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Tree recruitment of European tree species
at their current upper elevational limits
in the Swiss Alps
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INTRODUCTION

When assessing the population dynamics of tree species at the

‘leading edge’ of their distribution area, most studies have

focused on changes occurring at the tree-line ecotone (the zone

between closed forest and uppermost tree establishment

irrespective of species). A number of these studies have

suggested that tree-line elevation is likely to increase in
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ABSTRACT

Aim The physical and physiological mechanisms that determine tree-line position

are reasonably well understood, but explanations for tree species-specific upper

elevational limits below the tree line are still lacking. In addition, once these

uppermost positions have been identified, questions arise over whether they reflect

past expansion events or active ongoing recruitment or even upslope migration.

The aims of this study were: (1) to assess current tree recruitment near the cold-

temperature limit of 10 major European tree species in the Swiss Alps, and (2) to

rank species by the extent that their seedlings and saplings exceed the elevational

limit of adult trees, possibly reflecting effects of the recent climate warming.

Location Western and eastern Alps of Switzerland.

Methods For each species, occurrences were recorded along six elevational

transects according to three size classes from seedlings to adult trees in 25-m-

elevation steps above and below their regional upper elevational limit. Two

methods were used to compare upper elevational limits between seedlings,

saplings and adults within species. First, we focused on the uppermost occurrence

observed in each life stage for a given species within each studied region; and

second, we predicted their upper distribution range using polynomial models

fitted to presence/absence data.

Results Species exhibited a clear ranking in their elevational limit. Regional

differences in species limits (western versus eastern Swiss Alps) could largely be

attributed to regional differences in temperature. Observed and predicted limits

of each life stage showed that all species were represented by young individuals in

the vicinity of the limit of adult trees. Moreover, tree recruitment of both

seedlings and saplings was detected and predicted significantly beyond adult tree

limits in most of the species. Across regions, seedlings and saplings were on

average found at elevations 73 m higher than adult trees.

Main conclusions Under current conditions, neither seed dispersal nor seedling

establishment constitutes a serious limitation of recruitment at the upper

elevational limits of major European trees. The recruits found beyond the adult

limits demonstrate the potential for an upward migration of trees in the Alps in

response to ongoing climate warming.

Keywords

Alps, climate change, elevational gradient, low temperature, seedlings, Switzer-

land, tree recruitment, upper elevational limit.
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response to climatic change in many locations (Harsch et al.,

2009). However, an upward shift of the tree line does not

necessarily mean that other species-specific limits below the

tree line will move upslope as well, although the position of the

abundance peak of tree species has been shown to have shifted

upslope in recent years (Lenoir et al., 2008; Akatov, 2009).

While the close association of tree line with temperature

(Körner & Paulsen, 2004) and the mechanisms controlling tree

line are reasonably well explained (Körner, 2007a), the species-

specific controls of the upper limits of broad-leaved taxa are

poorly understood. There are very few studies focusing on the

upper elevational limits of broad-leaved species that include

their various tree life stages (but see Lenoir et al., 2009; Mellert

et al., 2011). Elevational ranges of tree species exhibit large

differences, with some species restricted to low elevations,

others ranging to mid-montane conditions, and a few able to

advance to the regional tree line (Ohsawa, 1995; Körner et al.,

2005). For non-tree-line tree species, an accurate assessment of

the upper elevational limits is still missing for many species,

especially at a regional scale. Temperature is assumed to be the

primary factor determining such below-tree-line species limits

(Woodward, 1990; Pither, 2003), with the physiological

mechanisms involved mostly unknown. For the tree-line

ecotone, local influences, such as competitive exclusion,

herbivory, and geomorphic and anthropogenic disturbance,

potentially may modify the current upper limits of tree species

at local and regional scales (Cairns & Moen, 2004; Gehrig-Fasel

et al., 2007; Moen et al., 2008), but the global nature of the tree-

line phenomenon suggests the possibility of a uniform over-

arching climatic control (Körner, 2007a). On a regional or a

global scale, there are many ways in which temperature may be

related to such limits, with a distinction to be made between the

gradual influence of temperature, which might directly affect

growth rates, and extreme events such as late spring frosts,

which could affect survival (Körner, 2007a,b). Among the main

possible temperature constraints on tree performance at their

leading edge of distribution are the ability of tissue to form

(structural growth), successful reproduction and germination,

seedling establishment and seedling survival, as well as the

ability to survive freezing temperature (Sakai & Weiser, 1973;

Woodward & Williams, 1987; Woodward, 1990; Morin et al.,

2007; Körner, 2012). So far, there is no satisfactory explanation

for the different low-temperature limits of different species.

A species’ seedling limit is defined here as the uppermost

location of tree seedlings of a given species within the montane

forest belt (Lenoir et al., 2009). For non-tree-line species, the

elevational limit of seedlings may be of particular significance

when assessing the potential future response of the species’

distribution range to climatic warming. Unlike the situation

beyond the tree line, such recruits continue to profit from

forest shelter, and thus have a good chance of becoming adults.

However, sensitivity to climate may differ between adult and

young trees (Grubb, 1977), and the transition from seed to

seedling is known to be a major bottleneck in tree recruitment

(Stohlgren et al., 1998; Clark et al., 2007). Thus, it is crucial to

know the recruitment status to understand why a species’ local

upper margins advance, retreat, or stand still (Clark et al.,

2007). The absence of young trees close to adult tree limits may

reflect the effects of recent extreme events, which might have

killed younger cohorts that are less resistant than adults (Jump

et al., 2009). However, trees may also be much less exposed to

such events during their early developmental stages, because of

snow-cover protection or other shelter effects in the forest. For

instance, the presence of evergreen conifers around the upper

elevational limit of a given broad-leaved species may facilitate

its development during its early life stages. An absence of

young trees may also arise either from the inability of adult

trees to produce viable seeds or/and from a limitation of

upward dispersal from lower-elevation seed sources. Con-

versely, the presence of seedlings and saplings beyond the adult

life stage margins would suggest that seedling establishment is

possible at these elevations, irrespective of where the seeds

came from. Climate warming may enhance the expansion of

species beyond their current range limits (Kullman, 2002;

Lenoir et al., 2009). While the uppermost position of adult

trees along an elevational gradient indicates that those trees

have been able to cope with local conditions for several

decades, their presence alone does not tell us whether this adult

limit represents a ‘dynamic’ front. In relation to ongoing

climate warming, we would expect a higher upper elevational

limit of seedlings than of adults of the same species.

Based on a presence/absence survey we aim to assess the

presence of seedlings, saplings and adults of 10 major

European tree species below, at and above their regional

upper elevational limits within the Swiss Alps. More specifi-

cally, we address the two following questions. (1) Do the

elevational limits of juvenile trees match with the limits of the

adult trees? (2) Which species have the greatest potential for

extending their distribution limit in the future?

MATERIALS AND METHODS

Study area and climate

A preliminary exploration of dominant broad-leaved tree

species distributions using databases in Switzerland revealed

two well-delimited regions in the Alps where a large number of

species reach their maximum elevational limits (Brändli,

2010). These two areas were selected, and a demographic

survey conducted along six elevational transects. The first area

is located around Martigny (western Swiss Alps, 46�08¢ N–

46�11¢ N; 07�02¢ E–07�04¢ E) and the second one around Chur

(eastern Alps of Switzerland, 46�50¢ N–46�56¢ N; 09�30¢ E–

09�37¢ E; Table 1). The linear distance between these two

selected regions is about 200 km.

They are characterized by a temperate continental climate.

However, the eastern region is colder and slightly drier than

the western region. From 1961 to 1990, the mean annual

precipitation was 1209 mm and 1472 mm, and the mean

summer temperature (from June to August) was 11.2 �C and

12.5 �C at 1500 m a.s.l. in the eastern and western transects,

respectively.
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We calculated monthly linear lapse rates from long-term

monthly mean temperature data (1961–1990) from 115 climate

stations taken from the national meteorological network of

Switzerland. Next, we normalized the monthly values to sea

level (0 m a.s.l.), using the regression lapse rates, and interpo-

lated the sea-level data to the whole surface of both study areas

at 25-m resolution using thin-plate SPLINE functions (Franke,

1982; Mitas & Mitasova, 1988). The spatially interpolated

values (representing locally adjusted regression intercepts) were

reprojected to actual elevations using the 25-m DEM (Digital

Elevation Model) of Switzerland (DHM25; http://www.swiss

topo.admin.ch/internet/swisstopo/en/home/products/height/

dhm25.html) and the regression lapse rates. This procedure in

essence follows the approach developed by Zimmermann &

Kienast (1999). Summer temperature (from June to August)

was used as a proxy to characterize the temperature during the

growing season. Lastly, a linear lapse rate of summer temper-

ature was recalculated for each transect and the elevational

position of the highest adult tree of each species within a given

region was converted to temperature using the lapse rate

equation of the corresponding transect. Over the six studied

transects, the lapse rate during summer ranged between 0.50

and 0.59 K 100 m)1 with a mean of 0.55 K 100 m)1.

Study species

The study focuses on the main tree species and tall shrubs (e.g.

Corylus avellana, Laburnum alpinum) occurring in the Swiss

Alps. However, we disregarded some species, either because

their numbers were too low (n < 50 per region across all three

transects) or because their upper limits exceeded our survey

elevational range (typically for species forming the tree line

such as Pinus cembra or Larix decidua). Consequently, we

focused on 10 species belonging to seven plant families. These

species exhibit contrasting seed dispersal strategies, namely (1)

wind dispersal (anemochory) for Acer pseudoplatanus L.,

Fraxinus excelsior L. and Abies alba Mill.; (2) unassisted

dispersal (barochory) with only secondary animal dispersal for

Fagus sylvatica L., Quercus petraea (Matt.) Liebl., Corylus

avellana L. and Laburnum alpinum (Mill.) Bercht. & J. Presl;

and (3) bird dispersal (zoochory) for Prunus avium L., Sorbus

aria L. and Sorbus aucuparia L.

Survey method

Surveys were conducted along forested elevational transects

replicated three times in each of the two regions. The maximum

linear distance between any two transects within an area was

about 8 km for the western transects and 17 km for the eastern

transects. Transects started from 600 m a.s.l. in the eastern

region and from 1100 m in the western region and were

extended upslope until none of the studied species were found

(up to 2200 m in the western area; Table 1). The western

transects were located on south- or south-west-facing slopes,

whereas one of the eastern transects was located on a south-

facing slope and the two others on east-facing slopes. Along

each transect, the presence of seedlings, saplings and adults of

all tree species was recorded every 25 m of elevation increase

following the fall line of the slope. Signs of browsing damage for

each size class were also recorded. At every 25-m step, an area of

about 500 m2 was surveyed on both the left and the right side of

the virtual line of the transect. Trees were classified into three

age/size categories: (1) seedling for height < 0.5 m, (2) sapling

for height 0.5–4 m or for height > 4 m but with a diameter at

breast height (d.b.h.) < 0.15 m, and (3) adult for height > 4 m

and d.b.h. > 0.15 m (Table 2). However, small adult tree

species and transitory shrubby species that can exhibit multi-

stem architecture (i.e. C. avellana, L. alpinum, S. aria and

S. aucuparia) were considered as saplings between 0.5 and 2 m

height and as adults above 2 m irrespective of their d.b.h.

(Table 2). We did not rank ‘adults’ by actual reproduction,

given that reproduction is too irregular, but those individuals

ranked as adults have a size at which reproducing individuals

were seen during the survey.

Table 1 Location, elevational range and slope aspect of the transects in the western and eastern Alps of Switzerland.

Area Transect

Elevational

range (m a.s.l.) Latitude* Longitude*

Slope

aspect

Rainfall*

(mm)

T6–8*

(�C)

West W1 1100–2200 46�11¢ N 07�02¢ E SW 1501 12.6

W2 1060–2200 46�09¢ N 07�03¢ E SW 1464 12.4

W3 1100–2200 46�08¢ N 07�04¢ E S 1451 12.4

East E1 975–1800 46�50¢ N 09�37¢ E SW 1088 11.6

E2 600–1775 46�53¢ N 09�30¢ E E 1219 11.1

E3 850–1800 46�56¢ N 09�30¢ E E 1321 10.8

*Latitude and longitude points refer to those recorded at 1500 m a.s.l. for each transect, with the corresponding annual rainfall and summer

temperature. T6–8, mean daily temperature from 1 June to 31 August during the period 1961–1990.

Table 2 Characteristics of the various age size classes of trees

used in the demographic survey.

Life stage Criterion

Seedlings Height 0.00–0.50 m

Saplings* Height 0.50–4 m or height > 4 m and d.b.h. < 0.15 m

Adult trees* Height > 4 m and d.b.h. ‡ 0.15 m

*Corylus avellana, Sorbus aucuparia, S. aria and Laburnum alpinum

were considered as saplings for height 0.50–2 m and as adults for

height > 2 m, irrespective of their d.b.h. (diameter at breast height).

Tree recruitment of trees at their cold limit
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In most cases the surveyed transects followed the slope, but

they were shifted sideways to avoid natural barriers (e.g. rocks

or cliffs) and obvious human disturbances.

Presence/absence records analysis

For each species, and each region, we considered the upper

elevational limit of adults observed (OLAdult) as the uppermost

occurrence of an individual belonging to the adult size class. In

a similar way, we defined the observed upper elevational limits

of seedlings (OLSeedling) and saplings (OLSapling). The species

limits were not defined per transect but rather per region,

because the surveyed transects were very close to each other in

a given region and shared similar climatic conditions.

For each selected species, a generalized linear model (GLM;

McCullagh & Nelder, 1989) with a binomial probability

distribution and a logit link function was fitted using

presence/absence data against elevation for each of the three

classes within each study region. Second-order polynomials

(linear and quadratic terms) were allowed for elevation as the

response variable using the polynomial function of the Design

library (Azola & Harrell, 2006) in R software (R Development

Core Team, 2011). This type of response curve was appropriate

to allow easy comparisons between elevational limits of the

three life stage categories focusing on the leading edge of the

distribution (but see Austin & Gaywood, 1994 for a discussion

on the shape of response curves). The model fit was estimated

with the adjusted geometric mean squared improvement R2

(Cox & Snell, 1989; Nagelkerke, 1991). This R2 is rescaled for a

maximum of 1 and adjusted for the numbers of both

observations and predictors in the model. The predictive

power of the GLM was evaluated by running a 10-fold cross-

validation (Van Houwelingen & Le Cessie, 1990) on the

training data set. During the cross-validation procedure of the

GLM, the original prevalence of the species presences and

absences in the data set was maintained in each fold. Based on

the predictions emerging from the cross-validation, the area

under the curve (AUC) of a receiver operating characteristic

plot (ROC; Fielding & Bell, 1997) was calculated for each

model. AUC takes values between 0 and 1, where 0.5 means no

agreement, 0 an inverse relationship (errors better predicted),

and 1 perfect agreement. The probability of occurrence for

each species was predicted along elevation within the range of

the observations for each of the three life stage categories. The

predicted upper elevational limits of seedlings (PLSeedling),

saplings (PLSapling) and adults (PLAdult) calculated from the

GLMs were defined as the elevation corresponding to the 10%

probability of occurrence. We decided to use the 10%

probability values in the graphs and analyses because they

are more conservative and closer to the majority of observed

limits than absolute maxima. The transect E1 was removed

from GLMs for Abies alba and Fagus sylvatica because these

two species were almost absent from the transect (fewer than

five occurrences). Irrespective of the size class (seedlings,

saplings and adults), the AUC values of the GLMs ranged

between 0.56 and 0.83 with most being higher than 0.65, and

R2 values ranged between 0.08 and 0.44 with most being higher

than 0.20 (see Appendix S1 in the Supporting Information).

Our models allowed us to compare the upper elevational limits

by taking into account the whole distribution of a given species

along elevational gradients within the studied region. In

contrast, when using field data, we compared the uppermost

limits of each class of a given species using only the uppermost

observed occurrence. Hence, models were used to support the

idea that the difference found among the three life stages is not

only attributable to the uppermost individual.

The differences of observed and predicted upper elevational

limits between seedlings, saplings and adult trees among the 10

studied species were analysed for significance within and across

regions using Student’s paired-sample t-test. The survey data

were examined before analysis and found to conform to a

normal distribution. Correlations between OLAdult and sum-

mer temperature at OLAdult found in the two studied regions

were assessed by Pearson’s correlation coefficient. All statistical

analyses were performed using R software 2.12.2 (R Develop-

ment Core Team, 2011).

RESULTS

Ranking species upper elevational limits and

comparisons among study areas

The upper elevational limits of the studied adult trees (OLAdult)

differed among species but revealed a consistent pattern of

similar relative positions of species between regions (Pearson

correlation coefficient r = 0.93, P < 0.001, Fig. 1). Fraxinus

excelsior had the lowest position (1460 m, mean of the two

regions) and S. aucuparia the highest (1975 m), with the other

species ranked in between (Fig. 1). However, OLAdult signifi-

cantly differed between the two regions and was always higher

for the western transects (paired t-test: t = 7.23, P < 0.001).

This mean absolute difference was 261 m, with the smallest

contrast found in Fraxinus excelsior (DOLAdult = 75 m) and the

largest in the three highest species: Abies alba, S. aria and S.

aucuparia (DOLAdult ‡ 350 m, Fig. 1). Interestingly, when

replacing elevation by the corresponding interpolated mean

temperature during the growing season for the three transects

per region, no significant difference was observed between the

two regions’ tree species limits (t = 0.55, P = 0.60). On

average, the mean absolute difference was 0.55 K (Fig. 1),

which corresponds to an elevational difference of 100 m. Thus,

temperature explained most of the discrepancy in elevation

found between the two regions. Furthermore, the differences in

species-specific limits between the two regions were smaller

than 0.5 K for five out of eight species common to both regions,

with the largest differences found in the two highest species,

S. aucuparia and S. aria (1.3 K and 0.8 K, respectively; Fig. 1).

Seedling/sapling tree limits versus adult tree limits

Across regions, the upper elevational limits of both seedlings

(OLSeedling) and saplings (OLSapling) were significantly higher
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than OLAdult among the 10 studied species: about

69 m ± 19 m (mean difference ± 1 SD, t = 3.67, P = 0.002)

and 76 m ± 24 m (t = 3.19, P = 0.005), respectively (paired

t-test, Table 3). OLSeedling and OLSapling were observed at

slightly lower elevations than OLAdult in both regions for

S. aucuparia only. OLSeedling was found to be lower than

OLAdult in the eastern region for S. aria and the sub-canopy

species C. avellana. OLSapling was observed at lower elevations

than OLAdult for S. aria and C. avellana in the western and the

eastern region, respectively (Fig. 2). Finally, OLSeedling and

OLSapling were found at the same elevation as OLAdult for the

other sub-canopy species L. alpinum. In all the other species,

OLSeedling and OLSapling were found at higher elevations than

OLAdult (Fig. 2). The highest discrepancy between juvenile

trees and OLAdult was found for Quercus petraea and Fagus

sylvatica, where seedlings and saplings were observed at 100 m

to 200 m higher elevation than adults (Figs 2 & 3). Observed

limits of seedlings and saplings do not differ significantly from

each other within and across the two regions (Table 3).

The upper elevational ranges of seedling, sapling and adult

occurrences predicted by the models are consistent with the

observed limits based on the uppermost occurrence solely

(Pearson correlation coefficient r > 0.88, P < 0.001). In most of

the species, upper limits of seedlings and saplings were predicted

above adult trees (Fig. 4). Overall, the models predicted

PLSeedling and PLSapling to be 73 ± 27 m (t = 2.72 P = 0.008)

and 81 ± 30 m (t = 2.73, P = 0.016) higher than PLAdult,

respectively (paired t-test, Table 3). These results indicate

successful seedling establishment in the immediate surrounding

of adult tree limits. PLSapling significantly exceeded PLAdult by

70 m for 6 out of 10 species (Fig. 3). As for observed limits, no

difference was found between predicted limits of seedlings and

saplings within and across the two regions (Table 3).

Interestingly, the eastern transects revealed a negative linear

relationship between the distance separating OLSapling from

OLAdult and the elevational limit of the adult trees, meaning

that the species-specific limits between saplings and adult trees

differed more for species having lower elevational limits (data

not shown, r2 = 0.67, P = 0.013). The same trend was found

for the distance separating OLSeedling from OLAdult and the

elevational limit of the adult trees in the western transects

(data not shown, r2 = 0.33, P = 0.085). Furthermore, in the

eastern region two of the highest-growing species, Abies alba

and S. aucuparia, exhibited more browsing damage than the

other species: this could have potentially restricted the

Figure 1 Elevation (upper graphs) and summer temperature

(bottom graphs) of the uppermost adult tree for each of 10 species

observed in both study areas, namely western and eastern Swit-

zerland. Each bar corresponds to the elevation or summer tem-

perature of the highest adult individual found within the three

transects examined in the western part of Switzerland (white bars)

and in the eastern part (black bars). Summer temperature corre-

sponds to the mean of daily temperature from 1 June to 31 August

from 1961 to 1990. OLAdult, upper elevational limits observed for

adult class; j�DEj, mean absolute difference of elevation between

OLAdult of the two studied regions; j�DT j, mean absolute difference

of summer temperature between OLAdult of the two studied re-

gions. Note that the discrepancy between regions disappears when

temperature rather than elevation is considered (the two inset

diagrams).

Table 3 Differences in elevation (m) between observed or predicted seedling and sapling limits and the adult tree limits in both study

regions (western and eastern Switzerland).

West (n = 10) P East (n = 8) P Overall (n = 18) P

OLSeedling–OLAdult 67.5 (± 25.0) 0.025 70 (± 30.0) 0.052 68.6 (± 18.7) 0.002

OLSapling–OLAdult 72.5 (± 34.8) 0.067 79.4 (± 33.4) 0.049 75.6 (± 23.7) 0.005

OLSapling–OLSeedling 5.0 (± 28.5) 0.864 )9.4 (± 31.7) 0.776 )6.94 (± 20.5) 0.739

PLSeedling–PLAdult 81.4 (± 29.9) 0.024 61.6 (± 49.2) 0.250 72.6 (± 26.7) 0.015

PLSapling–PLAdult 76.5 (± 37.1) 0.069 85.5 (± 50.2) 0.133 80.5 (± 29.5) 0.014

PLSapling–PLSeedling 4.9 (± 26.2) 0.856 )23.9 (± 43.0) 0.596 )7.9 (± 23.5) 0.741

OLSeedling, OLSapling, OLAdult, upper elevational limits observed for seedling, sapling and adult classes, respectively; PLSeedling, PLSapling, PLAdult,

predicted limits from generalized linear models with probability of occurrence of 10% for seedling, sapling and adult classes, respectively.

P represents probability values from Student’s paired-sample t-tests (P < 0.10 in bold font). Standard errors of the mean are provided in parentheses.
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establishment of their seedlings. However, no significant

relationship was found between the percentage of damage

observed around the species limit and the discrepancy between

seedling/sapling tree limits and adult tree limits (data not

shown).

DISCUSSION

In agreement with our initial expectations, this study demon-

strates seedling and sapling establishment above the current

elevational limits of adults for the majority of the studied

species. The elevational discrepancy between adult and young

tree limits varied among species. However, this variation was

not related to seed dispersal strategy, but rather reflected the

overall elevational position of a species: the mismatch between

upper elevational limits of juveniles and adults tends to be

higher for species inhabiting lower elevations, such as Quercus

petraea or Fagus sylvatica. Furthermore, because both seedlings

and saplings were represented around the adult limit, this

study implies that neither limitation in reproduction (seed

(a) (b)

Figure 2 Occurrence data for 10 tree species recorded along three elevational transects and classed into three life stages, namely seedling,

sapling and adult classes in (a) the western part (W1–3) of Switzerland, and (b) the eastern part (E1–3) of Switzerland. For each species and

life stage, the horizontal lines indicate the highest individual observed within all three transects as follows: solid line, upper elevational limits

observed for adult class (OLAdult); dashed line, upper elevational limits observed for sapling class (OLSapling); dotted line, upper elevational

limits observed for seedling class (OLSeedling).
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availability, germination) nor seedling establishment consti-

tutes a serious limitation to the upward extension of tree limits

under current climatic conditions. The abundant presence of

young life stages above the adult tree limit suggests a response

to recent climatic warming, matching the trend of rising

abundance maxima found in various mountain areas in France

(Lenoir et al., 2009). However, we do not yet know if the

observed seedlings and saplings above the adult tree limits will

survive site conditions in older life stages and therefore

increase a species’ elevational limit in the near future. Indeed,

the niche requirements may change during the life of

individuals (Grubb, 1977; Auffret et al., 2010). Nevertheless,

the recruits include specimens of respectable size and age,

suggesting no dramatic constraints to their growth and

development in the recent past.

Elevational limits of tree taxa are tightly

temperature-associated

Our survey relied on the assumption that the upper tree

species limits reflect climate drivers rather than human

influence or biotic interactions. The present survey was

focused on the highest elevation at which species were present

(rather than on abundance), with data collected in steep and

remote terrain without indication of any logging activities in

order to minimize human influence, even though land use can

never be excluded completely anywhere in Europe (Garbarino

et al., 2009). In addition, we used independent spatial repli-

cation to increase the likelihood of detecting the natural limits

Figure 3 Difference in elevation (m) between observed or pre-

dicted seedling and sapling limits and the adult tree limits. The

observed limits correspond to the highest individual observed for

each life stage within all three transects of each region. The pre-

dicted limits were derived for each life stage from generalized

linear models with a probability of occurrence of 10%. Error bars

show the standard deviation between the eastern and western

regions of Switzerland.
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Figure 4 Predictions of the probability of occurrence of each life

stage of 10 tree species in the two study regions (eastern and

western Switzerland) obtained using generalized linear models

fitted to presence/absence data. The vertical lines correspond to

predictions of 10% probability of occurrence for each life stage as

follows: solid line, predicted limit of adult class (PLAdult); dashed

line, predicted limit of sapling class (PLSapling); dotted line, pre-

dicted limit of seedling class (PLSeedling).
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of species. Finally, by pooling the three transects per region we

aimed to attribute more importance to the presence of a

species than to its absence in a specific transect. It is highly

unlikely that either human influence or herbivory pressure was

similar across the three transects investigated per region and

across the widely separated test regions. Human disturbance,

browsing or species competition may influence the abundance

(density) of individuals per species in certain locations, but not

necessarily their presence at a specific site (Austin, 2002;

Randin et al., 2009; Kuijper et al., 2010), and, if so, these

factors are unlikely to act in the very same way across transects

and regions. The data show that the upper limit varied little

across transects and regions, and hence neither human

disturbance nor browsing pressure seemed to have seriously

affected the presence of most of the studied species. Such

effects may, however, have influenced the uppermost position

of Abies alba, S. aria and S. aucuparia in the eastern transect,

where these species limits were significantly lower than in the

western transect. Abies and Sorbus species are the most

browsing-affected taxa, and their recruitment is near to

impossible when deer populations are high, a situation well

known to local foresters (Motta, 2003). As foreseen, we found

the highest degree of browsing signs in these taxa in the eastern

transects.

Our results do not reveal any competitive exclusion, given

that target species are found intermixed with different

dominant tree species according to the studied region, while

tree species limits are still similar. When accounting for actual

summer temperature, species limits between the two studied

regions are very similar within each species. This is consistent

with the assumption that seedlings as well as adult trees are

determined mainly by influences associated with summer

warmth (Jump et al., 2007; Kuijper et al., 2010). Our data

clearly highlight the dominant role of temperature in explain-

ing the elevational limits of these taxa in the Swiss Alps,

although it remains to be resolved which facet of the

temperature regime is crucial.

Young trees are able to grow at or above the upper

elevational limit of adult trees

Temperature can control the elevational limits of species in

many ways and at all life stages. It has been suggested that low

temperatures first constrain reproduction (seed quality and

seed production) or seedling establishment (Woodward &

Williams, 1987; Giesecke et al., 2010). In contrast, this study

indicates that seed availability at the upper elevational limits of

tree species does not pose a serious constraint for tree

recruitment in any of those studied species under current

climatic conditions. Recruits were detected at and above the

adult tree limits for all species, irrespective of their seed

dispersal mode. Saplings were represented to the same extent

as seedlings beyond adult tree limits, indicating that it was not

just a few good years in the very recent past that contributed to

tree establishment. While Woodward & Williams (1987) stated

that cool summer temperatures might be too low at species

elevational limits for successful regeneration, the results of this

study do not suggest a recruitment limitation under current

climatic conditions. This study is in line with an experiment

conducted in the same area that showed that seed quality is

currently not limited in broad-leaved tree species at their

upper elevational limits (Kollas et al., 2012).

While it is old wisdom that plenty of seedlings can be found

above the tree line (Kullman, 2002; Hofgaard et al., 2009;

Batllori et al., 2010), these seedlings are commonly confined to

favourable microsites among taller ground vegetation or

among rocks and never become trees, but remain constrained

to the grass/shrub layer. The situation is quite different for the

tree species that find their upper limit within the closed

montane forest. Here the recruits found in our survey all

occurred within the montane forest (except for S. aucuparia,

which can grow near to the tree-line ecotone) and were quite

tall and, thus, fully coupled to ambient air conditions and not

confined to peculiar microhabitats. The current higher eleva-

tional position of young trees could be the result of the warmer

climate in recent decades, and several studies have also

highlighted young trees well above the adult limit (Wardle &

Coleman, 1992; Lenoir et al., 2009). In the regions surveyed

here, summer temperatures (June to August) were 1.3 K

warmer during the period 1990–2006 than during the period

from 1960 to 1989 (Fig. 5). Assuming a lapse rate of 0.55 K

100 m)1, this temperature increase corresponds to an elevation

shift of about 240 m, roughly corresponding to the distance

found here between the uppermost young trees (seedlings or

saplings) and adult trees for several of our species confined to

below-tree-line elevations.

The species showing the greatest advancement of seedling-

or sapling-sized recruits beyond their adult tree limit include

Figure 5 Temperature deviation of the last five decades relative

to the period 1961–1990 in the survey area in Switzerland

(including both western and eastern transects). Minimum summer

temperature (June to September) based on the difference (10-year

average) ) (1961–90 average) generated in each relevé where the

exact coordinates were recorded (n = 78). The temperature data

set was extracted from 115 climate stations taken from the national

meteorological network of Switzerland (see Materials and Methods

for further details). The error bars represent the standard errors

calculated over these 78 locations.
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Fraxinus excelsior, Abies alba, P. avium, Acer pseudoplatanus,

Q. petraea and Fagus sylvatica, all species that have

comparatively low elevational limits. Conversely, in the

remaining four species (C. avellana, L. alpinum, S. aria and

S. aucuparia) sapling and adult limits differ little, and these

are all species of smaller stature that exhibit quite high

elevational limits. Following from the close association of

current tree species limits with temperature in all species, the

first group of tall-stature forest tree species is most likely to

show an upward shift, also in the adult stage, in the near

future as a result of ongoing climate warming. Our study

could serve as a basis for long-term monitoring and the

regions studied should be resurveyed in the future in order to

examine the potential shifts of the upper elevational limits of

the studied trees.

Among the most likely and most severe impacts of low

temperature at these tree species limits are late spring frost

events (Sakai & Weiser,1973; Saxe et al., 2001; Larcher, 2003).

The occurrence of such extreme events in situ may, however,

not correlate with trends in mean temperature. Both these

meteorological covariables and the actual freezing resistance of

these taxa are currently under study.

In conclusion, the present study has yielded clear evidence

that recruitment does occur above the current adult limit in

most species studied, which demonstrates the potential for an

upward migration of trees in the Alps in response to ongoing

climate warming. In some species, recruitment was found at

the same elevation as which adults were found, but the limit of

recruits was never below the adult tree limit, except for

S. aucuparia, which is so heavily browsed that recruits have

probably been eliminated from open terrain above the tree

line. The results of this demographic survey are in line with the

current upward shift of the upper elevational limits of broad-

leaved tree species recently reported in western European

mountains (Lenoir et al., 2008).
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the

online version of this article:

Appendix S1 Performance of the generalized linear models

fitted to presence/absence data.

As a service to our authors and readers, this journal provides

supporting information supplied by the authors. Such mate-

rials are peer-reviewed and may be re-organized for online

delivery, but are not copy-edited or typeset. Technical support

issues arising from supporting information (other than

missing files) should be addressed to the authors.
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