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1 | INTRODUCTION

Persistence plays a decisive role in both plant population and com-
munity dynamics. It allows plants to withstand or survive tempo-
rally short- or long-term habitat conditions unsuitable for growth
and reproduction, especially in habitats subjected to high climatic

| Peter Poschlod

Abstract

Aims: Persistence plays a key role in both plant population and community dynamics
as it allows withstanding temporarily habitat conditions unsuitable for growth and re-
production. Plants can exploit three different strategies to persist in situ (building soil
seed banks, increasing adult longevity and/or clonal reproduction), the dominance of
which in a community might vary along environmental gradients. Yet, their relative
role in plant persistence has never been investigated.

Location: The Bavarian Alps, Germany.

Methods: We collected data on seed soil persistence, adult longevity and clonality
for 290 species occurring in 18 grasslands located along an elevational gradient of
1,000 metres and examined their contribution to persistence in a community. Linear
models were used to estimate the relationship between elevation and these persis-
tence strategies.

Results: We found that dominance of a certain persistence strategy varied depend-
ing on environmental variability. Specifically, persistence in lowlands was mainly
achieved by persistent and dense soil seed banks along with extended clonal growth
(larger spread distances and higher number of offspring). Contrastingly, the main per-
sistence strategy in the alpine communities was increased adult longevity.
Conclusions: The changes in relative contribution of each strategy to community per-
sistence along the elevational gradient are interrelated suggesting a trade-off among
them. We conclude that this trade-off plays an important role in species co-existence
and community assembly, and might be useful to understand vegetation dynamics

under ongoing climate change and improve restoration efforts of upland ecosystems.
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variability, habitat fluctuations and high levels of disturbance, com-
petition and predation (Grime, 2002; Garcia & Zamora, 2003; Ozinga
et al., 2007). Moreover, in times of ever-increasing anthropogenic
stress, persistence is critical for a plant's potential to adapt to global
changes (Ooi, 2012; Corlett & Westcott, 2013). Species that are not
able to persist at a local or regional scale are particularly vulnerable
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to extinction, whereas persistent species can easily recover even
after direct destruction of above-ground vegetation (Saatkamp
et al., 2018). Thus, the knowledge on plant persistence traits of nat-
ural communities is not only of interest for plant population biology,
but also provides useful tools for conservation and restoration ef-
forts (Bakker et al., 1996; Poschlod et al., 1998; Schweingruber &
Poschlod, 2005).

Plants can exploit three alternative strategies to persist in situ:
(a) produce seeds that can persist long term in the soil (“soil seed
bank”); (b) grow old to be able to occupy their present site as long
as possible in order to have a larger number of chances for suc-
cessful seed regeneration (“adult longevity”); and/or (c) reproduce
vegetatively (“clonality”; Garcia & Zamora, 2003; Schweingruber
& Poschlod, 2005; Saatkamp et al., 2014; Laiolo & Obeso, 2017).
Given finite reserves of energy, the allocation of resources to
vegetative growth directly leads to a reduction of regeneration
by seed, resulting in a trade-off between seed persistence in
soil and clonality along with extended life span (Molisch, 1938;
Ehrlén & van Groenendael, 1998; Obeso, 2002; Honda, 2008;
Laiolo & Obeso, 2017). Therefore, the dominance of a certain
persistence strategy is expected to be habitat-specific depending
on whether regeneration by seed is limited or not (Forbis, 2003;
Garcia & Zamora, 2003; Laiolo & Obeso, 2017). Thus, we suggest
that the shift from “regeneration” by persistent seed banks to per-
sistence by adult longevity and/or clonality occurs gradually along
gradients of decreasing favourability for sexual reproduction. In
general, clonality and long individual life span are especially sig-
nificant in environments with low levels of disturbance, high com-
petition or abiotically stressful environments (e.g. nutrient-poor
and/or cold habitats), where regeneration by seed is hampered by
resource limitation (Callaghan et al., 1992; Garcia & Zamora, 2003;
Rusch et al., 2010). Contrastingly, soil seed banks contribute to
plant persistence under conditions of frequent disturbance, low
competition or low abiotic stress promoting regeneration by seed
(Garcia & Zamora, 2003; Anderson et al., 2012; Saatkamp et al.,
2014).

Contribution of single strategies (seed bank, extended life span
or clonality) to plant persistence in situ in relation to ecological gra-
dients has been the focus of many studies. For example, the role of
the seed bank as a persistence strategy has been found to decrease
with increasing elevation, due to increasing low-temperature stress
(e.g. high frequency and severity of frost events, short growing and
reproductive period), which strongly reduces seed inputs into soil
(Funes et al., 2003; Ma et al., 2010). In a similar system, Nobis and
Schweingruber (2013) revealed a general increase in adult age to-
wards higher elevations that can be explained by higher allocation
of available resources to vegetative growth (Rosbakh & Poschlod,
2018). Similarly, decreasing allocation to regeneration along gradi-
ents of abiotic stress was found to favour clonal reproduction at the
dry, cold or very wet ends of the gradients (Song et al., 2002; Ye
et al., 2014).

Although many of these studies have looked at changes across

gradients, a literature review indicates that only a few of them

have evaluated persistence traits along an entire gradient (e.g.
Molau & Larsson, 2000). Specifically, soil seed bank research has
been done almost exclusively either in lowlands (Bekker et al.,
1998) or in alpine habitats (Arroyo et al., 1999; Cummins & Miller,
2002) and observations at intermediate altitudes are lacking.
Furthermore, previous research is usually limited to one of the
persistence traits; either seed banks (Ma et al., 2010), extended
life span (Nobis & Schweingruber, 2013), or clonality (Ye et al,,
2014), in single (e.g. seed bank; Cummins and Miller (2002)) or a
very few species (e.g. adult longevity; Rosbakh & Poschlod, 2018).
Moreover, these studies are scattered over regions with different
climatic conditions, successional stages and land use types and in-
tensities making any generalisations about trade-offs among per-
sistence strategies impossible. Finally, observations of persistence
trait variability along environmental gradients have mainly been
made at the population and species level (e.g. maximal individual
longevity in and Nobis and Schweingruber, 2013, respectively),
and rarely at community level.

Here, we study the relative role of soil seed bank, clonality and
adult longevity in local persistence in 18 grassland communities lo-
cated along an elevational gradient in the Bavarian Alps, Germany.
This is an ideal study system to address the sensitivity of persistence
traits to environmental variability, because at higher elevations the
conditions for regeneration by seed become less favourable (e.g.
short vegetation period, high frequency and severity of frost events;
Billings & Mooney, 1968; Korner, 1999), whereas the low-stress en-
vironment in lowlands selects for generative regeneration (Cummins
& Miller, 2002; Molau & Larsson, 2000). In this context, our a priori
hypothesis was that the importance of clonality and extended life
span as persistence strategies will increase with increasing eleva-
tion, whereas the contribution of soil seed banks to persistence will
increase towards lower elevations, where regeneration by seed is
more frequent. We expected the contribution of each trait to com-
munity persistence to be gradual along the environmental gradient,
because the decrease in one should be compensated by increasing
the relative importance of other traits.

2 | METHODS
2.1 | Study system

The field work was conducted in the Bavarian Alps (northern part
of the Calcareous Alps; Appendix S1) from 2009 to 2017. The study
region has a typical alpine relief, with steep mountain peaks com-
posed of Triassic lime and dolomite rocks (Marke et al., 2013). The
climate is typically montane with a strong decrease in mean annual
air temperatures along the elevational gradient with a lapse rate
of ca. 0.6°C/100 m of elevation. Mean annual precipitation in the
region varies, ranging from approximately 1,500 mm to 2,600 mm
(Marke et al., 2013).

For the purpose of this study, we established 18 sites in

species-rich grasslands on calcareous nutrient-poor soils (the
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most widespread non-forest vegetation type in the study area)
along an elevation gradient from 935 m to 2,032 m above sea level
(a.s.l.). At lower elevations, grasses (e.g. Arrhenatherum elatius,
Dactylis glomerata, Holcus lanatus) and tall herbs (e.g. Centaurea
jacea, Crepis biennis, Leucanthemum ircutianum) dominated in the
grasslands being replaced by sedges (e.g Carex firma, Carex semper-
virens), dwarf shrubs (e.g. Dryas octopetala, Vaccinium myrtillus) and
short-stature herbs (e.g. Bistorta vivipara, Crepis aurea, Homogyne
alpina) as altitude increases. All the grasslands were intensively
grazed by domestic cattle or used for hay-making until the mid of
the 20th century. Today, the grasslands below the tree-line are
used or managed by cattle grazing at a low intensity, whereas the
alpine grasslands (above ca. 1,700 m a.s.l.) are occasionally grazed
by sheep or wild ungulates.

2.2 | Environmental characteristics of the
study sites

We characterised each site in terms of its vegetation composition,
temperature conditions, water supply, water conditions and distur-
bance (grazing). The vegetation at the sites was surveyed during the
peak of the growing season, which was elevation-specific, in the year
of soil seed bank collection (Appendix S2). We recorded the pres-
ence/absence of all vascular species within each of 10 plots per site,
in which soil seed bank samples were collected (see subsection 2.3.1
Soil seed bank below). Site temperature conditions included mean
annual air temperature (MAT), length of vegetation period (number
of days with mean temperatures over +5°C) and thermic conditions
during vegetation period. Air temperature data were obtained from
20 weather stations located close to the study sites at elevations
from 360 mto 1,919 m a.s.l. MAT at each station was calculated over
the period 2000-2008; from these data, lapse rates between eleva-
tion and MAT in the study region were calculated (0.63°C/100 m
of elevation) to define the MAT at all the collection sites. The same
temperature data were used to calculate the length of vegetation
period. Thermic conditions during the vegetation period were esti-
mated with the help of the Landolt indicator value for temperature
(Landolt T), a proxy for mean soil and surface temperatures after
snow melt (Landolt et al., 2010; Scherrer & Korner, 2011).

Site water supply included mean annual precipitation (MAP),
soil depth and the Landolt indicator value for soil moisture (Landolt
F). The MAP was obtained from the same weather stations (aver-
age for the period 2000-2008) as for the temperature data and
indicates total amount of precipitation the sites receive during the
whole year. Soil depth was used as a proxy for soil water capacity
(e.g. shallower soils keep water for shorter times as compared to
deeper soils) and was estimated by repeatedly sticking an iron rod
of 0.6 mm diameter into the soil (30 random measurements per
site). Landolt F indicates soil water availability to plants during the
vegetation period.

Soil nutrients included total soil nitrogen (N), plant available

phosphorus (P) and potassium (K) and Landolt indicator value for soil
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nutrients (Landolt N). The soil N, P and K were collected in the year
of soil seed bank and vegetation sampling, and analysed as described
in Rosbakh and Poschlod (2018).

Finally, grazing intensity (ordinal scale), the main disturbance
factor in the study sites, was recorded at all study sites and in-
cluded three levels: (a) no agricultural usage in the present and
occasional grazing by sheep and wild ungulates;, (b) occasional
extensive grazing by cows; and (c) mountain dairy farm with per-
manently grazing cows (except for site HO5 which was extensively

grazed by sheep).

2.3 | Persistence strategy data
2.3.1 | Soil seed bank

Depending on elevation, soil seed bank sampling took place right
after snowmelt from the first week of April to the second half
of May in 2010-2017. At each site, we selected randomly ten
2 m x 2 m plots (replicates) with homogenous vegetation. At each
plot, 10 random soil samples were collected by coring the soil to
10 cm depth with a soil auger of 4 cm in diameter, divided into two
5-cm layers (0-5 and 5-10 cm). We focused on the first 10 cm of
the soil profile, in order to account for possible site-specific dif-
ferences in sampled volume of soil (e.g. soils in depressions and
lowlands tend to be deeper). The soil of each layer was bulked
together. Altogether, there were 100 samples from each site and
1,800 samples from all sites.

Immediately after collection, soil samples were transported to
the lab, where they were stored at +4°C for a maximum of five
days before the next step. The soil samples were sieved through
a 0.2 mm sieve, spread evenly and thinly on plastic trays (width
40 cm) filled with potting soil (Heerdt et al., 1996) and cultivated
in an outdoor house under field conditions in the Botanical Garden
of the Regensburg University (Bavaria, Germany). All the samples
were cultivated for two growing seasons, to allow all viable seeds
to germinate. Trays were watered regularly. Emerging seedlings
were identified and removed or replanted for later identification
regularly to reduce possible negative effects on non-germinated
seeds. After the initial flush of germination during the first culti-
vation year had ended, the soil samples were carefully turned over
with a fork, to facilitate germination of ungerminated seeds. After
the cold stratification during the winter between two growing sea-
sons, the soil samples were turned over one more time. Cultivation
was stopped when no more seedlings emerged for several consec-
utive weeks. Five containers with only potting soil were used to
control for contamination of airborne seeds or seeds present in
the potting soil.

Based on these data, we assigned the ability of a species to per-
sist in a site in the form of soil seed bank as a binary variable (1, able
to build up a seed bank; O, otherwise) if it had at least one germinable
seed in collected soil samples. The soil seed bank presence/absence

was calculated for all species detected both in the vegetation and
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soil samples. In addition, for each study site we estimated seed bank
density (seeds/m?) as a quantitative measure for persistence in soil
by adding up the numbers of seedlings of all single species germi-

nated form the corresponding soil samples.

2.3.2 | Adult longevity

Adult longevity was expressed in two ways: as a binary trait, where “1”
are perennial plants and “0” annual ones, and maximum life span (“per-
enniality”). The information on annual/perennial species was collected
from the CLO-PLA, a database of clonal and bud bank traits of the
Central European flora (Klimesova et al., 2017). Maximum life span is a
numeric variable (years) and is based on herbochronology, a technique
adapted from dendrochronology using growth rings in the secondary
xylem of the root collars (Schweingruber & Poschlod, 2005). Briefly,
the annual rings are counted in thin, stained sections of main roots or
rhizomes of herbaceous species collected from their typical habitats.
The maximum life span data were obtained from “Flora Indicativa”
(Landolt et al., 2010); data on 23 species missing in that source were
collected by S. Rosbakh (unpublished) using the same method.

2.3.3 | Clonality

Similar; to adult longevity, clonality was expressed as a binary trait (“capac-
ity for clonal growth”, “1” is plants that live longer than one year, multiply
vegetatively and flower several times in their lifetime and “0”, otherwise;
KlimeSova et al., 2017) and as a clonality index. This index expresses the
annual rate of clonal spread (lateral spreading distance; <1 cm, 1-25 cm,
25+ cm) and multiplication (number of clonal offspring; <1, 1, 2-10, 10+)
and can be used as a semi-quantitative measure for species clonality; spe-
cies with lower index values tend to spread laterally for short distances
and/or produce low numbers of clonal offspring. Briefly, number of clonal
offspring was assigned to four different categories (0-3), representing O,
1, 2-10 and >10 offspring produced per year, respectively. Lateral spread
was assigned to three different categories (0-2), representing 0.01, 0.25
and >0.25 m/year, respectively. The clonal index equals the sum of the
category values for number of clonal offspring (0-3) and lateral spread
(0-2; Johansson et al., 2011). Furthermore, we collected data on distance
of lateral spread and number of clonal offspring for each species, to pro-
vide a better explanation for clonality index variation along the eleva-
tional gradient (see below). The data on capacity for clonal growth and
clonality index were retrieved from the CLO-PLA database.

2.4 | Statistical analysis

2.4.1 | Environmental characteristics of the
study sites

Community-weighted mean (CWM) Landolt indicator values for

temperature, soil moisture and soil nutrients using the species

abundances in each of the 18 grasslands and corresponding indica-
tor values available in “Flora Indicativa” (Landolt et al., 2010) were
calculated with the help of package FD (Laliberté et al., 2014). Data
on soil nitrogen, phosphorus and potassium are presented as the
mean values of six replicates per site.

The correlation between elevation and site environmental char-
acteristics, as well as among all environmental factors, were anal-

ysed using the Kendall rank correlation coefficient (Kendall t).

2.5 | Persistence strategy data

As the first step, we complied a data set including vegetation,
soil seed bank (both a binary variable for ability to build a seed
bank and seed bank density), adult longevity and clonality data.
In the data set, for each species occurring in a study site we as-
signed a corresponding trait value. It was not feasible to measure
adult longevity and clonality at all sites; therefore, these traits
were considered to be “fixed”, i.e. we used the single mean trait
value for individual species used for all sites where the species
was found (Leps et al., 2011). We are aware of the fact that the re-
sults of our study may have limited predictive power as both traits
are known to be subject to intraspecific variability (for clonality
see KlimesSova et al., 2010; for plant life span see Rosbakh and
Poschlod, 2018).

Because the soil seed bank strategy is subject to extremely
high site-specific variability (Thompson et al., 1997; Ma et al,,
2010; Abedi et al., 2014; Saatkamp et al., 2014) and published
data on it were available for a small number of species, we used
soil seed persistence data (both seed bank presence/absence and
density) obtained from each study site. To determine the relative
importance of different strategies in community level persistence
along the elevational gradient, we performed linear models with
community mean values calculated based on species presence/ab-
sence data for soil seed bank, adult longevity and clonality traits
as explanatory variables and elevation of the collection sites as
the predictor in all models. To account for possible non-linear re-
lationships between persistence strategies, we also included ele-
vation as a quadratic term into the linear models (Persistence trait
~Elevation + Elevation?). The quadratic term was retained only for
models in which it was statistically significant. To improve nor-
mality of the data on soil seed bank density, we included in the
corresponding model only data from the range between the 5th
and 95th percentile. The explanatory variables in all models were
scaled prior to the analysis, to enable comparison of the effect
sizes between the various strategies. The model requirements and
assumptions were met in all cases.

To estimate and visualise the co-variation of the studied per-
sistence strategies, we conducted a principal component analy-
sis (PCA on the community-trait matrix (Table 1)). All statistical
calculations were done with the help of the R software (R Core
Development Team, 2021, R Foundation for Statistical Computing,
Vienna, AT).
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3 | RESULTS

3.1 | Environmental characteristics of the study
sites

Detailed site environmental characteristics are presented in
Appendix S2.

The elevational gradient encompassed strong variation in tem-
perature conditions, water supply, soil nutrients and disturbance in
the form of grazing (Appendix S3). MAT, length of vegetation pe-
riod and the Landolt T CWM values strongly decreased significantly
(Kendall t = -0.98, -0.96 and -0.69, respectively) with increasing
elevation suggesting a strong correlation between temperature
conditions and elevation. Furthermore, we detected a moderate
significant negative relationship (t = -0.34; drier soils at high eleva-
tions) between elevation and soil moisture availability calculated as
Landolt F CWM values indicating presence of a soil moisture gradi-
ent among the study sites. Moreover, the amount of soil nutrients
(Landolt N CWM) in upland sites was significantly lower than in their
lowland counterparts (t = -0.44); this relationship was interpreted
as the soil fertility gradient, the third ecological gradient behind the
elevation. Finally, grazing intensity was found to be negatively sig-
nificantly correlated with elevation (t = -0.646) with lowland sites
experiencing higher levels of disturbance by grazers.

Mean annual precipitation, soil depth, total soil nitrogen, plant
available soil phosphorus and potassium were not correlated with
elevation.

3.2 | Vegetation data

In the 18 study sites, we recorded 290 species, belonging to 45
families. The most dominant families were Asteraceae (45 species),
Poaceae (30 species), Cyperaceae (21 species) and Caryophyllaceae
(16 species). Graminoids dominated in the vegetation of all sites

surveyed.

3.3 | Soil seed bank

In total, 247,995 seedlings germinated in the collected soil samples,
belonging to 162 species and 35 families. The most dominant fami-
lies in the soil seed bank were Poaceae (23 species), Asteraceae (22
species), Cyperaceae (16 species) and Scrophulariaceae (11 species).
At the lowest site (935 m a.s.l), 70% of all species occurring in the
grassland community were found to be able to build up a soil seed
bank, whereas at the alpine sites (1,984-2,032 m a.s.l.) this value
ranged between 21% and 46% (Table 1). The linear model revealed
that elevation had a strong (R? = 0.72, F = 43.2, df = 17) signifi-
cantly negative effect on soil seed bank presence/absence (Table 1;
Figure 1a).

Soil seed bank density in the study sites varied considerably from
26 seeds/m? at site H6 to 2,200 seeds/m? at site WM 1-5 with an

average of 501 seeds/m? (Table 1). Despite a comparatively high
seed bank density in the two upland sites WM1-5 and HO5 (2,200
and 1,500 seeds/m?, respectively) and generally high within-site
variability the linear model indicated that soil seed bank density at
the community level significantly decreased with increasing eleva-
tion (Table 2; Figure 1b). The power of this relationship was moder-
ate (R = 0.25, F = 5.3, df = 17).

3.4 | Adult longevity

Although annual species were detected in almost all sites, they rep-
resent a very small fraction of the species in the study system: annu-
ality was found to be a characteristic of only 18 out 290 species (6%)
occurring in the vegetation in all sites. The proportion of annual spe-
cies in the studied communities was generally low and varied from O
at site HO4 at 1,552 m a. s. |. to 10% at site M2 at 935 m a. s. |. with
an average of 3% of total species number. The linear model revealed
that elevation had a strong (R?* = 0.66, F = 14.6, df = 17) positive
effect on perenniality; species with this trait were found to be more
frequent in uplands (Table 2; Figure 2a). The nature of this relation-
ship was found to be non-linear, with a considerably stronger de-
crease in annual species proportion in the communities within the
elevation range 900-1,600 m a. s. I. and constant numbers at sites
located above 1,600 m a.s.l.

Maximum plant life span of species occurring at the study sites
ranged from 1 (several annual species such as Rhinanthus glacialis
and Senecio vulgaris) to 132 years (Rhododendron hirsutum) with an
average over all species of 13.3 years. Grasslands at low elevations
in our gradient were dominated by comparatively short-lived peren-
nials, whereas those at high elevations were dominated by long-lived
perennials (Table 1). The linear model revealed that the communi-
ties at the highest sites included significantly more species with lon-
ger life span (Table 2; Figure 2b); the average adult longevity at the
lowest sites, around 1,000 m a. s. |., was between 7 and 13 years,
whereas at the highest site, WM1-5 at 2,032 m a. s. |, this values was
26 years, i.e. more than two times longer (Table 2; Figure 2b). The
positive effect of elevation on community-averaged maximum life
span was very strong (R?=0.61, F = 27.9, df = 17).

3.5 | Clonality

Among 290 species for which data on clonality wdere available,
almost 70% (193 species) were able to reproduce clonally. The
high number of clonal species in the study system was reflected
in the community data: the proportion of clonal species at a study
site varied from 0.54 at site HO4-5 (1,774 m a.s.l.) to 0.76 at site
HO2 (1,045 m a.s.l.) with an average over all communities of 0.68
(Table 1). The linear model did not detect any significant relationship
(p-value = 0.24, R?=0.09, F = 1.5, df = 17) between the proportion
of clonal species in the studied grasslands and the elevational gradi-
ent (Table 2; Figure 3a).
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FIGURE 1 Changes in soil seed bank persistence expressed as (a) species’ ability to build up soil seed bank (1, able to build up a seed
bank; 0, otherwise) and (b) soil seed bank density in 18 grasslands located along the elevational gradient in the Bavarian Alps. Single data
points and vertical lines are mean arithmetic mean values and standard errors, respectively, calculated for each study community based on
species presence/absence data. The regression lines show significant (p-value < 0.05) correlations between the characteristics of interest
and elevation (see Table 2 for model output). The shaded areas denote the 95% confidence interval. Explanatory variables were scaled to
mean variance prior to the analysis

TABLE 2 Effects of elevation on soil seed bank (presence/absence and density), adult longevity (perenniality and maximum life span) and
clonality (ability for clonal growth, clonality index, lateral spread distance and number of offspring) as based on linear models

Persistence strategy Characteristic Variable Estimate SE+ p-value R?
Soil seed bank Presence/absence Intercept 2.56 0.43 <0.001 0.73
Elevation -0.17 0.26 <0.001
Density Intercept 2.04 0.91 0.04 0.25
Elevation -0.13 0.06 0.04
Adult longevity Perenniality Intercept 9.56 2.78 0.004 0.66
Elevation 11 0.4 0.01
Elevation? -0.0003 0.0001 0.03
Maximum life span Intercept -2.79 0.56 0.002 0.61
Elevation 0.18 0.34 <0.001
Clonality Ability for clonal growth Intercept 0.57 0.64 0.38 0.09
Elevation -0.5 0.4 0.24
Clonality index Intercept 3.05 0.69 <0.001 0.55
Elevation -0.19 0.4 <0.001
Lateral spread distance Intercept 3.06 0.33 <0.001 0.83
Elevation -0.18 0.02 <0.001
Number of offspring Intercept 2.60 0.45 <0.001 0.66
Elevation 0.15 0.27 <0.001

Note: Explanatory variables were scaled to mean variance prior to the analysis. Bold entries are statistically significant (p < 0.05). “Elevation”
represents the rate of change in corresponding traits per 100 m of elevation.
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FIGURE 2 Changes in adult longevity expressed as (a) perenniality (1, perennial species; 0, annuals) and (b) maximum life span (in years)
in 18 grasslands located along the elevational gradient in the Bavarian Alps. Single data points and vertical lines are mean arithmetic mean
values and standard errors, respectively, calculated for each study community based on species presence/absence data. The regression
lines show significant (p-value < 0.05) correlations between the characteristics of interest and elevation (see Table 2 for model output). The
shaded areas denote the 95% confidence interval. Explanatory variables were scaled to mean variance prior to the analysis

The data set was dominated by species with clonality index val-
ues of zero (99 species) followed by four (72 species) and three
(58 species) with six being the least frequent value (six species).
The average community clonality index varied between 1.9 (site
HO4-5 at 1,774 m a.s.l.) and 3.0 (H3 at 1,105 m a.sl.), with an aver-
age of 2.4 across all communities. The linear regression revealed a
strong (R? = 0.55, F = 19.6, df = 17) negative effect of increasing
elevation on the clonality index (Table 2; Figure 3b). The decrease
of the clonality index along the elevational gradient was due to a
significant decrease in both lateral spread and number of offspring
(Figure 4). In both cases the elevation had a very strong effect on
these two traits (R* = 0.83 and R* = 0.66, F = 80.1, F = 31.5, df = 17,
respectively).

The variability in persistence strategies in the 18 communities
studied could be summarised by two principal components (PCs)
with eigenvalues >1.5, which together accounted for 80.9% of the
total variance (Figure 5: Table 3). The third PC accounted for an ad-
ditional 11.7% of the total variation. PC1 explained 56.4% of the
variance and loaded most heavily and positively on clonality index
and soil seed bank presence/absence, followed by soil seed bank
density and ability for clonal growth. At the same time, PC1 loaded
negatively on adult longevity and perenniality. The second PC ac-
counted for an additional 24.5% of the variance and loaded most

heavily on the ability for clonal growth, perenniality and clonality

index (positive values). PC2 also loaded heavily and negatively on
both soil seed bank presence/absence and density.

4 | DISCUSSION

Our results clearly indicate that the studied communities have
multiple alternative persistence strategies involving persistence by
soil seed banks, adult longevity and/or clonal growth to cope with
changing environmental conditions (thermic conditions, water sup-
ply, soil fertility and disturbance). Yet, the dominance of a certain
persistence strategy was found to be elevation-specific. In agree-
ment with our hypothesis, the importance of persistence by soil
seed banks gradually decreased with increasing elevation. This find-
ing is in concert with the observations made along elevational gra-
dients elsewhere (Ortega et al., 1997; Welling et al., 2004; Ma et al.,
2010). The low percentage of species building up soil seed banks in
the focal communities at high elevations can be explained by two
reasons. First, high levels of low-temperature stress (short growth
period with overall low temperatures coupled with frequent and se-
vere frost events) limit pollination, fertilization and seed maturation
(Lundemo & Totland, 2007; Steinacher & Wagner, 2013; Rosbakh &
Poschlod, 2016) resulting in low seed quality and quantity (Welling
et al., 2004; Rosbakh et al., 2018). Second, if, nevertheless, seeds
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FIGURE 3 Changes in clonality expressed as (a) capacity for clonal growth (1, clonal species; 0, otherwise) and (b) clonality index in 18
grasslands located along the elevational gradient in the Bavarian Alps. Single data points and vertical lines are mean arithmetic mean values
and standard errors, respectively, calculated for each study community based on species presence/absence data. The regression lines show
significant (p-value < 0.05) correlations between the characteristics of interest and elevation (see Table 2 for model output). The shaded
areas denote the 95% confidence interval. Explanatory variables were scaled to mean variance prior to the analysis

are produced, for example in an exceptionally warm summer, the
stressful alpine environments constrain seedling recruitment at
high elevations (Molau & Larsson, 2000; Forbis, 2003). Additionally,
comparatively lower amounts of soil nutrients along with drier soils
can amplify these negative effects of low-temperature stress on re-
generation by seed. Therefore, because of the unpredictable seed
input into the soil, which decreases with increasing elevation, this
should result in a turn-over from species with a persistence strategy
of replacing individuals by seeds germinating from the seed bank to
species specialised in in situ maintenance of established individual
plants by emphasizing the adult plant stage getting older to increase
the chance of successful reproduction during their lifetime (Garcia &
Zamora, 2003; Ozinga et al., 2007; Laiolo & Obeso, 2017).
Ecological theory predicts that, because of the trade-off be-
tween regeneration by seed and vegetative growth, the limited
reproductive output along with slow growth rates in stressful en-
vironments will increase plants’ somatic investments that positively
affect plant longevity (Obeso, 2002; Laiolo & Obeso, 2017). The
revealed increase in adult longevity in the grassland communities
along the elevational gradient is in line with these theoretical con-
siderations and previous empirical studies (Rees, 1993; Garcia &
Zamora, 2003; Honda, 2008). Furthermore, the results also con-
firm our hypothesis that persistence by adult longevity is the most

frequent persistence strategy at higher elevations (Molisch, 1938;

Schweingruber & Poschlod, 2005; Nobis & Schweingruber, 2013).
The remarkable gradual character of replacement of annual and com-
paratively short-lived species by long-lived species in the grasslands
located along the gradient suggests that increasing adult longevity
could compensate for the decreasing role of seed reproduction and
consequently soil seed banks in the same communities (Pakeman &
Eastwood, 2013; Saatkamp et al., 2014; Chen et al., 2020).
Elevational gradients encompass a complex combination of envi-
ronmental gradients related to climate (temperature, precipitation),
soil conditions (soil texture and nutrients), disturbance regimes (sub-
strate stability, past and present land use type) and many other en-
vironmental properties (Klimes, 2003; Kérner, 2007). Therefore, not
only increasing low-temperature stress in the form of a shorter growth
period and higher frequency and severity of freezing events along
the elevational gradient could result in the patterns reported here.
Particularly the lowland sites are subject to stronger anthropogenic
pressure at present as they are more intensely used for grazing com-
pared to their upland counterparts. Additionally, some land use legacy
might also influence the communities as lowland sites were historically
more intensively used for agricultural purposes. Therefore, the higher
number of species with persistent seed banks and/or their high den-
sity, along with higher frequencies of annual and short-lived species at
lowland elevations could be additionally explained by the higher dis-
turbance levels (Wellstein & Kuss, 2011; Saatkamp et al., 2014).
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TABLE 3 Summary of principal components analysis on a
community-trait matrix of study persistence traits

PC1 PC2 PC3
Eigenvalue 3.4 1.5 0.7
Proportion of variance (%) 56.4 24.5 11.7
Cumulative proportion (%) 56.4 80.9 92.6
Soil seed bank presence/ 0.85 -0.34 -0.07

absence

Soil seed bank density 0.52 -0.50 0.68
Perenniality -0.78 0.46 0.38
Maximum life span -0.87 -0.16 0.23
Ability for clonal growth 0.49 0.84 0.14
Clonality index 0.88 0.40 0.15

Note: For each axis, the eigenvalues and proportion of variance
explained are provided, in addition to loadings for the first three
principal components for each trait.

Clonality is regarded as an alternative strategy for local species
persistence, especially in stressful environments less favourable for
seed production and seedling establishment (Callaghan et al., 1992;
Grime, 2002; Garcia & Zamora, 2003; Ozinga et al., 2007). As an al-
ternative, clonal species have an increased vegetative reproduction
under unfavourable conditions, because of reduced seed produc-
tion and/or high-risk seed germination and seedling establishment
(Stocklin & Baumler, 1996). Despite increasing environmental unfa-
vourability along the elevational gradient, the proportion of clonal
species in all grasslands studied was equally high. Thus, our hypoth-
esis of increasing importance of clonality as persistence strategy at
high elevations was not supported by the data on capacity for clonal
growth. These findings are in agreement with studies in similar sys-
tems (e.g. Rusch et al., 2010; Wellstein & Kuss, 2011) and the widely
reported observation of a high proportion of clonal species in grass-
land vegetation over temperate Europe in general (Klimes, 1997,
Klimesova & Herben, 2015). The high frequency of clonal species
in all study communities can be explained by two different reasons.
Firstly, at high elevations, the communities are predominantly made
up of clonal perennials, the life span of which is at least one order
of magnitude longer than that of non-clonal perennials (Steinger,
Kérner & Schmid, 1996; de Witte & Stocklin, 2010). Alternatively,
it may also be the result of the dominance of short-statured plans in
uplands, because clonal growth is apparently a typical persistence
strategy in plants of relatively small size, a typical trait of alpine spe-
cies (Aarssen, 2008; Rusch et al., 2010). Secondly, the reason for the
surprisingly high contribution of clonal species to lowland communi-
ties may be the more intense management by current cattle grazing
and higher anthropogenic influence in the past resulting in compara-
tively higher levels of disturbance regimes. As indicated by research
in similar systems, in stable mown or grazed grasslands with limited
safe sites for regeneration by seeds, investing in clonal reproduction
favours species more (Bossuyt & Honnay, 2008; Wellstein & Kuss,
2011).
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In contrast to our expectations, the relative importance of clon-
ality, expressed as the semi-quantitative clonality index, as part of a
persistence strategy declined with increasing elevations, due to de-
creasing proportions of species with larger lateral spread distances
and larger numbers of offspring in the corresponding communities,
respectively. The lower clonality levels at high elevations contra-
dict the theory that low reproductive output of plants occurring in
stressful environments should increase plants’ somatic investment,
thereby supporting clonal growth (Molisch, 1938; Van Groenendael
et al., 1998; Obeso, 2002; Ozinga et al., 2007; Honda, 2008; Laiolo
& Obeso, 2017). Probably, there are two non-exclusive reasons for
this pattern, differences in: (a) site productivity; and (b) disturbance
levels among the study sites. As for the former, the more produc-
tive lowland sites in our study system are occupied by taller plants
that tend to produce longer spacers, due to allometric effects of size
(Aarssen, 2008; Klimesova et al., 2015). As environmental favour-
ability for growth decreases with increasing elevation (e.g. vegeta-
tion periods shorten, soils become drier and more nutrient-poor)
such species are being replaced with smaller, short-statured plants
with reduced lateral spread distances (i.e."phalanx” clonal growth
type; Stocklin, 1992). As for the latter, the above-mentioned com-
paratively higher disturbance levels of anthropogenic origin could
select species with high lateral spread from the regional species pool
(Klimes, 2003; Klimesova et al., 2015). Although there is no pub-
lished evidence for that, we suggest that these two reasons explain
the decline in community-average values for number of offspring
per plant detected here: communities in more productive and/or dis-
turbed habitats tend to be made up of species having more offspring

as compared to those in less productive and/or disturbed habitats.

5 | CONCLUSIONS

The overall conclusion is that plants can exploit three different
strategies to persist in situ (building soil seed banks, increasing adult
longevity and/or clonal reproduction), the dominance of which in a
community can vary depending on environmental variability, in our
case along elevational gradients. This finding has three important
implications for vegetation ecology in general and nature conserva-
tion and restoration ecology in particular. Firstly, it confirms earlier
suggestions that persistence traits play an important role in spe-
cies’ stable co-existence and community assembly (Chesson, 2000;
Grime, 2006; Moora et al., 2009; Klimesova & Herben, 2015). As
for the former, the diverse persistence strategies detected within
the study sites could partially explain the comparatively high spe-
cies richness (e.g. up to 42 species/m? in the alpine vegetation belt;
Bundesamt fiir Umwelt, 2009) in the calcareous grasslands on
nutrient-poor soils, our study system. Further, the presence of these
three persistence strategies representing independent mechanisms
buffering population growth (Chesson, 2000) could explain the long-
term stability of the studied grasslands, especially the upland ones,

against temporal environmental fluctuations (Steinger et al., 1996;



ROSBAKH anp POSCHLOD

12 of 14
°4|— Journal of Vegetation Science %

de Witte & Stocklin, 2010). As for the latter, the gradual change in
the dominant persistence strategy along the elevational gradient
suggests a strong filtering effect (Figure 5) on these traits, confirm-
ing previous suggestions that plant persistence traits may play a cru-
cial role in plant community assembly along environmental gradients
(e.g. Rusch et al., 2010 and Klimesova and Herben, 2015).

Secondly, continuing global warming might potentially lead to
shifts in community composition and structure in the long term, due
to the tight association between persistence strategy and eleva-
tion. Given that seed production is largely limited by temperature in
cold environments (e.g. Pigott & Huntley, 1981; Jump & Woodward,
2003), a warmed climate may continuously favour species relying on
soil seed banks and clonality as persistence strategies, resulting in
their higher frequency and abundance and the reduced role of non-
clonal, long-lived species with no or scarce soil seed banks in the
corresponding communities.

Thirdly, restoration of severely disturbed or even degraded
grasslands at high elevations by topsoil translocation from intact
patches, a common practice in restoration (e.g. Térok et al., 2011),
seems to be limited as both species number and seed density in the
soil are comparatively low. Thus, seed sowing, hay transfer or plant
translocation can be used there as effective restoration techniques
(Urbanska & Chambers, 2002).

ACKNOWLEDGEMENTS

We thank Maxi Bleicher, Anna-Rita Gabel, Fridtjof Gilck, Patricia
Krickl, Theresa Lehmair, Hanna Neppl, Josef Simmel, Christoph
Parzefall, Peter Sothmann and Irina Weinberger for their help
with seed bank collection, cultivation and seedling identifica-
tion. The accommodation and access to the study sites in 2009
was provided by the National Park Berchtesgaden. We also thank
Loic Chalmandrier for his comments on the earlier version of the

manuscript.

AUTHOR CONTRIBUTIONS

PP and SR conceived the paper; SR collected the data and performed
the statistical analysis. SR and PP wrote the paper. Both authors con-
tributed substantially to the paper and gave approval for publication.

DATA AVAILABILITY STATEMENT

The original soil seed bank data used in this paper are available in
Appendix S4. The data on maximum life span and clonality are avail-
able in the “Flora Indicativa” and “CLO-PLA" databases, respectively.

ORCID

Sergey Rosbakh https://orcid.org/0000-0002-4599-6943

REFERENCES

Aarssen, L.W. (2008) Death without sex - the 'problem of the small' and
selection for reproductive economy in flowering plants. Evolutionary
Ecology, 22, 279-298. https://doi.org/10.1007/s10682-007-9170-z

Abedi, M., Bartelheimer, M. & Poschlod, P. (2014) Effects of substrate
type, moisture and its interactions on soil seed survival of three

Rumex species. Plant and Soil, 374,485-495. https://doi.org/10.1007/
s11104-013-1903-x

Anderson, T.M., Schutz, M. & Risch, A.C. (2012) Seed germination
cues and the importance of the soil seed bank across an environ-
mental gradient in the Serengeti. Oikos, 121, 306-312. https://doi.
org/10.1111/j.1600-0706.2011.19803.x

Arroyo, M.T.K., Cavieres, L.A., Castor, C. & Humana, A.M. (1999)
Persistent soil seed bank and standing vegetation at a high alpine site
in the central Chilean Andes. Oecologia, 119, 126-132. https://doi.
org/10.1007/s004420050768

Bakker, J.P., Poschlod, P., Strykstra, R.J., Bekker, R.M. & Thompson, K.
(1996) Seed banks and seed dispersal: important topics in resto-
ration ecology. Acta Botanica Neerlandica, 45, 461-490. https://doi.
org/10.1111/j.1438-8677.1996.tb00806.x

Bekker, R.M., Schaminee, J.H.J., Bakker, J.P. & Thompson, K. (1998)
Seed bank characteristics of Dutch plant communities. Acta Botanica
Neerlandica, 47, 15-26.

Billings, W.D. & Mooney, H.A. (1968) The ecology of arctic and alpine
plants. Biological Reviews, 43, 481-529. https://doi.org/10.1111/
j.1469-185X.1968.tb00968.x

Bossuyt, B. & Honnay, O. (2008) Can the seed bank be used for eco-
logical restoration? An overview of seed bank characteristics in
European communities. Journal of Vegetation Science, 19, 875-884.
https://doi.org/10.3170/2008-8-18462

Bundesamt fiir Umwelt (2009) Zustand der Biodiversitdt in der Schweiz.
Ergebnisse des Biodiversitdts-Monitorings Schweiz (BDM) im Uberblick,
pp. 1-112. Bern.

Callaghan, T.V,, Carlsson, B.A., Jonsdattir, 1.S., Svensson, B.M., Jonasson,
S., Carlsson, B.A. et al (1992) Clonal plants and environmental change
- introduction to the proceedings and summary. Oikos, 63, 341-347.
https://doi.org/10.2307/3544959

Chen, S.-C., Poschlod, P., Antonelli, A., Liu, U. & Dickie, J.B. (2020) A
trade-off between seed dispersal in space and time. Ecology Letters,
23, 1635-1642. https://doi.org/10.1111/ele.13595

Chesson, P. (2000) Mechanisms of maintenance of species diversity.
Annual Review of Ecology and Systematics, 31, 343-366. https://doi.
org/10.1146/annurev.ecolsys.31.1.343

Corlett, R.T. & Westcott, D.A. (2013) Will plant movements keep up with
climate change? Trends in Ecology and Evolution, 28, 482-488. https://
doi.org/10.1016/j.tree.2013.04.003

Cummins, R.P. & Miller, G.R. (2002) Altitudinal gradients in seed dy-
namics of Calluna vulgaris in eastern Scotland. Journal of Vegetation
Science, 13, 859-866. https://doi.org/10.1111/j.1654-1103.2002.
tb02115.x

Ehrlén, J. & van Groenendael, J.M. (1998) The trade-off between dis-
persability and longevity - an important aspect of plant spe-
cies diversity. Applied Vegetation Science, 1, 29-36. https://doi.
org/10.2307/1479083

Forbis, T.A. (2003) Seedling demography in an alpine ecosystem.
American Journal of Botany, 90, 1197-1206. https://doi.org/10.3732/
ajb.90.8.1197

Funes, G., Basconcelo, S., Diaz, S. & Cabido, M. (2003) Seed bank dy-
namics in tall-tussock grasslands along an altitudinal gradient.
Journal of Vegetation Science, 14, 253-258. https://doi.org/10.1111/
j.1654-1103.2003.tb02150.x

Garcia, D. & Zamora, R. (2003) Persistence, multiple demographic
strategies and conservation in long-lived Mediterranean plants.
Journal of Vegetation Science, 14, 921-926. https://doi.org/10.1111/
j.1654-1103.2003.tb02227.x

Grime, J.P. (2002) Plant strategies, vegetation processes, and ecosystem
properties. New York: John Wiley and Sons.

Grime, J.P. (2006) Trait convergence and trait divergence in herba-
ceous plant communities: mechanisms and consequences. Journal of
Vegetation Science, 17, 255-260.10.1658/1100-9233(2006)17[255:T
catdi]2.0.Co;2


https://orcid.org/0000-0002-4599-6943
https://orcid.org/0000-0002-4599-6943
https://doi.org/10.1007/s10682-007-9170-z
https://doi.org/10.1007/s11104-013-1903-x
https://doi.org/10.1007/s11104-013-1903-x
https://doi.org/10.1111/j.1600-0706.2011.19803.x
https://doi.org/10.1111/j.1600-0706.2011.19803.x
https://doi.org/10.1007/s004420050768
https://doi.org/10.1007/s004420050768
https://doi.org/10.1111/j.1438-8677.1996.tb00806.x
https://doi.org/10.1111/j.1438-8677.1996.tb00806.x
https://doi.org/10.1111/j.1469-185X.1968.tb00968.x
https://doi.org/10.1111/j.1469-185X.1968.tb00968.x
https://doi.org/10.3170/2008-8-18462
https://doi.org/10.2307/3544959
https://doi.org/10.1111/ele.13595
https://doi.org/10.1146/annurev.ecolsys.31.1.343
https://doi.org/10.1146/annurev.ecolsys.31.1.343
https://doi.org/10.1016/j.tree.2013.04.003
https://doi.org/10.1016/j.tree.2013.04.003
https://doi.org/10.1111/j.1654-1103.2002.tb02115.x
https://doi.org/10.1111/j.1654-1103.2002.tb02115.x
https://doi.org/10.2307/1479083
https://doi.org/10.2307/1479083
https://doi.org/10.3732/ajb.90.8.1197
https://doi.org/10.3732/ajb.90.8.1197
https://doi.org/10.1111/j.1654-1103.2003.tb02150.x
https://doi.org/10.1111/j.1654-1103.2003.tb02150.x
https://doi.org/10.1111/j.1654-1103.2003.tb02227.x
https://doi.org/10.1111/j.1654-1103.2003.tb02227.x

ROSBAKH anp POSCHLOD

Heerdt, G.N.J.T., Verweij, G.L., Bekker, R.M. & Bakker, J.P. (1996) An
improved method for seed bank analysis: seedling emergence after
removing the soil by sieving. Functional Ecology, 10, 144. https://doi.
org/10.2307/2390273

Honda, Y. (2008) Ecological correlations between the persistence of the
soil seed bank and several plant traits, including seed dormancy. Plant
Ecology, 196, 301-309. https://doi.org/10.1007/s11258-007-9360-3

Johansson, V.A,, Cousins, S.A.O. & Eriksson, O. (2011) Remnant popu-
lations and plant functional traits in abandoned semi-natural grass-
lands. Folia Geobotanica, 46, 165-179. https://doi.org/10.1007/
s12224-010-9071-8

Jump, A.S. & Woodward, F.I. (2003) Seed production and pop-
ulation density decline approaching the range-edge of
Cirsium species. New Phytologist, 160, 349-358. https://doi.
org/10.1046/j.1469-8137.2003.00873.x

Klimes, L. (1997) Clonal plant architecture: a comparative analysis of
form and function. In: de Kroon, H. & van Groenendael, J. (Eds.) The
ecology and evolution of clonal plants. Backhuys Publishers, Leiden,
pp. 1-29.

Klimes, L. (2003) Life-forms and clonality of vascular plants along an
altitudinal gradient in E Ladakh (NW Himalayas). Basic and Applied
Ecology, 4, 317-328. https://doi.org/10.1078/1439-1791-00163

Klimesova, J., de Bello, F. & Herben, T. (2010) Searching for the rele-
vance of clonal and bud bank traits across floras and communities.
Folia Geobotanica, 46, 109-115. https://doi.org/10.1007/s1222
4-010-9088-z

Klime3ova, J., Danihelka, J., Chrtek, J., de Bello, F. & Herben, T. (2017)
CLO-PLA: a database of clonal and bud-bank traits of the Central
European flora. Ecology, 98, 1179. https://doi.org/10.1002/ecy.1745

KlimeSova, J. & Herben, T. (2015) Clonal and bud bank traits: patterns
across temperate plant communities. Journal of Vegetation Science,
26, 243-253. https://doi.org/10.1111/jvs.12228

Klimesova, J., Nobis, M.P. & Herben, T. (2015) Senescence, ageing and
death of the whole plant: morphological prerequisites and con-
straints of plant immortality. New Phytologist, 206, 14-18. https://
doi.org/10.1111/nph.13160

Korner, C. (1999) Alpine plant life, functional plant ecology of high mountain
ecosystems. Berlin: Springer.

Koérner, C. (2007) The use of 'altitude' in ecological research. Trends
in Ecology and Evolution, 22, 569-574. https://doi.org/10.1016/j.
tree.2007.09.006

Laiolo, P. & Obeso, J.R. (2017) Life-history responses to the altitudinal
gradient. In: Catalan, J., Ninot, J.M. & Aniz, M.M. (Eds.) High moun-
tain conservation in a changing world. Cham: Springer International
Publishing, pp. 253-283.

Laliberté, E., Legendre, P., Shipley, B. & Laliberté, M.E. (2014). Package
‘FD’. Measuring functional diversity from multiple traits, and other
tools for functional ecology.

Landolt, E., Baumler, B., Erhardt, A., Hegg, O., Klotzli, F., Lammler, W.
et al (2010) Flora indicativa: 6kologische Zeigerwerte und biologische
Kennzeichen zur Flora der Schweiz und der Alpen. Bern: Haupt.

Leps, J., de Bello, F., Smilauer, P. & Dolezal, J. (2011) Community trait
response to environment: disentangling species turnover vs intra-
specific trait variability effects. Ecography, 34, 856-863. https://doi.
org/10.1111/j.1600-0587.2010.06904.x

Lundemo, S. & Totland, O. (2007) Within-population spatial variation in
pollinator visitation rates, pollen limitation on seed set, and flower
longevity in an alpine species. Acta Oecologica, 32, 262-268. https://
doi.org/10.1016/j.actao.2007.05.007

Ma, M.J,, Zhou, X.H., Wang, G., Ma, Z. & Du, G.Z. (2010) Seasonal dy-
namics in alpine meadow seed banksalong an altitudinal gradient
on the Tibetan Plateau. Plant and Soil, 336, 291-302. https://doi.
org/10.1007/511104-010-0480-5

Marke, T., Strasser, U., Kraller, G., Warscher, M., Kunstmann, H., Franz,
H. et al (2013) The Berchtesgaden National Park (Bavaria, Germany):

% Journal of Vegetation Science | gotae
a platform for interdisciplinary catchment research. Environmental
Earth Sciences, 69, 679-694. https://doi.org/10.1007/s1266
5-013-2317-z

Molau, U. & Larsson, E.L. (2000) Seed rain and seed bank along an alpine
altitudinal gradient in Swedish Lapland. Canadian Journal of Botany,
78, 728-747. https://doi.org/10.1139/B00-049

Molisch, H. (1938) The longevity of plants. Lancaster, PA: Science Press.

Moora, M., Opik, M., Zobel, K. & Zobel, M. (2009) Understory plant di-
versity is related to higher variability of vegetative mobility of co-
existing species. Oecologia, 159, 355-361. https://doi.org/10.1007/
s00442-008-1209-5

Nobis, M.P. & Schweingruber, F.H. (2013) Adult age of vascular plant spe-
cies along an elevational land-use and climate gradient. Ecography,
36, 1076-1085. https://doi.org/10.1111/j.1600-0587.2013.00158.x

Obeso, J.R. (2002) The costs of reproduction in plants. New Phytologist,
155, 321-348. https://doi.org/10.1046/j.1469-8137.2002.00477.x

Ooi, M.K.J. (2012) Seed bank persistence and climate change. Seed
Science Research, 22, S53-S60. https://doi.org/10.1017/s096025851
1000407

Ortega, M., Levassor, C. & Peco, B. (1997) Seasonal dynam-
ics of Mediterranean pasture seed banks along environmen-
tal gradients. Journal of Biogeography, 24, 177-195. https://doi.
org/10.1046/j.1365-2699.1997.00080.x

Ozinga, W.A., Hennekens, S.M., Schaminee, J.H.J., Smits, N.A.C., Bekker,
R.M., Rémermann, C. et al (2007) Local above-ground persistence
of vascular plants: life-history trade-offs and environmental con-
straints. Journal of Vegetation Science, 18, 489-497.10.1658/1100-92
33(2007)18[489:Lapovp]2.0.Co;2

Pakeman, R.J. & Eastwood, A. (2013) Shifts in functional traits
and functional diversity between vegetation and seed bank.
Journal of Vegetation Science, 24, 865-876. https://doi.
org/10.1111/j.1654-1103.2012.01484.x

Pigott, C.D. & Huntley, J.P. (1981) Factors controlling the distribution
of Tilia cordata at the northern limits of its geographical range. Il
Nature and causes of seed sterility. New Phytologist, 87, 817-839.
https://doi.org/10.1111/j.1469-8137.1981.tb01716.x

Poschlod, P, Kiefer, S., Trankle, U., Fischer, S. & Bonn, S. (1998) Plant spe-
cies richness in calcareous grasslands as affected by dispersability
in space and time. Applied Vegetation Science, 1, 75-91. https://doi.
org/10.2307/1479087

Rees, M. (1993) Trade-offs among dispersal strategies in British plants.
Nature, 366, 150-152. https://doi.org/10.1038/366150a0

Rosbakh, S., Pacini, E., Nepi, M. & Poschlod, P. (2018) An unexplored side
of regeneration niche: seed quantity and quality are determined by
the effect of temperature on pollen performance. Frontiers in Plant
Science, 9, 1036. https://doi.org/10.3389/fpls.2018.01036

Rosbakh, S. & Poschlod, P. (2016) Minimal temperature of pollen germina-
tion controls species distribution along a temperature gradient. Annals
of Botany, 117, 1111-1120. https://doi.org/10.1093/aob/mcw041

Rosbakh, S. & Poschlod, P. (2018) Killing me slowly: harsh environment
extends plant maximum life span. Basic and Applied Ecology, 28, 17-
26. https://doi.org/10.1016/j.baae.2018.03.003

Rusch, G.M., Wilmann, B., Klimesov4, J. & Evju, M. (2010) Do clonal and
bud bank traits vary in correspondence with soil properties and re-
source acquisition strategies? Patterns in alpine communities in the
Scandian mountains. Folia Geobotanica, 46, 237-254. https://doi.
org/10.1007/s12224-010-9072-7

Saatkamp, A., Affre, L., Dutoit, T. & Poschlod, P. (2018) Plant traits and
population characteristics predict extinctions in a long-term survey
of Mediterranean annual plants. Biodiversity and Conservation, 27,
2527-2540. https://doi.org/10.1007/s10531-018-1551-9

Saatkamp, A., Poschlod, P. & Venable, D.L. (2014) The functional role of
soil seed banks in natural communities. In Gallagher, R.S. (ed.) The
ecology of regeneration in plant communities. (263-295). Wallingford:
CABI.


https://doi.org/10.2307/2390273
https://doi.org/10.2307/2390273
https://doi.org/10.1007/s11258-007-9360-3
https://doi.org/10.1007/s12224-010-9071-8
https://doi.org/10.1007/s12224-010-9071-8
https://doi.org/10.1046/j.1469-8137.2003.00873.x
https://doi.org/10.1046/j.1469-8137.2003.00873.x
https://doi.org/10.1078/1439-1791-00163
https://doi.org/10.1007/s12224-010-9088-z
https://doi.org/10.1007/s12224-010-9088-z
https://doi.org/10.1002/ecy.1745
https://doi.org/10.1111/jvs.12228
https://doi.org/10.1111/nph.13160
https://doi.org/10.1111/nph.13160
https://doi.org/10.1016/j.tree.2007.09.006
https://doi.org/10.1016/j.tree.2007.09.006
https://doi.org/10.1111/j.1600-0587.2010.06904.x
https://doi.org/10.1111/j.1600-0587.2010.06904.x
https://doi.org/10.1016/j.actao.2007.05.007
https://doi.org/10.1016/j.actao.2007.05.007
https://doi.org/10.1007/s11104-010-0480-5
https://doi.org/10.1007/s11104-010-0480-5
https://doi.org/10.1007/s12665-013-2317-z
https://doi.org/10.1007/s12665-013-2317-z
https://doi.org/10.1139/B00-049
https://doi.org/10.1007/s00442-008-1209-5
https://doi.org/10.1007/s00442-008-1209-5
https://doi.org/10.1111/j.1600-0587.2013.00158.x
https://doi.org/10.1046/j.1469-8137.2002.00477.x
https://doi.org/10.1017/s0960258511000407
https://doi.org/10.1017/s0960258511000407
https://doi.org/10.1046/j.1365-2699.1997.00080.x
https://doi.org/10.1046/j.1365-2699.1997.00080.x
https://doi.org/10.1111/j.1654-1103.2012.01484.x
https://doi.org/10.1111/j.1654-1103.2012.01484.x
https://doi.org/10.1111/j.1469-8137.1981.tb01716.x
https://doi.org/10.2307/1479087
https://doi.org/10.2307/1479087
https://doi.org/10.1038/366150a0
https://doi.org/10.3389/fpls.2018.01036
https://doi.org/10.1093/aob/mcw041
https://doi.org/10.1016/j.baae.2018.03.003
https://doi.org/10.1007/s12224-010-9072-7
https://doi.org/10.1007/s12224-010-9072-7
https://doi.org/10.1007/s10531-018-1551-9

ROSBAKH anp POSCHLOD

14 of 14 . . &~

4|— Journal of Vegetation Science Q}V

Scherrer, D. & Korner, C. (2011) Topographically controlled thermal-
habitat differentiation buffers alpine plant diversity against cli-
mate warming. Journal of Biogeography, 38, 406-416. https://doi.
org/10.1111/j.1365-2699.2010.02407.x

Schweingruber, F. & Poschlod, P. (2005) Growth rings in herbs and
shrubs: life span, age determination and stem anatomy. Forest Snow
and Landscape Research, 79, 195-415.

Song, M.H., Dong, M. & lJiang, G.M. (2002) Importance of clonal
plants and plant species diversity in the Northeast China Transect.
Ecological Research, 17, 705-716. https://doi.org/10.1046/
j.1440-1703.2002.00527.x

Steinacher, G. & Wagner, J. (2013) The progamic phase in high-mountain
plants: from pollination to fertilization in the cold. Plants (Basel), 2,
354-370. https://doi.org/10.3390/plants2030354

Steinger, T., Kérner, C. & Schmid, B. (1996) Long-term persistence in a
changing climate: DNA analysis suggests very old ages of clones of
alpine Carex curvula. Oecologia, 105, 94-99. https://doi.org/10.1007/
BF00328796

Stocklin, J. (1992) Environment, morphology and growth of clonal plants
- an overview. Botanica Helvetica, 102, 3-21.

Stocklin, J. & Baumler, E. (1996) Seed rain, seedling establishment and
clonal growth strategies on a glacier foreland. Journal of Vegetation
Science, 7, 45-56. https://doi.org/10.2307/3236415

Thompson, K., Bakker, J.P. & Bekker, R.M. (1997) The soil seed banks of
North West Europe: methodology, density and longevity. Cambridge:
Cambridge University Press.

Torok, P, Vida, E., Deak, B., Lengyel, S. & Tothmeresz, B. (2011) Grassland
restoration on former croplands in Europe: an assessment of appli-
cability of techniques and costs. Biodiversity and Conservation, 20,
2311-2332. https://doi.org/10.1007/s10531-011-9992-4

Urbanska, K.M. & Chambers, J.C. (2002) High-elevation ecosystems.
In: Perrow, M.R. & Davy, A.J. (Eds.) Handbook of ecological resto-
ration. Cambridge, UK: Cambridge University Press Cambridge, pp.
376-400.

Van Groenendael, J., Ouborg, N. & Hendriks, R. (1998) Criteria for the
introduction of plant species. Acta Botanica Neerlandica, 47, 3-13.

Welling, P., Tolvanen, A. & Laine, K. (2004) The alpine soil seed standing
vegetation bank in relation to field seedlings and in subarctic Finland.
Arctic Antarctic and Alpine Research, 36, 229-238.10.1657/1523-043
0(2004)036[0229:Tassbi]2.0.Co;2

Wellstein, C. & Kuss, P. (2011) Diversity and frequency of clonal traits
along natural and land-use gradients in grasslands of the Swiss Alps.
Folia Geobotanica, 46, 255-270. https://doi.org/10.1007/s1222
4-010-9075-4

de Witte, L.C. & Stocklin, J. (2010) Longevity of clonal plants: why it mat-
ters and how to measure it. Annals of Botany, 106, 859-870. https://
doi.org/10.1093/aob/mcq191

Ye, D., Hu, Y., Song, M., Pan, X., Xie, X, Liu, G. et al (2014) Clonality-
climate relationships along latitudinal gradient across China: adapta-
tion of clonality to environments. PLoS One, 9, €94009. https://doi.
org/10.1371/journal.pone.0094009

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

Appendix S1. Location of the study sites in the Bavarian Alps,
Germany.

Appendix S2. Environmental characteristics of the study sites.
Appendix S3. Correlation matrix for environmental factors mea-
sured in the study sites along the elevational gradient.

Appendix S4. Soil seed bank data used for the analysis.

How to cite this article: Rosbakh S, Poschlod P. Plant
community persistence strategy is elevation-specific. J Veg
Sci. 2021;32:13028. https://doi.org/10.1111/jvs.13028



https://doi.org/10.1111/j.1365-2699.2010.02407.x
https://doi.org/10.1111/j.1365-2699.2010.02407.x
https://doi.org/10.1046/j.1440-1703.2002.00527.x
https://doi.org/10.1046/j.1440-1703.2002.00527.x
https://doi.org/10.3390/plants2030354
https://doi.org/10.1007/BF00328796
https://doi.org/10.1007/BF00328796
https://doi.org/10.2307/3236415
https://doi.org/10.1007/s10531-011-9992-4
https://doi.org/10.1007/s12224-010-9075-4
https://doi.org/10.1007/s12224-010-9075-4
https://doi.org/10.1093/aob/mcq191
https://doi.org/10.1093/aob/mcq191
https://doi.org/10.1371/journal.pone.0094009
https://doi.org/10.1371/journal.pone.0094009
https://doi.org/10.1111/jvs.13028

