" BioOne COMPLETE

Soil Temperature and Soil Moisture Patterns in a
Himalayan Alpine Treeline Ecotone

Authors: Muller, Michael, Schwab, Niels, Schickhoff, Udo, Bohner,
Jurgen, and Scholten, Thomas

Source: Arctic, Antarctic, and Alpine Research, 48(3) : 501-521

Published By: Institute of Arctic and Alpine Research (INSTAAR),
University of Colorado

URL: https://doi.org/10.1657/AAAR0016-004

BioOne Complete (complete.BioOne.org) is a full-text database of 200 subscribed and open-access titles
in the biological, ecological, and environmental sciences published by nonprofit societies, associations,
museums, institutions, and presses.

Your use of this PDF, the BioOne Complete website, and all posted and associated content indicates your
acceptance of BioOne’s Terms of Use, available at www.bioone.org/terms-of-use.

Usage of BioOne Complete content is strictly limited to personal, educational, and non - commercial use.
Commercial inquiries or rights and permissions requests should be directed to the individual publisher as
copyright holder.

BioOne sees sustainable scholarly publishing as an inherently collaborative enterprise connecting authors, nonprofit
publishers, academic institutions, research libraries, and research funders in the common goal of maximizing access to
critical research.

Downloaded From: https://bioone.org/journals/Arctic,-Antarctic,-and-Alpine-Research on 25 Apr 2024
Terms of Use: https://bioone.org/terms-of-use



Arctic, Antarctic, and Alpine Research, Vol. 48, No. 3, 2016, pp. 501-521 %AR
DOI: http://dx.doi.org/10.1657/AAAR0016-004

Soil temperature and soil moisture patterns in a Himalayan alpine
treeline ecotone

Michael Miiller'”, Niels Schwab?, Udo Schickhoff?, Jirgen Bohner?, and
Thomas Scholten'

"Department of Geosciences, Chair of Soil Science and Geomorphology, University of Tiibingen, RiimelinstraBe 19-23,72070
Tubingen, Germany

2CEN Center for Earth System Research and Sustainability, Institute of Geography, University of Hamburg, Bundesstrale 55,
20146 Hamburg, Germany

*Corresponding author’s email: michael.mueller@uni-tuebingen.de

ABSTRACT

Soil properties in alpine treeline ecotones are insufficiently explored. In particular, an
extensive monitoring of soil moisture conditions over a longer period of time is rare,
and the effects of soil moisture variability on alpine treelines have not received adequate
attention yet. Soil temperature patterns are generally well documented, and soil tem-
perature is considered a key factor in limiting tree growth at both global and local scales.
We performed a 2%-year monitoring in a near-natural treeline ecotone in Rolwaling
Himal, Nepal. In this paper, we present new findings on spatiotemporal soil temperature
and moisture variability in relation to topographical features and vegetation patterns
(variations in stand structures and tree physiognomy). Our results show a growing sea-
son mean soil temperature of 7.5 = 0.6 °C at 10 cm depth at the Rolwaling treeline.
Multivariate statistical analyses yield a significant relation between soil temperatures and
the variability in tree height, crown length, crown width, and leaf area index (LAI). In
turn, soil temperature variability is controlled by the tree physiognomy itself. Soil mois-
ture conditions (available water capacity, 0—10 cm) appear to be less substantial for cur-
rent stand structures and tree physiognomy. In turn, tree physiognomy patterns control
soil moisture, which additionally is affected by snow cover. In Rolwaling, shallow and
coarse-grained soils cause low water-holding capacities, and thus a remarkable amount
of water percolates from topsoils to subsoils. In the alpine tundra with missing forest
canopy, year-round lowest available water capacities are additionally caused by high so-
lar radiation, wind, and thus high evaporation. We assume low soil moisture availability
causing largely prevented tree regeneration especially in the alpine tundra.

We conclude that soil temperature and moisture patterns reflect tree physiognomy
patterns. The latter cause disparities in soil temperature and moisture conditions inside
and outside of the closed forest by shading effects and differences in leaf fall.

INTRODUCTION meier, 2009). A considerable amount of soil tem-

perature (ST) data is available from alpine treelines

Tree growth at high altitudes is assumed to be  around the globe (Miiller et al., 2016). At a global
limited by heat deficiency (low air and soil tem-  scale, a growing season mean ST of 6.4 + 0.7 °C
peratures, e.g., Korner, 1998a,1998b,2012; Kérner  has been suggested as a threshold temperature un-
and Paulsen, 2004; Wieser and Tausz, 2007; Holt-  der trees at treeline elevations (Kérner, 2012). At
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a local scale, a wide range of 5 to 12 °C occurs
worldwide for growing season mean ST at alpine
treelines (Miller et al., 2016). Many researchers
had discussed whether tree growth in alpine tree-
line ecotones is limited solely by low temperatures
(e.g., by an impact on meristematic processes or
on photosynthesis; Hoch and Korner, 2005, 2009),
or whether it is limited or modified by different
abiotic and biotic factors (e.g., Holtmeier, 2009;
Korner, 1998a, 2012). A detailed overview of the
state of knowledge with regard to the effects of
soil properties on tree growth is given in Miiller
et al. (2016). In contrast to ST data from the 1im-
mediate vicinity of alpine treeline elevations, spa-
tiotemporal ST data for entire treeline ecotones
including subalpine forest and alpine tundra are
rare and mostly cover short monitoring periods
of <1 year only (e.g., Walter and Medina, 1969;
Liu and Luo, 2011; McNown and Sullivan, 2013;
Paulsen and Korner, 2014).

To date, only a few studies have investigated soil
moisture (SM) and its effect on tree growth at high
altitudes in more detail (Leuschner and Schulte,
1991; Gieger and Leuschner, 2004; Kohler et al.,
2006; Liu and Luo, 2011; Oberg and Kullman, 2012;
McNown and Sullivan, 2013; Paulsen and Korner,
2014; Peters et al., 2014). Thus, spatiotemporal dis-
tribution patterns of SM conditions in alpine tree-
line ecotones are insufficiently documented in lit-
erature (Miiller et al., 2016). In general, modeling
of plant-water relations is impeded due to an over-
all heterogeneous mountain terrain, and the hardly
determinable rooting depths of plants (Paulsen and
Ko6rner, 2014). At a local scale, alpine treelines vary
in SM available for plant growth, which in turn
highly depends on the winter snow cover, and its
removal and redeposition by wind (Hessl and Bak-
er, 1997; Hittenschwiler and Smith, 1999; Malan-
son et al., 2011; Paulsen and Korner, 2014). Some
case studies in different treeline environments have
shown tree growth at treelines to be constrained by
low SM availability rather than by low ST (Leusch-
ner and Schulte, 1991; Liang et al., 2014; Gonzalez
de Andrés et al., 2015). It has been suggested that
growth conditions for trees and young growth are
impeded by water shortage prior to the growing
season caused by an insufficient snow cover in win-
ter, and by still frozen soils in spring, respectively
(Balducci et al., 2013). During summer, increasing

SM stress may also result from a warming-induced
earlier onset of snowmelt (Oberg and Kullman,
2012). Further, SM stress has been demonstrated
to constrain seedling establishment (e.g., Weisberg
and Baker, 1995; Hessl and Baker, 1997; Lloyd and
Graumlich, 1997; Camarero and Gutiérrez, 2004;
Daniels and Veblen, 2004; Holtmeier and Broll,
2010; Moyes et al., 2015) and tree growth in dif-
ferent alpine treeline ecotones (e.g., Jacoby and
D’Arrigo, 1995; Lloyd and Graumlich, 1997, C)berg
and Kullman, 2012). A literature review by Miiller
et al. (2016) concluded that tree growth at semiarid
to arid subtropical, and oceanic island treelines is
predominantly affected by seasonal drought stress
(e.g., Leuschner and Schulte, 1991; Biondi, 2001;
Daniels and Veblen, 2004; Gieger and Leuschner,
2004; Morales et al., 2004; Lara et al., 2005). How-
ever, the latter outcome would gain in importance
if there were a larger amount of studies not only
from those regions, but from a greater variety of
treeline environments (Miiller et al., 2016). In con-
trast, some studies do not attribute SM a major role
in controlling tree growth, at least at a global scale
(e.g., Hoch and Korner, 2005). This holds true for
a treeline ecotone in the Sergyemla Mountains, Ti-
bet, where Liu and Luo (2011) could not find a
significant relationship between SM variability, and
vegetation and topographical patterns. With regard
to the Himalaya, information on ST and SM pat-
terns and their interactions with vegetation pat-
terns is scarce. Therefore, the aims of this study were

1. to monitor and analyze spatiotemporal ST and
SM data from a near-natural treeline ecotone in
Rolwaling Himal, Nepal, over a longer period
of time, and

2. to determine the interactions between ST and
SM, topography, and variations in stand struc-
tures and tree physiognomy at a local scale.

MATERIALS AND METHODS

Study Area

The study area is located in the northeast part of
Central Nepal (27°54’N, 86°22’E; Fig. 1). The ex-
perimental area is situated on the unsettled north-
exposed slope opposite to the village of Beding in
Rolwaling Himal.
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Upper subalpine forests are primarily composed
of Betula utilis and Abies spectabilis, with Rhododendron
campanulatum, Sorbus microphylla, Acer caudatum, and
Prunus rufa forming a second tree layer (Schwab et al.,
2016). Closed forests merge into a broad krummbholz
belt of Rhododendron campanulatum at ~3900 m a.s.l.
(N'W exposition, cf. Figs. 1 and 2) and ~4000 m a.s.l.
(NE exposition), respectively, which gives way to
alpine tundra (Rhododendron dwart shrub heaths) at
~4000 and ~4100 m a.s.l., respectively. Dwarf shrubs
are interspersed by a small number of low-growing
individuals (diameter in breast height [dbh] < 7 cm)
or young growth of Abies spectabilis, Betula utilis, and
in a higher amount of Rhododendron campanulatum.
Occasionally, Sorbus microphylla individuals with dbh
> 7 cm occur (Schwab et al., 2016). Total plant spe-
cies richness decreases from the closed forests in the
subalpine zone across the treeline ecotone and in-
creases again in the uppermost dwarf scrub heath at
the transition to alpine grassland. Due to isolation
and a very low population density of the Rolwaling

valley, and virtually pristine vegetation, the treeline
ecotone 1s considered as near-natural (Schwab et al.,
2016).

Soils in the study area were classified as Pod-
zols (according to TUSS, 2006), characterized by a
substantial outwash of soil organic matter and ses-
quioxides from topsoil to subsoil (podsolization).
Podzols showed the typical sequence of Oi-Oe-
Ah-Ae-Bh-Bs horizons. Litter cover strongly de-
creases from closed forest and krummbholz to the
alpine tundra.

Experimental Design and Data
Collection

We used a stratified random sampling design
with two transects (NE = northeast exposition,
NW = northwest exposition, Figs. 1 and 2) across
the treeline ecotone divided into four altitudinal

zones: A (closed forest), B (uppermost closed for-
est), C (krummholz), and D (dwarf scrub heath/
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FIGURE 2. Experimental design. Schematic illustration of the two different altitudinal transects (NE = northeast
exposition, NW = northwest exposition) including four experimental plots (20 m X 20 m), respectively, in each
altitudinal zone (A, B, C, D). Plot design (right) is equivalent on each plot. Koubachi Wi-Fi plant sensors are

available on both transects.
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alpine tundra, Figs. 1 and 2). Within each zone of
each altitudinal transect, four different plots (20 m
X 20 m, projected on a horizontal plain) were ran-
domly selected (Figs. 1 and 2).

On 32 plots (2 transects X 4 altitudinal zones
X 4 plots, Fig. 2) Koubachi Wi-Fi plant sensors
(Koubachi AG) monitored ST (°C) and SM (pF)
every hour at 10 cm depth from April 2013 to
October 2015, respectively. Additionally, two sen-
sors were placed underneath the uppermost indi-
viduals Abies spectabilis (~5—10 m high) and Betula
utilis (~5 m) on NE transect (equivalent to the
transition from zone B to C). The sensors were
modified for outdoor usage to log ST from —10
to +55 °C, and pF (decadic logarithm of the abso-
lute value of soil water tension, nondimensional)
from O to 5.75. We use lithium batteries, which
ensure energy supply under harsh climatic condi-
tions. Data were obtained via Wi-Fi interface. For
calculation of growing season mean ST, we used
the well-accepted definition of growing season by
Ko6rner and Paulsen (2004), when daily mean ST
at 10 cm depth first exceed 3.2 °C until they drop
again below 3.2 °C.

SM was determined as soil water content (Vol.-
% or L m™ dm™) from pF based on linear regres-
sion equations derived from default charts in Ad-
hoc-Arbeitsgruppe Boden (2005) (cf. Table 3 later).
Available water capacity (AWC, Vol.-% or L m™
dm™) was calculated from SM, soil texture, and
bulk density (cf. Table 3 later) according to Ad-
hoc-Arbeitsgruppe Boden (2005). Soil texture was
analyzed according to Blume et al. (2011), using
a Sedigraph III Plus Particle Size Analyzer (Mi-
cromeritics) in the laboratory. Bulk density was
determined gravimetrically after drying of the soil
at 105 °C after field sampling with 100 cm® core
cutters.

Vegetation surveys took place in April, May,
July, and August 2013, and in September 2014.
We measured diameter at breast height (130 cm,
dbh), and tree height of all trees with dbh > 7 cm
(cf. Schwab et al., 2016). Crown length (length of
crown from trunk to terminal bud), and crown
width were determined according to van Laar and
Akca (2007). The number of tree individuals (dbh >
7 cm) was counted on each experimental plot. Leaf
area index (LAI) was measured using hemispheric
photography. The camera (Nikon Coolpix 8400)

includes a wide-angle fisheye lens (Nikon Fisheye
Converter FC-E9), which was aligned to the free
sky obtaining an angle of view of 180°. Five photos
per plot (cf. Fig. 2) were taken in a cross pattern at
90 c¢m above ground at consistent clouded sky to
enable an optimal documentation of light condi-
tions (diffuse radiation component). Photos were
taken from 22 to 27 September 2014 on NW tran-
sect, and from 09 to 21 September 2014 on NE
transect. Using HemiView software (HEMIvY), all
photos were analyzed for LAI, and mean LAI per
plot computed.

Statistical Analyses

Statistical analyses were conducted using the free
programming language R, version 3.1.2 (R Devel-
opment Core Team, 2014) by applying R -packages
car (Fox and Weisberg, 2011), PMCMR (Pohlert,
2014), stats (R Development Core Team, 2014),
shape (Soetaert, 2014), vegan (Oksanen et al., 2015),
and zoo (Zeileis and Grothendieck, 2005).

Data gaps of ST and soil pF were small (<15
days) and were interpolated and extrapolated us-
ing R-packages zo00 and stats. Data were transterred
to ArcMap 10.1, and georeferenced based on GPS
data from field measurements during soil sampling.
In ArcMap, we used IDW (inverse distance weight-
ing) as deterministic method for spatial interpola-
tion.

We performed multivariate statistical analy-
ses to test the relation between the independent
soil variables temperature (ST) and available wa-
ter capacity (AWC), and the dependent vegeta-
tion variables dbh, LAI, tree height, crown width,
crown length, and number of tree individuals. Due
to multicollinearity, soil moisture (SM) was ex-
cluded from analyses. The large data sets of ST and
AWC contained the means from each experimen-
tal plot (NE-A1 to NE-D4, NW-A1 to NW-D4)
for the entire measurement period (01 May 2013
to 31 October 2015), and for the different sea-
sons (MAM 14, 15, JJAS 13, 14, 15, ON 13, 14,
DJF 13/14,14/15, ct. Results). For the dependent
variables, we also used means from each experi-
mental plot. In a first step prior to a redundancy
analysis (RDA), we applied a principal component
analysis (PCA) for each of the two data sets ST
and AWC individually. The reasons for that were
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to avoid multicollinearity among the many vari-
ables that represent ST and AWC, respectively, and
to create the best fitting model of principal com-
ponents for each of the two variables before we
performed an RDA. Using the principal compo-
nents in an RDA, we tested the effects of ST and
AWC on vegetation variables with regard to the
diverse altitudinal zones (A, B, C, D), and to differ-
ent aspects (N'W, NE). The results were verified by
applying a multivariate multiple regression analy-
sis (MMR), and subsequent MANOVA/ANOVA.

We further tested the influence of diverse en-
vironmental variables on ST, AWC, and SM by
applying multivariate linear regression analyses.
Therefore, we used a larger data set consisting
of the before-mentioned vegetation variables
complemented by soil related variables (tex-
ture, bulk density, thickness of litter layer), and
topographical variables (aspect
cos(exposition)], elevation in m a.s.l). To avoid
multicollinearity between independent variables,

[northness =

we tested them using the vif.cca function in R.To
create the best-fitting model (MMR) for the ex-
planation of all dependent variables, and of each
dependent variable individually, we conducted
backward selection using the ordistep function
from the vegan package in R.

REsuLTS

Soil Temperature

Mean ST (period: 1 May 2013-31 October
2015) at 10 cm depth showed a significant de-
crease with elevation (m a.s.l.) on NW transect
(Spearman r = —0.71, p < 0.01). In contrast, no
significant decrease was detected on NE transect
(r=—0.04, p = 0.88). Also during growing season
(cf. Fig. 3), NW showed a significant decline of
mean ST with elevation (m a.s.l.) (2013:r=—0.74,
p < 0.001, 2014: r = =0.82, p < 0.01, 2015: r =
—0.81, p < 0.001) which was not found on NE
(2013: r = 0.15, p = 0.55, 2014: r = —0.01, p =
0.99,2015:r = 0.28, p = 0.25). Despite altitudinal
zones A-D being located 100 m lower in eleva-
tion on NW (cf. Figs. 1 and 2), mean STs during
growing season of NW A—D were slightly lower
(2013: 7.7 £ 0.8 °C, 2014: 7.4 £ 0.8 °C, 2015:
7.4 £ 0.7 °C) compared to NE (2013: 7.8 £ 0.6

°C, 2014: 7.7 £ 0.6 °C, 2015: 7.5 £ 0.6 °C). At
treeline (transition from uppermost closed forest
[B] to krummbholz [C]), we calculated a growing
season mean ST of 7.5 £ 0.6 °C as mean of both
transects for the growing seasons in 2013, 2014,
and 2015 (cf. Fig. 3). Hereby, mean STs at treeline
were slightly higher or same on N'W as compared
to NE (Fig. 3).

We found altitudinal zone-specific spatial pat-
terns in ST. On NW, mean ST (period: 1 May
2013-31 October 2015) showed a strong decline
from AB (4.56 °C, 4.76 °C) to CD (3.29 °C, 2.95
°C). On NE, a temperature gradient occurred from
AB (4.05 °C, 4.68 °C) to C (3.28 °C); however, a
higher temperature was measured in D (4.17 °C). A
variance analysis (Kruskal Wallis) with subsequent
post-hoc Nemenyi (Tukey) test revealed major dif-
ferences (p < 0.0001) in daily mean ST between
altitudinal zones on both transects. On N'W, zones
Aand B (p = 0.28),and C and D (p = 0.12) showed
similar variances. On NE, zones A and D (p = 0.66)
and B and D (p = 0.30) did not differ significantly
from each other.

With regard to different seasons, mean ST in
spring (MAM) was commonly higher on NE (Ta-
ble 1, Fig. 4). Conversely, we found an opposite
spatial trend for autumn (ON) and winter (DJF),
except for the alpine tundra (zone D). In summer
(JJAS), temperature was similar on both transects,
except for the alpine tundra where NE was marked
by on average 2 K higher temperatures than N'W
(Table 1, Fig. 4).

Overall, we measured year-round higher STs
in D compared to C, and slightly higher or simi-
lar STs compared to A on NE. This was not
found for NW, where lowest STs occurred in D,
especially in summer (JJAS). Higher STs in D
compared to C were found in ON 13 and DJF
13/14 only, and similar STs were measured in
MAM 14 (Table 1). Winter (DJF) STs on both
transects were similar or even colder in A com-
pared to C and D, and were warmest in B (Table
1, ct. Fig. 4). Also in autumn (ON) and spring
(MAM), higher STs were measured in B com-
pared to A. In general, STs in winter 2014/2015
(DJF 14/15) were markedly higher than in win-
ter 2013/2014 (DJF 13/14) (Table 1). Likewise,
STs in spring 2015 (MAM 15) exceeded those of
spring 2014 (MAM 14) (Table 1).
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TABLE 1

Mean seasonal soil temperatures (£ s.e.) at 10 cm depth in the altitudinal zones A, B, C, and D on the NE and
NW transect. Different letters indicate significant differences at p < 0.05 by Post-hoc Nemenyi (Tukey) test.

Transect Season A B C D

NE AM 13! 44+12¢ 51+£0.7° 25+1.2¢ 471074
JJAS 13 92+1.2° 89+05° 79+0.7¢ 94+0.7*
ON 13 25+1.6° 33£1.0%® 23+£0.4°% 29+1.6°¢
DJF 13/14 -29+20° -0.6 £0.7° -32+15° —261t20¢
MAM 14 1.2+15® 1.9+0.8" 0.2+0.8*° 1.0+ 1.0"
JJAS 14 9.1 +1.2" 92+1.2° 7.6+£08° 8.9+0.6*°
ON 14 20+x1.6° 35+08° 1.9+£04° 28+ 1.5¢
DJF 14/15 -1.7+25* 0.0£04° -1.1+12¢ -08+19¢
MAM 15 1.5+ 19 23£0.8% 05 £0.7 0.9 £ 1.1°bd
JJAS 15 8.8+ 1.5* 80X 06" 7.8+0.7° 8.7+10.4*

NW AM 13! 42+1.0° 37£1.2° 28+ 1.1°¢ 1.3£0.714
JJAS 13 95+0.6*° 92+0.7° 7.7+1.0¢ 7.3+09¢
ON 13 32+£1.1® 39%0.3¢% 24+12¢ 27+06°
DJF 13/14 -1.9+1.8* -0.8£09°" —24+18* 21+x1.1°
MAM 14 0.8+ 1.0° 1.3+£0.8" 0.0+1.1° 0.0+0.6°
JJAS 14 93+0.6° 9.0+ 0.8* 74+£1.1° 6.7+06°
ON 14 3.0£13° 37£1.0° 20£12° 1.6 £0.6°
DJF 14/15 -02+15° 0.6 +12° -06+1.6° -1.1+£0.7¢
MAM 15 21+09° 22+08* 04+11° -02+0.7°"
JJAS 15 93+0.5" 8.9+0.5¢* 74£10° 7.0£04°

' Data in April are available from 18.04.2013 (dd.mm.yyyy).

Notes: AM 13 = April-May 2013, MAM = spring (March, April, May). JJAS = summer (June, July, August, September), ON = autumn (October, November),

DJF = winter (December, January, February).

Soil Moisture

Lowest mean pF values (corresponding to high-
est soil water tension) of 0—2 were measured in
summer (JJAS) and autumn (ON), highest (cor-
responding to lowest soil water tension) of 2-5
were detected in winter (DJF), followed by spring
months (AM 13, MAM) (Table 2). Overall, NE was
higher by pF 0.4 than N'W. On both transect, soils
in the alpine tundra revealed year-round drier pF
compared to lower altitudes (Table 2). Correspond-
ing to ST measurements showing higher values in
DJF 14/15 and MAM 15 compared to the previous
year (DJF 13/14, MAM 14), we found distinctly
lower pF values (corresponding to higher soil water
tensions) in DJF 14/15 and MAM 15 (Table 2) on
both transects.

A Kruskal Wallis test with post-hoc Nemenyi
(Tukey) test of daily mean pF wvalues (period: 01
May 2013-30 September 2015) on both altitudinal
transects resulted in significant differences between
zones ABC and D (p < 0.0001) (ct. Table 2). On
NW, AB (0.38) did not vary significantly. On NE,
AB (0.82) and AD (0.34) were similar, whereas AC,
BC,BD, and CD (p < 0.0001) differed significantly
from each other. The same tests for SM and AWC
ended up in similar results. With regard to difterent
seasons, we found a more complex spatial pattern
of pF on NE than on NW (see results from post-
hoc Nemenyi (Tukey) test in Table 2). However,
zone D (alpine tundra) on both transects differed
from the other zones nearly in every season.

Derived from pF values and soil texture (cf.Table
3), we calculated seasonal mean soil water content
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(SM, in Vol.-% or L m2dm™, 0—10 cm soil depth,
Table 2). According to TUSS (2006), soil texture at
10 cm depth is sand or loamy sand. Further, avail-
able water capacity (AWC, Vol.-% or L m2dm™,
0—10 cm soil depth, Table 2, Fig. 5) was calculated
from SM, texture, and bulk density (cf. Table 3).
Likewise to pE highest SM and AWC, respective-
ly, were calculated for summer (JJAS), followed by
autumn (ON), spring (MAM), and winter (DJF)
(cf. Fig. 5). Both transects had year-round lowest
SM and AWC in the alpine tundra (D) (Table 2).
For the period from 1 May 2013 to 30 September
2015, we calculated a decline of mean AWC from
A to D on both transects (NE: A = 5.53, B = 5.39,
C=551,D=520,NW:A =7.13,B=6.69,C =
5.92,D = 5.40).

Stand Structure and Tree
Physiognomy

For multivariate statistical analyses, we used tree
physiognomy data from each experimental plot,
which has been described previously in detail in
Schwab et al. (2016). Thus, merely a brief summary
of the data is presented as means of altitudinal zones
(* standard error) in Table 3. Tree height, crown
width, crown length, and dbh decreased with eleva-
tion. Crown width, crown length, and dbh, respec-
tively, were higher in the uppermost closed forest
(B) than in the closed forest (A) on NW. On NE,
the uppermost closed forest (B) showed the highest
number of tree individuals (dbh > 7 cm), whereas
on NW most individuals occurred in krummbholz
(C). LAI was similar in A and B, and decreased at
the transition from B to C, more notable on NE.
LAI declined sharply in the alpine tundra (D) on
both transects. In general, all investigated vegetation
variables indicate higher values on NE.

In Table 3, we also included results from soil tex-
ture and soil bulk density. Soil texture is commonly
very homogeneous throughout the study area with
generally coarse grain sizes (proportion of sand >
60%). Bulk density is overall low across the alpine
treeline ecotone (~1 g cm™), with marginal differ-
ences between altitudinal zones (Table 3).

Multivariate Statistics

In a first step, a PCA including the different ST
variables resulted in 70% proportion of variance for
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FIGURE 5. Spatiotemporal variation in available water capacity (Vol.% or L m2dm™). A, B, C, D = altitudinal
zones. NW = northwest. NE = northeast. MAM = March—May, JJAS = June—September, ON = October—November,
DJF = December—February.
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principal component 1 (PC1), which was repre-
sented predominantly by the STs measured in the
entire period (01 May 2013-31 October 2015),
and in spring 2014 (MAM 14) and 2015 (MAM
15), respectively. A 19% proportion of variance was
explained by principal component 2 (PC2), which
included primarily spring temperatures in 2013
(AM 13), and winter temperatures (DJF 13/14,
14/15).

The same method applied to AWC revealed
50% proportion of variance for PC1 (entire period,
summer [JJAS]), and 31% for PC2, mainly covered
by winter (DJF), and spring (AM 13, MAM). A
PCA of SM led to 40% proportion of variance by
PC1, including the entire period, spring, and sum-
mer. PC2 (34%) was composed primarily of winter
SM (DJF).

We integrated the different PCs (summarized
as ST and AWC) as vector variables into a redun-
dancy analysis (RDA) to test their relations to the
dependent variables (cf. Table 3). Figure 6 indicates
that ST is the most important independent variable
on the first axis (RDAT1), and that AWC is most
important on the second axis (RDA2).The propor-
tion explained by the RDA 1 axis was 99%, while
the RDA 2 axis represented 1%. ST was strongly
correlated with crown length and tree height. LAI,
crown width, dbh, and the number of tree indi-
viduals correlated less strongly with both ST and
AWC (Fig. 6).

The circles (Fig. 6, part a) indicate diverse
groups representing differences among the alti-
tudinal zones. Zones A and B (closed forest, A =
green, B = brown) overlap partially, whereas C
(krummbholz, gray), and D (alpine tundra, black)
provide individual groups showing a small
overlap only (confidence interval = 0.95). The
groups imply a very homogeneous distribution
of sites, especially the group of sites D where six
sites are virtually equal (black dots in the up-
per left corner of Fig. 6, part a). With regard to
exposition, no major differences occur between
the sites of the altitudinal transects NE and N'W
(Fig. 6, part b).

A summary of the RDA using the RsquareAd]
function in R showed that the proportion of the
total variance explained by the independent vari-
ables is 16.5%. We used the same function to see
the variation explained by the individual inde-

pendent variables. Hereafter, the conditional ef-
tect of ST on the dependent variables was highest
(6.9%), tollowed by AWC (3.7%).The shared vari-
ation of the two variables was 5.9%. An ANOVA
of the RDA results returned a Monte Carlo per-
mutation test of the predictor effect, which was
significant (p = 0.01).

To verify these results, and to explain the ef-
tfects of each independent variable on the indi-
vidual dependent variables in more detail, we
separately applied a multivariate linear regression
analysis with ensuing MANOVA. The results
(Table 4, part a) show that the variances of the
dependent variables LAI, crown width, crown
length, and tree height are best explained by ST
at a significance level of p = 0.05, respectively. In
summary, our model for multivariate linear re-
gression (after MANOVA) was significant for ST
only (p = 0.04).

Figure 7 illustrates the linear relationships be-
tween ST and AWC, and relevant dependent vari-
ables (tree height, crown length) with regard to
exposition (NE, NW). STs were found to be sig-
nificantly positive related to both tree height and
crown length on NE and NW, respectively. AWC
was significantly positive related to tree height on
NW. No significant relations were detected be-
tween AWC and crown length (Fig. 7).

In turn, we also tested the relations between
various environmental variables and the depend-
ent variables ST, AWC, and SM with multivari-
ate linear regression analyses. The results indicate
that all three dependent variables together are
best predicted by elevation (p = 0.002), and tree
height (p < 0.01), where elevation explained 79%
of the variance in tree height. With regard to
each individual dependent variable (Table 4, part
b) the results were similar. Our model for the
explanation of ST fitted best for tree height with
an adjusted R? of the model of 13% (significant,
p = 0.02). AWC was more related to elevation
and tree height, respectively (adj. R* = 44%, p <
0.001). The results for SM looked similar, with
the independent variables elevation, tree height,
and number of tree individuals creating the best-
fitting model (adj. R* = 38%, p < 0.001). Neither
soil-related independent variables (texture, bulk
density, thickness of litter layer) nor aspect im-
proved the models.
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FIGURE 6. Results from redundancy analysis (RDA) with regard to (a) altitudinal zones, and (b) exposition.
Blue arrows represent the independent explanatory variables soil temperature (ST), and available water
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TABLE 4

Results of multivariate linear regression analyses. (a) The ¢ and p values (T-test) are presented for relationships

between explanatory variables (ST [soil temperature], AWC), and response variables.The explanation of the response

variables is significant at a significance level of p = 0.05. (b) The best model for explanation of the response variables

(ST, AWC, SM [soil moisture]) was produced by stepwise selection of independent variables. The results are highly

significant at a significance level of p = 0.001 and p = 0.01, and significant at p = 0.05. LAI = leaf area index,
dbh = diameter in breast height.

(a) LAI dbh Tree height Crown length Crown width Tree individuals
t P t p t P t p t P t p
ST 1.72 0.05° 1.37 0.18 2.13 0.04" 2.56 0.02° 1.66 0.05° 1.21 0.24
AWC 1.09 0.29 1.21 0.24 1.02 0.32 1.15 0.26 1.20 0.24 1.07 0.30
(b) ST AWC SM
t p Adj. R? t p Adj. R? t p Adj. R?
Tree height 2.38 0.02° 0.13 Elevation 4.74  <0.001" 0.44 Elevation 4.40 <0.001™  0.38
Tree height  3.40 0.002™ Tree height 3.85 <0.001"
Individuals 1.96 0.05"

Significance codes: 0.001 “**”0.01 “**70.05 “*.” 0.1 )
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FIGURE 7. Scatter plot matrices showing simple linear regressions (R?, P-value) between soil temperature (ST)
and available water capacity (AWC), respectively, and tree height and crown length, respectively, with regard to
exposition. NE = northeast, NW = northwest, m = meter, L m™ dm™ = liter per square meter per decimeter.
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DiscussioN

ST is expected to be the second most important
factor controlling tree growth at its upper limit both
at global and local scales (Miiller et al., 2016), and
multivariate statistical analyses in Rolwaling imply
a significant interaction between ST and vegetation
patterns as well. In fact, STs in Rolwaling indicate
a significant decline with elevation, and hereby es-
pecially at the transition from the uppermost closed
forest (B) to krummbholz (C) (equal to timberline
and treeline in this case). The reason why our statis-
tical analyses did not result in a significant relation
between STs and elevation (ctf. Table 4, part b) is
because year-round higher STs in the alpine tundra
compared to krummholz on NE (cf. Fig. 4, Table
1). This suggests a stronger influence of solar radia-
tion in this zone and points to the effect of dense
canopies preventing soil heat flux and radiative
warming, particularly underneath krummbholz (cf.
Aulitzky, 1961; Korner, 1998a, 1998b; Kérner and
Paulsen, 2004). Differences in the canopy cover are
confirmed by substantially higher LAI values in the
krummbholz zone than in the alpine tundra (Table
3). This was also found on N'W, where the canopy
was generally less dense (lower LAI) compared to
NE along the entire transect (Table 3). However, we
found different ST patterns on N'W, where STs in
the alpine tundra were generally lowest compared
to lower elevation throughout the entire measure-
ment period, except for autumn 2013 and winter
2013/2014.This suggests that—despite a less dense
canopy on N'W—the influence of solar radiation is
lower than on NE. Since mean STs at treeline dur-
ing growing seasons in 2013, 2014, and 2015 were
slightly higher or the same on N'W than on NE
(cf. Fig. 3)—despite a lower elevation of treeline of
~100 m—we assume that ST alone are not respon-
sible for the elevational position of the treeline in
the study area. Moreover, the higher growing sea-
son mean ST at treeline of 7.5 £ 0.6 °C compared
to a suggested global mean of 6.4 £ 0.7 °C (Korner,
2012) may indicate that a combination of differ-
ent factors (e.g., soil water availability, soil nutrient
availability) limit tree growth (e.g., Leuschner, 1996;
Harsch and Bader, 2011). It has been suggested that
warmer treelines are governed by seedling survival
rather than growth (cf. Harsch and Bader, 2011),
since seedlings are said to depend strongly on water

and nutrient availability, frost damage, or are intol-
erant to sun exposure (Ball et al., 1991; Germino et
al., 2002; Gieger and Leuschner, 2004; Holtmeier
and Broll, 2005, 2007; Smith et al., 2009). However,
a ~100 m higher position of uppermost trees on
NE suggests that STs favor tree growth depend-
ing on the exposition. A higher solar radiation load
finds expression in seasonal higher STs, and thus in
higher trees, a thicker dbh, and a higher LAl on NE
(cf. Tables 1 and 3). Nevertheless, exposition as in-
dependent variable does not explain ST patterns in
our statistical analyses. Also, simple linear regression
analyses show no major differences in the relation-
ships between ST, and relevant vegetation variables
(tree height, crown length) with regard to the ex-
position (Fig. 7). Overall, our results reveal a com-
plex microclimatic pattern of STs, which may be
caused by topography-induced higher solar radia-
tion load, and thus higher STs, and also by the veg-
etation pattern itself, which influences soil climatic
conditions inside and outside of the closed forest
and krummbholz in different ways by shading eftects
and variation in leaf fall.

In contrast, the results of multivariate analyses do
not show a significant impact of AWC (0-10 c¢m
soil depth) on vegetation patterns (cf. Table 4, part
a). In turn, SM and AWC are likely controlled by
tree height and elevation (Table 4, part b; cf. Fig.
7), and AWC is additionally related to the number
of tree individuals (Table 4, part b). Since elevation
and/or altitude as environmental variable cannot
explain differences in soil moisture (Korner, 2012),
we do not attach too much importance to eleva-
tion as explanatory factor for SM and AWC in this
analysis. Moreover, SM and AWC are controlled
by the stand structure and the tree physiognomy
themselves. Year-round lowest AWC in the alpine
tundra on both transects (cf. Fig. 5, Table 2) is most
likely critical in preventing seedlings from invading
such sites. In the study area, Schickhoft et al. (2015)
found the abundance of young growth from spe-
cies Abies spectabilis, Betula utilis, and Rhododendron
campanulatum over almost all size classes to be sig-
nificantly correlated to SM. The main reasons for
overall low water-holding capacities of soils in the
study area are rapidly draining sandy substrates (cf.
Table 3), low bulk densities (~1 g cm™, cf. Table 3),
and a large amount of skeleton (up to 95%), and
thus a pronounced water percolation from topsoil
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to subsoil. This process is evidenced by well-shaped
horizontal structures of soils, marked by thick (up
to 30 cm) ash-gray eluvial horizons (Ae), and il-
luvial horizons (Bh, Bs) in the subsoil. These struc-
tures result from a soil downward dislocation of soil
organic matter, and sesquioxides (e.g., Al, Fe) with
percolating water (podzolisation). In the alpine
tundra, SM conditions and also water potential in
plants are both most likely additionally affected by
evapotranspiration provoked by a stronger influence
of both solar radiation and wind compared to for-
est and krummbholz sites, resulting in an enhanced
drying of topsoils and plants. Compared to forest
sites, desiccation of topsoils through solar radiation
and wind is strengthened by a less developed or-
ganic layer (litter layer < 0.5 cm) (cf. Wardle, 1968;
Dolezal and grutek, 2002). Likewise, tree regenera-
tion has been observed as being strongly hindered
by excessive solar radiation and water stress at tree-
lines worldwide (Aulitzky, 1960, 1961; Ferrar et al.,
1988; Ball et al., 1991; Bader et al., 2007; Danby
and Hik, 2007; Gill et al., 2015; Moyes et al., 2015).
Overall, we assume seedling establishment in the
alpine tundra in early life stages to be likely modi-
fied by SM availability, and to depend on protec-
tion from excessive solar radiation by other small
growing plants (dwarf shrubs), and by topographi-
cal shelters (e.g., large rocks). Likewise, a differ-
ent study in the Himalaya (Manang Valley) from
Shrestha (2007) showed that regeneration of Betula
utilis is constrained by SM availability and canopy
cover (light), respectively. In the same study area,
Abies spectabilis seedling abundance has been ob-
served to depend on SM availability and nutrients
(phosphorus), respectively (Ghimire and Lekhak,
2007). Previous studies from Rolwaling indicate a
significant decline of soil nutrients (e.g., nitrogen,
phosphorus) along the altitudinal transects, which
has been interpreted as low soil nutrient availability
being a most likely limiting factor for tree growth
even well below the climatic treeline (Miller et al.,
2016). Nutrient uptake by plants may be further
affected by limited SM supply as found for other
treelines as well (Loomis et al., 2006; Macek et al.,
2012).

Moreover, SM is affected by low STs indirectly
through freezing of soil water in the study area,
predominantly in winter and spring (cf. Dong et
al., 2011). Soils across the alpine treeline ecotone

were frozen from October 2013 at least until end
of April 2014. Higher STs (around 0 °C), and high-
er SM and AWC in winter 2014/2015 and spring
2015 compared to the same seasons in the previ-
ous year, suggest a thicker snowpack during these
seasons. This conclusion is derived from findings
that a greater snow depth usually induces warmer
soils (Holtmeier and Broll, 2007, 2010; Wieser and
Tausz, 2007; Hagedorn et al., 2014), leading to con-
sistent STs around 0 °C (Green, 1983; Holtmeier,
2005, 2009; Stohr, 2007; Shi et al., 2008). In the
Ural Mountains, a thicker snow cover in winter,
and thus warmer soils, were found to be more 1m-
portant for tree growth and treeline advance than
summer temperatures (Hagedorn et al., 2014). Fur-
ther, a higher snow cover keeps SM high also dur-
ing winter, and protects soils from frost, and small
plants (dwarf scrubs and seedlings) from cold tem-
peratures, evapotranspiration, and damage by high
solar radiation and wind. In turn, a missing or thin
snow cover may induce deep soil freezing (Wieser
and Tausz, 2007). Thus, frost drought due to frozen
soils, and mechanical damage, have been assumed
to be limiting for tree growth, especially during
winter months, when water uptake by plants is
impeded (Larcher, 1957, 1963; Kupfer and Cairns,
1996; Oberhuber, 2004; Holtmeier, 2005; Mayr et
al., 2006; Kullman, 2007). The issue of frost drought
is supported by our data from winter 2013/2014,
and partly spring 2014 (March, April), when both
STs (<0 °C) and SM were low. In contrast, winter
desiccation has been negated as a cause for treeline
formation (e.g., Troll, 1961; Slatyer, 1976; Korner,
1998a, 2009; Richardson and Friedland, 2009).
However, late winter, and in particular spring wa-
ter losses were observed not being replaced due to
frozen soils and stem bases (Korner, 1998a), lead-
ing to damage of leaves/needles and branches. In
the study area, winter and premonsoonal drought
stress—in case a sufficient snow cover is missing—
may not only be a problem under canopies but
also in the alpine tundra, resulting in impeded tree
growth and regeneration. This has been observed
for several other Himalayan treelines (Schickhoft et
al., 2015). It has been suggested that constraints on
tree growth due to warming-related drought stress
may nullify any beneficial effect on alpine treelines

due to rising temperatures (Gonzalez de Andrés et
al., 2015).
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In summary, our results show that monitoring
and analyzing spatiotemporal ST and SM data over
a longer period of time is valuable for a distinc-
tion of ST and SM patterns between different
topographic settings, different seasons, and different
years, respectively. Considering ST and SM condi-
tions during growing season only is insufficient to
understand the complex mechanisms determining
the interactions between ST and SM, topography,
and vegetation patterns in an alpine treeline eco-
tone at local scales. This paper suggests an interac-
tion of different factors (soil temperature, soil water
availability, snow cover, wind, topography-induced
solar radiation, vegetation, soil nutrient availability)
to be responsible for tree growth and regeneration
of trees in Rolwaling.

CONCLUSIONS

Our results indicate a strong interaction be-
tween STs, SM, and vegetation patterns (closed
forest and krummbholz vs. alpine tundra) in the
Rolwaling treeline ecotone. We assume SM pat-
terns to depend on alterations in snow cover, and
to modify current and potential future vegetation
patterns. Year-round lowest AWCs in soils of the
alpine tundra are likely caused by a higher influ-
ence of solar radiation and wind compared to
canopy-covered sites. We suggest seasonal drought
stress in combination with nutrient-poor soils as
critical factors constraining regeneration, and thus
tree growth even well below the climatic treeline.
Our results further show the importance of a long-
term monitoring from ST and SM to determine
seasonal varying soil conditions and their indi-
vidual impact on vegetation patterns, tree growth,
and regeneration, and vice versa. With regard to
the Himalaya, more studies are needed with focus
on SM conditions prior to the vegetation period.
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