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Abstract. On a global scale, temperature is the main determinant of arctic and alpine treeline position. However
on a local scale, treeline form and position vary considerably due to other climatic factors, tree species ecology and
life-stage-dependent responses. For treelines to advance poleward or uphill, the first steps are germination and seed-
ling establishment. These earliest life stages may be major bottlenecks for treeline tree populations and will depend
differently on climatic conditions than adult trees. We investigated the effect of soil temperature and moisture on
germination and early seedling survival in a field experiment in the French Alps near the local treeline (2100 m a.s.l.)
using passive temperature manipulations and two watering regimes. Five European treeline tree species were studied:
Larix decidua, Picea abies, Pinus cembra, Pinus uncinata and Sorbus aucuparia. In addition, we monitored the germina-
tion response of three of these species to low temperatures under controlled conditions in growth chambers. The
early establishment of these trees at the alpine treeline was limited either by temperature or by moisture, the sensitiv-
ity to one factor often depending on the intensity of the other. The results showed that the relative importance of the
two factors and the direction of the effects are highly species-specific, while both factors tend to have consistent ef-
fects on both germination and early seedling survival within each species. We show that temperature and water avail-
ability are both important contributors to establishment patterns of treeline trees and hence to species-specific forms
and positions of alpine treelines. The observed idiosyncratic species responses highlight the need for studies including
several species and life-stages to create predictive power concerning future treeline dynamics.

Keywords: Alpine treelines; climate change; early seedling survival; germination; temperature–moisture interac-
tions; time-to-event analysis.

Introduction

Treelines are conspicuous transition zones between two
very different vegetation types. There is a growing con-
cern about how global climate change may affect these

systems, and as a consequence much attention has
been drawn to both alpine and arctic treeline ecotones in
recent years. Treelines could represent a distinct indica-
tor of climate warming since temperature is recognized
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as the main determinant of treeline position on a global
scale, roughly following a common isotherm of 5–7 �C
mean growing season temperature (Körner and Paulsen
2004). Many studies show recent advances of treelines
poleward and to higher elevations, as well as increasing
radial growth of the trees forming these ecotones
(Rolland et al. 1998; Kullman 2007; Shiyatov et al. 2007;
Qi et al. 2015). However, stable or receding treelines
have been found (Harsch et al. 2009), and treeline posi-
tion may vary considerably at a local scale (Holtmeier
and Broll 2005; Case and Duncan 2014). Such local varia-
tions can be due to locally varying environmental condi-
tions unrelated to temperature such as precipitation
(Holtmeier and Broll 2005), tree species ecology (Körner
and Paulsen 2004; Trant and Hermanutz 2014) and life-
stage dependent environmental dependencies (Barbeito
et al. 2012; Greenwood et al. 2015).

These abiotic and biotic factors may also interact with
temperature to determine the form and dynamics of a
treeline at a specific site. For example, the consequences
of moisture deficits—which can be positively linked to
climate warming—have been shown to override positive
temperature responses with respect to growth (Barber
et al. 2000; Gonz�alez de Andrés et al. 2015) and regener-
ation (Barton 1993; Daniels and Veblen 2004; Moyes
et al. 2013). In such cases, treeline shifts may depend
more on the interactions of temperature and water avail-
ability than on their absolute values (Ohse et al. 2012)
and may differ between landscape positions accordingly
(Elliott and Cowell 2015). It is commonly observed that
tree cover is slow or unable to expand to its ultimate
thermal boundary (Holtmeier 2009). The underlying
mechanisms remain however difficult to disentangle and
there is an urgent need for quantitative assessments of
the specific environmental conditions and associated
mechanisms preventing the establishment of different
tree species beyond current treelines.

Treelines represent distributional boundaries for an
entire life-form—the tree. Consequently, ecosystems
above the treeline differ fundamentally from those be-
low, e.g. in regard to soils and microclimates (Sullivan
and Sveinbjörnsson 2010; Thébault et al. 2014). This pre-
sents particular challenges for a successful tree regener-
ation and establishment in the treeline ecotone and
beyond, as required for an upward distributional shift.
Previous studies have shown that traits essential for re-
generation such as the number of seed-bearing fruits or
the number of viable seeds often decrease with increas-
ing elevation, thereby reducing the probability of seed-
ling establishment especially above treeline (Cuevas
2000; Kroiss and HilleRisLambers 2015). Although seed
production and dispersal are critical prerequisites for tree
regeneration, subsequent germination and seedling

establishment have also been widely recognized as po-
tential life-history bottleneck of treeline tree populations
(Stevens and Fox 1991; Germino et al. 2002; Smith et al.
2003; Johnson et al. 2011).

Germination represents the earliest, critical life-stage
transition and should thus be subject to strong natural
selection (Baskin and Baskin 2001). Furthermore, the
conditions during germination also influence the pheno-
typic expression of post-germination traits, thereby af-
fecting later seedling performance (Donohue et al.
2010). Once successfully germinated, the germinant en-
ters the most vulnerable life-stage of a tree, character-
ized by the highest mortality of the whole life-cycle (Cui
and Smith 1991; Johnson et al. 2011). Most studies in-
vestigating environmental dependencies of both early
life-stages find that favourable conditions are concor-
dant (i.e. the same conditions are favourable for both
seed and seedling), though others report conflicting re-
quirements (reviewed in Schupp 1995). Hence, it remains
unclear to what extent the effects of environmental con-
ditions on regeneration success are life-stage specific.

The natural seedling distribution in treeline ecotones,
a result of limitations to both early life-stages, is often
found to be related to stress-reducing site features such
as reduced sky exposure or shelter from strong winds
(Germino and Smith 1999; Smith et al. 2003; Batllori and
Camarero 2009). Furthermore, seedling density often de-
creases with elevation (Cuevas 2000). Both observations
are in line with the view that the lack of safe sites (sensu
Harper 1977) and the harsh climatic conditions in the al-
pine zone might restrict the regeneration of treeline trees
(Tranquillini 1979). Most research focusing on the earliest
stages of tree regeneration at treeline sites used germi-
nating seeds principally to study subsequent young
seedling survival and physiology (Germino and Smith
1999; Germino et al. 2002; Moyes et al. 2013), or lumped
germination and subsequent seedling survival due to
long observation intervals (Zurbriggen et al. 2013).
Others explicitly including germination responses at finer
temporal scales mainly used elevation gradients to study
recruitment responses, without actively manipulating
microclimate (Ferrar et al. 1988; Castanha et al. 2012).
As the process of germination differs in genetic regula-
tion and environmental sensitivity from survival mecha-
nisms in emerged seedlings and may thus be
evolutionarily decoupled, it is important consider these
two life stages separately. For that, seedling emergence
and subsequent survival need to be monitored fre-
quently following individual seeds (and seedlings).
Moreover, potentially complex interactions of microcli-
matic variables and responses of early tree establish-
ment require experimental manipulations of more than
one limiting factor. To our knowledge, no study has ever
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addressed germination and subsequent survival sepa-
rately while manipulating multiple environmental factors
in a field experiment on regeneration limitations at
treelines.

To summarize, any attempt to understand current tree-
line patterns and positions mechanistically and to predict
their future dynamics requires investigating local treelines
with regard to microclimate-, species- and life-stage-
specific responses. In this study, within a single field ex-
periment, we assessed the germination and early
seedling-establishment responses of five important
European treeline tree species to the variation of two im-
portant microclimatic variables, temperature and mois-
ture. Accordingly, we asked the following research
questions: (i) Do responses of treeline trees to microcli-
matic conditions vary with life stage, i.e. during germina-
tion and early seedling establishment? (ii) Do temperature
and water availability interact to determine germination
and early seedling survival? (iii) Do different treeline tree
species show consistent responses to temperature and
moisture conditions? In addition to the field experiment,
we monitored the germination response to low tempera-
tures under controlled conditions in growth chambers for
three of the five study species. This allowed us to assess
temperature responses along a defined gradient and at a
finer temporal scale, complementing the results from the
more complex field study.

Methods

Effect of soil moisture and temperature under
field conditions

Study site and species. A common garden germination
experiment was set up in the experimental garden of the
alpine research station Joseph Fourier in the French Alps
near the local treeline (Lautaret Pass, 2100 m a.s.l.,
45�020N, 6�240E). The site is situated in a climatic transi-
tion zone between the wet outer Alps and the dry inner
Alps (Ozenda 1988), with 11 �C as the mean temperature
of the warmest month (July) and an average annual pre-
cipitation of 1230 mm (Choler et al. 2001). The study spe-
cies comprise four important treeline-forming conifers of
the European Alps: Larix decidua, Picea abies, Pinus cem-
bra, Pinus uncinata as well as the deciduous angiosperm
Sorbus aucuparia, which also occurs up to treeline eleva-
tion (Br€andli 1998). Seeds of subalpine origin from the in-
ner Alps were obtained from a commercial seed
producer (Herzog Baum, Samen und Pflanzen GmbH,
Gmunden, Austria) and a forestry office (Kantonaler
Forstgarten Rodels, Rodels, Switzerland), except for
seeds of S. aucuparia, which were available only from
montane origin in Hungary (Table 1). Information on

seed germinability—either provided by the supplier or
determined from standard germination trials—was used
to adjust the seed quantity sown per plot (Table 1).
Relatively large seed quantities were sown to account for
a potentially lower germination success under field con-
ditions, allowing a reliable estimation of germination
proportions and ensuring a sufficient number of seed-
lings to monitor subsequent survival. Due to time con-
straints, the seed quantity had to be reduced in the third
experimental block.

Experimental design. Fifteen experimental plots (70 �
30 cm) were arranged in three blocks to account for spa-
tial heterogeneity, with �5 m distance between the
centres of two adjacent blocks and 20 cm distance be-
tween plot edges. All blocks were enclosed by a 60 cm
high wire-mesh fence as protection against rodents. The
vegetation cover on the plot surface was removed and
plots were excavated to a depth of 15 cm to remove
rocks and large roots from the soil. The soil of plots from
the same block was then mixed and returned to the
plots. This procedure was done both to create a homoge-
nous growth substrate within blocks and to remove the
effects of biotic interactions such as competition or facili-
tation by neighboring vegetation, allowing us to focus on
abiotic factors. In October 2013, seeds were sown in one
row of 60 cm length per species, allowing 3 cm spacing
between rows and 5 cm plot margin. Rows were ran-
domly assigned to one of the five species. Seeds were
sown in 2-cm deep grooves, distributing seeds evenly
with the fingertips and closing up the soil. Seeds of P.

......................................................................................................

Table 1. Seed characteristics and seed quantities used in the ger-
mination field experiment

Species Elevation of seed

source (m a.s.l.)

Germinability

(%)

Seed quantity

(no.)

L. decidua 1800–2000 33 %a 240 (120)

P. abies 1100–1400 63 %b 120 (60)

P. cembra 1300-2850 89 %b 30

P. uncinata 2100 78 %a 120 (60)

S. aucuparia 400–1400 86 %b 120 (60)

aGerminability of seed lot determined by own standard germina-

tion trial (winter 2012–13). bGerminability of seed lot provided by

seed supplier. Seeds originated always from the inner Alps, except

for S. aucuparia, which was only available from Hungary. Numbers

in brackets indicate reduced seed quantity sown in the third exper-

imental block. For P. cembra seed quantity was always limited to

30 seeds per row due to the large seed size of 1–1.5 cm.
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cembra were limited to 30 seeds per row and placed indi-
vidually due to their large size.

In spring of 2014, two watering regimes and two types
of installations for passive temperature manipulation,
open-top chambers (OTCs; passive warming) and shade
roofs (passive cooling), were set up to create a gradient
of soil temperature and soil moisture across all experi-
mental plots. OTCs were conceived as hexagons (Marion
et al. 1997; r¼80 cm, h¼30 cm) with 3-mm thick acrylic
glass panels transmitting 92 % of solar radiation, includ-
ing UV. Shade roofs consisted of a plot-sized wooden
frame covered with a shade net, providing 70 % shade
on the plot surface but allowing rain water to pass. The
roofs were supported by four 30 cm high metal poles at
the plot corners with 20 cm shade net curtains on each
side to prevent the penetration of low-angle sunshine.
Control and warming treatments were crossed with a
watering treatment, with watered plots receiving 3 mm
irrigation on days without rainfall throughout the study
period (in total adding up to 35 % of the May–September
precipitation in 2014). Since cooling through shading
was already expected to decrease evapotranspiration
and thus increase soil moisture, this treatment was not
included in the additional-watering regime. All five mi-
croclimate treatments (control (C), watered control
(CþW), passive warming (OTC), watered passive warm-
ing (OTCþW), passive cooling (Sh)) were replicated in
each of the three rexperimental blocks. Treatments were
initiated directly after snowmelt in a block-wise manner
due to a highly heterogeneous snow cover, with about 4
weeks between the start in the first block (mid-April) and
the last block (mid-May). The study period covered the
complete growing season of 2014 from snowmelt to
early September.

Microclimate. The soil moisture content (soil MC) (%)
was measured monthly with a hand-held sensor inserted
15 cm in each plot centre (TRIME-PICO64, IMKO
Micromodultechnik, Ettlingen, Germany), while the soil
temperature was measured at 5 cm depth with external
sensors of permanently installed temperature loggers
(Hobo ProV2, Onset Corp, Bourne, MA, USA). Since com-
parative measurements in the same microclimatic treat-
ments in 2013 had shown that there is no significant
temperature difference between watered plots and their
control (C vs. W: P¼0.43; OTC vs. OTCþW: P¼0.76; 2-
sample t-test, n¼5), soil temperature was only recorded
in the three temperature-relevant treatments C(þW),
OTC(þW) and Sh. In each block, a temperature logger
was assigned by chance to either a watered plot or its
control and then inserted in the plot centre, recording
data in 30 min intervals.

Integrated variables were calculated to obtain a quan-
titative gradient of both soil moisture and soil

temperature across all plots. Mean soil MC (%) was calcu-
lated as the seasonal average of 4 monthly measure-
ments for all plots, giving a soil MC gradient with 15
observation points. Soil heat accumulation relevant for
germination and seedling survival was expressed
in growing degree days with a base temperature (Tb) of
2 �C, which is the lower temperature limit for germina-
tion of at least two of the study species (Løken 1959;
Barclay and Crawford 1984). In the plots where tem-
perature was recorded, the number of soil growing de-
gree days (soil GDD; no.) was calculated by summing
up the positive differences between temperature record-
ings and the base temperature over the whole study
period and dividing the results by the measurement in-
terval fraction of a day (30 min/24 h¼48, Equation 1),
giving a soil GDD gradient with nine observation points.

GDD ¼

X
i=Ti>Tb

ðTi � TbÞ
48

(1)

for temperature recordings (Ti) higher than the base tem-
perature (Tb).

Seedling survey. Emerging seedlings were recorded
weekly and each marked with a coloured pin to allow the
assessment of individual survival. Since hypogeous ger-
mination could not be monitored directly, seedling emer-
gence was used as a proxy for total germination success
by calculating the proportion of sown seeds that
emerged as seedlings (including subsequently dead indi-
viduals). Seedling survival was calculated as the propor-
tion of emerged seedlings that survived until the end of
the growing season.

Effect of temperature under controlled conditions

Complementing the field experiment, a standard germi-
nation trial investigating the effect of low temperatures
on germination was performed for three of the five stud-
ied species under controlled conditions in growth cham-
bers (Economic Delux Snijders Scientific, Thermotec,
Weilburg, Germany) in winter 2014–15. Batches of 25
seeds of P. uncinata and P. abies and 60 of L. decidua
were placed on moist paper tissue in sealable plastic
boxes (volume¼280 mL) with six replicates for every
temperature treatment. Four low-temperature treat-
ments comprised constant regimes of 16, 12, 8 and 4 �C
and all treatments included a 12-/12-h light–dark-cycle.
As control treatment we used the settings 20/15 �C 12-/
12-h, previously identified as optimal for the same seed
lots (germination percentages: P. uncinata: 79 %, P. abies:
63 %, L. decidua: 33 %). Germination boxes were rotated
on their tray every other day to assure homogeneous
temperature exposure.
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Successful germination was recorded for every single
seed in 2- to 3-day intervals as 1-cm growth of the radi-
cle. Germinated seedlings were removed. The tempera-
ture treatments were discontinued when a species
showed no further germination for 2 weeks. The remain-
ing seeds of the two warmest treatments (control, 16 �C)
were all non-viable, their soft texture and liquid discharge
indicating decay of the embryo, unambiguously indicat-
ing maximum germination. Seeds in the three cooler
treatments (12, 8 and 4 �C) still showed a very slow in-
crease in germination after 11 weeks so that remaining,
healthy-looking seeds were transferred to the control
temperature for another 3 weeks to test their viability.

Statistical analysis

All analyses were performed using R 3.2.1 (R Core Team
2015). Germination and survival in the field experiment
at the end of the growing season 2014 were expressed
as a 2-column vector of counts of successes and failures
per species per plots and analysed with binomial gener-
alized linear models (GLM), including block, soil MC and
soil GDD and the interaction soil MC: soil GDD as explana-
tory variables. Using these continuous gradients as ex-
planatory variables instead of the treatments allowed
differentiating the relative effects of soil temperature
and moisture as well as detecting potential interactions
between them. In cases of overdispersion, the standard
errors were corrected by using a quasi-GLM model (Zuur
et al. 2009). Non-significant terms were removed from
the full models in a backwards stepwise approach. To fa-
cilitate interpretation, significant interactions between
soil MC and GDD are shown graphically by plotting the
predicted values from the model along the whole range
of one of these two variables (on the x-axis) and for three
fixed values of the other variable: low (25 % quartile), in-
termediate (median) and high (75 % quartile). The vari-
able chosen to represent the x-axis was for each final
model the one with the lower P-value. Note that the re-
sulting curves are predictions from the models so that
they do not directly relate to specific data points; sec-
tions of variables which were not measured are extrapo-
lations of the models. Since temperature and moisture
extremes were also linked to reduced light intensities by
the shading roofs, we evaluated the potentially con-
founding effect of light by performing an additional anal-
ysis excluding the three shaded plots.

Germination data of the growth chamber experiment
were analysed using time-to-event analysis (McNair
et al. 2012) by first assessing the random variation
among replicates with a Cox proportional-hazards model
including a frailty term. There was no evidence of vari-
ability in frailty levels for any of the three species in any

temperature treatment so that data from the six repli-
cates could be pooled. Non-parametric time-to-event
analysis was then used to compare temperature treat-
ment differences in the germination pattern of each spe-
cies with a log-rank test using the survdiff—function in R
(survival library; Therneau 2015). Results give test statis-
tics and significance levels of group (temperature treat-
ment) pairwise comparisons for each species. The P-
values were Holm-adjusted to account for family-wise
error rates in multiple comparisons. Treatment differ-
ences of survivor functions were graphically displayed by
showing the inverse Life-table estimates of survivor func-
tions with point-wise 95 % confidence intervals com-
puted with the R-function lifetab (KMsurv library; Klein
and Moeschberger 2012).

Results

Field experiment: soil moisture and temperature
effects on early establishment

Soil microclimate. The soil MC gradient ranged from 20
to 35.5 %, with the cooling treatment being the wettest
(mean¼33.4 % 6 1.9 SD, n¼3) and the non-watered
control the driest (mean¼25.8 % 6 5.3 SD, n¼3) (Fig. 1),
with consistent relative differences between treatments.
As expected, heat accumulation of the soil was highest
in the warming treatment (mean¼1313 GDD 6 101 SD,
n¼3) and lowest in the cooling treatment (mean¼769
GDD 6 46 SD, n¼3). The complete gradient over the nine
measured plots ranged from 733 to 1421 GDD (Fig. 1).

Seedling emergence and survival. Maximum seedling
emergence (%) at the end of the growing season under
field conditions was invariably lower than germination
under optimum conditions in a standard germination
trial (L. decidua: 25 %, P. abies: 40 %, P. cembra: 63 %, P.
uncinata: 59 %, S. aucuparia: 23 %; see Supporting
Information—Fig. S1). Overall, seedling survival at the
end of the growing season exceeded an average of 50%
for all species, but differed considerably among species
(L. decidua: 53 %, P. abies: 65 %, P. cembra: 94 %, P. unci-
nata: 72 %, S. aucuparia: 67 %; see Supporting
Information—Fig. S1).

The responses of seedling emergence and first-season
survival in the five study species to soil moisture and soil
temperature were highly idiosyncratic. Although higher
soil moisture had a positive effect on both stages of early
establishment in L. decidua, it had a generally negative
effect on P. cembra (Fig. 2, Table 2). Similarly, higher soil
temperature generally positively affected seedling emer-
gence in P. uncinata while having a negative effect on
both stages of early establishment in S. aucuparia (Fig. 2,
Table 2). Within species, however, there was consistency
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in the climate variable that had the strongest effect and
in the direction of this effect between seedling emer-
gence and survival. There were significant interactions
between soil temperature and moisture in (i) the emer-
gence of P. cembra, P. uncinata and S. aucuparia, as well
as (ii) the survival of P. abies (Fig. 2, Table 2): the negative
effect of high soil moisture was reduced (Fig. 2B and E)

or even inversed (Fig. 2D and 2H) as temperature in-
creased. Conversely, the negative effects of high temper-
ature were reduced (Fig. 2B and E) or reversed (Fig. 2D
and H) as the soil MC increased. Finally, a block effect in
seedling emergence of S. aucuparia indicated that emer-
gence was significantly higher in the block with earlier
snowmelt (Fig. 2E).
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Figure 1. Microclimatic conditions in the field experiment with manipulations of soil moisture (watering, shading) and soil temperature
(passive warming and cooling treatments). Shown are the integrated microclimate variables mean soil moisture content (soil MC; %) and
total number of soil growing degree days >2 �C (soil GDD; no.) per treatment (A, C; n¼3) and the respective gradient of soil moisture and soil
temperature over all 15 experimental plots (B, D; sorted by y-axis value, so order differs for soil MC and soil GDD). Treatment abbreviations
indicate: C, Control; W, watered control; OTC, passive warming (open top chamber); OTCþW, watered passive warming; Sh, passive cooling
(shading roof).
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Figure 2. Seedling emergence as proportion of sown seeds (A–E) and survival as proportion of emerged seedlings (F–J) for the five study spe-
cies in response to soil moisture (soil MC; %), soil temperature (soil GDD, no.) or the interaction of both. Shown are binomial GLM for signifi-
cant responses, non-significant responses are displayed as open circles for observed values. Significant interactions are shown using fixed
values of soil GDD (soil MC) plotted along the complete range of soil MC (soil GDD) for P. cembra (P. uncinata, P. abies, S. aucuparia), line types
indicating: dotted, low intensity; dashed, intermediate intensity; solid, high intensity. Note that the resulting curves are predictions from the
models so that they do not directly relate to specific data points. The significant block effect in seedling emergence of S. aucuparia is dis-
played by varying hues of grey: black, early snowmelt date (block 1); medium grey, intermediate snowmelt date (block 2); light grey, late
snowmelt date (block 3).
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An additional analysis excluding the shaded plots
showed that effects found when including all plots were
generally maintained even on this shortened tempera-
ture and moisture gradient, with one exception: the sig-
nificant negative temperature effects on emergence and
survival in S. aucuparia disappeared [see Supporting
Information—Table S2].

Growth chamber experiment: germination
response to low temperatures

Germination of the three species was significantly reduced
by decreasing temperatures, but with species-specific dif-
ferences. In L. decidua the results of the survivor functions
differed significantly mainly between the three highest
temperature treatments, showing a 10 % decrease of ger-
mination probability per treatment (Fig. 3A, Table 3). In
contrast, in P. abies, the results of the survivor functions
principally differed at the lower end of the temperature
gradient (Fig. 3B, Table 3), where differences mainly arose
from an increasing delay in the onset of germination. Only

for the 4 �C treatment the probability of having germinated
was significantly lower (�30 % lower) at the end of the ex-
periment than in all other treatments, though its slope was
still positive, potentially indicating a further increase a lon-
ger time span (Fig. 3B). In P. uncinata, the most important
decrease (�30 %) in the probability of having germinated
occurred at intermediate temperatures, as was shown by
highly significantly different results of survivor functions
between the 12 and 16 �C treatments, while at the high
and low end of the gradient, results were statistically indis-
tinguishable (Fig. 3C, Table 3).

Viability tests for seeds that did not germinate after 11
weeks in the lower temperature treatments (12, 8 and 4
�C) showed that seed viability was generally not reduced.
In almost all cases, a similar germination success as in
the control treatment was achieved after three addi-
tional weeks under control conditions (Fig. 3). Only the
seeds of L. decidua coming from the 12 �C treatment
showed a substantial (�10%) reduction in their germina-
tion success (Fig. 3A).

......................................................................................................................................................................................................................

Table 2. Summary of binomial GLM testing the effect of soil microclimate (soil MC, soil GDD) on the proportions of germination and subse-
quent survival at the end of the growing season 2014 of five treeline tree species grown in a field experiment in the french alps at 2100 m

Block Soil MC Soil GDD Soil MC: Soil GDD

L. decidua

Germination (F2,9< 0.01)1 F1,13 5 8.18 * " (F1,12¼ 0.31)3 (F1,11¼ 0.25)2

Survival (F2,9¼ 0.96)1 F1,13 5 7.25 * " (F1,12¼ 1.28)3 (F1,11¼ 0.27)2

P. cembra

Germination (v2
2¼ 4.49)1 v2

1 5 5.89 * # v2
1 < 0.01 v2

1 5 4.91 * "

Survival (v2
2¼ 3.01)2 v2

1 5 10.83 *** # (v2
1¼ 1.14)3 (v2

1¼ 0.52)1

S. aucuparia

Germination v2
2 5 8.1 * v2

1 5 1.32 v2
1 5 36.02 *** # v2

1 5 6.99 ** "

Survival (v2
2¼ 1.38)1 (v2

1¼ 0.06)3 v2
1 5 8.85 ** # (v2

1¼ 0.36)2

P. uncinata

Germination (F2,9¼ 0.1)1 F1,11 5 6.84 * " F1,11 5 21.62 *** " F1,11 5 5.11 * "

Survival (F2,10¼ 0.5)2 (F1,13¼ 1.86)4 (F1,1 2¼ 2.46)3 (F1,9¼0.08)1

P. abies

Germination (F2,12¼ 1)4 (F1,10¼ 0.53)2 (F1,11¼ 1.03)3 (F1,9¼ 0.08)1

Survival (v2
2¼ 0.85)1 v2

1 5 0.16 v2
1 5 0.55 v2

1 5 5.75 * "

Rows give complete models with v2- or F-values (for GLM and quasi-GLM, respectively) for germination and survival data at the end of the

growing season 2014 with the explanatory variables block, soil MC, soil GDD >2 �C and their interaction (Soil MC: Soil GDD) in the order tested

in the model; non-significant variables (given in parenthesis) were removed from the models based on G- or F-tests, respectively, in a step-

wise process with superscripts indicating the order in which they were removed. The minimum adequate model is given in bold and signifi-

cance levels are indicated as: P < 0.1, *P < 0.05, **P < 0.01, *** P < 0.001. Arrows indicate whether partial slopes are positive or negative.
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Discussion

Our results show that the early establishment of the fo-
cal treeline tree species is affected by temperature and
water availability in a very idiosyncratic manner.
However, the importance of both climate factors and the
direction of their effect on germination and survival
tended to be consistent over both stages of early estab-
lishment within each species. Interactions of both cli-
mate variables indicated that the sensitivity to one
factor often depends on the intensity of the other.

Consistency of limiting factors during early
establishment

The consistent effect of microclimate over the life-stage
transition from germination to first-year seedling survival

(Fig. 2) is in accordance with previous studies (Ferrar
et al. 1988; Castanha et al. 2012). This is of particular im-
portance since range limits are primarily imposed during
these most critical life-stages (Grubb 1977; Harper 1977).
In this context, a high level of consistency over two criti-
cal early life-stages will reduce regeneration restrictions
arising from seed-seedling conflicts. On the other hand it
should increase the impact of relatively stable limiting
environmental factors, which could be particularly re-
stricting for regeneration in the harsh conditions of a
species’ distributional range edge. In contrast, a variable
factor such as irregular freezing events during the grow-
ing season can be temporarily decoupled from a short,
susceptible life-stage such as germination, but is more
likely to affect the longer subsequent stage of the young
seedling (Shen et al. 2014). Hence, the degree of concor-
dance or conflict in the environmental requirements be-
tween seed and seedling can have a direct impact on the
quantity and the distribution of recruits (Schupp 1995).

Yet for two species, P. abies and P. uncinata, only one
of the two studied life-stages showed a significant re-
sponse (Fig. 2). This might indicate a change in their sus-
ceptibility to the two microclimatic factors during early
establishment, which is supported by a capability of ger-
minating under a large range of conditions for P. abies
(Løken 1959 and Fig. 3B) and a relatively resistant seed-
ling stage in P. uncinata (Batllori et al. 2010).

Temperature, moisture and their interactions
driving early establishment success

In our growth chamber experiment decreasing tempera-
tures invariably reduced germination (Fig. 3), but germi-
nation success of L. decidua and P. abies was still
considerable at low temperatures (Fig. 3A and B). This
agrees well with the results of our field experiment,
where temperature did not affect seedling emergence of
L. decidua and P. abies. Conversely, P. uncinata was par-
ticularly temperature-sensitive in the growth chambers
and showed a positive temperature response of seedling
emergence in the field, confirming the consistency be-
tween both experiments.

Our field experiment further revealed that almost all
seedling emergence and survival responses were sensi-
tive to water availability, though these responses often
showed an interaction with temperature. In L. decidua
moisture was even the only significant variable, implying
that depending on the species, temperature may play
rather a subordinate role in limiting early establishment.
Our findings thus add to a growing body of evidence that
other factors than temperature alone, e.g. water avail-
ability, determine seedling distributions at alpine tree-
lines (Ferrar et al. 1988; Sullivan and Sveinbjörnsson

Figure 3. Inverse Life-table estimates of the survivor functions of
germination data from a growth chamber experiment representing
the probability of having germinated at four low temperature
treatments and a control (22/15 �C, 12/12 h) over time, including
seeds of L. decidua (A), P. abies (B) and P. uncinata (C). Seeds were
pooled over replicates (n¼6) giving a total of 360 (L. decidua) or
150 (P. abies, P. uncinata) seeds, respectively. Grey lines represent
point-wise 95 % confidence intervals for each treatment.
Maximum germination in the control and 16 �C-treatments was
achieved after 42 days, with all remaining seeds being non-viable.
After 11 weeks, remaining healthy-looking seeds in the three lower
temperature treatments (12, 8 and 4 �C) were transferred to con-
trol conditions to test their viability. Respective treatment symbols
at day 100 give mean 6 SD of final germination success after three
additional weeks of control conditions.
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2010; Greenwood et al. 2015; Kroiss and HilleRisLambers
2015; Moyes et al. 2015). Although germination often re-
quires relatively high moisture conditions as environ-
mental cue and to set the necessary physiological
processes in motion (Baskin and Baskin 2001), young
seedlings depend on it for a longer period of time due to
their generally shallow, simple rooting system and their
large, transpiring surface area relative to the low water
storing capacity (Johnson et al. 2011). Both early life-
stages are thus much more affected by water shortage
than established trees, potentially creating a bottleneck
for regeneration in treeline ecotones, where moisture ac-
cumulation and water holding capacities can be spatially
highly variable (Holtmeier and Broll 2005).

An important result of this study is that the effects of
both temperature and moisture availability on early es-
tablishment cannot be decoupled from one another.
Especially the combination of opposite extremes, e.g.
high temperatures at low soil moisture or low tempera-
tures at high soil moisture had limiting effects on both
early life-stages of the study species. Both combinations
have previously been shown to restrict tree develop-
ment, either by temperature-induced moisture stress
(Barber et al. 2000; Lloyd and Bunn 2007) or cold soil
conditions and insufficient aeration limiting root zone ac-
tivity (LeBarron 1945; Islam and Macdonald 2004).

Species-specific responses

The observed early-establishment responses to the
abiotic environment of the five tree species were highly
idiosyncratic. The temperature response of germina-
tion in the growth chambers revealed a specific pattern
for each species (Fig. 3, Table 3), possibly indicating an
adaption to different ranges of germination tempera-
tures. These tendencies were confirmed in the field ex-
periment, which further showed contrasting responses
to soil moisture and temperature among all studied
species. Consequently, explaining and understanding
observed patterns in the regeneration limitations of lo-
cal treeline tree populations requires the consideration
of tree species identity (Wardle 1985; Ball et al. 1991;
Sullivan and Sveinbjörnsson 2010; Dufour-Tremblay
et al. 2012) and a detailed connection to the ecology of
each individual species. Hence, in the following we pre-
sent a tailored, species by species interpretation of the
results.

The results of L. decidua match the ecological features
of a typical subalpine, high-elevation tree species with a
high tolerance to cold conditions (see Rameau et al.
1993; Br€andli 1998). This was reflected in the relatively
high success of germination down to 4 �C in the growth
chambers and the absence of a temperature response
for both early life-stages in the field. Soil moisture, on

......................................... ....................................... .........................................

......................................................................................................................................................................................................................

Table 3. Summary of log-rank tests comparing the survivor functions of seeds of three treeline tree species germinated under controlled con-
ditions in growth chambers in four permanently low temperature treatments and a control (15/22 �C 12/12 h).

Treatment comparisons L. decidua P. abies P. uncinata

v2
1 P v2

1 P v2
1 P

4 vs. 8 �C 0.1 1 61.9 <0.001*** 7.4 0.17

4 vs. 12 �C 15.5 0.08 . 71.8 <0.001*** 20.8 0.01*

4 vs. 16 �C 0.8 1 89.2 <0.001*** 125.0 <0.001***

4 �C vs. Control 32.1 <0.01** 64.3 <0.001*** 195.0 <0.001***

8 vs. 12 �C 11.4 0.15 11.3 0.15 5.2 0.3

8 vs. 16 �C 0.14 1 28.9 <0.01** 100.0 <0.001***

8 �C vs. Control 38.8 <0.001*** 11.2 0.15 177.0 <0.001***

12 vs. 16 �C 21.0 <0.001*** 14.0 0.16 71.7 <0.001***

12 �C vs. Control 80.5 <0.001*** 3.6 0.42 147.0 <0.001***

16 �C vs. Control 22.4 0.01 * 1.1 1 17.3 0.07

Data were pooled over replicates giving a total of 360 (150) seeds for L. decidua (P. abies, P. uncinata), respectively. Rows show results of

group (temperature treatment) pairwise comparisons for each tested species presenting v2-values and Holm-adjusted P-values; significant

differences are given in bold, marginally significant differences are given in italics; significance levels are indicated as: P < 0.1, *P < 0.05, **P

< 0.01, ***P < 0.001.
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the other hand, positively affected seedling emergence
and survival (Fig. 2A and F), which can be related to the
increased water demand and low water use efficiency of
the deciduous life-form compared to evergreen conifers
(Matyssek 1986). This feature seems to be already inher-
ent to the earliest stages of regeneration, even though
first-year seedlings are not deciduous yet.

In contrast, soil moisture had a negative effect on
both early life-stages of P. cembra. For seedling emer-
gence this negative moisture effect was reduced at high
temperatures. Although this appears surprising at first, it
can be explained by a combination of limiting biotic fac-
tors and the life-history strategy of this species. First, P.
cembra is the highest-occurring tree species in Europe
and mostly occurs on steep sloping terrain where mois-
ture limitations are most severe (Br€andli 1998). This is
not only due to its higher tolerance to the harsh subal-
pine conditions, but also caused by its low competitive
capacities in relation to other high-elevation tree species
(Ulber et al. 2004). Second, seed dispersal relies on the
nutcracker (Nucifraga caryocatactes), a bird hiding seeds
specifically in shallow caches in open, wind-exposed
(Kajimoto et al. 1998) and early snow-free (Mattes 1994)
sites. Both of these aspects suggest that P. cembra is
well adapted to rather dry regeneration sites, as corrobo-
rated by impressively deep tap roots already present in
small seedlings (H€attenschwiler and Körner 1995, up to
20 cm in 1-year old plants, i.e. nearly 4-fold the above-
ground plant height, personal observation). Such a root-
ing system might, however, be disadvantageous as soil
moisture increases since deeper roots aggravate prob-
lems associated with insufficient aeration and cool soil
temperatures (Scott et al. 1987). Furthermore, seedlings
are highly vulnerable to snow fungi promoted by pro-
longed snow cover (Senn 1999) and in a previous germi-
nation trial (data not shown) we observed high seed
mortality due to fungal pathogens. Both findings indicate
a general susceptibility of early life-stages to pathogens
under high moisture conditions.

The contrasting responses of early establishment in
the other two conifers, P. abies and P. uncinata, can be di-
rectly related to their respective distributional range. In
growth chambers and in the field, the germination re-
sponse of P. abies was not or only weakly affected by
colder conditions (Figs. 2C and 3B), which is supported by
previous studies reporting germination responses tem-
peratures as low as 2 �C (Løken 1959). Seedling survival,
however, responded to an interaction of temperature
and moisture, with increasing soil moisture compensat-
ing a negative effect of high temperatures (Fig. 2H).
These findings are in line with the ecological require-
ments of this boreal-subalpine tree species, tolerating a
wide amplitude of environmental conditions except

drought stress, which is reflected in its absence from the
south side or continental ranges of the European Alps
(Rameau et al. 1993; Br€andli 1998).

P. uncinata, on the other hand, is a heliophile subal-
pine tree species with a southern distribution (Pyrenees,
southern European Alps, Rameau et al. 1993) and ac-
cordingly its germination was strongly limited by lower
temperatures (Fig. 3C) and responded positively to higher
temperatures under sufficient soil-moisture conditions
(Fig. 2D). Seedling survival was not affected by the ma-
nipulated microclimatic gradients, which is in line with
the high tolerance of P. uncinata to drought and a rela-
tively robust seedling stage (Rameau et al. 1993; Batllori
and Camarero 2009).

Finally, the only broad-leaved and distributionally
ubiquitous species S. aucuparia displayed the counterin-
tuitive response of both early establishment stages being
negatively affected by increasing temperatures. This ef-
fect may partly be explained by a limitation of our study
design, in which the plots with shading roofs (passive
cooling) had the coolest temperatures but also an impor-
tant change in light conditions. In an additional analysis
removing these plots, we showed that the negative tem-
perature effects on the performance of S. aucuparia dis-
appeared (See Supporting Information—Table S2;
importantly, removing these plots did not change the
general effects in the conifer species), suggesting that
those negative effects were actually an artefact caused
by an increased performance under shaded conditions.
This is supported by the literature, reporting evidence for
shade-tolerant seedlings in S. aucuparia (Raspé et al.
2000; Zywiec and Ledwo�n 2008). However, in the case of
seedling emergence, a significant block effect (Table 2)
indicated a true temperature effect, i.e. higher emer-
gence with earlier snowmelt, which means colder tem-
peratures during germination. Furthermore, there is a
trend towards higher seedling emergence in the low-
temperature plots even when considering only the re-
duced gradient (C and CþW, see Supporting
Information—Fig. S1). The negative temperature re-
sponse for seedling emergence is supported by the ger-
mination ability of S. aucuparia at temperatures as low
as 2 �C (Barclay and Crawford 1984), while negative tem-
perature effects on germination have also been found
previously for alpine plant species (Hoyle et al. 2013). S.
aucuparia, which possesses traits of both pioneer and cli-
max species (Zywiec et al. 2013), might benefit from in-
creased germination at low temperatures in two ways:
First, low temperatures could act as an additional germi-
nation cue to increase germination under conditions
suitable for seedling establishment (i.e. shade) and sec-
ond, it might favour an early germination time to avoid
competing with faster growing species.
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Implications for local treeline patterns and
dynamics

The regeneration responses found in our study may of-
fer an explanation for observed patterns and dynamics
of treeline tree populations, including treeline form and
landscape patterns in treeline position and tree popula-
tion dynamics. For example, the re-invasion of aban-
doned subalpine pastures by trees was shown to be
restricted to colluvial soils alongside forest edges for L.
decidua, while being concentrated in convex relief
forms for P. cembra (Didier 2001). According to our re-
sults, this may well be due to the respective early-
establishment soil-moisture requirements of these spe-
cies (Fig. 2A, B, F and G). As another example, the posi-
tive response of germination to higher temperatures in
P. uncinata may at least partly explain the increased re-
cruitment of this species observed in the Spanish
Pyrenees during relatively warm periods in past centu-
ries and since the 1980s (Camarero et al. 2015). The in-
teraction between temperature and moisture in our
experiment suggest that under progressive climate
warming, drier conditions might at some point counter-
act positive warming effects, but so far moisture does
not appear to be limiting establishment in this species
(Battlori et al 2010). While P. uncinata is known to be
particularly drought resistant (Rameau et al. 1993), bo-
real spruce forests have already been shown to suffer
increasingly from temperature-induced drought stress
(Barber et al. 2000). On the other hand, P. abies tree-
lines have been observed to advance considerably in
the past three decades under concurrent climatic
warming (Kullman and €Oberg 2009). We found an im-
portant interaction between temperature and soil mois-
ture for seedling survival of P. abies (Fig. 2H). Hence,
depending on local changes in precipitation, growth
and recruitment of high-elevation populations of this
species could become restricted by a warming climate
even though they were, until recently, positively af-
fected by it (Bolli et al. 2007). Note, however, that di-
rectly linking germination and seedling behaviour to
local treeline features is generally difficult for two rea-
sons: (i) germination and first-year survival are neces-
sary but not sufficient feats to assure tree
establishment, and (ii) for the studied species, many
treelines that they form are subject to intense anthro-
pogenic influences and are currently not at their cli-
matic limit (Wick and Tinner 1997). Land use can thus
be a primary driver of their spatial pattern and recent
dynamics, in particular in the European Alps (Didier
2001; Bolli et al. 2007; Vittoz et al. 2008). Similar situa-
tions exist for other tree species in many mountains of
the world. Therefore, in addition to climatic factors,

land-use history needs to be taken into account in ob-
servational studies of treeline dynamics.

Our results can also be linked to the important contri-
bution that species-specific requirements of the earliest
life-stages exert on the shape and dynamic of a local
treeline (Harsch and Bader 2011). For example, if young
seedlings require shade or shelter—as did S. aucuparia in
our study—they will be most successful near existing
trees and treeline tree populations will tend to occur in
clustered spatial patterns (Smith et al. 2003). Conversely,
species requiring increased temperature or light condi-
tions—such as P. cembra and P. uncinata according to
our results (Fig. 2)—may perform better in open micro-
sites and their treeline populations may develop a scat-
tered distribution (Holtmeier 2009). Consequently,
abrupt treelines, if not caused by disturbances, are pri-
marily explained by high seedling mortality beyond the
forest edge and less so by growing season temperatures,
which makes them less responsive to the current climate
change. In diffuse treelines in contrast, growth is more
and more limited by temperature with increasing eleva-
tion or latitude, and accordingly most treeline advances
can be expected in this treeline type (Harsch and Bader
2011).

Conclusions

Recruitment as a population bottleneck plays a crucial
role in the discussion about driving forces and future dy-
namics of treeline ecotones. To our knowledge this is the
first study to link the two earliest stages of tree establish-
ment in a multi-species approach experimentally manip-
ulating two potentially limiting microclimatic variables.
We show that responses are highly idiosyncratic, but
generally consistent over both life-stages within each
species, which increases the impact of limiting climate
variables in a relatively stable environment. Furthermore,
interactions of temperature and moisture highlight the
complex interplay of microclimatic factors influencing
the regeneration success and confirm the importance of
other factors than temperature, such as water availabil-
ity, for the understanding of treeline dynamics. Our study
contributes to the understanding of species-specific re-
quirements and limitations of the vulnerable stages of
early establishment, which can be used to explain cur-
rent treeline patterns and predict future responses in the
context of their local climatic conditions.
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Figure S1. Proportions of seedling emergence and sub-
sequent survival (mean 6 SD; n¼3) at the end of the first
growing season for five treeline tree species grown in a
field experiment with manipulations of soil moisture and
soil temperature in the French Alps at 2100 m a.s.l..
Treatment abbreviations indicate: C¼Control,
W¼watered control, OTC¼ passive warming (open top
chamber), OTCþW¼watered passive warming,
Sh¼passive cooling (shading roof). Different letters
stand for, where present, significant differences. Note
that there are no error bars for emergence of Pinus cem-
bra, OTC (C), because the number of seedlings was the
same in all three replicates.

Table S2. Summary of binomial GLM testing the ef-
fect of soil microclimate (soil moisture content, soil
growing degree days) for reduced gradients (excluding
plots with shading roofs) on the proportions of seed-
ling emergence and subsequent survival at the end
of the growing season 2014 of five treeline tree spe-
cies grown in a field experiment in the french alps at
2100 m.
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importance of ecological constraints on the control of multi-
species treeline dynamics in Eastern Nunavik, Québec. American
Journal of Botany 99:1638–1646.

Elliott GP, Cowell CM. 2015. Slope aspect mediates fine-scale tree
establishment patterns at upper treeline during wet and dry pe-
riods of the 20th century. Arctic, Antarctic, and Alpine Research
47:681–692.

Ferrar P, Cochrane P, Slatyer R. 1988. Factors influencing germina-
tion and establishment of Eucalyptus pauciflora near the alpine
tree line. Tree Physiology 4:27–43.

Germino MJ, Smith WK. 1999. Sky exposure, crown architecture,
and low-temperature photoinhibition in conifer seedlings at al-
pine treeline. Plant Cell and Environment 22:407–415.

Germino MJ, Smith WK, Resor AC. 2002. Conifer seedling distribution
and survival in an alpine-treeline ecotone. Plant Ecology 162:
157–168.

Gonz�alez de Andrés E, Camarero JJ, Büntgen U. 2015. Complex cli-
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