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Abstract: Climate warming is expected to advance
treelines to higher elevations. However, empirical
studies in diverse mountain ranges give evidence of
both advancing alpine treelines as well as rather
insignificant responses. In this context, we aim at
investigating the sensitivity and responsiveness of the
near-natural treeline ecotone in Rolwaling Himal,
Nepal, to climate warming. We analysed population
densities of tree species along the treeline ecotone
from closed forest stands via the krummholz belt to
alpine dwarf shrub heaths (3700-4200 m) at 50 plots
in 2013 and 2014. We quantified species environment relationships, i.e. the change of
Received: 21 October 2016
Revised: 2 December 2016
Accepted: 3 January 2017

environmental conditions (e.g., nutrient and thermal
deficits, plant interactions) across the ecotone by
means of redundancy analyses, variation partitioning
and distance-based Moran's eigenvector maps. In
particular, we focus on explaining the high
competitiveness of Rhododendron campanulatum
forming a dense krummholz belt and on the
implications for the responsiveness of Himalayan
krummholz treelines to climate change. Results
indicate that treeline trees in the ecotone show
species-specific responses to the influence of
environmental parameters, and that juvenile and
adult tree responses are modulated by environmental
constraints in differing intensity. Moreover, the
species - environment relationships suggest that the
investigated krummholz belt will largely prevent the
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upward migration of other tree species and thus
constrain the future response of Himalayan
krummholz treelines to climate warming.
Keywords: Himalaya; Nepal; Population structure;
Rhododendron campanulatum; Spatial patterns;
Species-environment relationships; Stand density;
Variation partitioning

Introduction
Thermal deficits control the elevational
position of natural treeline ecotones at mountain
ranges worldwide which is expected to advance to
higher elevations in the long term (e.g., Troll 1973;
Holtmeier 2009; Körner 2012). At local scales,
various abiotic factors and biotic interactions
govern the elevational treeline position and the
response to climatic controls (Case and Duncan
2014; Wieser et al. 2014; Weiss et al. 2015; Müller
et al. 2016a). Inconsistent and sometimes
contradictory responses to climate warming,
observed in empirical studies, must be attributed to
the local-scale complexity of interacting site factors
(Schickhoff et al. 2015). The response gradient
ranging from static treelines with insignificant
responses to dynamic treelines with fairly rapid
upslope migration is reflected in the results of a
global meta-analysis with 52% of treelines showing
advance, 47% inertia and 1% recession (Harsch
et al. 2009). Land abandonment is often the
dominant driver of treeline advance (Gehrig-Fasel
et al. 2007), making it very difficult to disentangle
effects of human land use and climate change
(Schickhoff 2011).
Treeline ecotones in the Himalaya are
subjected to above average warming rates.
Warming trends are in the order of up to 1.2°C per
decade (c. 0.9°C on average) over the past 40 years,
leading to an average growing season extension of
4.7 days (Shrestha and Aryal 2011; Shrestha et al.
2012; Hasson et al. 2016). Precipitation trends are
spatially and temporally variable, however,
negative trends of monsoonal precipitation over
the western and central Himalaya and a higher
frequency of drought events in winter and premonsoon seasons in western Nepal were
documented (Schickhoff et al. 2016a). Himalayan
ecosystems are highly sensitive and vulnerable to
climate change effects, with multi-faceted
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interactions and diverse response patterns
(Shrestha et al. 2012; Telwala et al. 2013; Ferrarini
et al. 2014; Salick et al. 2014; KC and Ghimire 2015;
Padma Alekhya et al. 2015; Schickhoff et al. 2016b).
Recent reviews of the sensitivity and response of
Himalayan treeline ecotones emphasize the low
responsiveness of krummholz treelines, but also
highlight intense recruitment of treeline trees
within the treeline ecotone and beyond and the
respective potential for future treeline advance
(Schickhoff et al. 2015; Schickhoff et al. 2016b).
Treeline shifts are reported in studies which
consider uppermost seedling positions as
synonymous with treeline advance (e.g., Gaire et al.
2014). However, occurrence of seedlings does not
necessarily mean effective regeneration and
treeline advance given the generally low survival
rate of seedlings after germination and during
critical later life stages (Graumlich et al. 2005;
Schickhoff et al. 2016b).
Detailed knowledge of tree species environment relationships is among the basic
requirements for a better understanding of treeline
response patterns to region-wide climate warming
inputs. However, accumulated knowledge of
treeline tree species ecology in the Himalaya is still
very deficient (Schickhoff 2005; Miehe et al. 2015).
Here,
we
analyse
population-environment
relationships in the treeline ecotone of the
Rolwaling Valley in order to infer implications for
the treeline sensitivity and response to climate
change. We focus on the Rhododendron
campanulatum krummholz belt within the ecotone
since previous studies indicated the krummholz
belt to be a crucial ecotone element largely
preventing the upslope migration of tree species
(Schickhoff et al. 2015; Müller et al. 2016a; Müller
et al. 2016b; Schickhoff et al. 2016b; Schwab et al.
2016). It is still not understood how the change of
environmental conditions from closed forest stands
to the krummholz belt (e.g., nutrient and thermal
deficits, plant interactions) is correlated to
modified population densities of tree species. We
aim at analyzing this correlation in order to derive
insights into response variabilities of tree species
populations to changing constellations of site
factors and to climate change. We hypothesize that
populations of different life stages show modified
environmental relationships. Thus, we differentiate
between juvenile individuals and adult trees and
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further hypothesize that species-specific variation
in adult and juvenile population density along the
treeline ecotone and especially the krummholz belt
depends on nutrient and moisture supply as well as
thermal conditions.
In particular, we aim at answering the
following research questions: What are crucial site
factors for the high competitiveness of
Rhododendron campanulatum forming a dense
krummholz belt above treeline? Can the population
decline of tree species along the treeline ecotone be
attributed to specific environmental variables? Are
these variables related to climate change and if so,
what are the implications for the responsiveness of
Himalayan krummholz treelines?

1

Materials and Methods

1.1 Study site
The study was conducted on the north-facing
slope of the Rolwaling Valley (27°52' N; 86°25' E),
located in Dolakha District, east-central Nepal
(Figure 1). The Rolwaling Valley is part of the
Gaurishankar Conservation Area, established in
2010 (Bhusal 2012). The climate is continental
with dry and cold winter conditions and specifically
characterized by the monsoon season which lasts
from June to September (Böhner et al. 2015; for
detailed Rolwaling climate data see Gerlitz et al.
2016). The warming trend of the study area
corresponds to general Himalayan trends; Gerlitz

Figure 1 Location of the study area with studied slopes and sites.
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et al. (2014) assessed monthly temperature trends
of c. 0.7°C per decade in winter and pre-monsoon
seasons. The Rolwaling treeline at the north-facing
slopes represents near-natural conditions (Schwab
et al. 2016), having been preserved due to the
valley's remote location, its sparse population and
the status as a sacred abode (Baumgartner 2015).
We studied three north-facing slopes, named
according to their predominant exposition NE1,
NE2 (both north-east exposed) and NW (northwest exposed). Each sampled slope covers the
entire treeline ecotone from upper subalpine closed
forests (upper limits of tall and upright Acer
caudatum, Abies spectabilis and Betula utilis) via a
dense Rhododendron campanulatum krummholz
belt to alpine dwarf scrub heaths with small and
stunted tree species individuals (Figure 1 & 2).

Figure 2 Stratification of the study area by elevation
(zones A, B, C, D) and aspect (NE, NW), and
approximate location of plots (Schwab, 18 September
2014).

1.2 Tree species composition and
population densities

1.3 Sampling

Upper subalpine forests (corresponding to
elevational zones A and B in Figure 2) are mixed
forest stands consisting of tall upright growing
individuals of Betula utilis and Abies spectabilis as
well as Rhododendron campanulatum and Sorbus
microphylla forming a second tree layer (Figure 3).
Acer caudatum and Prunus rufa occasionally occur
as companions. Dense and nearly impenetrable
Rhododendron campanulatum thickets form the
krummholz belt in zone C which contains the
uppermost stunted individuals of Abies spectabilis
and Betula utilis with dbh ≥ 7 cm. The uppermost
trees with true tree habitus (upright stem with
crown) grow in elevational zone B. Thus the
treeline coincides with the transition from zone B
to C as in zone C only few outpost-treeline trees
occur (Schwab et al. 2016). Zone D in Figure 2
represents the alpine vegetation belt composed of
dwarf scrub heaths interspersed with few low
growing individuals of Sorbus microphylla. In
general, the density pattern of the juvenile
individuals (dbh < 7 cm) resembles the pattern of
adult trees. However, we found prolific
regeneration (dbh < 7 cm) of Abies spectabilis,
Betula utilis, Rhododendron campanulatum, and
Sorbus microphylla in zone D (Figure 3 &
Appendix 1) (Schwab et al. 2016). Especially
seedlings of Betula utilis, Abies spectabilis, and
Sorbus microphylla are established above the
upper limit of adult trees.

1.3.1 Species
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We stratified the slopes according to the
altitudinal zonation of tree species composition
and stand structure in elevational zones A (closed
forests) to D (alpine dwarf shrub heaths, cf. Figure
2) (Schwab et al. 2016).
We selected plots
randomly
by
Microsoft
Excel
function
RANDBETWEEN. In total, 50 square plots of 20 m
× 20 m were sampled. Sampling was conducted
from April to September 2013 and in August 2014.
We determined tree species after Press et al. (2000)
and Watson et al. (2011). We measured dbh at
130 cm above ground level, height, crown height
and crown width of all vital tree species individuals
with dbh ≥ 7 cm following standard forest
inventory procedures (Van Laar and Akça 2007).
We counted all tree species individuals of any size
in each plot. All individuals with dbh ≥ 7 cm are
termed "adult trees" while smaller ones are
categorized as "juvenile individuals".
1.3.2 Soil, topography and climate
All plots were sampled for Of, Ah and Ae
horizons. Soil samples were analysed using
standard methods at the laboratory of the
University of Tübingen (see Müller et al. 2016b for
details).
We determined the following topographic
variables per plot: elevation, aspect, centre
coordinates, slope, curvature, and ground cover
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Elevational zone

Elevational zone

variables. Ground cover variables
(a)
Abies spectabilis
captured the percentage of ground
D
Betula utilis
surface covered with rock fragments
Sorbus microphylla
C
of eight size classes (fine soil, coarse
R. campanulatum
soil, small stone, medium stone,
B
Prunus rufa
large stone, small rock, medium
Acer caudatum
rock, large rock; see Appendix 2 for
A
size class definitions). In presence
0
500
1000
1500
2000
2500
of large rocks we distinguished
Tree density (ha -1)
between outcrop rocks (protruding
Abies spectabilis
(b)
from slope) or plane rocks (bare,
Betula utilis
D
little or no vegetation). Other
Sorbus microphylla
ground cover variables were bare
C
R. campanulatum
ground cover (percentage of bare
B
Juniperus recurva
soil and rock cover) and vegetation
Acer caudatum
cover (percentage of ground
A
Prunus rufa
vegetation and
litter cover).
Furthermore, we divided each plot
0
2000
4000
6000
8000
10000
into four quadrants and collected
Juvenile density (ha-1)
topographic data in each quadrant
Figure 3 (a) Tree species density of individuals ≥ 7 cm dbh (adult trees);
to gather information about
(b) tree species density of individuals < 7 cm dbh (juvenile individuals).
microtopography (see Appendix 2
topographical variables of each plot as measures of
for details).
within-plot microtopographic homogeneity. We
In addition to soil temperature and soil
derived the following dissimilarity variables, using
moisture (see Müller et al. 2016b), we used air
different subsets and combinations of topographic
temperatures recorded from April 2013 to June
variables: microrelief, ground cover, microrelief
2014 by mobile climate stations which were
and ground cover combined, curvature, aspect,
installed in the lower and upper part of the ecotone
surface structure (see Appendix 2 for details).
(Gerlitz et al. 2016).
We derived annual as well as seasonal (winter
December - February: DJF, pre-monsoon March 1.4 Statistical analyses
May: MAM, monsoon June - September: JJAS,
post-monsoon October - November: ON) mean and
1.4.1 Data preparation
minimum air and soil temperatures from site
All data preparation and consequent statistical
specific temperature lapse rates (Gerlitz et al. 2016).
analyses were performed using the statistical
Moreover, we determined the number of frost days
software environment R (version 3.2.2; R Core
(< 0°C air temperature for a minimum of 6 hours)
Team 2015) with functions of packages "plyr"
and soil frost days. We counted days with soil
(Wickham 2011), "xlsx" (Dragulescu 2014) and
temperature ≥ 3.2°C to derive the number of
others referred to in the following sections.
growing degree days (GDD) as a measure for the
To obtain nutrient stocks per plot (kg 400 m-2),
length of the growing season (cf. Körner and
the concentrations were multiplied by the bulk
Paulsen 2004). We calculated annual as well as
density of the soil (g cm-3) multiplied by the
seasonal mean and seasonal maximum pF values,
product of plot size (400 m-2) and soil horizon
i.e. minimum soil moisture.
thickness (cm), all divided by 1000. Nutrient stocks
1.4.2 Correlation analyses of independent
in t ha-1 were calculated by multiplication of
variables
nutrient stocks per plot with 25, all divided by
1000. Descriptive statistics of soil variables used in
We split the environmental dataset into three
statistical analyses are presented in Appendix 3.
groups: soil, topography and climate variables. The
We computed Jaccard dissimilarity indices of
latter comprise “true” climate variables, e.g. air
quadrant-specific ground cover and other
temperatures and derived minimum values, as well
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as soil temperature, soil moisture and thereof
derived variables. In order to avoid high
multicollinearity in the following analytical steps
we removed within-group correlations of |r|> 0.7
(Spearman, p<0.05, adjusted according to
Benjamini and Hochberg 1995) by exclusion of
variables. We used the function "corr. test" of the R
"psych" package (Revelle 2015). By this procedure,
selected variables as well as all uncorrelated
variables were included in the final matrices (Table
1).
Missing values in several parameters could
lead to problems in the multivariate analysis.
Hence, we used multivariate imputation by chained
equations (MICE; Van Buuren 2012) based on a
random forest classification (Doove et al. 2014) to
estimate the missing values based on the
multivariate relationships between the variables
(see Appendix 4 for predictors of imputed variables,
determined following Van Buuren et al. (1999)).
We followed recommendations of Van Buuren
(2012) to specify the imputation model and used
the MICE implementation "mice" in the R package
"mice" (Van Buuren and Groothuis-Oudshoorn
2011) (for details on this procedure see Appendix

5). From here on, the data analysis will be based on
imputed environmental datasets, with missing
values replaced by imputed values.
1.4.3 Species-environment relationships
We analyzed Hellinger transformed population
densities with redundancy analyses (RDA) and
backward elimination (Legendre and Legendre
2012). Prior and after elimination, we tested each
variable group for global significance (p<0.05). We
applied a two-step selection procedure (hereafter:
two-step backward elimination; p<0.1 for dropping
a term from the model): First, in order to preselect
important variables, we selected variables
separated by groups (soil, topography, climate)
with significant contribution to species distribution.
Secondly, we included within-groups selected
variables in a second backward elimination
procedure, containing soil, topography and climate
variables selected in the first step.
Variables included in at least half of the
imputed data models of the second step were
included in the final models. Their RDA
parameters were averaged to obtain the final RDA
result. We calculated the explained variance for the

Table 1 Uncorrelated variables contained in final edaphic, topographic and climatic data matrices
Topography
Eastness
Slope
Surface structure
Fine soil cover
Coarse soil cover
Medium stone cover
Large stone cover
Small rock cover
Medium rock cover
Large rock cover
Presence of plane rocks
Bare ground cover
Litter cover
Microrelief and ground cover
dissimilarity
Ground cover dissimilarity
Microrelief dissimilarity
Curvature dissimilarity
Aspect dissimilarity
Surface structure dissimilarity
Soil: Of horizon
Manganese stock
Total nitrogen stock
Potassium stock
Aluminium stock
Sodium stock
Bulk density
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Soil: Ah horizon
Total nitrogen
Carbon concentration-to-nitrogen
concentration ratio (C:N)
Carbon stock-to-nitrogen stock ratio (C:N)
Aluminium concentration
Aluminium stock
Manganese concentration
Manganese stock
Potassium concentration
Calcium concentration
Sodium concentration
Bulk density
Soil: Ae horizon
Total nitrogen concentration
Mineralised nitrogen concentration
Carbon concentration-to-nitrogen
concentration ratio (C:N)
Aluminium concentration
Calcium concentration
Hydrogen concentration
Sodium concentration
Manganese concentration
pH (H2O)
pH (KCl)
Sand content
Layer thickness

Climate
Mean air temperature of DJF
season
Minimum air temperatures of
MAM season
Minimum air temperature of
JJAS season
Soil temperature of MAM season
Soil temperature of DJF season
Soil moisture of ON season
Soil moisture of DJF season
Soil moisture of MAM season
Soil moisture of JJAS season

J. Mt. Sci. (2017) 14(3): 453-473

first and second RDA axes by multiplication of
R²adj with the proportion of variance explained by
the first two canonical axes with respect to the total
explained variance (Borcard et al. 2011). Tree
species densities and the variables which were
included in the final models were tested by H-test
for significant differences of mean values of
elevational zones. Multiple comparisons led to the
determination of significant differences between
elevational zones. We used the function
"kruskal.test" and the function "kruskalmc" of the
package "pgirmess" for computations (Giraudoux
2015).
In order to assess the contribution of each of
the three independent environmental variable
groups (soil, topography, climate indicators) we
performed variation partitioning based on the
adjusted canonical R². In addition, the procedure
revealed the proportion of variation that remained
unexplained by sampled environmental variables
(Legendre and Legendre 2012). Variation
partitioning was calculated by the "varpart"
function of the "vegan" package (Oksanen et al.
2015) and was followed by significance tests of the
fractions using Monte Carlo permutation tests
(Legendre and Legendre 2012).
1.4.4 Spatial patterns: Distance-based
Moran's eigenvector maps and linear
trend
Notwithstanding the random selection of plots,
the spatial dependence of the species data is most
likely not only related to functional correlation with
the environmental variables but may be the result
of neutral processes of various population and
community
dynamics
leading
to
spatial
autocorrelation. In order to assess the spatial
structure of the population data, we first assessed a
broad scale spatial pattern by fitting a linear trend
to the species data. Then we used spatial
eigenfunctions to examine fine scale spatial
patterns (Legendre and Legendre 2012). We found
and analyzed a significant spatial linear trend in
the adult and juvenile tree species density data. In
order to assess the contribution of the linear trend
to adult and juvenile tree species densities we
analyzed the spatial linear trend by RDA using the
x-y coordinates of the plots as constraining
variables for the Hellinger transformed vegetation
matrix (Andersen et al. 2011; Borcard et al. 2011).

We selected significant RDA axes by backward
elimination using the functions "rda" and
"ordistep" of the R "vegan" package. The
permutation p-value was 0.1 for dropping a term
from the model (Borcard et al. 2011; Oksanen et al.
2015). In order to assess spatial structures which
are on a finer scale than the linear trend we used a
set of spatial variables, i.e. distance-based Moran's
eigenvector maps (dbMEM). First, we removed the
linear trend by detrending of the species data and
applying regression on the x-y coordinates of the
plots.
By
using
information
of
spatial
autocorrelation, dBMEMs define multi-scale
spatial correlations to define the spatial patterns.
For transformation of geographical UTM x-y
coordinates to a geographical distance matrix of
the plots we used functions of the R "rgdal" and
"sp" libraries (Bivand et al. 2013; Bivand et al.
2015). Afterwards, the dbMEMs were calculated by
the function "PCNM" of the package "PCNM"
(Legendre et al. 2013) with 9999 permutations. We
selected significant dbMEMs out of all positively
correlated dbMEMs by backward elimination. As
there was not much difference in the scales of the
finer scaled spatial patterns (dbMEMs) we
refrained from differentiating patterns arbitrarily
into dbMEMs of different scales (Legendre and
Legendre 2012), and stick to the distinction of
broad (first RDA axes of linear trend and dbMEM)
and finer than broad spatial scales (remaining RDA
axes).
We assessed the contribution of the dbMEM
model to adult and juvenile density data by RDAs.
To detect associations of single tree species to
spatial patterns, we tested site scores of the
significant axes of linear trend and dbMEM RDAs
and species data for correlations (Spearman,
p<0.05, adjusted according to Benjamini and
Hochberg 1995). In order to determine the extent
to which spatial structures are related to
environmental variables, we analyzed site scores of
the significant constrained RDA axes of both linear
trend RDAs and spatial variables (dbMEM) by
RDAs and backward elimination (adapted from
Andersen et al. 2011). We applied the two-step
backward elimination procedure. In order to
visually inspect spatial patterns, site scores of the
significant axes of linear trend and dbMEM RDAs
were plotted in maps.
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2

Results

Table 2 Explained variance of adult tree density by
first and second RDA axes. R2adj of ordination was 0.77

2.1 Species-environment relationships
RDA axis

2.1.1 Constrained ordination - adult trees
A total of 77% of variation in adult tree species
density was explained by 17 selected environmental
variables (Appendix 6). The first RDA axis
explained 58 % variance and the first and second
axis in total 68 % variance (Table 2). The
ordination shows a clear separation between plots
of zone C, a mixed zone A and B group, and a pure
zone A group (Figure 4). These three groups were
arranged mainly along the first RDA axis. In
general, the plots spread only slightly along RDA
axis 2. Especially plots of zone C formed a tight
cluster, due to the strong dominance of
Rhododendron campanulatum. In contrast, the
group containing A-plots with higher number of
tree species exhibited variation along axis 2.
Most environmental variables were correlated
rather with RDA axis 1 than with axis 2 (Figure 4),
forming a complex gradient along axis 1 which can
be divided roughly in three non-hierarchical
groups: The first group referred to differences in

Axis 1
Axes 1+2

Proportion explained by
accumulated
constrained eigenvalues
0.75
0.88

Explained
variance by
axes
0.58
0.68

Mn, manganese; C:N, carbon-to-nitrogen ratio.
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0
RDA2 species scores

0.0

-0.2
-0.8

-0.6

-0.4

RDA2 site scores

0.2

0.4

0.6

microtopographic groundcover, namely size and
shape of rocks. Rhododendron campanulatum was
associated to plots with coarse soil cover and large
stones, i.e., to a finer structured microtopography
compared to the sites dominated by other tree
species. Those sites were structured by mediumsized and large rock fragments and exhibited
dissimilarities in exposition and curvature within
plots (relatively weak gradients, not shown in
Figure 4). Cover of medium-sized and large stones
differed significantly between elevational zones A
and C (Appendix 7). The second group referred to a
temperature gradient, expressed in lower soil and
air temperature at plots with high density of
Rhododendron
campanulatum
and
higher
temperatures at other plots. Soil temperature
differed significantly between the two lower zones
and zone C while the difference in air temperature
was
significant
between
-0.5
0.5
RDA1 species scores
elevational zones A and C
(Figure 5 and Appendix 7). The
A
A. caudatum
NE1
B
NE2
third
group
referred
to
Mn Ah
C
NW
differences in soil texture and
Minimum air temp. JJAS
Finer structured
soil fertility, indicated by
Sand content Ae
S. microphylla
Medium stone
microtopography
manganese content and C:N
cover
Bulk density Of
Coarse soil cover
ratios of Ah and Ae horizons.
P. rufa
C:N Ah
The C:N ratios of elevational
R. campanulatum
Air temp. DJF
zones A and C were significantly
Soil temp. MAM
B. utilis
different. In spite of the strong
Less fertile
Higher
C:N Ae
gradient in the ordination, there
soil
temperatures
were no significant differences in
manganese content between the
elevational zones (Figure 5 and
A. spectabilis
Appendix 7). Sites of zone C and
-1.0
-0.5
0.0
0.5
1.0
Rhododendron campanulatum
RDA1 site scores
were associated to less nitrogen
Figure 4 Ordination diagram of redundancy analysis (RDA) for adult tree
mineralization and increased
density. Vector directions show relation to and vector lengths importance of
nitrogen
immobilization
environmental variables. Only the most important environmental variables
compared to other sites and
with biplot score (axis 1 and/or axis 2) ≥ 0.3 are shown. Appendix 6 contains
all 17 variables and their biplot scores. The first two constrained RDA axes
species. Furthermore, there were
shown here explain 68% variation in adult tree species density. Dashed
less nutrient fixing clay and silt
arrows show appropriate direction of summarized main gradients, length
particles. In consequence, the
not true to scale. Notes: Of, Of horizon; Ah, Ah horizon; Ae, Ae horizon;
trend indicated in general less
temp., temperature; MAM, pre-monsoon season; JJAS, monsoon season;
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environmental variables. The partial overlaps of
zones A and B (especially adult trees) and C and D
(juvenile individuals) showed that the separated
zones had features of population density in
common. We found similar proportions of juvenile
Rhododendron campanulatum and Sorbus
microphylla trees in zones C and D, but lower
densities of both species in zone D (cf. Figure 3 and
Schwab et al. 2016).

fertile soil conditions at zone C plots dominated by
adult Rhododendron campanulatum trees as well
as more fertile conditions at A and B plots where
other tree species showed higher abundances. In
addition, we found a strong gradient of increasing
bulk density of the Of horizon towards less elevated
plots and towards all tree species except
Rhododendron campanulatum. The difference in
bulk density between zone A and zones B and C
was significant (Figure 5 and Appendix 7).
Environmental gradients along the second axis
exhibited less pronounced differences regarding
soil fertility and nutrient availability, temperature
and microtopography. Related variables did not
show significant differences between elevational
zones (Figure 5 and Appendix 7).
For adult trees, the complex microtopographysoil fertility-temperature gradient along axis 1 had
major influence on tree species distribution in the
ordination, in particular on the separation of
Rhododendron campanulatum from all other tree
species. We found a species-specific response of
adult Rhododendron campanulatum density to
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A total of 66% of variation in juvenile tree
species density was explained by 14 selected
environmental variables (Appendix 6). The first
RDA axis explained 51% variation and the first and
second axis in total 60% variance (Table 3). The
ordination of juvenile individuals showed a clear
separation into a group of plots from elevational
zone A, a group from zone B and a mixed group of
plots from zones C and D (Figure 6). The groups
were separated from each other along RDA axis 1.
Compared to the adult tree ordination (Figure 4),

C:N Ae horizon

elevational zone

elevational zone

C:N Ah horizon

2.1.2 Constrained ordination - juvenile
individuals

f
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−3
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Figure 5 Variation of most important environmental variables with elevation. Outliers are excluded in Figure 5c. All
imputed datasets are included in Figure 5d. Other Figures show variables with complete, not imputed data sets.
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0
RDA2 species scores

0.4

0.2
0.0
-0.4

-0.2

RDA2 site scores

0.6

0.8

In contrast to the adult tree ordination, sites
the sites were to a higher degree distributed along
and species were scattered to a higher degree in the
RDA axis 2. Plots from slope NE1 tended to
ordination of juvenile individuals. The ordination
separate from the other slopes' plots, especially in
was influenced by more complex combinations of
case of C and D plots, due to differences in juvenile
variables to gradients in comparison to adult tree
tree species composition between the slopes.
ordination. However, the main factors were
Most environmental variables were related to
likewise
related
to
nutrient
availability,
both axes and all tree species. From all variables
temperature and microtopography.
with strong correlation to ordination (Figure 6),
the C:N ratio of the Ah horizon correlated only with
Table 3 Explained variance of juvenile stand density
RDA axis 1. Likewise, other variables which were
by first and second RDA axes. R2adj of ordination was
0.66
correlated to both axes contribute to plot and
species differentiation, e.g., C:N ratio of Ae horizon,
Proportion explained by
Explained
RDA axis accumulated
variance by
air temperature, manganese content, surface
constrained eigenvalues
axes
structure and microrelief dissimilarity. These
Axis 1
0.77
0.51
variables formed complex gradients, together with
Axes 1+2
0.91
0.60
variables showing weaker correlation to the
ordination. The variables could be classified into
2.1.3 Variation partitioning - adult trees
nutrient, microtopography and climate related
Results from RDA showed that the selected
groups. The differentiation in groups of C and D
variables explained 77% of variability in adult tree
sites versus other sites and of Rhododendron
density distribution of the treeline ecotone. By
campanulatum versus other species was related to
means of variation partitioning we separated
differences in nitrogen availability (C:N ratios of
explained variability into amounts which were
Ah and Ae horizons), manganese content of Ah
explained exclusively by edaphic or topographic or
horizon, calcium content of Ae horizon,
dissimilarity
of
surface
RDA1 species scores
structure within and between
plots, and differences in
S. microphylla
A
NE1
mean and minimum air
B
NE2
temperatures. Rhododendron
C
NW
campanulatum and Sorbus
D
microphylla
shared
Rugged surf. struct.
comparable
conditions
Finer structured
Ground cover diss.
microtopography
regarding
temperature,
Bare ground
cover
manganese
content
and
microrelief
dissimilarity
J. recurva
A. caudatum
Medium stone cover
P. rufa
within plots. Differentiation
C:N Ah
within elevational zones and
R. campanulatum
between tree species was
Higher
A. spectabilis
Less
fertile
related mainly to differences
temperatures
Mn Ah
soil
C:N Ae
in
nitrogen
availability,
Air temp. DJF
B. utilis
surface
structure,
bulk
-1.0
-0.5
0.0
0.5
1.0
density of Ah horizon and pH.
RDA1
site
scores
Similar to the adult tree
60 % (66 %) explained variance
Figure 6 Ordination diagram of RDA analysis for juvenile tree species density.
ordination, some but not all
Vectors show direction and importance of environmental variables. Only the most
variables
which
were
important environmental variables with biplot score (axis 1 and/or axis 2) ≥ 0.3
included in the ordination
are shown. Appendix 7 contains biplot scores of all 14 variables. The first two
exhibited
significant
constrained RDA axes shown here explain 55% variation in juvenile tree species
density. Dashed arrows show appropriate direction of summarized main
differences
between
gradients, length not true to scale. Notes: Ah, Ah horizon; Ae, Ae horizon; temp.,
elevational zones (Figure 5,
temperature; DJF, winter season; diss., dissimilarity; Mn, manganese; C:N,
Appendix 7).
carbon-to-nitrogen ratio; surf. struct., surface structure.
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climatic explanatory data sets and into amounts
that were explained jointly by two or three of these
explanatory data sets. The edaphic group of
variables was the most important, independent
predictor of species distribution (28% explained
variability), while climatic and topographic
variation was of secondary (7%) and tertiary
importance (6%; Figure 7a). We found 25% shared
variation of adult tree density explained by soil
and/or climate variables (Figure 7a).
2.1.4 Variation partitioning - juvenile
individuals
Results from RDA showed that variables could
explain 66% of variability in juvenile tree species
density distribution of the treeline ecotone. As in
adult tree density, the edaphic group of variables
was the most important, independent predictor of
species distribution (24% explained variability),
while climatic and topographic variation was of
secondary (19%) and tertiary importance (14%;
Figure 7b). We found small amounts of shared
variation of juvenile tree density explained by soil
and/or climate and/or topographic variables. In
comparison to partitioning of variation of adult
tree density, the juvenile stand density variation
partitioning revealed a more balanced distribution
of explained variance per variable group (cf. Figure
7 a, b). While topography was of minor importance
in case of adult trees, its share in total explained
variation of juvenile density was substantial.

climate

topography

0.07

0.04

2.2 Spatial patterns: Distance-based
Moran's eigenvector maps and linear
trend
Each spatial model produced varying numbers
of significant RDA axes (Figure 8). Their
contributions to explained variance of adult and
juvenile stand densities are displayed in Table 4.
The models constructed with site scores of all
significant RDA axes of the linear trend RDAs and
of the positive dbMEMs RDAs explained
proportions of variation in species distribution in
the treeline ecotone, without considering other
sources of variation (Figure 8). We found a strong
spatial linear trend for all species variables:
Redundancy analyses revealed an R²adj of 0.52 (p=
0.001) for adult tree density and of 0.47 (p= 0.001)
for juvenile stand density. Moreover, RDAs on
dbMEMs revealed an R²adj of 0.57 (p=0.001) for
tree density and of 0.25 (p=0.001) for juvenile
stand density.
The axes of the RDAs on linear trend and on
dbMEMs were significantly correlated to the
distributions of single tree species (Table 5). For
both, adult and juvenile individuals, first axes of
linear trend RDAs and dbMEM RDAs yielded
nearly
the
same
results:
Rhododendron
campanulatum correlated very strongly with the
axes (|r|≥ 0.95). All other tree species showed
opposing direction of correlations. These
correlations were weaker (0.42 ≤ |r| ≤ 0.89),
however significant, and showed distinct relation
to RDA axes and thus to spatial patterns for the

climate

0.06

topography

0.19

0.09
0.25

0.08

0.28

a)

0.14
0.05

0.24

soil
Residuals = 0.23
Values <0 not shown

0.04

b)

soil
Residuals = 0.34
Values <0 not shown

Figure 7 Variation partitioning of a) adult tree density using the matrices of soil variables (5), climate variables (3)
and topographic variables (9) and b) juvenile density using the matrices of soil variables (6), climate variables (2) and
topographic variables (6). Note: Numbers in brackets are numbers of variables in each matrix.
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Figure 8 Maps of the site scores of significant canonical RDA axes of the linear trends (a, e, f) and the spatial models
(b, c, d, g) of adult tree (a-d) and juvenile stand (e-g) density. Map (h) shows for orientation the approximate position
of slopes, elevational zones A and D and north arrow (see also Figure 1). Size of the circles are proportional to the
absolute site score values, black circles symbolize positive, white circles negative correlations. Spatial patterns are
featured by groups of circles of similar size and colour (grid distance: 200 m).

most frequent species Sorbus microphylla, Abies
spectabilis, Betula utilis, as well as for juvenile
Acer caudatum individuals (Table 5).
RDAs on spatial linear trends and on dbMEMs
with environmental variables as constraining
factors explained up to 95% (axis 1, adult trees) of
stand density spatial patterns. Up to 32% (finer
scale spatial pattern of adult trees) of spatial
variation could not be explained by environmental
variables (see Table 6 for details).
The maps of RDA axes' site scores exhibited
spatial patterns at broad and finer spatial scales
(Figure 8). The first axes of both linear trend and
dbMEM spatial patterns reflected the contrast in
tree species composition between lower and upper
elevational zones (Figure 8 a, b, e, g). In addition,
the second and third axes showed spatial structures
resembling differences in tree species composition
between slopes (Figure 8 f) and within elevational
zones (Figure 8c, d, f). In general, patterns of adult
and juvenile individuals resembled each other.
However, the distinct contrast between slope NE1
and the two other slopes NE2 and NW existed for
juvenile individuals only (Figure 8 f). Similarly, the
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Table 4 Variation of tree species density explained by
significant dbMEM and linear spatial trend RDA axes

Cumulative % explained
Lin. trend RDA axis 1
Lin. trend RDA axis 1+2
dbMEM RDA axis 1
dbMEM RDA axis 1+2
dbMEM RDA axis
1+2+3

Adult
density
0.52
n.s.
0.47
0.54

Juvenile
density
0.41
0.47
0.25
n.s.

0.57

n.s.

compartmentalized, rather small scale pattern of
adult trees lacked a counterpart in the spatial
pattern of juvenile individuals (Figure 8 d).

3

Discussion

Our results are consistent with the hypothesis
that species-specific variation in adult and juvenile
stand density along the treeline ecotone depends to
a varying extent on edaphic, climatic and
topographic variables. Variables with strong
influence on the ordinations show significant
differences of mean values between zones with
differing
densities
of
Rhododendron
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Table 5 Significant (p<0.05) correlations of plant species with spatial patterns (Figure 8).
Spatial variable

Species

Positive correlation
Strength of
correlation (r)

Species

Negative correlation
Strength of
correlation (r)

Adult trees
Axis 1 linear trend
RDA

Rhododendron
campanulatum

0.99

Axis 1 dbMEM RDA

Rhododendron
campanulatum

0.99

Axis 2 dbMEM RDA

Acer caudatum

0.37

Axis 3 dbMEM RDA
Juvenile individuals
Axis 1 linear trend
RDA

Rhododendron
campanulatum

0.95

Axis 2 linear trend
RDA

Rhododendron
campanulatum

0.48

Betula utilis

0.83

Acer caudatum
Sorbus microphylla
Abies spectabilis
Prunus rufa

0.80
0.54
0.45
0.32

Axis 1 dbMEM RDA

Sorbus microphylla
Abies spectabilis
Betula utilis
Acer caudatum
Prunus rufa
Sorbus microphylla
Abies spectabilis
Betula utilis
Acer caudatum
Prunus rufa
Betula utilis
Abies spectabilis
Abies spectabilis

-0.88
-0.72
-0.67
-0.63
-0.44
-0.89
-0.71
-0.65
-0.64
-0.44
-0.72
-0.51
-0.84

Betula utilis
Acer caudatum
Abies spectabilis
Sorbus microphylla
Sorbus microphylla
Juniperus recurva
Rhododendron
campanulatum

-0.88
-0.81
-0.58
-0.42
-0.94
-0.35
-0.97

Notes: Axis 2 of linear trend RDA, axis 2 of dbMEM RDA and axis 3 of dbMEM RDA showed no significant
correlations.
Table 6 Proportion of variation of significant dbMEM
and linear spatial trend RDA axes, explained by
environmental variables

Lin. trend RDA axis 1
Lin. trend RDA axis 2
dbMEM RDA axis 1
dbMEM RDA axis 2
dbMEM RDA axis 3

Adult
density
0.95
n.s.
0.90
n.s.
0.68

Juvenile
density
0.75
0.74
0.84
n.s.
n.s.

Note: There is only one axis to explain. In consequence,
the proportion explained by accumulated constrained
eigenvalues is always =1. Thus the R2adj of the models
equals variance explained by the single axis which is
indicated in the table.

campanulatum. The ecological niche occupied
by
Rhododendron
campanulatum
is
characterized by low temperature and poor
nutrient availability. Juvenile population density
shows a stronger dependence on climatic
variables, i.e. temperature. Microtopographic
variables play a greater role compared to adult
tree density. Variation partitioning indicates that

soil variables, in particular nutrient variables,
significantly contribute to total explained
variation of adult tree density. Thus, the role of
temperature for treeline tree population density
has to be relativized, in accordance to results of
Weiss et al. (2015), Müller et al. (2016 a, b) and
others. Differences in temperature, surface
structure and within-plot ground cover influence
the occurrence of juvenile individuals to a larger
extent compared to adult tree density,
supporting previous assumptions regarding
differences between juvenile and adult tree
growth, e.g. Smith et al. (2003); Wieser et al.
(2014).
3.1 Species-environment relationships
Both ordinations show Rhododendron
campanulatum to be the dominant tree species at
topographically finer structured and colder
habitats with reduced nitrogen availability. This
combination of site properties in elevational zones
C and D results in a high competitiveness of
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Rhododendron campanulatum that is reduced at
more nutrient-rich and warmer sites of zones A
and B where other tree species gain predominance.
3.1.1 Topography
Differences
in
species-environment
relationships between adult and juvenile
population densities originate mainly from
variables associated to the topographic variable
group: For adult tree density, topographic variables
such as size of rock fragments covering the plot
were sorted out by backward selection. In contrast,
for juvenile population density microrelief
dissimilarity was selected as significant. Similarly,
exposition of the sites was relevant for juvenile
population density but not for adult trees. These
findings are in line with previous assumptions:
Rich microtopography is an important factor for
seedling and sapling establishment, in terms of
shelter elements and creation of safe sites and
expected to influence juvenile individuals rather
than adults (Li and Yang 2004; Batllori et al. 2009;
Holtmeier and Broll 2012).
Heterogeneous,
compartmentalized
microreliefs with many small rocks covering the
ground surface favors juvenile Sorbus microphylla
and Rhododendron campanulatum individuals. By
contrast, Abies spectabilis, Acer caudatum and
Betula utilis recruits suppress Rhododendron
campanulatum at microreliefs with more
homogeneous surface structure containing large
boulders at some sites, but not structured by many
small
rock
fragments.
Physiognomically,
Rhododendron campanulatum can better adapt to
the rugged terrain and poor rooting conditions
between many small rocks. Rhododendron
campanulatum shows the capability to "creep" in
horizontal direction. We frequently observed vital
Rhododendron campanulatum individuals having
their flexible branches covered by litter, soil and
debris. Features of heterogeneous microrelief favor
establishment of juvenile individuals, as concave
topographies can serve as nutrient and moisture
sinks and provide shelter elements, mitigating
abiotic constraints (Holtmeier 2009; Scherrer and
Körner 2010; Llambí et al. 2013). Furthermore,
microtopography (e.g. curvature) is related to soil
temperature, for example the ground is warmer at
convex topography than in micro-gullies in
summer (Kajimoto et al. 2003; Körner 2012). Such
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a curvature-effect might be included in the
temperature gradient of our ordinations. Moreover,
microrelief can influence for instance snow cover
and precipitation distribution. Effects of radiation
and temperature are influenced by slope and aspect,
with consequences for water availability (Li and
Yang 2004) and rich microtopography can provide
more shelter elements (Smith et al. 2009).
At a smaller scale of c. 1m² a direct relation
between shelter elements, seedbeds and juvenile
tree individuals might be even more significant as
the effect of thermal habitat differentiation by
microtopographic elements becomes more effective
(Scherrer and Körner 2011). Further small-scale
studies are necessary to deepen our understanding
of the relations between microtopography and
juvenile tree species individuals.
3.1.2 Nutrients
According to the ordination results, the main
physiological stressor of the Rolwaling treeline is
limited nutrient (nitrogen) availability (see also
Müller et al. 2016 a, b). Sites of elevational zones C
and D, where Rhododendron campanulatum
dominates the tree species composition, show
much wider C:N ratios. In addition, reduced
manganese contents of the soils seem to play an
important role as environmental variable. Sites of
zone A, where other tree species such as Betula
utilis and Abies spectabilis are predominant, differ
in C:N ratios significantly from zone C with a
maximum
density
of
Rhododendron
campanulatum.
Soil nitrogen content and availability can make
the difference in soil fertility of alpine regions
(Körner 2003) and is one of the most important
macro nutrients for plant growth; after carbon it is
required in largest amounts (Hawkesford et al.
2012). Nutrient poor podzols with a thick layer of
litter are widespread at our study site (Müller et al.
2016b), and are the characteristic soil type of
Himalayan treeline ecotone Rhododendron
thickets (Miehe et al. 2015). Nutrient availability to
plants is primarily limited by soil temperature and
moisture and is largest at snowmelt (Larcher 2003;
Baptist and Aranjuelo 2012). The C:N ratio is
mainly influenced by increasing C contents,
corresponding to sites with higher density of
Rhododendron campanulatum (Appendix 3). This
finding coincides with results from nutrient cycling
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models with and without Rhododendron
understory (Chastain Jr. et al. 2006). Slowly
decomposing Rhododendron litter causes low
nitrogen mineralization rates and nitrogen
availability (Maithani et al. 1998). Moreover, the
leaves contain high amounts of polyphenols which
might cause increasing nitrate and ammonium
immobilization (Northup et al. 1995; DeLuca et al.
2002), leading to a decrease of nitrogen availability
(Bürzle et al. 2017). The trace element manganese
has various functions in basal metabolism,
chloroplast structure stabilization, nucleic-acid
synthesis, and lignin synthesis. Manganesedeficient plants show reduced dry matter
production, reduced net photosynthesis and they
are more susceptible to damage by freezing
temperatures and root-rotting fungal diseases.
Manganese deficiency causes inhibition of growth
especially at young growth stages, chloroses and
necroses of young leaves and drying of conifer
shoot tips and tree tops (Larcher 2003; Broadley et
al. 2012).
We assume that both reduced nitrogen and
manganese availability at the elevated sites lead to
lowered competitive strength of tree species. As an
exception, Rhododendron species and ericaceous
perennials in general are low nutrient users and
grow on soils poor in most essential elements
which are unsuitable to other species, and are even
favoured by poor soil conditions (Cox 1990; Ristvey
et al. 2007). Shrestha (2007) found Betula utilis
associated with higher soil nitrogen than mixed
forest. Compared to Acer and Betula species,
Rhododendron campanulatum seems to use
nutrients more efficiently. At the elevated sites of
zones C and D where nutrient availability is low the
tradeoff between nutrient acquisition and carbon
cost for root production is unfavourable for
deciduous species with nutrient rich leaves.
Therefore, evergreen Rhododendron species with
lower leaf tissue nutrient status may compete
successfully with the deciduous species and are
better adapted to poor nutrient conditions (Garkoti
and Singh 1994; Garkoti and Singh 1995a; Eckstein
et al. 1999).
Another
competitive
advantage
of
Rhododendron campanulatum at sites of zone C
and D is its high root/shoot ratio. More investment
in root biomass supports the species in capturing
more nutrients at the high elevated, nutrient poor

sites (Garkoti and Singh 1995b), a typical feature of
stunted woody plants at the treeline and of
ericaceous dwarf shrubs (Larcher 2003). Moreover,
Rhododendron campanulatum leaves may serve as
a nutrient storage in winter and source in spring
and, as they are present when the growing season
starts, increase photosynthetic capacity at the
beginning of the growing season (Pornon and
Lamaze 2007). Area based leaf nitrogen content of
Rhododendron campanulatum was distinctly
higher than those of Abies spectabilis and Betula
utilis (De Lillis et al. 2004). In the European Alps,
Rhododendron ferrugineum stores nitrogen in
leaves especially at young growth stages (later
mainly in woody tissues) and is able to decouple
from competition for nitrogen from the soil. This
might be beneficial at sites with low nitrogen
resources at the beginning of the growing season
(Pasche et al. 2002; Lamaze et al. 2003). We
assume that other Rolwaling treeline tree species
lack these competitive advantages and are thus
suppressed by Rhododendron campanulatum in
zone C and by Rhododendron campanulatum and
Rhododendron dwarf shrub species in zone D.
In addition, Rhododendron litter is associated
with high concentrations of polyphenols, and is
assumed to have allelopathic effects, both exerting
an unfavorable influence on the competitiveness of
Betula
utilis
and
Abies
spectabilis
in
Rhododendron-dominated habitats (Schickhoff
et al. 2016b; Schwab et al. 2016; Bürzle et al. 2017).
Slowly decomposing Rhododendron campanulatum
litter and allelopathic effects might be part of a
positive feedback controlling low nutrient
availability from the soil to which the species is
better adapted than its competitors (Hobbie 1992;
Berendse 1994; Aerts 1995).
Bulk density of Of horizon showed a strong
gradient along RDA axis 1. However, the maximum
difference between medians of elevational zones
was 0.03 g cm-3 only (maximum range of zones 0.1
g cm-3 in zone D) which is a negligible low variation
despite the significance of the difference between
zone A and zones B and C. For instance, histosols
typically range from 0.1 to 0.7 g cm-3 (Brady and
Weil 2014). In consequence, we consider the bulk
density not causing substantial different conditions
for plant growth. For instance, bulk density related
soil moisture was not selected to contribute
significantly to explain variation in tree species
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density. Thus the influence of Of horizon bulk
density on adult tree distribution is not further
discussed.
In our case study, in addition to limited
nutrient availability which favors Rhododendron
campanulatum, climatic and topographic factors
limit tree species distribution.
3.1.3 Climate
Ordinations of juvenile and of adult tree
density indicate a strong influence of temperature
gradients. Similar to nutrient availability, this
trend separates Rhododendron campanulatum
density from all other tree species. In case of
juvenile individuals, the ordination differentiates
Sorbus microphylla from the other tree species in
addition to Rhododendron campanulatum.
Rhododendron campanulatum and juvenile
Sorbus microphylla occur in high density at sites of
elevational zones C and D characterized by lower
temperatures. Variation partitioning revealed that
the climate variables are important constraints for
juvenile population density compared to soil and
topography variables. In case of adult trees, the
variation that is explained by a pure component of
climate variables is rather small. However, there is
a combined soil-climate component that explains
roughly the same proportion of variance as the
pure soil variable component. To our knowledge,
there are no studies from other Himalayan
Rhododendron krummholz belts which focus on
the relationships of species and population
densities with temperature. Previous studies in
Rolwaling found a significant decline of mean soil
temperatures (annual and growing season) along
the elevational gradient towards the krummholz
zone and the dwarf shrub thickets, albeit with
differences between NW- and NE-facing slopes
(see Müller et al. 2016b; Bürzle et al. 2017 for
details). In particular, the dense evergreen canopy
of the krummholz belt prevents soil heat flux and
radiative warming. The Rolwaling data are in
accordance with the general description of the
Rhododendron krummholz belt environment as
cold habitat with prolonged snow cover and longlasting frozen ground (cf. Miehe et al. 2015).
Many other studies found soil and air
temperatures being the main constraining factors
for tree growth at treeline. The positive correlation
between soil and air temperature and tree species
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population density is well documented (Körner
2012; Greenwood et al. 2015; Müller et al. 2016a).
The close link of differences in temperature with
the dominance of Rhododendron campanulatum
and with the low density of other tree species at
elevational zones C and D (cf. Figure 4 & 6) point
to a low temperature ecological niche occupied by
Rhododendron as described by Miehe et al. (2015).
Low temperatures obviously provide a competitive
advantage for Rhododendron campanulatum,
probably due to evergreeness, capability of early
blooming (before Betula utilis leaves fully develop)
and slowed soil development processes at cold sites
(see above). In consequence, temperature does not
only limit tree species distribution in general but it
contributes to species-specific elevational limits of
established stands (Vitasse et al. 2012; Trant and
Hermanutz 2014). In our case, the very few
juvenile individuals of Abies spectabilis and Betula
utilis in zone D are restricted most likely to
favorable microsite conditions. Nevertheless, it
remains unclear whether the upper range limits of
Abies spectabilis and Betula utilis originate from
restricted growth by low temperature itself or from
suppression by Rhododendron campanulatum
competing better at colder sites.
Due to the high degree of correlation of air and
soil temperatures with each other and with
respective seasonal temperatures and length of
growing season, we cannot differentiate which
temperature components are directly related to
tree species distribution and density. In a review of
global and local scale treeline studies, Müller et al.
(2016a) found air temperature to be considered the
most important tree growth controlling factor at
upper limits, while soil temperature was of
secondary importance. Minimum temperature was
not identified as significant for tree species
distribution in the present study, except the
minimum air temperature in JJAS season. Most
likely, the minimum summer temperature does not
restrict plant growth but is just indicating colder
conditions at higher elevation, as part of the
general temperature gradient. Rhododendron
campanulatum is roughly as frost resistant as
Abies spectabilis (c. -25°C), while Betula utilis
survives at distinctly lower temperatures (c. -40°C)
(Sakai and Malla 1981). These are autecological
physiological limits, however, which might be
modified under competitive stress in real field
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situations. Nevertheless, single extreme minimum
temperature values play obviously a minor role for
the distribution of Rhododendron campanulatum
within the ecotone. We assume mean minimum to
maximum temperatures, especially during growing
season, and growing season length to be more
important, in accordance with Vetaas (2002) who
identified niches of several Rhododendron species,
including Rhododendron campanulatum, to be
defined by mean annual temperature, not by
minimum or maximum temperatures.
Despite positive correlations of natural
regeneration of tree species with soil moisture and
temperature at Himalayan treeline ecotones (cf.
Schickhoff et al. 2015), soil moisture was not
selected as significantly influencing tree species
densities, i.e. population densities were not
constrained by any moisture variable in the RDAs
of the present study. However, we detected seasons
with soil water scarcity (Müller et al. 2016a) and a
declining soil moisture trend along the investigated
elevational gradient (Bürzle et al. 2017). In
addition to temperature several studies found soil
moisture and/or precipitation to be a relevant site
factor at treelines, however for tree growth
performance, e.g. tree ring increment (e.g., Gaire et
al. 2014; Gaire et al. 2016; Tiwari et al. 2016) while
soil moisture was not related to population density.
Rhododendron campanulatum shows higher water
use efficiency compared to other species at same
elevations, and the most distinct increase in water
use efficiency with increasing elevation (De Lillis
et al. 2004). Accordingly, Rhododendron
campanulatum is obviously better adapted to drier
conditions which might occur under high
irradiance in zones C and D and in drier seasons
than competing tree species.
In summary, the temperature gradient
contributes to elevational differentiation of juvenile
and adult tree populations and controls, together
with nutrient availability, the growth of tree species
at their upper limits. Especially in case of juvenile
individuals topography is an important constraint
as well.
3.2 Spatial patterns and neutral effects
The tree density spatial pattern is defined by
the contrast of Rhododendron campanulatum vs.
all other tree species. The dominance of

Rhododendron campanulatum controls the broad
scale spatial pattern, even after removal of the
linear trend, indicating the huge contrast in tree
species composition between the lower and upper
elevational zones.
The massive influence of Rhododendron
campanulatum on the general spatial pattern
results in a coarser pattern of distinguishable spatial
scales compared to other studies using the same
analytical approach (e.g. Andersen et al. 2011), i.e.,
the contrast between upper and lower elevational
zones along the entire gradient dominates while the
smaller scale patterns within elevational zones are of
minor importance to capture spatial variation in tree
species density. This finding applies for both, adult
and juvenile population densities. However, the
amount of variation explained by dbMEM RDA axis
1 is distinctly smaller compared to adult tree density,
showing that juvenile population density is to a
lesser extent defined by the spatial position of sites.
Environmental variables explain considerable
amounts of variation in spatial patterns, with higher
amounts explained for adult compared to juvenile
population density spatial patterns. Neutral
processes of community and population dynamics
could explain remaining spatial variation. These
include variation in species demography due to
competition (ecological drift) and propagule
dispersion (random dispersal) creating spatial
autocorrelation in response variables (Legendre and
Legendre 2012). Especially finer scaled spatial
patterns and the juvenile population density pattern
contain proportions of variation assigned to neutral
processes. This finding reveals that in addition to
microtopographic features, nutrient availability, and
temperature, competition and dispersal need to be
considered to explain variation of tree species
density. The sampled tree species propagate in
different ways: For instance, Betula utilis and
Rhododendron campanulatum use anemochorous
dispersal paths. In addition, we observed frequent
clonal propagation of Betula utilis, while Abies
spectabilis relies rather on zoochorous paths. These
different dispersal strategies might result in speciesspecific responses to climate change. In addition to
dispersal, seed quality and quantity might play a role
(Cuevas 2000; Dullinger et al. 2004; Holtmeier
2009; Batllori et al. 2010; Kroiss and
HilleRisLambers 2015). Future studies are needed
to analyse these species-specific properties in order
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to determine their influence on tree species density
and interaction with upslope migration potential.
3.3 Interaction of edaphic, climatic and
topographic variable components and
response to climate warming
We suppose that the response to climate
warming will change the competitive patterns in
the treeline ecotone and create new niches while
the general constraints of low temperatures and
low nutrient availability remain. Given the
generally intense regeneration (Schickhoff et al.
2015; Schickhoff et al. 2016b) and comparatively
high mean annual temperatures (Müller et al.
2016a, b), Abies spectabilis and Betula utilis could
potentially
establish populations above the
krummholz belt. However, cold, nutrient-poor
conditions will most likely continue to be more
beneficial for Rhododendron campanulatum and
Rhododendron dwarf shrub species in zones C and
D and above, regardless of slightly increasing mean
temperatures. In consequence the Rhododendron
campanulatum belt might migrate upwards as well.
As
the
Rhododendron
campanulatum
population of the krummholz belt is firmly
established and its predominance is maintained by
feedback mechanisms,
this thicket likely
constitutes an insurmountable barrier for seedlings
and saplings of Betula utilis and Abies spectabilis,
even under warmer conditions. We assume that the
small numbers of Abies spectabilis and Betula
utilis individuals found at elevational zones C and
D are related to microtopographic features, similar
to observed establishment patterns at Taiwanese
Abies treelines (Greenwood et al. 2015). However,
small-scale safe sites were not sufficiently captured
by our sampling. Currently, the few individuals of
other tree species might consolidate towards
established populations at locations above the
contemporary krummholz belt's position only in
the long term. Persistent low nutrient availability
and allelopathic effects will most likely prevent
juvenile tree individuals from growing to mature,
fruiting trees within the current krummholz belt or
above it. The Rhododendron campanulatum
krummholz belt constitutes a bottleneck for the
establishment of Betula utilis and Abies spectabilis
individuals above the contemporary treeline.
Similarly, a substantial establishment in the dwarf
shrub heaths above the krummholz belt is unlikely
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since comparable soil and environmental
conditions prevail. However, the few Abies
spectabilis and Betula utilis individuals in
elevational zones C and D indicate that they
potentially survive there and can reach tree
dimensions.
Our results suggest that the Rolwaling treeline
will most likely remain at its present position
during the coming decades, and that the
responsiveness of the Rolwaling treeline to climate
warming will be rather low as assumed for nearnatural Himalayan treelines and krummholz
treelines in general (Harsch and Bader 2011;
Chhetri and Cairns 2015; Schickhoff et al. 2016b).

4

Conclusion

Our findings corroborate assumptions that
local treeline elevation, species composition and
tree density are not defined by thermal deficits
alone. If treeline elevation relied on temperature
alone, a detectable treeline advance to higher
elevation would have been observed at the
Rolwaling treeline during recent decades. The
feedback mechanisms of the Rhododendron
campanulatum krummholz belt constrain the
treeline response to climate warming through
retarding or inhibiting upward migration of other
tree species. The sensitivity of treeline ecotones to
climate change should be further assessed by
analysing species-specific responses not only to
climatic variables but also to other environmental
site factors, despite site factors’ partial dependence
on thermal conditions. Results might be site- and
community-specific. Differences in variables
explaining adult and juvenile population densities
point to the need to investigate different life stages
and their relation to abiotic and biotic conditions.
Spatial pattern analyses reveal that dispersal
mechanisms and biotic interactions should be
considered in future studies on treelines.
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