and M. Evju,
unpublished data). The effect of sheep density on seedling
emergence rates was evaluated at the population level
(mean for each population and year) using ANOVA. The
effect of sheep density on the probability of being grazed
by vertebrate or invertebrate herbivores, and the effect of
grazing on vital rates, was analysed using GLMMs as
described above. Models were compared using the y*-test
of deviance (Crawley 2003).

We constructed 15 population transition matrices (3
populations x 5 transition periods; Table S2) and calcu-
lated the projected A and elasticity values for each matrix
(Caswell 2001). We summed elasticity values for each life
history component and used linear regression to analyse the
functional dependency of 4 on the life history component.
One-way ANOVA was used to test for differences in
summed elasticities between populations.

We constructed confidence intervals around 4 by boot-
strapping. For each population and transition period, plants
were resampled with replacement to construct bootstrap
samples. The bootstrap sample size equalled the observed
population size, and 1,000 bootstrap replicates were con-
structed for each transition matrix (Caswell 2001). We used
the percentile method (Caswell 2001) to construct 95%
confidence intervals (CI) for each A. For the 2002-2003
transition we estimated seedling number by calculating the
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proportion of plants in the extra-small life stage class that
was recorded as seedlings in 2003-2006 for that popula-
tion. We constructed ten bootstrap datasets, in which the
estimated number of seedlings was drawn randomly among
plants in the extra-small life stage class, to allow for ran-
dom variation in the fate of seedlings. For each of these ten
bootstrapped datasets, 100 bootstrap replicates were con-
structed. For the last transition period (2006-2007), we
estimated the number of plants in each life stage class
expected to go dormant from data on the proportion of
transitions to dormancy versus death pooled over 2002—
2006, for each population separately. The seedling emer-
gence rate from the seed bank was kept constant.

We used a two-way life table response experiment
(LTRE) with sheep density treatment and year as fixed
effects to quantify the contribution of different matrix
elements to the differences in A between populations and
years (Horvitz et al. 1997; Caswell 2001). To investigate if
some life history components contributed consistently to
the variation in A between years, we calculated Pearson’s
correlation coefficients between LTRE contributions to the
year effect and deviations of 4 from A of the overall mean
matrix. To investigate the causes of interaction effects, we
calculated Pearson’s correlation coefficients between the
LTRE treatment-by-year interaction effect with variables
for which population-specific data were available: inver-
tebrate grazing frequency and vertebrate grazing frequency
in the census interval z.

We used linear mixed-effect models to address how the
A varied with sheep density, mean July temperature and
invertebrate and vertebrate grazing frequency in the census
interval 7. Year was used as a random factor to account for
three observations of 4 each year. Models were evaluated
using Akaike’s information criterion.

All statistical analyses were performed with R version
2.10.0 (R Development Core Team 2009), packages popbio
(Stubben et al. 2008) and Ime4 (Bates and Maechler 2009).

Results

Effects of sheep and between-year variability on vital
rates

Including only sheep density treatment as a predictor var-
iable, no effect was found on survival or flowering of V.
biflora plants, but growth was marginally higher in the high
density than in the no sheep treatment (GLMM; ¢ = 2.33,
df = 6, P = 0.059). Mean July temperature was negatively
correlated with survival and growth of V. biflora (Table 2).
There was a significant interaction between July tempera-
ture and sheep density treatment for survival, i.e. survival
was higher in the treatments with sheep than in the no

sheep treatment during warm summers (Table 2). Growth
was higher in the high density treatment than in the no
sheep treatment during warm summers (which we here
characterise as marginally significant at P < 0.10;
Table 2). No effect of July temperature or sheep density
treatment was found on the probability of flowering
(Table 2). The height of the seven tall herbs was positively
related to mean July temperature, but a negative interaction
between July temperature and grazing treatment was
observed, i.e. plant height was significantly lower in the
high density than in the no sheep treatment in warm
summers, and marginally lower in the low density com-
pared to no sheep (Table 3).

Effects of sheep density treatment on seedling emergence
from the seed bank or seed rain, and on seedling survival
were not significant at o = 0.05 (Table 4), although
between-year differences in seedling emergence from both
seed bank and seed rain were marginally significant
(P =0.082 and P = 0.061 for seed bank and seed rain
emergence, respectively). Because the data consisted of only
one observation for each combination of treatment and year,
the interaction could not be tested for significance.

Signs of invertebrate as well as vertebrate herbivores
were visible mainly on leaves. The probability of being
grazed by a vertebrate herbivore was higher in the high
sheep density treatment than in the no sheep treatment
[Fig. 3a; odds ratio (OR) = ¢"%"7 = 2.94,95% CI = 1.41-
6.11, P = 0.016], while no difference was found between
the low density and the no sheep treatments (OR =
e®03 = 1.03, 95% CI = 0.48-2.24, P = 0.967). Verte-
brate grazing probability varied significantly between years
(comparing models with plant size and grazing, and plant
size, grazing and year: }(2 = 3537, df =5, P <0.001).
Neither survival (y* = 0.15, df = 1, P = 0.700), growth
(¢ = 1.18,df = 1, P = 0.277) nor probability of flowering
the following year (y* =0.65, df=1, P =0.420)
decreased with increased vertebrate grazing.

The probability of being grazed by invertebrate herbi-
vores was highest in the no-sheep treatment, but the dif-
ference was only marginally significant (Fig. 3b; high
density vs. no sheep, OR = e 0924 — 0.40, 95%
CI = 0.24-0.66, P = 0.072; low density vs. no sheep,
OR = ¢ %1% = 0.44, 95% CI = 0.27-0.73, P = 0.099).
Plants that were grazed by invertebrate herbivores in year ¢
had a lower probability of producing flowers in ¢ + 1
(12 = 7.26,df = 1, P = 0.007), but invertebrate herbivory
did not affect survival (12 =0.28,df =1, P = 0.595) nor
growth (> = 0.13, df = 1, P = 0.714).

A, elasicities and life table response experiments

The A varied significantly among years (R* = 0.584,
Fq10=3.51, P=0.049) but not among sheep density
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Table 2 Generalised linear mixed-effect model (GLMM) of survival
[response binomial; alive = 1, dead = 0, no. of observations = 3,332,
no. of plant identities (IDs) = 1,204], growth (response continuous;

no. of observations = 2,542, no. of plant IDs = 838) and flowering
(response binomial; flowering = 1, non-flowering = 0, no. of obser-
vations = 3,332, no. of plant IDs = 1,204) over 5 years

Fixed effects Estimate SE z P
Survival
Intercept 6.208 1.132 5.484 <0.001
Plant size® 0.406 0.033 12.179 <0.001
July temperature® —-0.512 0.101 —5.062 <0.001
Density® (high vs. no) —4.195 1.351 —3.104 0.002
Density (low vs. no) —3.246 1.378 —2.355 0.019
July temperature x density (high vs. no) 0.385 0.122 3.166 0.002
July temperature x density (low vs. no) 0.310 0.124 2.505 0.012
Growth
Intercept 2.370 0.433 5.48 <0.001
Plant size 0.672 0.014 49.71 <0.001
July temperature —0.155 0.040 —3.87 <0.001
Density (high vs. no) —0.665 0.541 -1.19 0.278
Density (Iow vs. no) 0.653 0.534 1.22 0.267
July temperature x density (high vs. no) 0.083 0.050 1.67 0.095
July temperature x density (low vs. no) —0.044 0.049 —0.89 0.375
Flowering
Intercept —11.262 2.351 —4.791 <0.001
Plant size 1.483 0.101 14.738 <0.001
July temperature 0.209 0.208 1.005 0.315
Density (high vs. no) 3.853 2.658 1.450 0.174
Density (low vs. no) 3.228 2.732 1.182 0.237
July temperature x density (high vs. no) —0.301 0.242 —1.246 0.213
July temperature x density (low vs. no) —-0.277 0.247 —1.121 0.262

Non-significant parameter estimates of random factors (plant ID, plot and sub-enclosure) are not shown

? Plant size (log;DM) is used as a covariate

" Mean July temperature is fitted as a continuous variable

¢ Sheep density is fitted as a factor variable (no, low, high) with ‘no sheep’ as the reference level

Table 3 GLMMs of plant height (cm, log-transformed) of seven tall plants (>10 cm; G. Austrheim and M. Evju, unpublished data) in the
permanent plots in 2003-2007 as a function of sheep density treatment and mean July temperature

Fixed effects Estimate SE t P

Intercept 1.762 0.158 11.164 <0.001
July temperature 0.0424 0.00730 5.809 <0.001
Density (high vs. no) —0.0424 0.220 —0.193 0.854
Density (low vs. no) 0.00409 0.222 0.0184 0.986
July temperature x density (high vs. no) —0.0331 0.0102 —3.247 0.001
July temperature x density (low vs. no) —0.0169 0.0101 —-1.679 0.093

Non-significant parameter estimates of random factors (plot and sub-enclosure) are not shown (n = 9,542)

treatments (R> = 0.025, F>1, = 0.156, P = 0.857). In ten
of the 15 cases, the 95% CI of A did not include 1.0
(Fig. 4); A was significantly lower than unity in all popu-
lations in 2002-2003, 2003-2004 and 2006-2007, and in
the high sheep density treatment in 2005-2006. Popula-
tions with 4 > 1 were characterised by low elasticities for

@ Springer

retrogression and, partly, by high elasticities for fecundity
(Fig. 5). The summed elasticities for the life history com-
ponents showed very little difference among populations
(results not shown).

Sheep density treatment effects (Fig. 6a) on the 4 were
smaller (mean of absolute values of LTRE treatment
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Table 4 Seedling emergence from seed bank and seed rain, and seedling survival, averaged for each sheep density treatment and each year

Treatment
High density Low density No sheep F df P
Seed bank emergence 0.258 0.395 0.391 0.153 2,9 0.860
Seed rain emergence 0.362 0.426 0.480 0.182 2,12 0.836
Seedling survival 0.525 0.587 0.520 0.286 2,9 0.758
Year
2002-2003 2003-2004 2004-2005 2005-2006 2006-2007 F df P
Seed bank emergence NA 0.122 0.492 0.702 0.076 3.236 3,8 0.082
Seed rain emergence 0.469 0.447 0.778 0.199 0.220 3.223 4,10 0.061
Seedling survival NA 0.457 0.659 0.568 0.492 1.655 3,8 0.253

F values, df and P values refer to ANOVA tests of significant differences in means between treatments and years
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Fig. 3 Proportion of plants in each population and year being grazed
by a vertebrate herbivores (sheep and rodents) and b invertebrate
herbivores. Note that the scales of the y-axes differ

effect £ SD: 0.014 £ 0.008, n = 3) than year effects
(Fig. 6b; mean year effect £ SD: 0.055 £ 0.044, n = 5).
Grazing-by-year effects were of intermediate size (Fig. 6c;
mean interaction effect £ SD: 0.042 £ 0.036, n = 15).
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There was a small negative effect on A of the no sheep
treatment, a small positive effect of the low sheep density
treatment, and a very small negative effect of the high
sheep density treatment (Fig. 6a). Growth was less and
stasis more important in the no sheep treatment. Differ-
ences in the contribution of fecundity among grazing
treatments were negligible.

The effect of year on variation in 4 was positive in two
transition periods, 2004-2005 and 2005-2006, and nega-
tive in the three others (Fig. 6b). There was a tendency for
contributions from growth to be positively (r = 0.862,
P = 0.060, n = 5) and contributions from retrogression to
be negatively (r = — 0.853, P = 0.066, n = 5) related
with the total LTRE year effect, i.e. growth tended to be
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Fig. 5 Correlations between
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which 4 was higher than average. Stasis followed the same
pattern as growth, though its pattern was less pronounced
(r=0.834, P=0.079, n=35). Contributions from
fecundity were in the same size range as those from stasis
and retrogression; however, fecundity was higher than
average both in years with 4 above (2005-2006) and below
(2002-2003) average.

The treatment-by-year interaction effects (Fig. 6¢c) are
estimates of the deviations in observed A from an additive
model of main effects (treatment and year). Their magni-
tude thus indicated that treatment and year did not influ-
ence A independently. There was a negative correlation
between treatment-by-year interaction effect and vertebrate
grazing frequency in the census interval ¢ (r = — 0.544,
P = 0.036, n = 15), i.e. the interaction effect was negative
in populations and years in which grazing frequency was
high, and vice versa.

Causes of variation in /4

The AIC values of two alternative models for variation in 4
were of the same magnitude (Table 5). Model 2, which had
the lowest AIC, expressed /4 as negatively related to mean
July temperature, with an additional negative effect of
vertebrate grazing.

@ Springer

This study examined the interaction between inter-annual
climatic variation and sheep on the population dynamics of
a low-stature herb not preferred by sheep. Identification of
demographic processes and life history stages that are
affected by specific environmental factors allows for
evaluation of predictions of long-term population trends
(Carlsson and Callaghan 1994). The prediction that small,
competitively inferior species are favoured by grazing is
partly supported by our results. We did find a small positive
effect of high sheep densities on growth of V. biflora
plants, and the LTRE analyses showed a negative effect of
the no sheep treatment on the A of this plant as well as
higher contributions from growth to A when sheep were
present. The observed effects were nevertheless small.
Plant responses to cessation of grazing in terms of abun-
dance change are often slow in alpine habitats (Olofsson
2006) and exclusion of herbivores does not necessarily
reinforce plant competition on short time scales (Eskelinen
2008). A previous study (Evju et al. 2009) indeed showed
that the response to cessation of grazing was smaller than
the response to increased grazing pressure, indicating that
slow rates of succession after cessation of grazing in the no
sheep treatment is a likely explanation for the observed
demographic patterns.
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Between-year climatic variation affects populations of
small plants considerably (e.g. Svensson et al. 1993;
@kland 1997). We found the relative importance of inter-
annual variability on 4 to be much larger than that of the
sheep density treatment, explaining 58 vs. 2.5% of the

Table 5 Parameter estimates and Akaike information criterion (AIC)
values of alternative models explaining variation in /4 as a function of
mean July temperature and observed grazing frequency

Model Variable Estimate SE df t P AIC

—3.811 0.032 —34.41
—2.651 0.077 —34.50
—2.391 0.041

July temperature —0.0527 0.0138 3
July temperature —0.0496 0.0187 3

Grazing —0.0124 0.0052 9

Non-significant parameter estimates of year, fitted as a random factor, are
not shown

variation in A. Correspondingly, observed LTRE year
effects were on average 4 times larger than LTRE grazing
effects. Our results show that the 4 was lowest in warm
summers, and that both survival and growth rates of V. bi-
flora plants were negatively correlated with mean July
temperature. Growth of deciduous shrubs in alpine tundra
is positively related to mean annual temperature (Olofsson
et al. 2009), and negative effects of interspecific interac-
tions on competitively inferior species may be amplified by
elevated temperatures (Dunnett and Grime 1999). Thus,
grazing may be expected to be particularly beneficial in
years with favourable conditions for growth. Our findings
support this; during warm summers, rates of survival of
V. biflora were higher in the presence of sheep, and rates of
growth tended to be higher at high sheep density compared
to no sheep. Furthermore, the observation of significantly
lower height of tall, competitive herbs in the high and
marginally lower height in the low sheep density compared
to the no sheep treatment during warm summers strongly
suggests that sheep affect V. biflora positively through
alleviating interspecific competition. Recent studies show
that shrub expansion on alpine and arctic tundra in
response to increased temperatures may be delayed or even
prevented by the presence of large herbivores (Post and
Pedersen 2008; Olofsson et al. 2009). In a climate change
scenario, grazing by large herbivores may thus be impor-
tant for maintenance of populations of small alpine plants.

Our results revealed considerable variation in observed
vertebrate grazing frequency on V. biflora plants. Verte-
brate grazing was negatively correlated with the A of
V. biflora, although no effects of grazing were found on
rates of growth, survival or flowering. In the treatments
with sheep, the relative contribution of sheep versus
rodents to the observed grazing marks could not be sepa-
rated. It is thus not possible to clarify whether sheep graze
V. biflora at rates sufficiently high to affect 1. Observed
grazing in the no sheep treatment in 2 years (2004 and
2007) does, however, show that the species is affected by
rodents. This also accords with the observation in other
alpine areas that the abundance of V. biflora increases
strongly in snowbed habitats protected from rodents (Moen
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and Oksanen 1998). Our results thus suggest that long-term
effects of sheep grazing on V. biflora may depend on a
complex set of factors that include the future population
dynamics of rodents as well as the long-term effects of
sheep on rodent densities (see also Rydgren et al. 2007). In
the short term, rodent 4 was higher in the low sheep density
than in both the high density and no sheep treatments
(Steen et al. 2005).

Invertebrate grazing frequency was consistently highest
in the no sheep treatment, suggesting that invertebrates
have an effect that is compensatory to that of sheep (cf.
Ritchie and OIff 1999). Nevertheless, invertebrate grazing
did not reduce rates of growth and survival, and inverte-
brate grazing frequency did not contribute to explaining
variation in /s. This is in accordance with previous
observations that leaf grazing by insects has much smaller
effects on plant performance than vertebrate grazing
(Piqueras 1999).

On the time-scale addressed in our study, no effects of
sheep density treatments were found on seedling recruit-
ment or seedling survival. This may indicate that gap
creation by sheep is low relative to the disturbance created
by other biotic factors such as rodent activity (Austrheim
et al. 2008). Furthermore, we found no effect of sheep on
flowering rates. Plant reproduction is, however, frequently
regulated by a threshold plant size necessary for flowering
(Lacey 1986), and this is also suggested by our results.
Thus, if cessation of grazing reduces growth and lowers the
size of individual plants, reduced seed production would be
the expected result (Knight 2004). This would contribute to
reduced population growth (Hunt 2001) if recruitment is
seed and not safe-site limited (Andersen 1989). However, a
long lifespan of individual plants tends to increase popu-
lation persistence (Eriksson 1996), also under sub-optimal
environmental conditions. Despite the relatively long
duration of our study, time-delayed population-level graz-
ing effects cannot be totally accounted for here because the
life expectancies of almost all stages of V. biflora plants
exceed its duration.

Conclusion

This 6-year study of population dynamics of the low-stat-
ure herb V. biflora reveals small, but negative effects of
cessation of grazing on vital rates and population dynam-
ics. These effects are amplified in warm summers when
grazing contributes to a reduction in the height of neigh-
bouring tall plants. High rodent grazing in enclosures with
no sheep indicates a grazing impact in years with high
rodent densities. In the longer term, the population
dynamics of V. biflora will likely be determined by a
complex interplay between weather conditions, sheep,
rodent and invertebrate grazing populations.

@ Springer

Acknowledgments This study was funded by the Research Council
of Norway (project 153601/432 and 134361/720). We are grateful to
Synngve Lindgren for help with field work in 2003, to Dagrun
Vikhamar Schuler at the Norwegian Meteorological Institute for
providing interpolated climate data, and to Miguel Franco and two
anonymous referees for valuable comments that have greatly
improved the manuscript. The sheep grazing experiment complies
with the laws of Norway.

References

Andersen AN (1989) How important is seed predation to recruitment
in stable populations of long-lived perennials? Oecologia
81:310-315

Arft AM, Walker MD, Gurevitch J, Alatalo JM, Bret-Harte MS, Dale
M, Diemer M, Gugerli F, Henry GHR, Jones MH, Hollister RD,
Jonsdottir 1S, Laine K, Lévesque E, Marion GM, Molau U,
Mglgaard P, Nordenhill U, Raszhivin V, Robinson CH, Starr G,
Stenstrom A, Stenstrom M, Totland @, Turner PL, Walker LJ,
Webber PJ, Welker MJ, Wookey PA (1999) Responses of tundra
plants to experimental warming: meta-analysis of the Interation-
al Tundra Experiment. Ecol Monogr 69:491-511

Augustine DJ, McNaughton SJ (1998) Ungulate effects on the
functional species composition of plant communities: herbivore
selectivity and plant tolerance. J Wild Manage 62:1165-1183

Austrheim G, Mysterud A, Pedersen B, @kland RH, Hassel K, Evju M
(2008) Large scale experimental effects of three levels of sheep
densities on an alpine ecosystem. Oikos 117:837-846

Bastrenta B, Lebreton J-D, Thompson JD (1995) Predicting demo-
graphic change in response to herbivory—a model of the effects
of grazing and annual variation on the population dynamics of
Anthyllis vulneraria. J Ecol 83:603-611

Bates D, Maechler M (2009) Ime4: linear mixed-effects models using
S4 classes. R package version 0.999375-32. http://CRAN.
R-project.org/package=lme4

Brooker R, van der Wal R (2003) Can soil temperature direct the
composition of High Arctic plant communities? J Veg Sci
14:535-542

Brys R, Jacquemyn H, Endels P, De Blust G, Hermy M (2004) The
effects of grassland management on plant performance and
demography in the perennial herb Primula veris. J Appl Ecol
41:1080-1091

Bullock JM, Clear Hill B, Silvertown J (1994) Demography of
Cirsium vulgare in a grazing experiment. J Ecol 82:101-111

Callaghan TV, Carlsson BA, Tyler NJC (1989) Historical records of
climate-related growth in Cassiope tetragona from the Arctic.
J Ecol 77:823-837

Carlsson BA, Callaghan TV (1994) Impact of climate change factors
on the clonal sedge Carex bigelowii: implications for population
growth and vegetative spread. Ecography 17:321-330

Carson WP, Peterson CJ (1990) The role of litter in an old-field
community: impact of litter quantity in different seasons on plant
species richness and abundance. Oecologia 85:8—13

Caswell H (2001) Matrix population models: construction, analysis
and interpretation, 2nd edn. Sinauer, Sunderland

Chambers JC (1995) Relationship between seed fates and seedling
establishment in an alpine ecosystem. Ecology 76:2124-2133

Crawley MJ (2003) Statistical computing. An introduction to data
analysis using S-Plus. Wiley, Chichester

Diaz S, Lavorel S, Mclntyre S, Falczuk V, Casanoves F, Milchunas
DG, Skarpe C, Rusch G, Sternberg M, Noy-Meir I, Landsberg J,
Zhang W, Clark H, Campbell BD (2007) Plant trait responses to
grazing—a global synthesis. Glob Chang Biol 13:313-341


http://CRAN.R-project.org/package=lme4
http://CRAN.R-project.org/package=lme4

Oecologia (2010) 163:921-933

933

Doak DF (1992) Life-time impacts of herbivory for a perennial plant.
Ecology 73:2086-2099

Dunnett NP, Grime JP (1999) Competition as an amplifier of short-
term vegetation response to climate: an experimental test. Funct
Ecol 13:388-395

Ehrlén J, Syrjdnen K, Leimu R, Garcia MB, Lehtild K (2005) Land
use and population growth of Primula veris: an experimental
demographic approach. J Appl Ecol 42:317-326

Eriksson O (1996) Regional dynamics of plants: a review of evidence
for remnant, source-sink and metapopulations. Oikos 77:248-
258

Eskelinen A (2008) Herbivore and neighbour effects on tundra plants
depend on species identity, nutrient availability and local
environmental conditions. J Ecol 96:155-165

Eskelinen A, Oksanen J (2006) Changes in the abundance, compo-
sition and species richness of mountain vegetation in relation to
summer grazing by reindeer. J Veg Sci 17:245-254

Evju M (2009) Sheep grazing and dynamics of alpine plants in a
landscape-scale experiment. Ph.D. thesis. University of Oslo,
Oslo

Evju M, Mysterud A, Austrheim G, @kland RH (2006) Selecting herb
species and traits as indicators of sheep grazing pressure in a
Norwegian alpine habitat. Ecoscience 13:459-468

Evju M, Austrheim G, Halvorsen R, Mysterud A (2009) Grazing
responses in herbs in relation to herbivore selectivity and plant
traits in an alpine ecosystem. Oecologia 161:77-85

Forbis TA (2003) Seedling demography in an alpine environment.
Am J Bot 90:1197-1206

Hobbs NT (1996) Modification of ecosystems by ungulates. J Wild
Manage 60:695-713

Horvitz C, Schemske DW, Caswell H (1997) The relative ‘impor-
tance’ of life-history stages to population growth: prospective
and retrospective analyses. In: Tuljapurkar S, Caswell H (eds)
Structured-population models in marine terrestrial and freshwa-
ter systems. Chapman & Hall, New York, pp 247-272

Hunt LP (2001) Low seed availability may limit recruitment in grazed
Atriplex vesicaria and contribute to its local extinction. Plant
Ecol 157:53-67

Klanderud K (2008) Species-specific responses of an alpine plant
community under simulated environmental change. J Veg Sci
19:363-372

Knight TM (2004) The effect of herbivory and pollen limitation on a
declining population of Trillium grandiflorum. Ecol Appl
14:915-928

Lacey EP (1986) Onset of reproduction in plants: size-versus age-
dependency. Trends Ecol Evol 1:72-75

Lennartsson T, Oostermeijer JGB (2001) Demographic variation and
population viability in Gentianella campestris: effects of grass-
land management and environmental stochasticity. J Ecol
89:451-463

Lesica P, Steele BM (1994) Prolonged dormancy in vascular plants
and implications for monitoring studies. Nat Areas J 14:209-212

Lid J, Lid DT (2005) Norsk flora, 7th edn. Det Norske Samlaget, Oslo

Mobzk R, Mysterud A, Loe LE, Holand @, Austrheim G (2009)
Density dependence and temporal variability in habitat selection
by a large herbivore: an experimental approach. Oikos 118:209—
218

Moen J, Oksanen L (1998) Long-term exclusion of folivorous
mammals in two arctic-alpine plant communities: a test of the
hypothesis of exploitation ecosystems. Oikos 82:333-346

Molau U, Larsson EL (2000) Seed rain and seed bank along an alpine
altitudinal gradient in Swedish lapland. Can J Bot 78:728-747

Mulder CPH (1999) Vertebrate herbivores and plants in the Arctic
and Subarctic: effects on individuals, populations, communities
and ecosystems. Perspect Plant Ecol 2:29-55

@kland RH (1997) Population biology of the clonal moss Hylocomi-
um splendens in Norwegian boreal spruce forests. III. Six-year
demographic variation in two areas. Lindbergia 22:49-68

@kland RH, Eilertsen O (1996) Dynamics of understorey vegetation
in an old-growth boreal coniferous forest, 1988-1993. J Veg Sci
7:747-762

@kland RH, @kland T, Rydgren K (2001) Vegetation-environment
relationships of boreal spruce swamp forests in @stmarka Nature
Reserve, SE Norway. Sommerfeltia 29:1-190

Olofsson J (2006) Short- and long-term effects of changes in reindeer
grazing pressure on tundra heath vegetation. J Ecol 94:431-440

Olofsson J, Moen J, Oksanen L (2002) Effects of herbivory on
competition intensity in two arctic-alpine tundra communities
with different productivity. Oikos 96:265-272

Olofsson J, Hulme PE, Oksanen L, Suominen O (2004) Importance of
large and small mammalian herbivores for the plant community
structure in the forest tundra ecotone. Oikos 106:324-334

Olofsson J, Oksanen L, Callaghan T, Hulme PE, Oksanen T,
Suominen O (2009) Herbivores inhibit climate-driven shrub
expansion in the tundra. Glob Chang Biol 15:2681-2693

Piqueras J (1999) Herbivory and ramet performance in the clonal herb
Trientalis europeaea L. J Ecol 87:450—460

Post E, Pedersen C (2008) Opposing plant community responses to
warming with and without herbivores. PNAS 105:12353-12358

R Development Core Team (2009) R: a language and environment for
statistical computing. R Foundation for Statistical Computing,
Vienna

Ritchie ME, OIff H (1999) Herbivore diversity and plant dynamics:
compensatory and additive effects. In: Olff H, Brown VK, Drent
RH (eds) Herbivores: between plants and predators. Blackwell,
Oxford, pp 175-204

Rydgren K, @kland RH, Pic6 FX, de Kroon H (2007) Moss species
benefits from breakdown of cyclic rodent dynamics in boreal
forests. Ecology 88:2320-2329

Silvertown J, Franco M, Pisanty I, Mendoza A (1993) Comparative
plant ecology—relative importance of life-cycle components to
the finite rate of increase in woody and herbaceous perennials.
J Ecol 81:465-476

Steen H, Mysterud A, Austrheim G (2005) Sheep grazing and rodent
populations: evidence of negative interactions from a landscape
scale experiment. Oecologia 143:357-364

Stubben C, Milligan B, Nantel P (2008) Popbio: construction and
analysis of matrix population models. R package version 1.1.8

Svensson BM, Carlsson B/&, Karlsson PS, Nordell KO (1993)
Comparative long-term demography of three species of Pin-
guicula. J Ecol 81:635-645

Tansley AG, Adamson RS (1925) Studies of the vegetation of the
English chalk. III. The chalk grasslands of the Hampshire-Sussex
border. J Ecol 13:177-223

Thompson K, Bakker JP, Bekker RM (1997) The soil seed banks of
north west Europe: methodology, density and longevity. Cam-
bridge University Press, Cambridge

Tveito OE, Bjgrdal I, Skjelvag AE, Aune B (2005) A GIS-based agro-
ecological decision system based on gridded climatology. Met
Appl 12:57-68

Vandvik V (2002) Pattern and process in Norwegian upland
grasslands: an integrated ecological approach. Dr. Scient. thesis.
University of Bergen, Bergen

Welling P, Laine K (2002) Regeneration by seeds in alpine meadow
and heath vegetation in sub-arctic Finland. J Veg Sci 13:217-226

Welling P, Tolvanen A, Laine K (2004) The alpine soil seed bank in
relation to field seedlings and standing vegetation in subarctic
Finland. Arct Antarct Alp Res 36:229-238

@ Springer



	Interactions between local climate and grazing determine  the population dynamics of the small herb Viola biflora
	Abstract
	Introduction
	Materials and methods
	Study species
	Experimental design
	Field sampling
	The life cycle graph and matrix parameterisation
	Statistical analyses and transition matrix modelling

	Results
	Effects of sheep and between-year variability on vital rates
	 lambda , elasicities and life table response experiments
	Causes of variation in  lambda 

	Discussion
	Conclusion

	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


