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Abstract The future trajectory of forest ecosystems

under climate change is heavily debated. Previous studies

on the impacts of climate change on forest ecosystems have

focused mainly on direct effects of altered climatic con-

ditions, whereas interactions with disturbance events have

been largely neglected. The aim of this study is to explore

interactions of drought with fire disturbance and to assess

their effects on tree species shifts in the European Central

Alps. Tree recruitment after a stand replacing wildfire in

the Rhone valley, Switzerland, was measured along an

altitudinal temperature moisture gradient. Recruitment was

more successful in pioneer species (Betula pendula, Pop-

ulus tremula and Salix appendiculata) than in pre-fire stand

forming (PFSF) species (Larix decidua, Picea abies and

Pinus sylvestris). Seedling and sapling density was not

related to fire intensity, but it correlated with the distance to

the forest edge in PFSF species. The window of opportu-

nity for seedling establishment was short (1–2 years), and

moisture deficit was the main limiting factor for tree

recruitment at lower altitudes. We suggest that prolonged

drought periods, as projected under continued global

warming, will further aggravate tree recruitment success

after fire disturbance at low altitudes of the Central Alps

and may eventually lead to a shift from PFSF species to

either more drought-tolerant species or to forest-free

vegetation.

Keywords Central Europe � Disturbance � Drought �
Pine forest � Post-fire regeneration � Tree recruitment

Introduction

As a consequence of the projected long-term changes in

temperature and precipitation fluctuations in Central Eur-

ope (Schär et al. 2004), climate envelope models predict

major shifts of tree species’ ranges both in latitude (Sykes

et al. 1996; Thuiller 2003; Thuiller et al. 2006) and altitude

(Brzeziecki et al. 1995; Sykes and Prentice 1996). Current

evidence for future tree species’ shifts is most often based

on observed changes in growth rates (e.g. Jump et al.

2006), forest species composition (see review by Walther

2003), forest phenology (Badeck et al. 2004; Linderholm

2006) or tree-line movements (Kullman 2002; Payette et al.

1989), whereas reports on changes in tree recruitment are

still sparse (Peñuelas et al. 2007). In practice, shifts of tree

species in undisturbed forests are difficult to detect, and the

speed and the magnitude of climate-induced range shifts or

changes in forest species assemblages are heavily debated.

Several authors suggest that increased temperatures alone

will not fundamentally alter forest ecosystems, while

interactions of climate change with disturbance events, by

contrast, may trigger abrupt and irreversible changes in

forest species composition (Chapin et al. 2004; Dale et al.

2001). The modelling study by Schumacher & Bugmann

(2006) predicts that increasing temperatures in combina-

tion with fire disturbance may become a major factor

shaping Alpine forest ecosystems in the future. Similarly,

Overpeck et al. (1990) suggest that increased disturbance

frequencies accelerate forest vegetation responses to cli-

mate change in North America. Interactions of climate

change with disturbance have been largely neglected in the
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prediction of the future trajectory of forest ecosystems,

although some authors discussed the impact of shorter fire

intervals on forest composition (Dale et al. 2001; Johnstone

and Chapin 2006). However, fire may affect tree species

composition much more directly and on a shorter time

scale than through changes in fire frequency, e.g. by

destroying the existing canopy and opening a window for

the establishment of new species that are better adapted

to modified climatic conditions (Overpeck et al. 1990;

Tercero-Bucardo et al. 2007). Since fire frequency is cur-

rently low in Central European forests (Tinner et al. 2005), it

has not been considered as important for shaping coniferous

forest ecosystems as e.g. in North America (Attiwill 1994).

Thus, forest gap initiation in combination with altered cli-

matic conditions may be the main factor triggering tree

species shifts in the European Alps in the short term.

Tree recruitment after fire disturbance depends on a

variety of factors such as propagule availability, germina-

tion success and seedling survival and establishment

(Rodrı́guez-Pérez and Traveset 2007). In coniferous spe-

cies, propagule availability after a disturbance is primarily

determined by the seed rain from live trees and the dis-

persal capacity of the seeds, whereas asexual reproduction

and persistent seed banks are less common (Greene et al.

2005; Krüssmann 1983; Zasada et al. 1992), although

aerial seed banks are known in some species (e.g. Picea

mariana (Mill.) Britton et al. Pinus banksiana Lamb.;

Greene and Johnson 2000). Depending on fire severity, a

seedling and sapling bank may survive. In European

conifers, seed germination and seedling survival after dis-

turbance are generally thought to be favoured by a thin

organic layer, exposed mineral soil and sufficient moisture

(Brang 1998; Greene et al. 2005; Valkonen and Maguire

2005; Vanha-Majamaa et al. 1996), whereas the effect of

mosses is not consistent (Hanssen 2003; Valkonen and

Maguire 2005; Wohlgemuth et al. 2002). Studies at the

southern distribution limit of Scots pine Pinus sylvestris L.

suggest that long drought periods during the growing sea-

son, which are predicted to increase in Central Europe as a

consequence of climate change (Schär et al. 2004;

Schmidli and Frei 2005), may become a major threat to the

establishment of conifer seedlings in Central Europe in the

future (Castro et al. 2004; Castro et al. 2005).

The aim of this study is to assess whether interactions of

fire disturbance with temperature and precipitation may

accelerate climate-induced tree species shifts in forests of the

dry valleys of the European Central Alps. We assessed

recruitment success of different tree species after a stand

replacing wildfire in the Valais, Switzerland, one of the driest

regions in the Alps. Tree recruitment, air temperature and

precipitation were quantified along an altitudinal gradient of

1,200 m (900–2,100 m a.s.l.), which corresponds to a tem-

perature moisture gradient. We tested: (1) whether the

recruitment success of pre-fire stand forming (PFSF) tree

species increases with altitude, i.e. with increasing precipi-

tation, (2) whether tree species other than PFSF species (e.g.

pioneer species) successfully establish at low altitudes, i.e.

under high temperatures and low precipitation and (3) whe-

ther seedbed conditions in terms of availability of exposed

mineral soil and moss cover, distance to the live forest edge

or fire severity are more important for tree regeneration after

fire disturbance than temperature and precipitation.

Materials and methods

Study site

The study site is located near Leuk in the Central Alpine

Rhone valley in the Valais, Switzerland (46�200N, 7�390E;
Fig. 1a). A wildfire started by arson in 2003 burnt 310 ha

of forest along an altitudinal gradient of 1,200 m ranging

from 900 m a.s.l. to the tree line at 2,100 m a.s.l (Fig. 1c).

The pre-fire forest communities consisted of Scots pine

Pinus sylvestris L. in the lower montane zone (900–

1,300 m a.s.l.), Norway spruce Picea abies (L.) H. Karst. in

the upper montane zone (1,300–1,700 m a.s.l.) and mixed

spruce and larch Larix decidua Mill. forest in the subalpine

zone between 1,700 m a.s.l. and the tree line (Ott et al.

1997). The pre-fire vegetation also included a small pro-

portion of downy oak Quercus pubescens Willd. in the

lowest parts of the study site, but the main distribution of

this species is below 900 m a.s.l. Apart from the area

immediately adjacent to the burn edge and a small area (ca.

1 ha) of Norway spruce and larch that survived the fire at

1,750 m a.s.l., the understory vegetation as well as the

foliage and fine twigs of all standing trees was completely

consumed. The fire further destroyed 80% of the soil

organic layer (Wohlgemuth et al. 2005).

The upper Rhone valley has a continental climate sim-

ilar to that of the Briançonnais in France and the Val

d’Aoste and Vinschgau in Italy (Zumbrunnen et al. 2009),

which is characterised by low precipitation levels, espe-

cially during the summer months (average annual precipi-

tation 637 mm at 539 m a.s.l.; meteorological station

Sierre, MeteoSwiss). In comparison with southern Euro-

pean regions (e.g. the Mediterranean basin), the fire activity

in the Rhone valley is currently rather low. Between

1904 and 2006, 129 fires/100 km2 of forest occurred below

1,400 m a.s.l., but only 40 fires/100 km2 of forest were

observed at higher altitudes (Zumbrunnen et al. 2009).

Tree recruitment survey

In 2004, 125 permanent sampling plots of 50 m2 were

established on a systematic grid of 125 m 9 125 m within
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the burnt area (Fig. 1c). Distances of the sampling plots to

the nearest forest edge and/or the 1 ha within-burn zone

where living trees remained vary between 3 and 463 m.

From 2004 to 2007, the number of seedlings (0–10 cm

height) and saplings (11–500 cm height) was recorded

annually for each tree species during summer season

(June–August). Seedling mortality was calculated from

differences between years, taking into account seedlings

grown into the sapling stage. The cover of mosses, her-

baceous species and exposed mineral soil (with or without

ash) were estimated using the decimal scale of Londo

(1976). The thickness of the ash layer in 2004 (median of

nine measurements/plot) was used as an index of fire

intensity (Henig-Sever et al. 2001). Because the fire was

severe throughout the entire burnt area and the crowns of

all standing trees were completely scorched, we could not

rely on crown scorch height or similar, more commonly

used measurements of fire intensity. Annual records of

cone production made by A. Burkart, Versuchsgarten

WSL, in Graechen and Gampel Steg, two sites in the

Rhone valley near Leuk, were used to estimate seed rain of

Scots pine, Norway spruce and larch in the years following

the fire (2004–2006).

Climate data

The climate along the altitudinal gradient was quantified

using different data sources: (1) short-term monthly aver-

age temperatures and monthly average precipitation (2005–

2007) measured within the burn at 13 temperature and 7

precipitation gauging stations, respectively, located along

the altitudinal gradient (Fig. 1c) and (2) long-term monthly

average precipitation (1931–2007) measured at two mete-

orological stations run by MeteoSwiss and located in the

close vicinity of the burn, in Sierre (539 m a.s.l.) and

Montana (1,508 m a.s.l.; Fig. 1b). Within the burn, tem-

perature was measured with Thermochron iButtons

(DS1922L with a resolution of 0.5�C; Maxim Integrated

Products, Sunnyvale, USA) fixed in pairs under a sunshade

at 2 m above soil level. Precipitation was measured

annually from June to September using Campbell rain

gauges. Precipitation measurements were not possible

during months with snowfall, i.e. October to May at the

highest gauging station.

A monthly drought index (DRI) was calculated

according to Thornthwaite (1948): DRI = P - PE, with P

equal to the monthly precipitation sum, and PE equal to the

estimated potential evapotranspiration in the same month, a

function of monthly mean temperatures and geographical

latitude. Values of DRI below zero indicate moisture def-

icits. Bigler et al. (2006) evaluated different drought indi-

ces for the Rhone valley and found no differences between

the simple index of Thornthwaite and more mechanistic

ones.

Data analyses

The distribution of seedling and sapling density as well as

the distribution of herbaceous vegetation along the altitu-

dinal gradient was modelled with generalized additive

models (GAMs) using the ‘gam’ function of the R ‘mgcv’

library with Gaussian error distribution. Generalized linear

models (GLMs) were then used to investigate the rela-

tionship between tree recruitment (number of seedlings and

saplings 0–500 cm) in the first 4 years after the fire (2004–

2007) and the factors altitude (m a.s.l.), availability of

exposed mineral soil (%), moss cover (%), distance to the

live forest edge (m) and thickness of the ash layer in 2004

(cm). Since the response variable was discrete (number of

seedlings and saplings 0–500 cm), we fitted a GLM with

Poisson distribution and log link. The predictors were

standardised prior to the analysis. Stepwise model opti-

misation was used in order to select the most parsimonious

model, i.e. variables were only added to the model if they

were significant and the change in D2 was C10%. Fol-

lowing the distribution of pre-fire forest communities along

Fig. 1 a Location of the study site in the inner-alpine valley of the

Valais, Switzerland. b Locations of the 310 ha burn near Leuk and the

MeteoSwiss stations in Sierre (539 m a.s.l.) and Montana (1,508 m

a.s.l.). c Locations of the 125 sampling plots (small dots) and the 13

meteorological stations (large dots) measuring temperature (T) and

precipitation (P) within the burn
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the altitudinal gradient, seedling survival and mortality as

well as the proportion of different tree species present in

2007 were calculated for each altitudinal zone (lower

montane, upper montane and subalpine) separately. Linear

regression was used to assess temperature and precipitation

trends along the altitudinal gradient within the burn. The

analysis focused on the spring months (April–June), the

most important season for seedling establishment and tree

growth in Scots pine and Norway spruce (e.g. Castro 2006;

Pichler and Oberhuber 2007; Rigling et al. 2002). DRI’s

along the altitudinal gradient were calculated for the month

of June only, because precipitation measurements were not

possible in April and May. In contrast, long-term precipi-

tation levels were analysed for the entire spring season as

well as on an annual basis. Statistical analyses were done

using the statistical computing system R Version 2.4.1

(R Development Core Team 2006).

Results

Tree recruitment along the altitudinal gradient

The density of tree seedlings and saplings (0–500 cm) per

ha varied considerably along the altitudinal gradient with

almost no seedlings below 1,100 m a.s.l. and a sharp

increase above 1,600 m a.s.l. (Fig. 2a). In 2007, total

numbers/ha (±SE) averaged 590 (±148) in the lower

montane zone (900–1,299 m a.s.l.) and 696 (±139) in the

upper montane zone (1,300–1,699 m a.s.l.), whereas an

average of 2,821 (±701) seedlings and saplings/ha were

found in the subalpine zone (1,700–2,100 m a.s.l.). In all

altitudinal zones, the majority of seedlings and saplings

belonged to the deciduous pioneer species silver birch

Betula pendula Roth., aspen Populus tremula L. and wil-

low Salix appendiculata Vill. (900–1,299 m: 79.3%;

1,300–1,699 m: 97.4% and 1,700–2,100 m: 85.3%), while

the PFSF species larch, downy oak, Scots pine and Norway

spruce represented only a small portion (900–1,299 m:

12.4%; 1,300–1,699 m: 2.5% and 1,700–2,100 m: 14.4%).

Resprouting was very sparse and was only observed in

downy oak. In contrast to tree recruitment, revegetation of

the understory occurred rapidly after the fire, and the

average cover of herbaceous species exceeded 60% at all

but the lowest altitudes in 2007 (Fig. 2b).

The number of tree seedlings and saplings (0–500 cm)

was neither related to the thickness of the ash layer nor to

the cover of mosses (Table 1). However, seedling and

sapling densities of both PFSF and pioneer species

increased with altitude. While the density of PFSF species

was inversely proportional to the distance to the forest edge

in the first 3 years after the fire, pioneer species showed a

(positive) relationship with the distance to the forest edge

only in 2004. Seedling and sapling density was negatively

related to the availability of exposed mineral soil in the first

3 years after the fire (PFSF: 2004–2005; pioneer species:

2005–2006).

The number of seedlings (0–10 cm) peaked in 2004 and

then continuously decreased in the following years (Fig. 3).

The abundance of tree seedlings was low in the lower and

upper montane zones, but jumped in the subalpine zone.

The mortality of PFSF seedlings was high in all altitudinal

zones and in all years, mostly exceeding 60%. By contrast,

annual seedling mortality in pioneer species was mostly

lower than 25% in the first 2 years (it reached 39% in the

lower montane zone in the second year) but increased in

the third year and reached as much as 89% in the subalpine

zone.
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Fig. 2 a Number of seedlings and saplings (0–500 cm) of pre-fire

stand forming and pioneer species, respectively, along the altitudinal

gradient in 2007, 4 years after the stand replacing wildfire. Seedling

and sapling densities along the gradient were modelled using

generalized additive models (GAMs). b Revegetation at different

altitudes in the first 4 years after the fire: curves represent mean cover

of herbaceous species (black) ± SE (light grey) modelled by GAMs.

Vertical lines represent the distribution of the sampling plots along

the altitudinal gradient
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Observations of cone production in Graechen and

Gampel Steg near Leuk indicate that seeds of larch and

Scots pine were available in all years, whereas Norway

spruce failed to produce seeds in spring 2005 and 2006

(Table 2).

Climate along the altitudinal gradient

Air temperature and precipitation linearly changed along

the altitudinal gradient within the burn (Fig. 4a and b; data

shown for June only). The slopes of the regression lines

were similar in all years, indicating that temperature and

precipitation increments along the altitudinal gradient are

reasonably constant. In June, differences in precipitation

levels reached between 15 and 21 mm on a gradient of

1,000 m in the years 2005–2007, whereas temperatures

differed by 6.7–7.2�C. Similar differences along the alti-

tudinal gradient can be found in the long-term precipitation

measurements at the two meteorological stations in Sierre

(539 m a.s.l.) and Montana (1,508 m a.s.l.). The difference

Table 1 Results of analysis of deviance on the effects of altitude

(m a.s.l.), distance to forest edge (m), cover of exposed mineral soil

(%), moss cover (%) and thickness of the ash layer in 2004 (cm) on

the number of seedlings and saplings of pre-fire stand forming species

(Larix decidua, Picea abies, Pinus sylvestris and Quercus pubescens)
and pioneer species (Betula pendula, Populus tremula and Salix
appendiculata), respectively, 2–4 years after the stand replacing

wildfire in 2003

Variables Pre-fire stand forming species Pioneer species

2004 2005 2006 2007 2004 2005 2006 2007

Altitude 2.177 1.367 2.461 4.248 8.405 2.865 2.509 3.082

Distance to forest edge -4.055 -1.536 -3.876 – 2.954 – – –

Exposed mineral soil -1.676 -1.417 – 4.567 – -2.218 -5.855 –

Moss cover – – – – – – – 1.516

Ash layer – – – – – – – –

D2 0.46 0.19 0.28 0.23 0.45 0.30 0.29 0.26

Coefficients are shown for those variables included after stepwise model optimisation using standardised predictors. D2 per cent deviance

explained
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Fig. 3 Survival and mortality of tree seedlings (0–10 cm) along the

altitudinal gradient in the first years after the fire: positive bars

represent the number of seedlings survived in each period

(mean ± SE), negative bars represent disappeared seedlings. The

sum of the absolute values of the negative and positive bars equals the

total number of seedlings present at the beginning of each period.

a Pre-fire stand forming species (Larix decidua, Picea abies, Pinus
sylvestris and Quercus pubescens); b pioneer species (Betula pendula,
Populus tremula and Salix appendiculata)

Table 2 Cone production of Larix decidua, Picea abies and Pinus
sylvestris in two regions of the Rhone valley near Leuk, Switzerland,

in spring 2004, 2005 and 2006 (data provided by A. Burkart)

Species Region 2004 2005 2006

Larix decidua Graechen 1 2 1

Picea abies Gampel Steg 2 0 0

Graechen 1 0 0

Pinus sylvestris Graechen 2 1 3

0, no cones observed; 1,\50% of trees produced cones; 2, 50% of

trees produced cones; 3,[50% of trees produced cones (masting)
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in mean precipitation (1931–2007) between the two loca-

tions amounts to 70 mm in spring (April–June) and to

314 mm annually (Fig. 5). Even in the extremely dry year

of 2003, precipitation at Montana exceeded the long-term

average of Sierre (1931–2007) considerably. By contrast,

the annual precipitation at Sierre did not reach the long-

term average of Montana during the extraordinarily wet

2007.

The DRI showed marked differences in the amount of

water available to plants along the altitudinal gradient at

the end of spring (Fig. 4c). In June, water availability was

46–49 mm higher at 2,000 m than at 1,000 m a.s.l.,

depending on the year. In 2005 and 2006, years with

moderately wet spring seasons (Fig. 5a), the potential

evapotranspiration exceeded precipitation at 1,000 m a.s.l.

by 48 and 62 mm, respectively, resulting in a clear water

deficit. Even in the extraordinarily wet spring of 2007,

precipitation exceeded the potential evapotranspiration

only marginally at the lowest altitude. At higher altitudes,

water was abundant in 2007, and the moisture deficit was

small in 2005.

Discussion

During the last centuries, fire has played a minor role in

shaping forest ecosystems in the Central Alpine valley of

the Valais (Schumacher and Bugmann 2006), where 85%

of the fires with known source of ignition are caused by

humans (Zumbrunnen et al. 2009). Nevertheless, small
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Fig. 5 Comparison of long-term precipitation levels (1931–2007) at

two contrasting altitudes represented by the two meteorological

stations Montana (1,508 m a.s.l.) and Sierre (539 m a.s.l.) in the

vicinity of the burnt area (data from MeteoSwiss). a Spring

precipitation (April–June); b annual precipitation. Vertical lines

represent precipitation levels of individual years from 1931–2007,

bold lines indicate the year of the burn (2003) and the first years after

the fire (2004–2007). Grey curves represent a fitted normal

distribution
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fires occur regularly in this region, and there is strong

evidence that increasing temperatures and changes in forest

use and management will lead to an increase in large fire

events at low altitudes (Zumbrunnen et al. 2009). Model-

ling studies have already suggested that fire may become

more important for forest dynamics in the Central Alps

than changes in growth conditions due to global warming

(Elkin et al. 2010; Schumacher and Bugmann 2006). Our

study suggests that reforestation after large, stand replacing

fires in the European Central Alps has to rely mainly on

recruitment from seeds, both because high intensity fires

destroy the seedling and sapling bank, and resprouting is

not common in Scots pine and Norway spruce (Zasada

et al. 1992). The fact that post-fire regeneration in Scots

pine almost exclusively depends on seed rain from outside

the burnt area is also known from Mediterranean areas

(Habrouk et al. 1999). The sharp decline in the number of

tree seedlings 2 and 3 years after the fire in Leuk indicates

that the window of opportunity for tree recruitment is very

short. This is consistent with studies in boreal forests

(Charron and Greene 2002; Greene et al. 2004). The rapid

spread of herbaceous species increased competition and

reduced the availability of favourable seedbed (Wohlge-

muth et al. 2002), which we consider to be the main reason

limiting germination of tree seeds and early survival in our

site 2 and 3 years after the fire. However, boreal studies

suggest that the reduction in granivores by the fire may also

be important (Charron and Greene 2002; Greene et al.

2004). Although short, the period of low competition after

the fire was long enough for pioneer species such as aspen

and willow. Their small, anemochorous seeds disperse over

large distances (Braatne et al. 1996; Müller-Schneider

1986) and were thus able to reach the whole burnt area by

the second year after the fire (Clark et al. 1998; McEuen

and Curran 2004). By contrast, dispersal distances in the

coniferous, PFSF species are smaller (Brown et al. 1988;

Dovciak et al. 2008; Müller-Schneider 1986), and seed

availability depends on the presence of live seed trees, as

indicated by the negative correlation between the number

of seedlings and saplings and the distance to the forest edge

in our study (cf. Greene and Johnson 2000 and Keyser et al.

2008 for North American conifers). Moreover, seed

availability in Scots pine and Norway spruce varies con-

siderably between years (masting; Rohmeder 1972; Zack-

risson et al. 1999). Since the window of opportunity for

seedling establishment is short and seedling mortality was

high in all years, abundant seed supply and favourable

growth conditions in the first 2 years after a fire are crucial

for successful tree recruitment.

Many studies in boreal forests of North America dem-

onstrated a positive relationship between sapling density

and fire intensity, which has been linked to the better

performance of seedlings on soils with thin organic layers

as opposed to thick organic layers present after low

severity fires (Greene et al. 2007; Jayen et al. 2006;

Johnstone and Kasischke 2005; Turner et al. 1997; but see

Keyser et al. 2008). Similarly, exposed mineral soil is

considered as favourable seedbed after disturbance in

European boreal forests (Brang 1998; Valkonen and

Maguire 2005; Vanha-Majamaa et al. 1996), but it has been

suggested that microclimatic conditions, especially water

availability, are even more important for tree recruitment

than seedbed type (Oleskog and Sahlen 2000; Vanha-Ma-

jamaa et al. 1996). In our study, tree recruitment was

negatively related to the availability of exposed mineral

soil in the first years after the fire. In contrast to windthrow

disturbance in subalpine forests, where exposed mineral

soil indicates low competition (Brang 1998; Wohlgemuth

et al. 2002), this seedbed type seems to provide adverse

growth conditions in the first years after a stand replacing

fire. Recruitment success was independent of fire intensity

in our study, which may be mainly due to the fact that the

fire was severe in all parts of the Leuk burn. Consequently,

the variation in fire intensity may have been too small to be

relevant for seed germination and seedling establishment.

Contrary to fire intensity and exposed mineral soil, post-fire

seedling and sapling density increased with altitude in all

years and both species groups. The sparse regeneration of

Scots pine at lower altitudes in Leuk contrasts with several

studies reporting fast and abundant post-fire recruitment of

this species in European boreal forests (Hancock et al.

2009; Östlund et al. 1997; Zackrisson 1977), where water

availability is rarely a limiting factor. Temperature and

precipitation measurements in our site demonstrated that

moisture deficits in the second and third years after the fire

were considerable at lower and medium altitudes in June,

even though precipitation levels in these years were above

the long-term average. At higher altitudes, however,

moisture deficits were small in the same years. Conse-

quently, years with favourable moisture conditions for

seedling establishment in spring are rare at low and med-

ium altitudes, and successful seedling establishment

requires precipitation levels far above the long-term aver-

age. Thus, we suggest that drought is the key limiting

factor for tree recruitment after fire disturbance in the

Central Alps. This is concordant with various studies

showing that water availability in spring is one of the most

important factors affecting germination, seedling estab-

lishment and tree growth in Scots pine and Norway spruce

(Castro 2006; Castro et al. 2005; Pichler and Oberhuber

2007; Rigling et al. 2002), the main pre-fire species at low

and medium altitudes in our site. Since the rise in tem-

perature and the prolongation of drought periods are

expected to continue during the coming decades (Beniston

et al. 2007; IPCC 2007), windows of opportunity for tree

regeneration after fire disturbance may become
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increasingly rare at lower altitudes of the Central Alps.

Scots pine forests in the lower montane zone of the Rhone

valley have already been considered vulnerable to climate

change because of their limited drought tolerance (Bigler

et al. 2006; Rebetez and Dobbertin 2004; Weber et al.

2007). Based on observations in mature stands, Rigling and

Cherubini (1999) suggested that dominant Scots pine will

be replaced by the more drought-resistant downy oak with

continued global change, whereas dynamic vegetation

models go even further and predict the transition of these

forests into steppe under climate change scenarios involv-

ing an increase in temperature of 4.7�C or more (Bugmann

1999). The failure of tree regeneration at lower altitudes in

our study in years with precipitation levels above the long-

term average indicates that such changes may be acceler-

ated by disturbance events such as wildfires, which in turn

supports the predictions by Schumacher and Bugmann

(2006) and Elkin et al. (2010) that wildfires may become

important for shaping forest ecosystems in the future even

in areas where fire disturbance is currently low.
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