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Seedling  mortality  is  important  to  the  formation  and  dynamics  of  alpine  treeline.  There  is  a  need  to  under-
stand the  mechanisms  governing  seedling  mortality  at and  above  treelines  under  a  warmer  climate.  We
tested  the hypothesis  that  under  a warmer  climate,  seed-based  treeline  seedlings  are  especially  vulner-
able  to  freezing  events  in the  early  growing  season.  Using  space-for-time  substitution,  we  conducted
a  5-yr  reciprocal  transplant  experiment  for  >10  yr-old  seedlings  of  seed-based  fir  and  root-sprouting
juniper  between  north-facing  and  south-facing  slopes  of  a  valley  with  elevations  of  4200–4600  m in the
Sergyemla  Mountains,  and  additional  experiments  of seed  germination  and  younger  seedling  transplants
(with  ages  of  3–5 yr) at and  above  the  fir  treeline.  Between  both  slopes,  annual  precipitation  was similar
but  annual  mean  air-temperature  above  the  treeline  differed  by 2.0 ◦C,  being  comparable  to  the  temporal
difference  of  2.3 ◦C  between  the  warmest  and  coldest  years  and  the unchanged  trend  of  precipitation
during 1960–2008  at Nyingchi  station  nearby  the  study  sites.  The  frequency,  intensity  and  duration  of
growing-season  freezing  events  were  much  higher  under  the warmer  climate  on  the  south-facing  slope.
Across years  and non-forested  sites  above  both  treelines,  annual  mean  air-temperature  was  well  corre-
lated  with  the  early-season  (April–June)  freezing  events.  In  pooled  data  across  years  and  sites,  annual
mortality  increased  in  fir seedlings  but  varied  little  in  juniper  seedlings  with  increasing  freezing  events
in  the  early  growing  season.  Similar  patterns  were  also found  in their  annual  growth  rates.  Partial  corre-
lation  analysis  indicated  that  the early-season  freezing  event  was  the  major  limiting  factor  determining

annual  mortality  of  fir seedlings,  while  that of  juniper  seedlings  varied  little  with  all  the  microclimate
factors.  Harsh  environments  above  the  treeline  did  not  limit  fir seed  germination.  The  finding  that  the
early-season  freezing  events  under  a warmer  climate  increased  fir  seedling  mortality  can  explain  the
cause  for  the  unique  distribution  pattern  of  fir and  juniper  treelines  on  opposite  slopes  of  a  valley  in
southeast  Tibet,  and  suggests  an  explanation  for the  phenomenon  that  the  world’s  highest  fir-treeline

with  
position  did  not  advance  

. Introduction

It has been suggested that the likelihood of freezing events

ill tend to increase under future global warming (Inouye, 2000;

PCC, 2007; You et al., 2008). The number of freezing events gener-
lly increases with increasing elevation (Wieser and Tausz, 2007;
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climatic  warming  in past  200  years.
© 2013 Elsevier B.V. All rights reserved.

Barry, 2008; Li et al., 2013). At high elevations, extreme low tem-
peratures can occur during the growing season because of the
severe radiation cooling at night under clear skies, light winds
and dry conditions (Sakai and Larcher, 1987; Taschler and Neuner,
2004; Wieser and Tausz, 2007; Larcher et al., 2010). This can
be fatal to the survival of alpine plants because they have the
weakest ability to resist the unpredictable freezing events in the
early growing season when alpine plants are fully active (Inouye,
2008; Mayr et al., 2012; Neuner and Hacker, 2012; Rixen et al.,

2012). Alpine treeline seedlings are expected to be especially vul-
nerable to freezing events, resulting in the difficulty of seedling
establishment at and above treelines (Smith et al., 2003; Kullman,
2007; Harsch and Bader, 2011). However, continuous and detailed

dx.doi.org/10.1016/j.agrformet.2013.12.004
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easurements of microclimate at alpine treeline ecotones are
are (Barry, 2008; Körner, 2012), and characteristics of growing-
eason freezing events and their effects on the survival and growth
f seedlings at and above treelines remain poorly understood
Kullman, 2007; Barbeito et al., 2012). Such knowledge is impor-
ant to understand the formation and dynamics of alpine treeline
ince seedling mortality is one of the three general ‘first level’ mech-
nisms that determine treeline position and dynamics (Harsch and
ader, 2011).

Southeast Tibet, which is characterized by a cold and moist cli-
ate, has the highest elevation treeline in the world (Miehe et al.,

007; Opgenoorth et al., 2010). The instrumental climatic data
ndicate a significant warming trend since the 1960s, which has
een recorded in ring-width chronologies of treeline trees (Liang
t al., 2009) and alpine shrubs (Liang and Eckstein, 2009; Kong
t al., 2012). In the Sergyemla Mountains, the seed-regenerated
r treeline (Abies georgei var. smithii)  generally dominates on the
orth-facing slope, while the sprout-regenerated juniper treeline
Juniperus saltuaria) dominates on the south-facing slope, forming

 unique distribution pattern on opposite slopes of a valley where
nnual mean air-temperature above both treelines differs greatly
nd annual precipitation is similar (Zhang et al., 2010; Liu and Luo,
011). There is evidence that little change has occurred in the seed-
egenerated fir treeline position after 200 years of warming even
hough the fir population density has increased (Liang et al., 2011),
hich is consistent with the worldwide data that almost half of 130

lpine/boreal treelines did not advance in response to global warm-
ng (Harsch et al., 2009). This points to the importance of microsite
vailability in seedling establishment above treeline (Smith et al.,
003; Harsch and Bader, 2011; Wang et al., 2012). The unique dis-
ribution pattern of fir and juniper treelines on opposite slopes of

 valley in the Sergyemla Mountains provides a natural labora-
ory to explore characteristics of growing-season freezing events
nd their effects on seedling mortality at and above both tree-
ines, which might be useful for understanding why the world’s
ighest fir-treeline position has not advanced with climatic warm-

ng. There is evidence that space-for-time substitution can be used
or predicting climate-change effects on biodiversity (Blois et al.,
013).

In this study, we hypothesize that under a warmer climate,
eed-based treeline seedlings are especially vulnerable to freezing
vents in the early growing season. Using space-for-time substi-
ution, we conducted a 5-yr reciprocal transplant experiment for
10 yr-old seedlings of fir and juniper between opposite slopes of

 valley with elevations of 4200–4600 m in the Sergyemla Moun-
ains, and additional experiments of seed germination and younger
eedling transplants at and above the fir treeline. Our aims are
o: (1) examine if growing-season freezing events are significantly
igher under the warmer climate on the south-facing slope; (2)
etermine whether the annual mortality and growth rates of trans-
lanted fir and juniper old-seedlings are generally associated with
he growing-season freezing events across sites and years; (3)
nvestigate to what extent harsh environments above the tree-
ine limit fit seed germination and its young-seedling growth and
urvival.

. Materials and methods

.1. Study sites

This study was conducted at the treeline observation sites of

he Southeast Tibet Observation and Research Station for Alpine
nvironments, Chinese Academy of Sciences. The study sites are
ocated on the opposite slopes (north-facing vs. south-facing) of a
-shaped valley at the peak of the Sergyemal Mountains (29◦36′ N,
t Meteorology 187 (2014) 83– 92

94◦36′ E, 4200–4600 m a.s.l). A. georgei var. smithii and J. saltuaria
are the dominant species of treeline forests on the north-facing and
south-facing slopes, respectively. Above both treelines, the vegeta-
tion changes to an open mosaic of shrublands and grasslands. In
August 2005, four automatic weather stations were installed at the
sites for treeline forests of fir (4320 m,  N2) and juniper (4425 m,
S2) and their nearby low-shrubland (4390 m,  N3) and grassland
(4441 m,  S3). Air (1 m and 3 m aboveground) and soil (−5 cm and
−20 cm)  temperatures, radiation (global radiation, net radiation,
photosynthetically active radiation, long wave radiation, red light
radiation), wind speed, relative humidity, rainfall, snow depth
and soil volumetric moisture were recorded hourly by HL20 data
loggers (Jauntering Inc., Taiwan). According to the treeline meteo-
rological observations during 2006–2012, the difference of annual
mean air-temperature between the warmest and coldest years
was 0.7–1.2 ◦C for south-facing sites (S2 and S3) and 0.8–1.0 ◦C for
north-facing sites (N2 and N3). Both forested sites (S2 and N2) had
similar annual precipitation (850–940 mm)  and growing-season
mean air-temperature (6.5–6.6 ◦C). Annual mean air-temperature
differed by 0.5 ◦C between S2 and N2, and by 2.0 ◦C between S3 and
N3 with a warmer climate on the south-facing slope. This is com-
parable to the temporal difference of 2.3 ◦C between the warmest
and coldest years and the unchanged trend of precipitation dur-
ing 1960–2008 at Nyingchi station (3000 m, ca. 10 km away from
our study sites; Liang et al., 2009; Kong et al., 2012). The maxi-
mum  snow depth was  80–100 cm on the north-facing slope and
20–30 cm on the south-facing slope. The spring soil warming dates
(with −20 cm soil temperature >0 ◦C) were 20–30 days earlier on
the south-facing slope than on the north-facing slope. The −5 cm
soil temperature amplitude in the growing season was much lower
at N2 (<1 ◦C) than at the sites of N3, S2 and S3 (2–5 ◦C). The daily
mean soil moisture during the growing season was  typically >20%
across slopes and sites. Detailed information on the sensor types
and site conditions is found in Liu and Luo (2011).

2.2. Reciprocal transplant experiment of fir and juniper
old-seedlings

Our previous survey indicated that the seed-based fir seedlings
were limited to a stable soil temperature environment (the −5 cm
temperature amplitude <1 ◦C) in the north-facing forests, compared
to the relatively widespread root-sprouting juniper seedlings (Liu
and Luo, 2011). This suggests an explanation for the unique dis-
tribution pattern of both species treelines on opposite slopes of a
valley in the Sergyemla Mountains. Knowledge of how the survival
and growth of fir and juniper seedlings differ between north-facing
and south-facing treeline ecotones is helpful for understanding the
mortality of fir seedlings under a warmer climate. We  performed
a reciprocal transplant experiment of both species old-seedlings
between the two  slopes. In early June of 2008, fir and juniper old-
seedlings (20–50 cm in height) growing well at forest edges in the
two lower slopes (4180–4200 m)  were selected, and then carefully
dug out with soil to a depth of 20 cm.  In total, 60 old-seedlings
per species were sampled and randomly divided into four groups.
The grouped seedlings of each species were transplanted to the
four study sites (N2, N3, S2, S3) at and above both treelines. The
four study sites represented two  typical habitats across both slopes
(forested: N2 and S2; non-forested: N3 and S2). At each site, the
seedlings were planted around the weather station, at least 1 m
apart. Before transplanting, the height and/or age of each seedling
were measured. The ages of transplanted fir old-seedlings ranged
from 10 to 15 years, which was  determined by counting the intern-

odes along the main stem. However, it was difficulty to determine
the ages of juniper seedlings because the internodes were not obvi-
ous. During 2008–2012, the mortality of transplanted seedlings
was recorded and their new top-shoot growth rates (cm yr−1) were
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easured at the end of the growing season once a year. Annual
ortality (%) across sites and years was calculated as the ratio of

ead seedlings to total transplanted seedlings. The survival rate (%)
as calculated as the ratio of living seedlings to total transplanted

eedlings.

.3. Additional experiments of seed germination and
oung-seedling transplants at and above the fir treeline

Knowledge about the dispersal and germination of seeds and
he survival of younger seedlings is also important to understand
he limitations to seedling establishment and treeline dynamics
Harsch and Bader, 2011). In the study area, our transect inves-
igation of fir seedling distribution above the treeline indicated
hat young seedlings (<10 cm in height with ages of 3–5 yr) grow-
ng under alpine shrubs were found up to 4360 m in elevation
40 m higher above the fir treeline), suggesting that seed dispersal

ay  not be the bottleneck of fir seedling establishment above the
reeline. To further explore the effects of microclimate factors on
r seed germination and its young-seedling growth and survival,
e additionally conducted a seed germination experiment and a

oung-seedling transplant experiment at N2 and N3 on the north-
acing slope. Annual mean air and soil temperatures were about
.5 ◦C higher at N3 (non-forested) than at N2 (forested).

In early June of 2011, fir young-seedlings (<10 cm in height,
–5 yr) growing well at forest edges in the lower north-facing slope
4200 m)  were selected, and then carefully dug out with soil to a
epth of 10 cm.  In total, 140 young-seedlings were sampled and
hen transplanted to N2 (4320 m,  forested) and N3 (4390 m,  non-
orested). At each site, seven 1-m2 plots were established around
he weather station, at least 5 m apart. Ten young-seedlings were
lanted in a plot. During 2011–2013, the mortality of transplanted
eedlings was  recorded and their new top-shoot growth rates
mm yr−1) were measured at the end of the growing season once a
ear. The total mortality (%) of a plot after 3-yr transplantation was
alculated as the ratio of total dead seedlings to total transplanted
eedlings.

In the seed year of 2012, mature seeds of fir in late October
ere randomly collected from five parent trees at 4320 m (treeline,
eight 12–15 m,  DBH 40–50 cm)  and 3800 m (distribution center,
eight 10–14 m,  DBH 35–50 cm), respectively. About twenty cones
er tree were collected with the help of ladder and lopper. Seeds
ere obtained from the natural air-drying cones. After measure-
ents of seed size (including length, width and thickness) and

000-seed mass, the seeds from the two elevations were sowed
t N2 and N3 in early November of 2012. At each site, five 1-m2

lots per seed source were established around the weather station,
t least 5 m apart. There were fifty seeds in a plot, and each seed was
arked by a toothpick to avoid mixing up with natural dispersal

eeds. During June–August of 2013, the germinated seeds of each
lot were marked and recorded once a week. By the end of August,
he germination rate of a plot was calculated as the ratio of total
erminated seeds to total sowed seeds.

.4. Microclimate data

Belowground root growth will start later than the aboveground
hoot growth because soil warming in spring lagged weeks behind
he increased air temperature due to seasonal snow cover and soil
hawing (Liu and Luo, 2011). Körner and Paulsen (2004) defined
he fully active growing season as the period at which the daily
oil temperatures at −10 cm exceeded 3.2 ◦C in spring and dropped

elow 3.2 ◦C for the first time in autumn. The cambium activity
f A. georgei var. smithii trees generally started when a daily mean
emperature of 3–5 ◦C or daily minimum temperature of 1–2 ◦C was
eached (Li and Liang, unpublished data). In this study, we used
 Meteorology 187 (2014) 83– 92 85

the threshold of 3.2 ◦C to define the beginning and ending of the
growing season based on daily mean soil temperature at −5 cm,
assuming that the seedlings (rooting depth < 10 cm)  are fully active
when the −5 cm soil temperature is above this threshold (Liu and
Luo, 2011).

The hourly recorded data of air temperature (1 m aboveground)
obtained from the four automatic weather stations (2006–2012)
were used for calculating the frequency, intensity and duration of
growing-season freezing events across the four study sites. The
frequency of growing-season freezing event was defined as the
number of days with daily minimum air temperature (Tmin) < 0 ◦C
during the growing season, and its intensity was  defined as the
seasonal absolute air temperature minimum (ATmin). The duration
of a freezing event was  defined as daily time (hours) with the air
temperature (T) < 0 ◦C during the growing season. To characterize
the seasonal changes in freezing events, we  further calculated the
monthly days with Tmin < 0 ◦C over the growing season.

To understand the causes of freezing events, the hourly recorded
data from the two automatic weather stations above both treelines
were used for analyzing the relationships between daily minimum
air temperature and other meteorological factors (wind speed,
net radiation, vapor pressure deficit and soil moisture) during the
growing season within a site. Vapor pressure deficit, an indicator of
the dry condition of air, was calculated from air temperature and
relative humidity.

2.5. Statistical analysis

Two-way analysis of variance (ANOVA) in the general linear
model (GLM) was  used for assessing the differences of the growing-
season freezing events and the annual mortality and growth rates of
transplanted old-seedlings among slopes (south-facing vs. north-
facing) and habitats (forested vs. non-forested), regarding the 5-yr
measurements as repetitions. We aim to examine the long-term
effects of slope, habitat and the interaction on the freezing events
and the transplanted old-seedling mortality and growth rates over
the five years.

Partial correlation analysis of multiple linear regression was
used for assessing the relative influences of wind speed, net radi-
ation, vapor pressure deficit and soil moisture on daily minimum
air temperature, and examining the relative importance of freez-
ing events and soil conditions (soil temperature and moisture) to
annual mortality and growth rates of fir and juniper old-seedlings.
Our previous study found that soil organic matter and total nitro-
gen at the depth of 0–20 cm varied little with slopes and habitats
in the study area (Kong et al., 2012).

The linear regression (y = a + bx)  was used for examining the
relationships between annual mean air-temperature and the
characteristics of growing-season freezing events, and between
microclimate factors (freezing events, soil temperature and mois-
ture) and the mortality and growth rates of transplanted seedlings
in pooled data across sites and years. Differences of fir seed ger-
mination rates and its young-seedling mortality and growth rates
at and above the fir treeline were tested by independent samples
t-test.

All statistical analysis were performed using the SPSS 19 for
Windows (SPSS Inc., Chicago, USA), and all significant differences
were at P < 0.05.

3. Results

3.1. Characteristics of the growing-season freezing events across

slopes and habitats

During 2006–2012, the frequency, intensity and duration of
growing-season freezing events were generally greater under the
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Table  1
Characteristics of the growing-season freezing events at and above treelines across north-facing and south-facing slopes during 2006–2012. N.A., the data were not available
because  of power failure.

Freezing event Year Forested sites Non-forested sites

Characteristics N-slope S-slope N-slope S-slope

Frequency (days with Tmin < 0 ◦C, d) 2006 0 0 0 59
2007 N.A. N.A. N.A. 49
2008 4 6 14 N.A.
2009 12 31 49 65
2010 1 18 31 63
2011 9 12 25 57
2012 0 8 16 44
Average 4.3 ± 2.1 12.5 ± 4.4 22.5 ± 6.8 56.2 ± 3.3

Intensity (seasonal ATmin, ◦C) 2006 0 0 0 −7.9
2007 N.A. N.A. N.A. −7.0
2008 −1.9 −2.7 −8.0 N.A.
2009 −2.4 −5.4 −8.1 −8.0
2010 −1.5 −4.3 −7.9 −9.2
2011 −2.4 −2.4 −8.8 −8.2
2012 0 −4.23 −7.1 −8.2
Average −1.4 ± 0.4 −3.2 ± 0.8 −6.7 ± 1.4 −8.1 ± 0.3

Duration (daily time with T < 0 ◦C, h) 2006 0 0 0 10.0
2007 N.A. N.A. N.A. 9.91
2008 7.5 8.2 6.2 N.A.
2009 5.8 8.6 10.2 11.9
2010 5.0 5.1 7.7 11.5

± 1.3 
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2012 0.0 

Average 4.0 

armer climate on the south-facing slope (Table 1). For the aver-
ge frequency, the days with Tmin < 0 ◦C differed by 8–9 d between
oth treeline forests and by 33–34 d between both non-forested
ites above the treeline. For the average intensity, the seasonal
Tmin was 1.8 ◦C lower in the south-facing juniper forest than in the
orth-facing fir forest, and was 1.4 ◦C lower at the south-facing non-

orested site than at the north-facing non-forested site. The average
uration of a freezing event was 2–4 h longer at the south-facing
ites than at the north-facing sites.

Seasonal patterns of freezing days differed greatly with slopes
nd habitats (Table 2). In the north-facing fir forest, the freezing
ays with Tmin < 0 ◦C were only found in the late growing season,
ompared to the frequent occurrences in the early (April–June) and
ate (September–October) growing seasons across the south-facing
uniper forest and the two non-forested sites above the treeline
Table 2). Two-way analysis of variance indicated that slope (south-
acing vs. north-facing) and habitat (forested vs. non-forested)
howed significant effects on the three variables of freezing events
n the early growing season, while only habitat significantly influ-
nced those in the late growing season (Table 3). Slope (39%),
abitat (32%) and the interaction (17%) explained most of the vari-
tions in the occurrence early-season freezing days.

Across years and non-forested sites above both treelines,
nnual mean air-temperature was well correlated with early-
eason freezing events (R2 = 0.63–0.92, P < 0.01), compared to low
r insignificant correlations across both treeline forests (Fig. 1a–c).
reezing events in the late growing season did not show a cor-
elation with annual mean air-temperature across both slopes
Fig. 1d–f). Partial correlation analysis indicated that seasonal varia-
ions in daily minimum air temperature within a non-forested site
bove the treeline were mainly determined by net radiation and
ir humidity (i.e. vapor pressure deficit, except for that in early
eason at the N-slope site) (Table 4). Additional effects of soil mois-
ure at −5 cm differed with seasons, in which daily minimum air

emperature decreased with decreasing soil moisture in the late
rowing season but increased or varied little in the early growing
eason (Table 4). Wind speed had minor or unclear effects on daily
inimum air temperature.
7.2 10.4 9.9
6.6 7.6 8.9
5.9 ± 1.3 7.0 ± 1.5 10.4 ± 0.5

3.2. Variations in mortality and growth of fir and juniper
old-seedlings associated with freezing events

In the fifth year after transplanting, the survival rate of trans-
planted fir old-seedlings across forested and non-forested habitats
decreased to 23–46% on the south-facing slope and to 73% on
the north-facing slope (Fig. 2a and b), while the survival rate
of transplanted juniper old-seedlings decreased to 54–75% with
unclear change trends with slopes and habitats (Fig. 2c and d).
Two-way analysis of variance indicated that only slope signifi-
cantly explained 23% of the variation in annual mortality of fir
old-seedlings, while annual mortality of juniper old-seedlings and
annual growth rates of both species varied little with slopes and
habitats (Table 5).

In pooled data across years and sites, annual mortality increased
in fir old-seedlings (P < 0.05, Fig. 3a–c) but varied little in juniper
old-seedlings (Fig. 3d–f) with increasing freezing events in the
early growing season, both showed no correlation with the freez-
ing events in the late growing season (data not shown). Similar
patterns were also found in the variations of annual growth rates
(Fig. 4). Partial correlation analysis indicated that the early-season
freezing event was  the major limiting factor determining annual
mortality of fir old-seedlings, while the annual growth rate was
mainly limited by soil moisture at −20 cm (Table 6). In contrast,
annual mortality and growth rates of juniper old-seedlings varied
little with all the microclimate factors (Table 6).

3.3. Variations in fir seed germination and its young-seedling
growth and mortality at and above the fir treeline

Seed size and 1000-seed mass were generally higher
for low-elevation seeds (8.6 mm  × 2.9 mm × 1.7 mm  and
9.6 g, seed source at 3800 m)  than for high-elevation seeds
(6.6 mm × 2.2 mm × 1.6 mm and 7.1 g, seed source at 4320 m),

but both seed source had similar germination rates in the fir
treeline forest (6.4% vs. 7.6%, P > 0.05) (Table 7). Under the alpine
low-shrubs above the treeline, low-elevation seeds (30.0%) had a
much higher germination rate than high-elevation seeds (4.0%).
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Table 2
Monthly days with daily minimum air temperature < 0 ◦C over the growing season at and above treelines across north-facing and south-facing slopes during 2006–2012.
N.A.,  the data were not available because of power failure.

April May  June July August September October

Forested sites
N-slope 2006 0 0 0 0 0

2007  N.A. N.A. N.A. N.A. N.A.
2008  0 0 0 0 4
2009  0 0 0 4 8
2010  0 0 0 0 1
2011  0 0 0 0 9
2012  0 0 0 0 0

S-slope 2006  0 0 0 0 0 0
2007  N.A. N.A. N.A. N.A. N.A. N.A.
2008  0 0 0 0 0 6
2009  15 2 0 0 3 11
2010  3 9 0 0 0 0 6
2011  4 0 0 0 0 8
2012  2 0 0 0 0 6

Non  forested sites
N-slope 2006 0 0 0 0 0 0

2007  N.A. N.A. N.A. N.A. N.A. N.A.
2008  0 3 2 0 0 9
2009  16 2 0 1 4 25
2010  4 1 0 0 2 24
2011  3 0 0 1 0 21
2012  0 0 0 0 4 12

S-slope 2006  14 17 0 0 0 2 26
2007  19 11 0 0 0 3 16
2008  N.A. N.A. 0 0 0 0 25
2009  20 17 2 0 0 4 22
2010  24 15 1 0 0 0 23
2011  14 18 0 0 0 0 25
2012  7 18 0 0 0 0 19

Table 3
Summary of GLM-ANOVA for the effects of slope, habitat and the interaction on characteristics of freezing events in early and late growing seasons of 2006–2012.

Variables df Days with Tmin < 0 ◦C Seasonal ATmin Daily time with T < 0 ◦C

SS F %SS SS F %SS SS F %SS

Early growing season (April–June)a

Slope 1 1802.667 68.33*** 39.49 68.919 32.20*** 38.79 135.727 25.72*** 38.29
Habitat 1 1441.500 54.64*** 31.57 59.252 27.69*** 33.35 107.637 20.40*** 30.37
Slope  × habitat 1 793.500 30.08*** 17.39 6.668 3.12 3.75 5.524 1.05 1.56
Error  20 527.667 11.56 42.805 24.09 105.530 29.78

Late  growing season (September–October)b

Slope 1 112.667 2.49 4.88 8.473 2.09 3.24 44.827 4.09 12.48
Habitat 1 1261.500 27.88*** 54.67 171.628 42.30*** 65.69 95.122 8.68*** 26.48
Slope  × habitat 1 28.167 0.62 1.22 0.010 0.00 0.00 0.077 0.01 0.02
Error  20 905.000 39.22 81.141 31.06 219.219 61.02

df,  degree of freedom; SS, sum of squares; %SS, % of variation explained by the main factors and the interactions.
a In early growing season, overall model for days with Tmin < 0 ◦C, R2 = 0.88, F = 51.01, P < 0.001; for seasonal ATmin, R2 = 0.76, F = 21.00, P < 0.001; for daily time with T < 0 ◦C,

R2 = 0.72, F = 15.72, P < 0.001.
b In late growing season, overall model for days with Tmin < 0 ◦C, R2 = 0.61, F = 10.33, P < 0.001; for seasonal ATmin, R2 = 0.69, F = 14.80, P < 0.001; for daily time with T < 0 ◦C,

R2 = 0.39, F = 4.26, P < 0.05.
*** P < 0.001.

Table 4
Partial correlation coefficients of multiple linear regressions for relationships of daily minimum air temperature to wind speed, net radiation, vapor pressure deficit, and soil
moisture (−5 cm)  within a non-forested site above treeline. The hourly recorded data in the growing seasons of 2006–2012 were obtain from two automatic weather stations,
each  placed above one of the treelines (sample size in early growing season (April–June): N-slope, n = 174; S-slope, n = 245; in late growing season (September–October):
N-slope, n = 219; S-slope, n = 234).

Independent variables Early growing season Late growing season

N-slope S-slope N-slope S-slope

Wind speed 0.11NS 0.10NS 0.13* −0.15*

Net radiation 0.33*** 0.47*** 0.14* 0.33***

Vapor pressure deficit −0.02NS −0.28*** −0.25*** −0.23***

Soil moisture (−5 cm) −0.20*** 0.11NS 0.13* 0.38***

NS, no significance.
* P < 0.05.

*** P < 0.001.
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owever, the germination rate of high-elevation seeds did not
ignificantly differ between sites at and above the treeline (Table 7).

In the third year after transplanting, the total mortality of
r young-seedlings was significantly higher in alpine shrubland
85.7%) than in treeline forest (41.4%), and the opposite trend was
ound in annual growth rate (Table 7).

. Discussion

.1. Increased early-season freezing events under warmer climate
t treeline ecotones
Compared to lowland area, the radiative cooling at calm, clear
nd dry nights is more significant at high elevations because the
ir is more clean and less dense (Barry, 2008). Then freezing events
characteristics of freezing events in the early (a–c) and late (d–f) growing seasons

may  commonly occur in the early and late growing season across
alpine ecosystems (Mayr et al., 2012; Neuner and Hacker, 2012).
Above treeline, the spatial pattern of microclimate forms a com-
plex mosaic according to topographical differences in radiation,
wind exposure, depth of snow cover, and plant stature and cov-
erage (Barry, 2008). In this study, there was  a great difference in
snow pack depth between north-facing (80–100 cm) and south-
facing (20–30 cm)  slopes. In high mountains, a south-facing slope
generally receives more radiation and then has higher net radia-
tion and drier conditions of air and soil than a north-facing slope
(Barry, 2008; Liu and Luo, 2011). On those clear nights (lack of

downwelling cloud radiation), the surface air with low humid-
ity absorbs less long-wave radiation from the ground, resulting in
lower daily minimum temperature and higher number of freezing
events in the growing season on the south-facing slope than on the
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Fig. 2. Accumulated survival rates of transplanted old-seedlings for fir (a and b) and juniper (c and d) across forested and non-forested habitats at and above treelines on the
north-facing and south-facing slopes during 2008–2012.

Table 5
Summary of GLM-ANOVA for the effects of slope, habitat and the interaction on the annual mortality and growth rates of transplanted fir and juniper old-seedlings during
2008–2012.

Variables df Annual mortality Annual growth rate

SS F %SS SS F %SS

Fir old-seedlingsa

Slope 1 290.503 5.12* 23.21 1.265 1.98 9.78
Habitat 1 26.627 0.47 2.13 0.734 1.15 5.68
Slope  × habitat 1 26.627 0.47 2.13 0.696 1.09 5.38
Error  16 908.015 72.54 10.243 79.18

Juniper old-seedlingsb

Slope 1 3.472 0.027 0.17 5.440 2.46 13.29
Habitat 1 31.250 0.247 1.51 0.005 0.00 0.01
Slope  × habitat 1 3.472 0.027 0.17 0.054 0.02 0.13
Error  16 2027.778 98.15 35.419 86.56

df,  degree of freedom; SS, sum of squares; %SS, % of variation explained by the main factors and the interactions.
a For fir old-seedlings, overall model for annual mortality, R2 = 0.28, F = 2.02, P = 0.152; for annual growth rate, R2 = 0.21, F = 1.40, P = 0.278.
b For juniper old-seedlings, overall model for annual mortality, R2 = 0.02, F = 0.10, P = 0.959; for annual growth rate, R2 = 0.13, F = 0.83, P = 0.498.
* P < 0.05.

Table 6
Partial correlation coefficients of multiple linear regressions for relationships of annual mortality and growth rates of transplanted fir and juniper old-seedlings to microclimate
factors  of early growing-season freezing events, soil temperature and moisture during 2006–2012 (sample size: n = 20).

Independent variables Annual mortality Annual growth rate

Fir Juniper Fir Juniper

Days with Tmin < 0 ◦C 0.59** 0.04 0.41 0.19
Soil  temperature (−5 cm)  0.04 0.30 0.29 −0.02
Soil  moisture (−5 cm) 0.13 0.24 0.15 −0.11

Seasonal ATmin −0.42 0.25 0.39 −0.15
Soil  temperature (−5 cm)  −0.10 0.34 0.38 −0.06
Soil  moisture (−5 cm) 0.06 0.06 0.11 −0.11

Daily  time with T < 0 ◦C 0.54* −0.17 −0.22 0.12
Soil  temperature (−5 cm)  −0.23 0.33 0.35 –0.07
Soil  moisture (−5 cm) 0.13 0.12 0.21 −0.13

Days  with Tmin < 0 ◦C 0.62** −0.01 −0.07 −0.13
Soil  temperature (−20 cm)  −0.17 0.17 −0.05 0.07
Soil  moisture (−20 cm) 0.26 0.14 0.39 −0.43

Seasonal ATmin −0.42 0.41 0.10 −0.01
Soil  temperature (−20 cm)  −0.22 0.41 0.01 0.01
Soil  moisture (−20 cm) −0.10 0.06 0.48* 0.43

Daily  time with T < 0 ◦C 0.52* −0.25 0.05 0.06
Soil  temperature (−20 cm)  −0.29 0.30 −0.10 −0.02
Soil  moisture (−20 cm) −0.19 0.16 0.52* −0.44

* P < 0.05.
** P < 0.001.
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Fig. 3. Relationships between annual mortality and the number of freezing events in the early growing season for transplanted fir (a–c) and juniper (d–f) old-seedlings across
sites  and years.
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sites  and years.
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Table 7
Differences in germination rate of fir seeds and the mortality and growth rate of fir
young-seedlings at and above the fir treeline (mean ± SE). Different letters of low
case within a row indicate the significant difference between habitats at P < 0.05.
Different letters of upper case within a column indicate the significant difference
between two seed source at P < 0.05.

Measure variables Treeline forest Alpine shrubland

Germination experiment of fir seeds (2012.11–2013.8)
Seeds from 3800 m (%) 6.40 ± 4.12aA 30.00 ± 7.13bA

Seeds from 4320 m (%) 7.60 ± 4.66aA 4.00 ± 2.19aB
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Transplant experiment of fir young-seedlings (2011.6–2013.8)
3-yr total mortality (%) 41.43 ± 9.37a 85.71 ± 6.85b

Annual growth rate (mm  yr−1) 9.31 ± 0.70a 5.47 ± 0.59b

orth-facing slope (Tables 1–3). Temperature extremes were less
nder a closed forest canopy than in an open non-forested habitat
Table 1) because of reduced convective heat exchange with the air
bove the canopy. Within a non-forested site above treeline, sea-
onal variations in daily minimum air temperature were mainly
etermined by net radiation and the dry condition of air (Table 4).
ecause of snow melting and soil thawing in the early growing
eason, daily minimum air temperature decreased with increas-
ng soil moisture, compared to the positive correlation in the late
rowing season (Table 4). Then both temporal and spatial varia-
ions in freezing events would be explained by the energy balance
rinciples.

The variation of extreme temperature can be more important
o alpine plant survival and distribution than that of mean temper-
ture (Katz and Brown, 1992; Karl and Easterling, 1999; Inouye,
008). It has been predicted that the probability of frost events
ay  increase under future global warming (Inouye, 2000; IPCC,

007). On the Tibetan Plateau, the frequency of extreme tempera-
ures has increased over the last 45 years (1961–2005) associated
ith increased summer and winter temperatures (You et al., 2008).
owever, the direct evidence for increased growing-season freez-

ng events with climate warming at and above alpine treelines
s still rare. At the treeline in the Swiss Alps, climate data of
975–2010 indicate a warming trend of summer temperature,
hich is associated with earlier snow melt and constant trend in the
umber of freezing events during the growing season (Rixen et al.,
012). The warming-induced increase of growing-season freezing
vents has been observed in a short-term warming experiment in
he central Chilean Andes (Sierra-Almeida and Cavieres, 2010).

Predictions relying on space-for-time substitution can be well
onsistent with the time-for-time predictions when the temporal
ariation in climate is similar to the spatial variation (Blois et al.,
013). In the Sergyemal Mountains, annual precipitation was  simi-

ar but annual mean air-temperature above the treeline differed by
.0 ◦C between south-facing and north-facing slopes. This is com-
arable to the temporal difference of 2.3 ◦C between the warmest
nd coldest years and the unchanged trend of precipitation during
960–2008 at Nyingchi station nearby the study sites. In this study,
e found that there were more severe growing-season freezing

vents under the warmer climate on the south-facing slope. The
umber of freezing events in the early growing season increased
ith increasing annual mean air-temperature across non-forested

ites and years (Fig. 1). Our data suggest that the number of early-
eason freezing events at alpine treeline ecotones may  increase
nder a warmer climate, which can affect the establishment of tree
eedlings above the treeline.

.2. The reason why the fir treeline position did not advance with
limatic warming
In the past 100 years, 47% of worldwide treelines did not
dvance in response to global warming (Harsch et al., 2009). To
xplain the unconformity between treeline dynamics and global
 Meteorology 187 (2014) 83– 92 91

warming, Harsch and Bader (2011) suggested three general ‘first
level’ mechanisms (growth limitation, seedling mortality and
dieback) that determine treeline forms and dynamics. In theory, the
treeline forms controlled by dieback and seedling mortality are rel-
atively unresponsive to climatic warming (Harsch and Bader, 2011).
Numerous studies have suggested that the lack of suitable habitats
can impede seedling establishment above alpine treelines (Cuevas,
2001; Smith et al., 2003; Juntunen and Neuvonen, 2007; Batllori
et al., 2009; Holtmeier and Broll, 2011; Dufour-Tremblay et al.,
2012; Harsch et al., 2012). However, there are few field data doc-
umenting the limiting environmental factors that lead to seedling
mortality directly.

Our transplant experiments of old- and young-seedlings indi-
cated that the survival of seed-based fir seedlings transplanted to
the warmer climate on the south-facing slope and at non-forested
sites above both treelines were strongly limited by the freezing
events in the early growing season (Figs. 2 and 3, Tables 6 and 7).
This can explain why the seed-regenerated fir saplings and trees are
excluded from the south-facing juniper treeline and non-forested
sites above the treeline (Liu and Luo, 2011). Körner (2012) sug-
gested that freezing events occurring in the transition period from
dormancy to active growth are much more critical to the seedling
survival at and above alpine treelines, in which most plants would
freeze below −1.8 ◦C. In this study, the average seasonal abso-
lute air temperature minimum (ATmin) ranged from −8.1 ± 0.3 ◦C
to −3.2 ± 0.8 ◦C on the south-facing slope and at non-forested
sites above both treelines, and was  −1.4 ± 0.4 ◦C at the fir treeline
(Table 1). Therefore, freezing temperature in the early growing sea-
son may  lead to physical damage of seedling leaves and new shoots,
and consequently decrease the carbon gain and height growth and
further increase their sensitivity to other environmental factors
(Cavieres et al., 2000; Awada et al., 2003; Johnson et al., 2004; Coop
and Givnish, 2008; Rixen et al., 2012). On the other hand, high light
intensity at non-forested sites above the treeline may  be adverse
to the fir seedling survival due to low-temperature photoinhibition
(Bader et al., 2007; Germino and Smith, 1999; Slot et al., 2005).

In contrast, the survival of transplanted juniper old-seedlings
varied little with slopes and habitats, suggesting that the differ-
ence of microclimate conditions may  not be the main factor that
causes the juniper seedling mortality. Since the juniper seedlings
generally regenerate from the basal trunk and root bud (Zhang et al.,
2010), the transplanted seedling mortality might be due to lack of
nutrition and water supply from their parent trees. This suggests
that juniper seedlings can live on their parent trees, and the dynam-
ics of juniper treeline mainly depends on the horizontally growing
roots under the ground.

The amount and quality of seeds generally decrease with
increasing altitude, which may  be another control to treeline
dynamics (Holtmeier, 2009). For A. georgei var. smithii,  the field
data of seed germination experiment with seed source of low and
high elevations indicated that harsh environments above the tree-
line did not limit fir seed germination though the quality of seed
source at treeline was  lower (Table 7). There is evidence that the
population density of fir treeline stands has increased under the
recent 60-year warming (Liang et al., 2011), suggesting that seed
availability and germination may  not be the bottleneck of treeline
change in this study area. Also, seed dispersal may  not limit the
fir treeline position because we  observed that the young seedlings
(<10 cm in height with ages of 3–5 yr) growing under alpine shrubs
were found up to 4360 m in elevation (40 m higher above the fir
treeline).
5. Conclusions

Our transplant experiments provided evidence that the warmer
climate on the south-facing slope and at non-forested sites above
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reeline generally had more severe growing-season freezing events,
nd the seed-based fir seedlings were especially vulnerable to the
ncreased freezing events in the early growing season. This can
xplain the cause for the unique distribution pattern of fir and
uniper treelines on opposite slopes of a valley in the Sergyemla

ountains (Liu and Luo, 2011), and suggests an explanation for the
henomenon that the fir treeline position did not advance with
limate warming in past 200 years (Liang et al., 2011). Also, such
nowledge might be important to understand why  almost half of
30 alpine/boreal treelines did not advance in response to global
arming (Harsch et al., 2009).
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