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Abstract

Global warming accelerates shrub expansion in high-latitude and high-elevation ecosystems. Over the last several decades,
alpine dwarf-pine Pinus pumila has expanded its range in northern Japan because of enhanced shoot growth under warm
climatic conditions. In alpine regions, local environmental conditions and the length of the growing season, vary depending
on the topography, elevation, and snowmelt time. This leads to spatially varying shoot performances that are co-affected by
climatic change. We applied a warming, shading, and defoliation treatment to assess how temperature and carbon relations
in interaction with habitat type (elevation and snowmelt time) affect shoot growth and photochemical efficiency of needles
in this species. Photochemical efficiency (Fv/Fm) was maximized during peak growth in the middle of growing season (mid-
July-mid-August), and it increased in the shading and warming treatments especially in the early and late season. Shoot
growth increased only in the warming treatment, and was not affected by shading and defoliation. These results indicate that
shoot growth of alpine dwarf-pine is limited by low temperature, but not by carbon assimilation, i.e., growth is sink- rather
than source-limited. Furthermore, the seasonal trend of photochemical efficiency shifted to the late season at higher eleva-
tions, and the recovery time of photochemical efficiency took longer in the late-snowmelt habitat, where the growing season
was short. Therefore, warmer summers and longer snow-free periods are likely to enhance the growth and areal expansion
of alpine dwarf-pine at the expense of the adjacent, species-rich, low-stature alpine plant communities.
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Introduction in arctic and alpine ecosystems over the last century (Myers-

Smith et al. 2011). Positive correlations between shoot

Climate change has already affected the community struc-
ture, distribution range, and species diversity of arctic and
alpine vegetation (Grabherr et al. 1994; Gottfried et al. 2012;
Pauli et al. 2012). In particular, increases in biomass, plant
cover, and abundance of shrub species have been recorded
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growth and summer temperature are reported in these shrubs
(Rayback and Henry 2006; Rozema et al. 2009; Forbes et al.
2010; Hallinger et al. 2010) in which warmer temperature
and extended growing season enhance the recruitment and
growth rates of shrubs (Chapin et al. 2005; Hansen et al.
2010).

Pinus pumila (alpine dwarf-pine) often forms a krum-
mholz belt above the treeline, which is a physiognomically
distinct type of alpine vegetation in far-east Asia (Okitsu
and Ito 1989). This species occupies the intermediate habitat
between exposed, reduced-snow habitats (fellfield) and snow
accumulation habitats (snowbed). These compact dwarf-pine
thickets become dominant on convex slopes with moderate
wind exposure and snow depth (Okitsu and Ito 1984). Pre-
vious studies reported that P. pumila shoot growth is posi-
tively related to the summer temperature (Sano et al. 1977,
Takahashi 2003; Wada et al. 2005) and annual shoot growth
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has increased over the years reflecting the recent climatic
warming (Wada et al. 2005; Ozeki et al. 2011). In our previ-
ous report, we showed that P. pumila had expanded its land
cover by 14% over the last 32 years in the Taisetsu Moun-
tains of northern Japan (Amagai et al. 2015). P. pumila is
known for its very high biomass accumulation as compared
to non-woody alpine vegetation in Japan (Kajimoto 1989).
Therefore, the expansion of P. pumila distribution would
likely have serious effects on the structure and diversity of
alpine plant communities.

For a mechanistic understanding of the P. pumila expan-
sion, the shrub’s growth and photosynthetic responses to
environmental conditions need to be explored. Its vigor
may vary among populations from different habitats. For
instance, in wind-exposed habitats, Nagano et al. (2009)
demonstrated that P. pumila produces needles with lower
construction cost and shorter lifespan associated with
increased photosynthetic nitrogen use efficiency compared
to needles from wind-protected habitats. Yet, actual carbon
gain in a wind-exposed habitat was restricted by drought
stress (Nagano et al. 2013). In addition to the habitat-specific
climatic conditions, the length of growing season is deter-
mined by local snow conditions in alpine ecosystems (Kudo
1991). Plants are protected from freezing temperatures under
snow during the winter. However, a late snowmelt reduces
the length of the growing season, resulting in shorter shoots
and later bud break (Kammer and M6hl 2002). Snow condi-
tion may also affect the stress tolerance of plants. Although
alpine plants can commonly tolerate low-temperature
extremes and high solar radiation (Manuel et al. 1999; Liitz
2010), an early loss of snow cover at high elevation may
increase the risk of photoinhibition (Lehner and Liitz 2003;
Oquist and Huner 2003) and/or frost damage (Neuner 2014).
Such implications of earlier release from snow have not yet
been explored in P. pumila.

In addition to direct effects of climatic warming, higher
temperatures may also change precipitation and snowmelt
regime in alpine ecosystems (Inouye 2008; Nagy and Grab-
herr 2009). A warmer summer may enhance shoot growth,
but early snowmelt and warm temperature may also increase
drought stress, resulting in reduced vigor. Furthermore, our
previous study demonstrated that summer temperature and
sunshine duration were both related to the seasonal shoot
extension of P. pumila (Amagai et al. 2015). Here, we
explore the habitat-specific responses of P. pumila shoots
to a manipulation of shoot temperature and shoot carbon
relations to understand the current expansion of this shrub.
Photochemical efficiency, i.e., quantum yield (Fv/Fm), has
been used as a reliable diagnostic indicator of photosynthetic
function in response to light, temperature, and other envi-
ronmental stresses (e.g., Maxwell and Johnson 2000). Thus,
we employed Fv/Fm values as an indicator of the state and
capacity of the photosynthetic machinery.
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We conducted three experiments to test how the physi-
ological activity and shoot growth of P. pumila respond to
shading, warming, and defoliation treatments. We tested the
following hypotheses: (1) shading treatment should decrease
shoot growth if light and carbon fixation are limiting fac-
tors. (2) Warming treatment should increase shoot growth
along with the photochemical efficiency, if low temperature
is a limiting factor. (3) Defoliation treatment and resulting
reduction of the photosynthetic area should reduce shoot
growth, if shoot growth is limited by carbon assimilation.
Furthermore, we compared seasonal trends in photochemical
efficiency among habitats of different elevation and snow-
melt times to assess possible site-specific responses.

Materials and methods
Study sites and climate conditions

This study was conducted in the central part of the Taisetsu
Mountains, Hokkaido, northern Japan (43° 32-33' N, 142°
51-56" E). Summits in this area are about 1850-2000 m
above sea level, and the treeline is located at an elevation
of around 1550-1600 m. Betula ermanii, Picea jezoensis
and Picea glehnii are major component species-forming
treeline. P. pumila is mostly distributed within a range
of 1550-1950 m above sea level, in which plant height is
commonly 0.5-1.5 m. Climate of the Taisetsu Mountains
is characterized by cold, snowy winters, and warm, wet,
foggy summers. The mean monthly temperature during the
growing season is 8.4 °C in June, 12.1 °C in July, 12.7 °C in
August, and 7.8 °C in September. The annual mean tempera-
ture is — 1.8 °C (during 2002 and 2015) at an elevation of
1700 m. The mean precipitation is 136 mm in June, 250 mm
in July, 368 mm in August, and 244 mm in September. The
annual mean temperature in this area has increased at a rate
of 0.33 °C per decade (during 1980-2010), and the snow-
melt timing has advanced at the rate of 4.1 days per decade
(during 1988-2012; G. Kudo unpublished data).

Measurement of potential photosynthetic activity

Chlorophyll fluorescence was measured to assess the photo-
chemical efficiency in the field. Quantum yield (Fv/Fm) is a
good indicator of photoinhibition (Kitajima and Butler 1975;
Mohammed et al. 1995); it is calculated with Fo, which rep-
resents the level of chlorophyll fluorescence in the dark, and
Fm, which represents the level of chlorophyll fluorescence in
a saturated chemical reaction (Fv=Fm — Fo). Typical leaves
have an Fv/Fm value of between 0.80 and 0.83, but damaged
leaves exhibit lower values (Demmig and Bjorkman 1987,
Oquist et al. 1992). Measurement was conducted for dark-
adapted needles (> 15 min, which stabilizes the Fv/Fm value
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in our preliminary experiment) using a portable fluorimeter
(MINI PAM; Walz, Effeltrich, Germany) from 31 May to 28
September, 2014. Initial fluorescence (Fo) was measured in
the Ml-burst mode of the MINI PAM; maximum fluores-
cence was measured after a saturating light pulse.

Experimental manipulations of temperature
and radiation

To quantify the effects of temperature and radiation on phys-
iological activity and shoot growth, experimental manipula-
tions were conducted on an exposed plateau at an elevation
of 1670-1690 m (hereafter H site; Table S1, Fig. S1) dur-
ing 2013 and 2015. At this site, P. pumila is distributed as
scattered patches, rather than continuous zonation, due to
strong wind and little snow cover during the winter, indicat-
ing that this site is at the distribution edge adjacent to the
fellfield habitat. We selected 20 patches of P. pumila and 5
moderately sized shoots in each patch in early June, 2013.
All selected shoots were tagged for identification. One was
used as an intact control, while the other four were used for
manipulations in which lateral branches on the main stem
were cutoff at the parts younger than 4 years old. Then, three
different manipulations (shading, warming, and defoliation
treatments), were conducted along with a manipulation con-
trol (no treatment except for the removal of lateral branches;
Fig. 1). The lateral branches were removed to simplify the
structure of shoots responding to the treatments.

The shading treatment was conducted using black fine-
meshed bags with 51% shading ability. In the warming

Fig. 1 Experimental manipula-
tions of Pinus pumila. a Control
shoot in which lateral branches
on the main stems were cutoff
within parts younger than

4 years old (white line). b Shad-
ing treatment was conducted
using black fine-meshed

bags after cutting the lateral
branches. ¢ Warming treatment
was conducted using white fab-
ric bags after cutting the lateral
branches. d Defoliation treat-
ment involved removing half of
the needles on the stem of parts
younger than 4 years old after
cutting the lateral branches

(a) Control

treatment, we used white fabric bags with little shading abil-
ity (< 10%) but warming ability. The defoliation treatment
involved removing half of the needles on a branch at the
parts younger than 4 years old using scissors. The shading
and warming treatments, namely, with shoot bagging, were
conducted only during the growing season (from 9 June to
10 September in 2013; from 1 June to 28 September in 2014;
and from 24 May to 30 September in 2015).

We measured ambient temperature in the shading, warm-
ing, and control treatments during the 2013-2015 growing
seasons. Measurements were performed at 1-h intervals by
automatic small loggers fixed on the manipulated stems
(StowAway Tidbit; Onset Co., Bourne, MA, USA). The
ambient temperature was measured throughout the year. To
evaluate the effects of treatments on shoot growth, we meas-
ured annual shoot growth during 2003 and 2015 (10 years
before the experiment + 3-year experimental period) using
a digital caliper, carefully identifying the internodal length
between bud-scar marks on the stem.

The Fv/Fm values of 1-year-old needles were measured in
each shoot of each treatment in every patch 10 times during
the growing season (from 31 May to 28 September) in 2014.
To compare the photochemical efficiency between current-
year and 1-year-old needles, Fv/Fm values were measured 6
times from 29 July to 28 September, when they developed.
The intact control and the manipulation control showed no
significant difference for every variable measured in the pre-
liminary analyses, indicating that branch removal did not
affect the performance of terminal branches. Therefore, we
used the manipulation control data for the analyses.

(b) Shading

(d) Partial defoliation
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Effects of elevation and snowmelt time
on the seasonality of photochemical efficiency

We measured Fv/Fm values at Goshikigahara (hereafter G
site) and the southern slope of Mt. Kaun (hereafter K site;
Table S1, Fig. S1). We set five plots in each location across
the gradients of snowmelt time (18th—-27th weeks of the
year) and elevation (1550-1950 m), and arbitrarily selected
six or seven shoots and tagged them in each plot. We meas-
ured Fv/Fm values of 1-year-old needles 10 times during the
growing season (from 1 June to 29 September) in 2014. The
actual number of measurements per plot varied depending
on the snowmelt timing and weather condition; 5 times in
G site and 8-10 times in K site. The Fv/Fm values of intact
control shoots at H site were included in the analysis, result-
ing in totally 11 plots across 3 sites.

Data analysis

Seasonal trends of Fv/Fm values of 1-year-old needles were
compared among the treatments using the generalized linear
mixed-effect model (GLMM), postulating a gamma error
distribution with log-link functions. In the GLMM, assigned
patch (hereafter ID patch) was included as a random inter-
cept. We used treatment and seasonal progress (number of
weeks since the first measurement) as explanatory variables,
in which a quadratic term of week was also included. The
effects of needle age (current-year vs. 1-year-old) and treat-
ment on Fv/Fm values were compared by the GLMM, pos-
tulating a gamma error distribution with log-link functions,
in which age, seasonal progress (week and week?), and treat-
ment were included as explanatory variables, and ID patch
as a random intercept.

Next, the effects of treatments on shoot growth were ana-
lyzed using the GLMM, postulating a Gaussian error distri-
bution with identity-link functions, in which ID patch was
included as a random intercept. Before the analysis, annual
shoot growth data from 2003 to 2015 were standardized in
each shoot. To eliminate yearly variation and endogenous
effects of individual stems, we included the experiment year
(2013, 2014, and 2015) and mean value of annual shoot
growth during 2003 and 2012 in the explanatory variables,
in addition to the treatment effect. The GLMMs were per-
formed using the functions glmer (gamma error distribu-
tion) and Imer (Gaussian error distribution) included in the
R package Ime4 (Bates et al. 2015) using the R statistical
software version 3.2.4. Furthermore, between-year varia-
tion of annual growth of control shoots was compared with
summer temperature (mean values of 1 June to 31 August
temperature) of the previous year by Pearson’s correlation
test. This is because previous studies reported that the shoot
growth of P. pumila is positively correlated with summer
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temperature of previous year (Takahashi 2003; Wada et al.
2005).

Finally, the effects of elevation and snowmelt time on
Fv/Fm values during the growing season were analyzed
for the data from 11 plots across 3 locations (H, G, and K
sites) in 2014 using the generalized linear model (GLM)
postulating a gamma error distribution with log-link func-
tions. In the GLM, elevation, snowmelt time, and seasonal
progress (week and week?) were treated as explanatory vari-
ables. The interaction terms between week and elevation
and between week and snowmelt time were included to test
the seasonal variations in physiological activities with refer-
ence to the elevation and snowmelt time. The best-fit model
was obtained by selecting explanatory variables based on
Akaike’s information criterion (AIC).

Results
Effectiveness of the warming treatment

According to the weather station data at H site, mean air
temperatures during the summer (from 1 June to 31 August)
were 12.9 °C, 11.8 °C, and 11.0 °C in 2013, 2014, and 2015,
respectively. The length of growing season, i.e., the period
from first day to final day on which daily mean temperature
exceeded 5 °C, ranged from 146 days to 184 days. The num-
ber of freezing days (daily mean temperature <0 °C during
the growing season) was 0, 7, and 6 days in 2013, 2014, and
2015, respectively.

The daily mean ambient temperatures of control shoots
(mean of 2013-2015) were 9.8, 13.1, 12.6, and 8.1 °C in
June, July, August, and September; the daily minimum
temperatures were 5.0, 8.3, 8.7, and 4.3 °C; and the daily
maximum temperatures were 15.9, 19.1, 17.5, and 13.3 °C,
respectively. The warming effects of the shading treat-
ment and the warming treatment relative to the control
were 0.10-0.13 °C for daily mean and 0.45-0.58 °C for
daily maximum in the shading treatment, while they were
0.38-0.86 °C and 1.7-3.1 °C in the warming treatment,
respectively (see Table S2). Thus, our warming treatment
effectively created warm conditions, but the warming effect
of the shading treatment was negligible.

Responses of photochemical efficiency
to the treatments

The Fv/Fm values of 1-year-old needles varied seasonally
(P <0.001); it retained high values during the middle of
summer (from mid-July to mid-August), but exhibited lower
values in the early and late season (Fig. 2; Table 1). The Fv/
Fm values increased in the shading (P <0.001) and warm-
ing treatments (P <0.001), especially in the early and late
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Table 1 GLMM results for the effects of treatments (control, shading,
warming, and partial defoliation) on photochemical efficiencies (Fv/
Fm) of 1-year-old needles during the growing season in 2014

Variables Coefficient  SE t P
Intercept (control)  —2.65 0.027 -99.82  <0.001
Shading 0.049 0.009 522  <0.001
Warming 0.041 0.009 442  <0.001
Partial defoliation ~ —0.001 0.009 -0.14 0.89
Season (week) 0.16 0.001 165.28 <0.001
Season? (week?) -0.003 <0.001 -167.38  <0.001

growing season, while there was no change in the defoliation
treatment (P =0.89; Table 1).

The Fv/Fm values of current-year needles were signifi-
cantly smaller than those of 1-year-old needles (P <0.001;

Table 2). Similar to the 1-year-old needles, the Fv/Fm values
of current-year needles increased in the shading (P <0.001)
and warming treatments (P <0.001), but there was no sig-
nificant difference between the control and defoliation treat-
ments (P=0.41; Table 2; Fig. 3). Although Fv/Fm values
decreased in the late growing season (P <0.001) for both
current-year and 1-year-old needles, significant interactions
between needle age and season (P <0.001) indicated that
the seasonal decline in photosynthetic capacity was more
apparent in current-year needles.

Responses of shoot growth to the treatments

Annual growth of the control shoots oscillated with a
period of 5-6 years during the last 13 years; it was large
in 2006-2007 and 2011-2012 but small in 2003-2004,
2008-2009, and 2014-2015 (Fig. 4). Annual shoot

Table2 GLMM results for

Variables Coefficient SE t P
the effects of needle age
ﬁurreﬂt-year and 1-year- | Intercept (1-year-old needle, control) -2.98 0.059 -50.6 <0.001
old) and treatments (control, Current-year needle ~3.80 0.076 -50.1 <0.001
shading, warming, and partial i
defoliation) on photochemical Shading 0.062 0.010 6.4 <0.001
efficiencies (Fv/Fm) during Warming 0.077 0.010 8.0 <0.001
the latter half of the growing Partial defoliation —0.008 0.010 -0.8 0.41
season (from late July to late Season (week) 0.18 0.002 9.8 <0.001
September) in 2014 ) s
Season” (week”) —0.003 <0.001 —-152.1 <0.001
Current needle X season (week) 0.24 0.002 108.0 <0.001
Current needle X season’ (week?) —0.004 <0.001 —438.1 <0.001
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growth significantly increased by the warming treat-
ment (P <0.001), but there was no significant difference
between the shading and defoliation treatments (P> 0.1;
see Table S3 for statistical details). Annual shoot growth
during the experimental period was negatively related to
the mean shoot growth during the last decade (2003-2012;
P <0.001, Table S3), indicating that shoots that grew
slower in the current test were growing fast in earlier years.
Shoots under the warming treatment retained high growth
activity during the experimental period (2013-2015),
while shoots under other treatments, including the con-
trol, showed a continuous decreasing pattern from 2013
to 2015 (Fig. 4). The trend of annual growth of intact and
manipulation control shoots was positively correlated with
the summer temperature (1 June to 31 August) of previ-
ous year (r=0.580, P=0.038; and r=0.478, P=0.099,
respectively).
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Year

Variations in photochemical efficiency
among habitats

The Fv/Fm values across 11 plots from three sites (H,
G, K) tended to show lower values in the early season,
increased in the middle season, and decreased again
in September (Table 3; Fig. S2). The GLM result indi-
cated the decreases in Fv/Fm values at higher elevations
(P <0.001) and later snowmelt places (P <0.001), while
site difference was excluded by AIC (Table 4). Signifi-
cant interactions with seasonal progress were detected for
elevation and snowmelt time (both P <0.001), indicating
that seasonal trend in photochemical efficiency varied
along the elevation gradients and snowmelt times. The Fv/
Fm values recovered slowly after overwintering at higher
elevations, while the values decreased in the late season
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Table 3 Summary of photochemical efficiencies (Fv/Fm) along the elevation gradients (a) and snowmelt times (b) during the growing season in

2014. Mean + SD (sample size)

Season® Term 1 Term 2 Term 3 Term 4 Term 5

(a) Elevation (m)
Low (< 1700) 0.67+0.08 (12) 0.76 £0.06 (38) 0.82+0.03 (62) 0.77+£0.03 (52) 0.67£0.07 (26)
Middle (1700-1800) — 0.78 £0.04 (21) 0.82+0.02 (21) 0.80+£0.02 (42) 0.71+£0.05 (21)
High (> 1800) 0.61+0.06 (17) 0.75+0.06 (54) 0.83+0.02 (120) 0.79+£0.03 (60) 0.74+0.04 (30)

(b) Snowmelt time (week of the year)
Early (18-19) 0.65+0.07 (18) 0.78 £0.03 (36) 0.83+0.02 (72) 0.78 £0.03 (36) 0.70+0.08 (18)
Middle (21-23) 0.59+0.06 (11) 0.78 £0.04 (45) 0.83+0.02 (69) 0.80+0.02 (66) 0.71+0.05 (33)
Late (25-27) — 0.70£0.05 (32) 0.81+£0.02 (62) 0.78 £0.03 (52) 0.72+0.06 (27)

*Within-season sampling periods; 1: late May—early June, Term 2: late June—early July, Term 3: mid-July-mid-August, Term 4: late August—

mid-September, Term 5: late September

Table 4 GLM results for the effects of elevation and snowmelt time
on the photochemical efficiencies (Fv/Fm) during the growing season
in 2014

Variables Estimate SE t P

Intercept 5.560 0.265 20.97  <0.001
Elevation (10° m) —0.449 0.134 -3.36 <0.001
Snowmelt time —0.057 0.006 —9.68 <0.001
Season (week) 0.135 0.010 13.54  <0.001
Seasonality® (week?) -0.0031  0.0001 -30.03 <0.001
Elevation X week 0.017 0.004 424  <0.001
Snowmelt time X week 0.0016  0.0002 8.88 <0.001

rapidly at lower elevations (Table 3a). Seasonal patterns of
the Fv/Fm values varied among plots with different snow-
melt time, with a peak in mid-summer (Table 3b).

Discussion
Seasonal pattern of photochemical efficiency

Our study demonstrated clear seasonal dynamics of physi-
ological activity of P. pumila in terms of photochemical effi-
ciency. The Fv/Fm values of needles were commonly high in
the middle of growing season, while they were low early and
late in the season. Because evergreen conifers often retain
needles for several years, needles have to survive severe
winters through the induction of physiological hardiness in
autumn and recover the photosynthetic function after over-
wintering (Oquist and Huner 2003). Therefore, the increase
in Fv/Fm values early in the season reflects a physiological
recovery process following growth initiation. In contrast, the
decrease in Fv/Fm values in September reflects the decline
in growth and the beginning of cold-hardening (Oquist and
Huner 2003; Yamazaki et al. 2003, 2011).

Although the responses of current-year needles to the
treatments were similar to those of 1-year-old needles,
the Fv/Fm values of the current-year needles were lower
than those of 1-year-old needles. The significant interac-
tion between needle age and the seasonal trend in Fv/Fm
(Table 2) indicates an age-specific seasonality of photosyn-
thetic activity: current-year needles showed a peak later in
the season, corresponding to the ongoing maturation process
(Kajimoto 1990) as was reported for Pinus sylvestris (Troeng
and Linder 1982). Nevertheless, photochemical efficiency
decreased earlier in the current-year needles than one-year-
old needles in autumn, presumably reflecting an earlier onset
of hardening, perhaps because current-year needles are more
sensitive to freezing temperature.

Responses of shoot growth to the treatments

Our experiment revealed that growth of P. pumila is limited
by low temperature during the summer because annual shoot
growth was increased by the warming treatment, while shoot
growth was not influenced by the defoliation treatment. This
means that shoot growth (sink activity) is not limited by
carbon assimilation (source activity) but by meristematic
processes (Korner 2015). Low temperature is restricting
sink activity of trees at their higher elevation limits (Hoch
and Korner 2009; Dawes et al. 2015). In the warming treat-
ment, mean ambient temperatures during the growing sea-
son (2013-2015) were 10.5 °C-12.8 °C, approximately
0.4°C-0.9 °C higher than the control (Table S2). Therefore,
shoot growth of P. pumila strongly depended on ambient
temperature during the growing season under natural condi-
tions (Fig. 4), and photochemical efficiency was higher in
the warming treatment (Figs. 2, 3).

The growth initiation and duration of woody production
in conifers inhabiting higher elevations strongly depend on
temperature, and thermal limits of growth activity were
around 6-8 °C (Rossi et al. 2007). At H site, the first record
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of a daily mean temperature above 0 °C was observed on
April 24, the last record of freezing temperature in spring
was on May 19, and daily mean temperature had exceeded
6 °C after May 28 during the summer in 2014. Because
our experiment was conducted in the beginning of June, our
treatments might affect the environmental conditions within
the main growing season without affecting the timing of
growth initiation.

As reported in previous studies (Takahashi 2003; Wada
et al. 2005), current shoot growth was also positively related
to the temperature of previous summer (Fig. 4). Kajimoto
(1993) reported that current shoots develop rapidly from
June to July and final shoot size correlates positively with
the initial bud size produced in the previous summer. It can
be assumed that shoot length in a given season is determined
by the growth conditions in the previous late season through
the number of nodes, i.e., the number of preformed needle
primordia produced per bud.

Little impact of the shading treatment on shoot growth
was an unexpected response because our previous study
demonstrated that sunshine duration (not radiation inten-
sity) was related to the shoot growth (Amagai et al. 2015).
Although the Fv/Fm values increased under shaded condi-
tions, there was no significant difference in shoot growth
between control and shaded shoots, indicating that shoot
growth is sink- and not source-limited.

Seasonal variations in physiological activity
among habitats

Fv/Fm values were negatively related to the elevation and
snowmelt time of individual habitats. At higher elevations,
recovery of photochemical efficiency in the early growing
season might progress slowly due to a low carbon demand
under cool conditions (Hoch and Korner 2009). In contrast,
the decrease in Fv/Fm values in the late growing season
occurred earlier at lower elevations. The retention of photo-
chemical efficiency until late season at high elevations may
be a compensatory response to thermally limited growing
season, when the development of buds progresses slowly
and continues until later in the growing season (Kajimoto
1993), i.e., exerting a longer sink demand by maturing
tissues. Similarly, a seasonal pattern of photochemical
efficiency is expected along the snowmelt time, in which
later growth initiation in late-snowmelt habitats results in
a significant interaction between snowmelt time and the
progress of bud/shoot development (Table 4). Furthermore,
lower photochemical efficiency at the late-snowmelt habitat
might because response to longer recovery time from winter
dormancy (Lehner and Liitz 2003), resulting in less shoot
growth at the late-snowmelt habitat (Rossi et al. 2011).
The distribution of P. pumila has expanded toward both
sides of fellfield and snowbed habitats during the last few

@ Springer

decades in the Taisetsu Mountains (Amagai et al. 2015). The
expansion toward the fellfield (as seen with H site) might be
due to the increasing temperature during the growing season,
while the expansion toward the snowbed (as seen with G
site) might reflect both, the earlier snowmelt and the warmer
summer temperature. The results of our experiment suggest
that P. pumila will increase its shoot growth and expand its
range under continued climatic warming. However, warm
spring and earlier release from snow cover may increase
the risk of frost damage and needle browning (Maruta et al.
1996; Ishida et al. 2001; Nakamoto et al. 2012), which may
impede the growth of P. pumila especially around the fell-
field habitat. It is important to monitor P. pumila’s range
dynamics under climate change because it can out-compete
species-rich alpine plant communities, given its taller stature
and massive biomass accumulation.
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