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Tree rings are valuable proxies for reconstructing changes in climate at annual and intra-annual resolutions. In
Alpine regions, changes in climate may well lead to switches between tree-growth being temperature-limited and
precipitation-limited. Distinguishing between these is important as they may express themselves differently in
tree rings. However, such switches cannot be separated from more local environmental influences such as
elevation and aspect. In this study, we seek to understand how tree growth evolves as a function of elevation in
the context of climate change. For the growth of European larch (Larix decidua Mill) in the Turtmann River Basin,
a glacier-fed high-elevation river basin in the Swiss Alps, located in southwestern Switzerland, we find that the
average temperature increase leads to a switch from temperature-limitation to precipitation-limitation as a
function of elevation. The growth of Larix decidua Mill in this river basin is influenced by previous year’s
September-October-November (SON) temperature and current year’s January-February-March (JEM) precipi-
tation in the higher- and lower-elevations across an elevational gradient respectively. Based on the analysis from
four sites, assuming a linear response, our study suggests that there is a transition zone (i.e., an elevational
breakpoint) between 1800 and 900 m AMSL where the signal changes from precipitation-limited to temperature-
limited. We also conclude that this elevation breakpoint appears to be rising with time due to increasingly
warmer annual average temperatures in this Alpine setting, where this warming is noted to be more than twice
compared to the global average temperature change.

et al., 2017). Increasing temperature trends are leading to an upward
treeline shift in the Alps (Cudlin et al., 2017; Korner, 2012; Paulsen and
Korner, 2014). Studies show that treeline elevation varies for different

1. Introduction

In the Swiss Alps, the average annual temperature has risen by 1.35

°C during the 20th century, which is almost twice as fast as the global
average (Rebetez and Reinhard, 2008). This temperature increase has
had impacts on precipitation patterns, snow cover, glacier thinning and
a substantial glacier retreat of about 57 % since the Little Ice Age, most
notable over the last two decades (Hugonnet et al., 2021; Le Roy et al.,
2024). The rapid increase in temperature has also led to Alpine eco-
systems becoming increasingly susceptible and to these ecosystems
rapidly changing across climate gradients and elevation ranges (Pan
etal., 2011). Changes in the growth of a number of tree species (conifer
species in particular) and treeline elevation have been related to a set of
environmental factors (Cuapio-Hernandez et al., 2023). These include
climatic factors such as air temperature, humidity and solar radiation
(Dominguez-Delmas et al., 2013), as well as non-climatic factors such as
nutrient availability, soil moisture and landscape fragmentation (Cudlin

species. For instance, in the Central and Eastern Alps, the treeline ranges
between 1000 m and 1900 m above mean sea level (AMSL) for Picea
abies (L.) H. Karst and 1700 m and 2200 m AMSL for Larix decidua Mill
(Cudlin et al., 2017). In the Italian Alps, Leonelli et al. (2011) reported
an upward shift of the treeline of 115 m between the period 1901-2000
and a further 10 m between 2000 and 2008. In the Swiss Alps, the Larix
decidua Mill treeline shifted upwards by 167 m between 1972 and 2012,
with a shift that was greater on south-facing slopes compared to
north-facing slopes (Frei et al., 2023). Rising temperatures in mountains
not only force the treeline to shift upwards but the total vegetation cover
across the elevation ranges. Gehrig-Fasel et al. (2007) reported that the
forest cover in the Swiss Alps increased significantly, a 10 % increase of
new forest areas between 1650 m and 2450 m AMSL during the period
1985-1997. Such upward shift in Alpine treelines and increasing forest
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areas may be a clear response to climate change, although it may also be
a consequence of changing land use management policies. However, it is
important to note the change in the tree-growth limiting climate factors
(e.g., temperature limitation) with an increase in growth at higher ele-
vations being possible at increasing average annual temperatures, may
also lead to net decrease in precipitation and hence a switch from
temperature-limitation to precipitation-limitation. Few studies are
available that have investigated elevation-dependent changes and
identified the net change in drivers of growth rate in Alpine regions. In
the Lotschental Valley in the Central Swiss Alps, King et al. (2013) found
that the growth rate of Larix decidua Mill and Picea abies (L.) H. Karst
species became lower towards higher elevation between 1300 m and
about 2300 m AMSL and identified a transition from negative to positive
correlations between the growing season temperature and ring-width
indices (RWI). In the French Alps, Saulnier et al. (2019) observed a
significant positive correlation between the RWI of Larix decidua Mill
and winter precipitation at lower elevations across the range of 1050 m
to 2300 m AMSL. Whether such ranges are by themselves changing as a
response to climate change also needs to be considered.

This study attempts to quantify climatic influences on tree growth at
different sites across the elevational range of 900 m to 2100 m AMSL in
the Swiss Alps with the aim of (1) identifying an elevational breakpoint
where the signal changes from temperature-limitation to precipitation-
limitation; and (2) establishing whether climate change is causing this
breakpoint to change in elevation through time.

2. Data and methods
2.1. Site selection

This study focusses on the Turtmann River Basin (110 kmz), located
in southwestern Switzerland, between 7°42°E and 46°13°N (Fig. 1). The

elevation of this basin ranges from just below 600 m to 4000 m AMSL,
with a downward elevation gradient from south to north. The Turtmann

Elevation (m)
4200

680

Dendrochronologia 91 (2025) 126322

Glacier (German: Turtmanngletscher) is situated at the top of the basin
(above 2500 m) with an area of 5 km? based on the Swiss topo digital
elevation model of 2013. The 18 km long Turtmann River originates
from the Turtmann Glacier, flows from south to north and joins the
Rhone River as a left bank tributary. A hydroelectric power dam at an
elevation of 2200 m AMSL, 1.5 km downstream from the glacier, has
been in operation since 1958 and transfers most of the glacier meltwater
to a neighbouring basin. The Turtmann basin has a distinctive tree
species distribution along the Turtmann River from upstream to down-
stream. The basin is mainly dominated by forest and Alpine pasture
(Lane et al., 2022) and the treeline currently extends to 2200 m AMSL.
The forest is dominated by Larix decidua Mill at higher elevations and by
Picea abies (L.) H. Karst at lower elevations.

2.2. Tree ring data collection and pre-processing

For this study, cores from living Larix decidua Mill trees were
collected from three different sites across the elevational range (at
2100 m, 2000 m, and 1800 m AMSL) in October 2021. The sites repre-
sent stands with a diverse age structure and without any visible recent
human intervention, including evidence of grazing and extreme events,
such as rockfalls or floods. The dataset (data code: SWIT255) for a fourth
site at 900 m AMSL (Biintgen et al., 2010, 2006) were extracted from the
International Tree-Ring Data Bank (ITRDB) located at the basin outlet.
The primary reason for using this data is to compare the climatic in-
fluence on tree-growth between upstream higher-elevation sites (Site 1,
2 and 3) and a much lower-elevation site (Site 4).

Two increment cores from each healthy tree were extracted at breast
height (DBH ~1.5 m above the ground). We took care in coring to avoid
eccentricity and compression wood due to slope inclination or prevail-
ing wind direction and other possible external disturbances, including
damage due to rockfalls, landslides, and competition from the neigh-
bouring trees. Moreover, in the Alpine environments, several earlier
studies have reported the negative influence of the outbreaks of the larch

Fig. 1. Study basin and tree-ring sites S1-S4 are shown on the topographic map of Turtmann River Basin (left). Boundaries of the hanging Turtmann Glacier and
forest treeline are demarcated on the map by pink and green lines respectively. (a-f) Images from tree-ring sites (S1, S2, S3) collected near the treeline and along the
Turtmann River. (g) Image of lower-elevation site (S4) location of Biintgen et al. (2006) chronology downloaded from the ITRDB.
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budmoth (i.e.,

lepidoptera Zeiraphera dinniana gn.) which can signifi-
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2.3. Instrumental climate data

cantly impact the tree-ring chronologies developed using Larch decidua

Mill (Baltensweiler et al., 2008; Bjornstad et al., 2002; Biintgen et al.,
2020, 2009, 2006; Buras et al., 2016). The larch budmoth has a cyclic
period of 8-9 years which introduces defoliation in larch trees due to
their larvae and that may create outliers in the ring-width chronologies.
Therefore, to avoid any impacts on the chronologies in this study, we
have ignored collecting cores from trees with exposed defoliation and
further removed cores which had extremely narrow rings. This allowed
us to collect 28 cores from each site and in total 84 cores from 42 trees in

three different sites (Table S1).
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Meteorological data for the Turtmann River Basin is not available for
any one station. As a result, gridded temperature and precipitation data
were obtained from MeteoSwiss® (MeteoSwiss, 2010) and downscaled
to individual study sites. The mean monthly temperature (TabsM) and
total monthly precipitation (RhiresM) datasets are interpolated data,
based on a total of 80 stations for temperature and more than 420 sta-
tions for precipitation across Switzerland. These datasets have a spatial
resolution of 1 km (in the Swiss coordinate system CH1903 +) and cover
the period from 1961 to present. Fig. 2 shows the long-term trend in

B C

a g_

5 & =

0°°°: o ° £ a]

b T hEeTE TS| BT s1
| 1 = H o

: b Pofedt Wb g

LT !!! 8 °

:gl!:¢=e!!!= |

i T T S '

ITIIIIIIIIIT T T 1© ©— 1 1T T 1T 71T T 7T
JFMAMJJASOND JFMAMJJASOND
Months Months

a g_
g’ o 7 -
891 ;;m:&
@ - P -
: cgT Tm_ s
,90'_:_-:—1—!? +ﬂT=
o '.=‘L d-_;_
i T P
1
ok 3 X b ¥ FE G, X ok =
JFMAMI J AS OND
Months Months
@
=
’_‘N
= o ° 5 & ~
g R oo g * s T 2o igﬁ*
ﬂeo E“'_._..._?_Tig ‘EF D"'?"‘-#-.—
Ehep d nd Ty | & T2 ~&m |83
"" !: 3 ° T.._TIB 4_-=-.-
zuzl = gify == T
= il (=] e
Moo N -4 L+
s I s R T )
lTiIIIIIIIII LI L L L L L L e L)
J FMAMUJ JASOND JFMAMJ JASOND
Months Months
o (= i
~ i
=} TH;?*
= LN = =
RS = =,
§ | = gz | sS4
5o =B =
e Y
[=]
=
|
T Lk
JFMAMI J ASOND
Months

Fig. 2. Time-series plots and climograph summarizing climate at the four tree-ring sites. Sites ordered by decreasing elevation from top (S1) to bottom (S4). (Column
A, left) Time plots of annual precipitation and mean annual temperature. (Column B, middle) Boxplots summarizing monthly distribution of precipitation. (Column
C, right) Analogous boxplots for temperature. Period of analysis 1961-2021.
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total annual precipitation and mean annual temperature, mean monthly
precipitation, and temperature for the four sites. The mean annual
precipitation during the observation period (1961-2021) is 876 mm
(S1), 832 mm (S2), 870 mm (S3), and 660 mm (S4). The corresponding
mean annual temperature is 1.2 °C (S1), 1.6 °C (S2), 2.4 °C (S3), and 8.9
°C (S4). Lapse rate between the sites is calculated as 0.4 °C between S1
and S2, 0.8 °C between S2 and S3, 6.5 °C between S3 and S4, with the
overall lapse rate between the study sites of 7.7 °C, i.e., an approximate
change of 0.6 °C per 100 m in the Turtmann River Basin. This shows a
climatic gradient from higher to lower elevation with a mean annual
precipitation difference of 216 mm and a mean annual temperature
difference of 7.7 °C between site 1 (2100 m AMSL) and site 4 (900 m
AMSL). Precipitation data recorded for the period 1961-2021 shows
that the Turtmann Basin receives most of its annual precipitation
(~42 %) between May and August, which also covers most of the
growing season (May-September) of Larix decidua Mill at
higher-elevation sites across the European Alps (Moser et al., 2009).
During this period the average temperature (10.2 °C) is about 6.6 °C
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higher than the annual average (3.6 °C).

2.4. Tree-ring chronology development

Cores were prepared using standard dendrochronological methods
(e.g., sanding/ slicing, cross-dating, ring-width measurement, stan-
dardizing, and chronology building) described in the literature (Cook
and Kairiukstis, 1990; Fritts, 1976; Schweingruber, 1989; Shroder,
1976; Stokes and Smiley, 1996). The samples were sanded using
400-grit sandpaper and sliced using a core microtome (Gartner and
Nievergelt, 2010) to allow eventual extraction of cellulose for isotopic
measurements (not reported here). Cores were then scanned at the WSL,
Switzerland, to prepare high-resolution digital images at 5000 dpi. Ring
widths were measured from digital images of the cores to a precision of
0.001 mm using the CooRecorder and CDendro software systems
(Larsson, 2013). Annual growth increments of each core from individual
samples were crossdated against each other visually from common
patterns of wide and narrow rings, and statistically by correlation
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Fig. 3. Ring-width indices (RWI) chronologies of all four sites with uncertainty in the background (grey bar) calculated using bootstrap method and number

of samples.
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analysis using COFECHA (Holmes, 1983). The satisfactory crossdating
(i.e., error-free) allowed us to develop annually resolved ring-width
time-series of samples from different locations (e.g., at the proximity
and distal to the Turtmann River). We then performed a student’s t-test
to examine whether the growth differences between individual trees at
different sites are statistically significant or not. student’s t-test
confirmed that the differences in growth rate of individual cores are
statistically significant between sites (i.e., inter-site) but not within the
sites (i.e., intra-site). Therefore, we grouped all the cores of individual
sites to build four site-specific tree-ring chronologies. In the next step, all
the site-specific raw ring-growth time-series were standardized in
ARSTAN (Cook, 1985) using a 30-year moving spline detrending tech-
nique and the signal-free option (Melvin and Briffa 2008) to remove
non-climatic, age-related growth trends (i.e., juvenile effects; Fritts,
1976). This is one of the most frequent fixed spline methods used for
detrending tree-ring data and is considered as a high-pass filter preset to
preserve short-term high-frequency climate signals in the tree-ring
chronology (Klesse, 2021). Two types of ring-width index (RWI) chro-
nologies, the standard and residual chronologies were created. The
standard chronology retains more of the medium-frequency variability,
while the residual chronology emphasizes high-frequency variability
(Cook, 1985). Standard chronologies of all the sites were used for
determination of growth-climate responses. The minimum sample size
of 5 cores were used in this study to truncate all four site chronologies
and plotted with their uncertainty in Fig. 3. The bootstrap confidence
limits of 95 % were used to estimate uncertainty in the common signal
represented in each site chronology (Efron and Tibshirani, 1994).

We further calculated a suite of diagnostic statistics including the
expressed population signal (EPS; Wigley et al., 1984), and total rbar
(Briffa, 1999) to evaluate the quality of the four site chronologies
located at elevations of 900-2100 m AMSL (Table 1). Total rbar and EPS
values in Table 1 apply to the sample size reached in the year 1961, i.e.,
at the start of the interval used for climate correlations (1961-2020).
Standardization and computation of statistics were all done in the
R-environment using the ‘dplR’ package (Bunn, 2010, 2008).

2.5. Growth-climate response function analysis

To determine which climate parameters have significant relation-
ships to the Larix decidua Mill growth at all four sites in the Turtmann
River Basin, firstly, we calculated the correlation between the raw tree-
ring-growth rates and mean annual temperature and total annual pre-
cipitation using the Pearson correlation. This allowed us to understand
how the tree-ring growths respond to the annual climate (e.g., temper-
ature and precipitation) along the elevational gradient from higher-
elevation to lower-elevation sites. The growth-climate relationship
was further investigated by considering site-specific monthly and
aggregated seasonal climate data to correlate with the RWI chronolo-
gies. To do so, we calculated full and partial correlation coefficients of 1-
month, 3-month, 6-month and 12-month groupings starting in the
September of the previous year to September of the current year using
the seasonal correlation program, seascorr in Matlab (Meko et al., 2011).
Monte Carlo simulation of the RWI chronologies were calculated to
establish the confidence intervals for the correlations and partial cor-
relations (Meko et al., 2011) and the significance was estimated using
the exact simulation (Percival and Constantine, 2006).

In this study, the standard method was adopted as widely used in the

Table 1
Elevations of study sites and statistics for Larix decidua chronologies.

Dendrochronologia 91 (2025) 126322

literature to perform the growth-climate correlation analysis between
the RWI site chronologies and raw climate data (e.g., temperature and
precipitation). However, recent studies have shown that using detren-
ded climate data instead of raw climate data can significantly improve
the growth-climate relationship (Ols et al., 2023). An attempt has been
made in this study to analyse the monthly and seasonal growth-climate
relationships between RWI chronologies and detrended climate data for
all four sites using seascorr. However, the results report rather weak and
less significant correlations. Therefore, the site-specific raw climate data
and RWI chronologies have been used in this study for establishing
growth-climate relationships. Once the month(s) or season(s) of opti-
mum period when both temperature and precipitation show maximum
significant correlations with RWI was derived using seascorr, statio-
narity over a longer time-period in the past was analysed using the
Pearson’s moving window correlation. This was done for the period of
1961-2021 for higher-elevation sites (S1, S2 and S3), and of 1961-2005
for the lower-elevation site (S4). We performed the Pearson’s moving
window correlation with the minimum and maximum window lengths
of 5- and 60-years respectively, based on the available literature
(Vuaridel et al., 2019). The sign of the correlation depends on the
window size and year, and the correlation values are indicated by the
color bars. The results are shown in Fig. 7, of which the top two plots are
for temperature (T) and bottom two plots for precipitation (P).
Furthermore, the slope of linear regression between RWI and SON
temperature, JFM precipitation were calculated to find the transect of
switching climatic influence from temperature-limited growth to
precipitation-limited growth along the elevational gradient. Positive
and negative slopes indicate significant positive and negative correla-
tions between RWI and climate variables respectively (Fig. 8). The slope
calculation from the linear relationships between RWI and climate data
used in this study follows the similar method earlier used by Vitasse
et al. (2019) to investigate changing climate response for the growth of
different species across the elevational gradient in the Swiss Alps.

3. Results
3.1. Tree ring growth assessments

The chronologies for the three higher elevation sites (1800-2100 m
AMSL) extend back from 2021 to 1899 (S1), to 1851 (S2) and to 1846
(S3), and for the lower elevation site from 1794 to 2005 (S4). These data
are available in the Table S2. To assess the climatic responses of annual
growth of the trees, we consider the period 1961-2021, which corre-
sponds to the period of available monthly climate data. Fig. 4 shows the
tree growth rates through time for all four sites. The average annual
growth of 2.0 mm (S1), 1.9 mm (S2), 1.8 mm (S3), and 1.0 mm (S4)
varies year-to-year and increases with elevation.

At individual sites, a gradual multi-year increase or decrease in
growth, followed by a reversal of the trend is observed (Fig. 4). Marker
years, or remarkable growth increase or decrease from the previous
years are consistent across the sites, is evident at the higher-elevation
sites. For instance, narrow rings (low growth) were recorded in 1975,
1995, 1996, 1997, 2016, 2017, 2018 and 2019 (grey shades). Wider
rings (higher growth) were recorded in 1992, 1993, 1994 and 1998
(yellow shades). These patterns contrast with patterns observed at the
lower-elevation site (S4) where, 1964, 1973, 1974, 1977, 1989, 1990,
1991, 1992, 1996, 1997, 1998 and 1999 are marker years for low ring

Sites Elevation (m) Number of trees Number of cores Age range/length in years Rbar (1961-2021) EPS (1961-2021) SNR (1961-2021)
S1 2100 13 26 1899-2021 (123) 0.33 0.89 10.32
S2 2000 12 24 1851-2021 (171) 0.43 0.94 15.23
S3 1800 14 28 1846-2021 (176) 0.31 0.89 12.09
S4 900 20 36 1794-2005 (212) 0.57 0.98 45.64
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growth, and 1969, 1980, 1981, and 1995 for high ring growth. Differ-
ences in growth between sites likely reflect the effects of site-specific
microclimates (e.g., temperature, precipitation) of the previous and
current years. For instance, the growth decrease in 1975 in all three
higher-elevation sites may reflect the sharp decrease in temperature in
1974, i.e., 0.6 °C lower than the previous year’s average temperature.
The year 1974 has been recorded as one of the coldest years in the
MeteoSwiss® climate archive. A similar pattern was also observed more
recently with relatively low temperatures in 2016 and 2017 associated
with lower growth in those years. Besides direct climatic influences,
other factors related to geomorphology such as slope-failure, rockfalls,

debris-flow and other mass-movement processes can also impact tree
growth in this basin (Messenzehl et al., 2017).

3.2. Growth-climate relationships

3.2.1. Tree-growth response to annual climate

The scatter plots in Fig. 5 show that there is a positive relationship
between annual ring-growth and mean annual temperature in the high-
elevation sites (S1, S2 and S3). This relationship is significant (p < 0.05)
at site 1 and site 2 but weaker at site 2 and becomes non-significant at
site 3 (p > 0.05). The relationship between tree growth and mean
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Fig. 5. Scatter plots of tree-ring growth rate against the annual mean temperature (a) and total precipitation (b) at all four sites (S1, S2, S3 and S4). Period of

analysis 1961-2021.
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annual temperature is negative (p < 0.05) at the lower-elevation site 4.
This suggests that temperature plays a key role in influencing the growth
of Larix decidua trees at higher elevations in the Turtmann Basin and
indicates that the direction of temperature influence on growth is
elevation dependent. Unlike temperature, precipitation shows no
reversal in direction of influence on growth from high to low elevation
(Fig. 5). The precipitation correlation is insignificant at higher eleva-
tions, but significant and positive at lower-elevation site 4. Moreover,
the Pearson correlation analysis confirmed no significant correlation
(p > 0.05) between the annual average temperature and total precipi-
tation for any of the four sites over the study period. Therefore, the
concordance between temperature and precipitation at the study sites is
low.

3.2.2. Tree-growth response to monthly and seasonal climate

The results of monthly and seasonal correlations in Fig. 7 show that
the optimum correlation period is three months and varies for temper-
ature and precipitation from higher to lower elevation sites. For
instance, warm previous year’s autumn temperature (September-
October-November, SON) favors the growth of Larix decidua as the
correlation of SON temperature with the RWI chronologies is positive
and significant at site 1 (r = 0.32, p < 0.01), site 2 (r = 0.44, p < 0.01)
and site 3 (r=0.39, p < 0.01). The growth-temperature correlation
patterns, both for the seasonal and individual months are similar in all
three high-elevation sites. At site 4, no individual month or season shows
any significant correlation with temperature. In contrast, the current
year’s winter and early spring precipitation (Jan-Feb-March, JFM) is
positively associated with ring width indices (RWI) chronologies and
statistically significant (r = 0.44, p < 0.01) at site 4. However, an
exception to the usual growth-precipitation correlation pattern can also
be noticed in Fig. 6. It shows that the precipitation of current year April
is positively correlated with the ring-width chronology at site 2

M < 1month | 3 menths & manths 12 menths T
o4l
' i | | m e
o H ' - H __,e
- | BBt | ‘ S1
i | Euilll REN | |
02
L 1 1 manth 3 months & manths 12 months T |
04 !
.R uzi _‘ | | ‘_ ‘ |
= 3 e T | 82
2 : | e Rl
|| Ollg 0 O L0l il
02 f
 — - EE—:
B =001 4 month 3 months & months 12 months T
[ w=n08
0.4 | !
= | =y '
% 027 ’7‘ - ‘ T H | 1
= | r I [ Ty g B
Ll o I | 11 | Elaall] || .|—|'l'_.i|—.| ||| LN
& ] [ = T
0.2
06 F g T v . :
W 2=001 1month 3 months & months 12 months T
04 £
7 02 |
= _ - sS4
0 == { II ; [T -
| | 1 [ 4 =
O T Lijanl
0.2 = -
N JMMUJSEENJIMMIDSSENIMMISESENIMMDS
Ending Month {"=previous year}

xP

Dendrochronologia 91 (2025) 126322

(r=0.21, p < 0.05) and at site 3 (r = 0.30, p < 0.05), but the correla-
tion is weak.

3.2.3. Long-term trends in growth-climate relationship

Based on the monthly and seasonal response function analysis as
shown in Fig. 6, the windowed Pearson correlation analysis was per-
formed between site chronologies (RWI) and climate data (e.g., SON
temperature and JFM precipitation). The results in Fig. 7 suggest that
the positive response of previous year’s SON temperature is significantly
higher over the temporal periods (1961-2021) at the higher elevation
upstream sites. Whereas the current year’s JEM precipitation is the main
driver for limiting growth of trees at the lower elevation site throughout
the analysis period (1961-2005).

Fig. 7 reveals three major periods of changing temperature influence
on tree growth in the higher elevation upstream sites, such as
1961-1980, 1981-2001, and 2002-2021. For instance, in the first
period (two decades) of the analysis period from 1961 to 1980, a
significantly higher positive correlation between RWI chronologies and
SON temperature was observed, and this is followed by the second
period when this relationship turned negative for the next two decades
from 1981 to 2001. Most recently, a significant positive correlation has
been noticed again in the third period since 2002. This common pattern
of changing response of SON temperature to tree growth is relatively
constant over the longer periods. On the other hand, at the lower-
elevation downstream Site 4, the relationship between RWI and SON
temperature shows negative correlation with the exception during 1990
and 2000, when the relationship turns into positive, but the correlation
is weak.

Moreover, in contrast to the decadal variations in SON temperature
influence, JFM precipitation has more short-term influence on tree
growth in the upstream higher elevation sites, and the growth-
precipitation relationship is not as straightforward as it is for
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Fig. 6. Bar-chart summary of correlation of site chronologies with monthly and seasonally aggregated climate data. For the four sites (top to bottom), plots show
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temperature across the elevational gradient. For instance, Fig. 7 shows
that at Site 1, JFM precipitation often correlates mostly negatively with
the RWI chronologies at all three higher-elevation sites, except few in-
dividual years during 1970s, 2000s, and 2010s with relatively shorter
window lengths that show positive correlations. Compared to the up-
stream higher elevation sites, the lower-elevation Site 4 at the basin
outlet shows significantly strong positive correlation between RWI and
JFM precipitation throughout the analysis period (1961-2005). Based
on the climate response to tree growth over a longer period, such as a 60-
years of window length for SON temperature, and a 45-years of window
length for JFM precipitation, it is expected that their relationships might
be more significant in recent decades. However, this cannot be
confirmed in this study due to the lack of recent tree ring data. More-
over, the significant positive correlation between RWI and SON tem-
perature at higher elevation sites and between the RWI and JFM
precipitation at lower-elevation site over the longer period demarcates a
hydro-climatic partition for limiting tree growth across the elevational
gradient in the Turtmann River Basin.

3.3. Elevation-dependent breakpoint in the switch between temperature
and precipitation limitation of growth

The growth of Larix decidua Mill in the high-elevation sites within the
range 1800-2100 m AMSL shows a strong dependence on previous
year’s SON temperature and current year’s JFM precipitation. Higher

elevation upstream sites (S1, S2 and S3) within 2100-1800 m AMSL
have significant positive relationships (p < 0.05) between RWI chro-
nologies and SON temperature, and their relationships show similar
slopes (Fig. 8). Moreover, a slightly negative slope of the linear regres-
sion between RWI and SON temperature at Site 4 indicates that the
temperature becomes a less significant factor for limiting growth of Larix
decidua Mill in the low-lying areas at 900 m AMSL. In contrast, a sig-
nificant positive relationship between RWI and JFM precipitation as
shown by the slope of their linear regression at Site 4 indicates a strong
precipitation dependency for tree growth. The area between Site 3 and
Site 4 (i.e., between 1800 m and 900 m AMSL) acts as the critical
transition zone where the climatic response switches from positive to
negative and vice versa for both temperature and precipitation.

4. Discussion

Four century-long RWI chronologies (Fig. 3) developed from the
Larix decidua Mill for four sites across an Alpine elevational gradient
show distinctive growth patterns including low- and high-growth pe-
riods in consecutive years (Fig. 4). Methodologically, there were several
samples with a few missing rings, resin-ducts, compression wood,
extremely narrow rings, cell-damaged rings, and poor wood quality
which presented a challenge for cross-dating (Fig. S1). Samples with
compression wood can be linked to the occasional mass-movement
processes including rockfalls as the headwater catchment is
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susceptible to rockfall events. However, these challenges aside, it was
possible to develop chronologies for three sites to add to the ITRDB
database. The sample depth (i.e., total number of cores) decreases over
time in the site-chronologies, leading to higher uncertainty. Therefore,
the selection of chronology length was restricted to only 60 years from
the recent time (i.e., 1961-2021) which replicates more than ten cores
for each site. This allowed us to analyse the growth response to available
climate data over this period. The relationships between tree-ring
growth and climate data (e.g., annual temperature and precipitation)
shows a significant climatic response on tree growth across the eleva-
tional gradient based on Pearson’s correlations (Fig. 5). However, the
correlations between raw tree-ring growth and climate data may have
the tendency to hide variability in associations over different timescales
and at different growth periods. Windowed Pearson correlations be-
tween site chronologies (RWI) and monthly temperature and precipi-
tation suggest the optimum month(s) and seasons for highest climate
response (Fig. 6) and allows the time-dependence as well as elevation
contrast in tree growth response to climate to be identified at the four
sites.

4.1. Larix decidua growth responses to temperature at higher elevation
sites

Our results show significant correlations between Larix decidua Mill
growth and seasonal temperature at the three highest-elevation sites.
The growth of Larix decidua Mill is significantly influenced by previous
year’s autumn temperature during September-October and November at
higher elevation sites in the Turtmann River Basin (Fig. 6). Thus, whilst
our study does indeed suggest that temperature is controlling tree
growth at higher elevation sites, the previous year’s SON temperature is
more significant for site 1, 2 and 3 located within 1800 m to 2100 m
AMSL compared to current year summer temperature in June-July-
August (JJA) as reported in previous studies (Biintgen et al., 2009,
2006). Certain species, notably Larix decidua Mill, Pinus cembra, and
Pinus sylvestris at high-elevation sites across the European Alps have a
general tendency of a positive growth response to temperature during
the previous year, autumn in particular (Frank and Esper, 2005; Leonelli
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et al., 2017; Nagavciuc et al., 2019; Saulnier et al., 2019).

In terms of the response of SON temperature on RWI chronologies
over a longer temporal period (1961-2021), the Pearson moving win-
dow correlation analysis suggest that SON temperature has significantly
influenced tree growth in three different periods (1961-1980,
1981-2001, and 2002-2021) in all three high-elevation sites (Fig. 7).
This common decadal growth-temperature correlation pattern in the
higher-elevation sites is most likely due to sufficient water availability in
this glacierized river basin through snow and glacier-melt. Whereas the
negative correlation during the period 1980-2000 can be linked to the
fact that since the 1980s an exponential increase in temperature has
been observed across the Alps (Haeberli and Beniston, 1998), including
in the Turtmann Basin as shown in the climograph (Fig. 2). The impact
of such rapid temperature increase reflects on observations of several
meters of upward shift of treeline following recent temperature warming
across the Alps (Cudlin et al., 2017; Korner, 2012), including the Aosta
valley, Italy (Leonelli et al., 2011), Dischma valley, Switzerland (Frei
et al., 2023). This continuous increase of temperature may have led the
climate influence to reach an optimum for influencing tree growth, and
therefore the later negative correlation suggests that the SON tempera-
ture was no longer a significant growth limiting-factor for Larix decidua
species in the higher-elevation sites. Moreover, the positive response of
SON temperature to tree growth in the third climatic period
(2002-2021) can be linked to the recent cooling in the Alps including in
the Turtmann Basin where several years with below average tempera-
ture have been recorded (e.g., 2004, 2005, 2010, 2013, and 2021).
Compared to high-elevation upstream sites, no such changes in climatic
response to tree growth is visible in the low-elevation downstream site 4.
Several previous studies have discussed how warmer summer temper-
atures may enhance tree growth at high-elevation, cooler sites where the
growing seasons are generally short (Biintgen et al., 2006; Miyamoto
et al., 2010; Savva et al., 2006).

4.2. Larix decidua growth responses to precipitation in lower elevation
sites

The relationship between growth and temperature is straightfor-
ward, with clear variations in changing response in three distinctive
periods as a function of elevation. On the other hand, our analysis shows
that annual precipitation has a significant positive correlation (r = 0.28,
p < 0.05) with ring growth rate at the lower elevation site 4 (900 m
AMSL) but no significant correlation at the higher elevation sites, above
1800 m AMSL (Fig. 5). In contrast, Larix decidua Mill growth at site 4 is
strongly influenced by current year’s precipitation in January, February
and March. The significant positive relationship with JFM precipitation
(r=0.44, p < 0.01) could be amplified by the vapor pressure deficit,
which tends to increase with low precipitation and dry soil (Moser et al.,
2009). In the Alps, Larix decidua Mill starts growing in April at low el-
evations (Bugmann et al., 2014; Moser et al., 2009), comparatively early
than at higher elevations, where growth starts in June (Biintgen et al.,
2006; Frank and Esper, 2005). As a result, the availability of winter and
spring precipitation along with soil moisture limits the growth in lower
elevation sites. Whereas at the higher elevation sites atmospheric
moisture, snow, and glacier-melt provides water during the growing
season. Precipitation is thus expected to be a non-significant or less
significant climatic factor for tree growth in the higher elevation sites.
With climate warming, this favorable impact of snowmelt could
decrease as the snow percentage of precipitation decreases and snow-
melt runoff is accelerated (Rammig et al., 2010; Vorkauf et al., 2021).
Earlier studies have shown that the growth of Larix decidua Mill in the
Swiss Alps correlates negatively with summer precipitation (r = -0.40,
p < 0.01) between 1900 and 2200 m. AMSL (Biintgen et al., 2006). In
contrast, our results show that there are several individual years during
1970s, 1980s and recently in 2000s when positive correlations between
RWI and JFM precipitation in high-elevation sites between 1800 and
2100 m. AMSL have been observed (Fig. 7). However, these correlations
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are weaker and often less significant. The influence of JFM precipitation
(despite its weak correlation) on tree growth at higher elevations, is
likely to influence the temperature limitation too, with a tendency to-
wards drier conditions due to the increase of temperature across the Alps
in recent decades (Treydte et al., 2023; Vitasse et al., 2019). Increasing
temperature leads to drought-like conditions and in such dry atmo-
spheric conditions, plants are under stress due to the photoinhibition
(Adams et al., 2013; Demmig-Adams and Adams, 2016). Such dry at-
mospheric conditions prevailing in the low-lying areas in a mountain
catchment may well be a reason for the positive correlation of Larix
decidua Mill growth with JFM precipitation at the lower-elevation Site 4
in this study. This suggests that particularly at the lower elevation site,
warm conditions may limit water availability, most likely affect tree
growth negatively in future in the Turtmann River Basin.

Overall, the RWI chronologies of the Larix decidua Mill correlate
positively with SON temperature at high-elevation sites 1, 2 and 3 (be-
tween 1800 m and 2100 m AMSL) and with JFM precipitation in the
lower-elevation site 4 (900 m AMSL). The growth-climate relationship
across the elevational gradient suggests that due to their locations in the
headwater glacierized areas, trees at sites 1, 2 and 3 mostly receive
water from different sources such as snow and glacier melt, whereas the
trees at the lower elevation site receive water mainly from rain and soil
moisture. Thus, the critical transition zone where climatic influence on
tree growth switches from temperature-limitation to precipitation-
limitation in the Turtmann Basin is most likely in between Site 3
(1800 m AMSL) and Site 4 (900 m AMSL). This is based on the evidence
from the seasonal correlations and the slope of linear regression between
RWI and SON temperature, JEM precipitation. Critical transition zones
across the elevational gradient can vary spatially and in different cli-
matic regimes. Therefore, data from multiple sites across an elevational
gradient may help to better identify the transition zone. In this regard,
Vitasse et al. (2019) identified ~1300 m as the critical transition zone
for tree growth in multiple sites across the Swiss Alps. Below this alti-
tude, Larix decidua Mill and Picea abies respond negatively to summer
temperature. However, under rapid warming, and given the positive
correlation between tree growth and temperature and precipitation in
the last decades, tree lines have been widely reported to shift upwards
across the Alps (Leonelli et al., 2011). The transition zone between
precipitation and temperature response logically would also shift in the
Turtmann River Basin.

5. Conclusion

This study compares four site-specific Larix decidua Mill chronologies
with the climate data for the period of 1961-2021. This unveils a multi-
decadal growth-climate relationship history of Turtmann River Basin
from upstream to downstream. Our analysis reveals growth-climate re-
lationships with decadal variations of changing temperature and pre-
cipitation response to tree growth over a long period (1961-2021). We
have also highlighted the seasonal climatic influence on tree growth
such as previous year’s autumn (SON) temperature and current year’s
winter-spring (JFM) precipitation. The findings also support an eleva-
tion effect on tree growth. Based on our analysis from four sites,
assuming a linear response it can be stated that between site 3 (at
1800 m AMSL) and site 4 (at 900 m AMSL) there is likely a transition
zone (i.e., the elevational breakpoint) where the signal changes from
precipitation-limitation to temperature-limitation across the elevational
gradient in the Turtmann River Basin. However, to provide clear evi-
dence of elevational breakpoint, more rigorous studies from multiple
sites at higher temporal resolutions are recommended. We also conclude
that recent changes in climate, expressed as an increase in temperature,
cause this breakpoint to shift to higher elevations within the Swiss Alps.
Therefore, the findings of this study may help forest managers to better
understand the ongoing climate change impact on Larix decidua Mill
growth in the Turtmann Basin for sustainable forest management. The
focus of future studies may be on the understanding of how other
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hydroclimatic parameters such as snowmelt besides temperature and
precipitation can also influence Larix decidua Mill growth in high
elevation Alpine River basins under the future climate warming.

CRediT authorship contribution statement

Meko David: Writing — review & editing, Supervision. Lane Stuart:
Writing — review & editing, Supervision, Funding acquisition. Islam
Nazimul: Writing — original draft, Methodology, Formal analysis, Data
curation, Conceptualization. Vennemann Torsten: Writing — review &
editing, Supervision.

Declaration of Competing Interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
Nazimul Islam reports financial support was provided by Federal Com-
mission for Scholarships for Foreign Students (FCS), Swiss Government
Excellence Scholarship. Nazimul Islam reports a relationship with Lab-
oratory of Tree-Ring Research, University of Arizona (Haury Fellowship)
that includes: funding grants and travel reimbursement. If there are
other authors, they declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

We are thankful to the Federal Commission for Scholarships for
Foreign Students (FCS) for the Swiss Government Excellence Scholar-
ship (Grant No: 2020.0271) to conduct this research, and equally
thankful to the Swiss Federal Research Institute WSL, Switzerland for
access to laboratory equipment to process the samples. We would also
like to extend our gratitude to the staff at the Laboratory of Tree-Ring
Research (LTRR), University of Arizona, USA, for providing the facil-
ities and technical guidance in measurement of samples, analysis of
data, and compilation of results. Lastly, the support from colleagues
from the institute (IDYST) in the field for data collection is highly
appreciated.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.dendro.2025.126322.

Data availability
Data will be made available on request.

References

Adams, W.W., Muller, O., Cohu, C.M., Demmig-Adams, B., 2013. May photoinhibition be
a consequence, rather than a cause, of limited plant productivity? Photosynth. Res.
117, 31-44. https://doi.org/10.1007/s11120-013-9849-7.

Baltensweiler, Werner, Weber, U.M., Cherubini, P., Baltensweiler, W., 2008. Tracing the
influence of larch-bud-moth insect outbreaks and weather conditions on larch tree-
ring growth in Engadine (Switzerland). Oikos 117, 161-172. https://doi.org/
10.1111/j.2007.0030-1299.16117 .x.

Bjornstad, O.N., Peltonen, M., Liebhold, A.M., Baltensweiler, W., 2002. Waves of Larch
Budmoth Outbreaks in the European Alps. Science (1979) 298, 1020-1023. https://
doi.org/10.1126/science.1075182.

Briffa, K.R., 1999. Interpreting High-Resolution Proxy Climate Data — The Example of
Dendroclimatology. In: Storch, Hans von, Navarra, Antonio (Eds.), Analysis of
Climate Variability. Springer-Verlag Berlin Heidelberg, pp. 77-94. https://doi.org/
10.1007/978-3-662-03167-4_5.

Bugmann, H., Brang, P., Elkin, C., Henne, P.D., Jakoby, O., Lévesque, M., Lischke, H.,
Psomas, A., Riis Simonsen, J., Wermelinger, B., Zimmermann, N.E., 2014. Climate
change impacts on tree species, forest properties, and ecosystem services. CH-2014
Impacts, Quant. Scenar. Clim. Change Impacts Switz. 79-89.

Bunn, A.G., 2008. A dendrochronology program library in R (dplR). Dendrochronologia
26, 115-124. https://doi.org/10.1016/j.dendro.2008.01.002.


https://doi.org/10.1016/j.dendro.2025.126322
https://doi.org/10.1007/s11120-013-9849-7
https://doi.org/10.1111/j.2007.0030-1299.16117.x
https://doi.org/10.1111/j.2007.0030-1299.16117.x
https://doi.org/10.1126/science.1075182
https://doi.org/10.1126/science.1075182
https://doi.org/10.1007/978-3-662-03167-4_5
https://doi.org/10.1007/978-3-662-03167-4_5
http://refhub.elsevier.com/S1125-7865(25)00036-0/sbref5
http://refhub.elsevier.com/S1125-7865(25)00036-0/sbref5
http://refhub.elsevier.com/S1125-7865(25)00036-0/sbref5
http://refhub.elsevier.com/S1125-7865(25)00036-0/sbref5
https://doi.org/10.1016/j.dendro.2008.01.002

N. Islam et al.

Bunn, A.G., 2010. Statistical and visual crossdating in R using the dplR library.
Dendrochronologia 28, 251-258. https://doi.org/10.1016/j.dendro.2009.12.001.

Biintgen, U., Esper, J., Frank, D.C., Nievergelt, D., Affolter, P., 2010. NOAA/WDS
Paleoclimatology-ITRDB SWIT260 LADE [WWW Document]. NOAA National
Centers for Environmental Information. https://doi.org/10.25921/mkxn-5a52.

Biintgen, U., Frank, D., Liebhold, A., Johnson, D., Carrer, M., Urbinati, C., Grabner, M.,
Nicolussi, K., Levanic, T., Esper, J., 2009. Three centuries of insect outbreaks across
the European Alps. N. Phytol. 182, 929-941. https://doi.org/10.1111/j.1469-
8137.2009.02825.x.

Biintgen, U., Frank, D.C., Nievergelt, D., Esper, J., 2006. Summer temperature variations
in the European Alps, A.D. 755-2004. J. Clim. 19, 5606-5623. https://doi.org/
10.1175/JCLI3917.1.

Biintgen, U., Liebhold, A., Nievergelt, D., Wermelinger, B., Roques, A., Reinig, F.,
Krusic, P.J., Piermattei, A., Egli, S., Cherubini, P., Esper, J., 2020. Return of the
moth: rethinking the effect of climate on insect outbreaks. Oecologia 192, 543-552.
https://doi.org/10.1007/s00442-019-04585-9.

Buras, A., Van Der Maaten-Theunissen, M., Van Der Maaten, E., Ahlgrimm, S.,
Hermann, P., Simard, S., Heinrich, L., Helle, G., Unterseher, M., Schnittler, M.,
Eusemann, P., Wilmking, M., 2016. Tuning the voices of a choir: Detecting ecological
gradients in time-series populations. PLoS One 11. https://doi.org/10.1371/journal.
pone.0158346.

Cook, E.R., 1985. A Time Series Analysis Approach to Tree Ring Standardization [WWW
Document]. The University of Arizona. URL (https://repository.arizona.edu/han
dle/10150/188110) (accessed 4.13.20).

Cook, E.R., Kairiukstis, L.A., 1990. Methods of dendrochronology: Applications in the
environmental sciences. Springer Science. Kluwer Academic Publishers, Dordrecht,
Netherlands, Dordrecht. https://doi.org/10.1007/978-94-015-7879-0.

Cuapio-Hernandez, L., Reyes-Ortiz, J.L., De La Rosa, A.B., Pavon, N.P., Lopez-

Herrera, M., Villanueva-Diaz, J., Sdnchez-Gonzadlez, A., 2023. Is there a response
pattern between radial growth of trees and elevation gradient? Tree-Ring Res. 79,
12-26. https://doi.org/10.3959/trr2021-19.

Cudlin, P., Klop¢i¢, M., Tognetti, R., Malis, F., Alados, C.L., Bebi, P., Grunewald, K.,
Zhiyanski, M., Andonowski, V., Porta, N.La, Bratanova-Doncheva, S.,

Kachaunova, E., Edwards-Jondova, M., Ninot, J.M., Rigling, A., Hofgaard, A.,
Hlasny, T., Skaldk, P., Wielgolaski, F.E., 2017. Drivers of treeline shift in different
European mountains. Clim. Res. 73, 135-150. https://doi.org/10.3354/cr01465.

Demmig-Adams, B., Adams, W.W., 2016. Photoinhibition. Encycl. Appl. Plant Sci. 1,
78-85. https://doi.org/10.1016/B978-0-12-394807-6.00093-9.

Dominguez-Delmds, M., Alejano-Monge, R., Wazny, T., Gonzdlez, G.I., 2013. Radial
growth variations of black pine along an elevation gradient in the Cazorla Mountains
( South of Spain) and their relevance for historical and environmental studies. Eur. J.
For. Res. 635-652. https://doi.org/10.1007/s10342-013-0700-7.

Efron, B., Tibshirani, R.J., 1994. An Introduction to the Bootstrap, An Introduction to the
Bootstrap. https://doi.org/10.1201/9780429246593.

Frank, D., Esper, J., 2005. Characterization and climate response patterns of a high-
elevation, multi-species tree-ring network in the European Alps. Dendrochronologia
(Verona) 22, 107-121. https://doi.org/10.1016/j.dendro.2005.02.004.

Frei, E.R., Barbeito, I., Erdle, L.M., Leibold, E., Bebi, P., 2023. Evidence for 40 Years of
Treeline Shift in a Central Alpine Valley. Forests 14. https://doi.org/10.3390/
£14020412.

Fritts, H.C., 1976. Tree Rings and Climate. Academic Press INC, New York. https://doi.
org/10.1016/b978-0-12-268450-0.x5001-0.

Gartner, H., Nievergelt, D., 2010. The core-microtome: a new tool for surface preparation
on cores and time series analysis of varying cell parameters. Dendrochronologia 28,
85-92. https://doi.org/10.1016/j.dendro.2009.09.002.

Gehrig-Fasel, J., Guisan, A., Zimmermann, N.E., 2007. Tree line shifts in the Swiss Alps:
climate change or land abandonment. J. Veg. Sci. 18, 571. https://doi.org/10.1658/
1100-9233(2007)18[571:tlsits]2.0.co;2.

Haeberli, W., Beniston, M., 1998. Climate change and its impacts on glaciers and
permafrost in the Alps. Ambio 27, 258-265.

Holmes, R., 1983. Computer-assisted quality control in tree-ring dating and
measurement. Tree-ring Bull. 43, 69-78.

Hugonnet, R., McNabb, R., Berthier, E., Menounos, B., Nuth, C., Girod, L., Farinotti, D.,
Huss, M., Dussaillant, I., Brun, F., Kaab, A., 2021. Accelerated global glacier mass
loss in the early twenty-first century. Nature 592, 726-731. https://doi.org/
10.1038/541586-021-03436-z.

King, G.M., Gugerli, F., Fonti, P., Frank, D.C., 2013. Tree growth response along an
elevational gradient: Climate or genetics? Oecologia 173, 1587-1600. https://doi.
org/10.1007/500442-013-2696-6.

Klesse, S., 2021. Critical note on the application of the “two-third” spline.
Dendrochronologia (Verona) 65, 125786. https://doi.org/10.1016/j.
dendro.2020.125786.

Korner, C., 2012. Treeline formation - Currently, in the past and in the future. In:
Korner, C. (Ed.), Alpine Treelines. Springer, Basel. https://doi.org/10.1007/978-3-
0348-0396-0_12.

Lane, S.N., Gaillet, T., Goldenschue, L., 2022. Restoring morphodynamics downstream
from Alpine dams: development of a geomorphological version of the serial
discontinuity concept. Geomorphology 402, 108131. https://doi.org/10.1016/j.
geomorph.2022.108131.

Larsson, L., 2013. CDendro & CooRecorder program package, version 9.6 Nov 25 2020
[WWW Document]. URL (https://www.cybis.se/forfun/dendro) (accessed
10.17.23).

Le Roy, M., Ivy-Ochs, S., Kurt, N., Giovanni, M., Reitner, J.M., Colucci, R.R., Ribolini, A.,
Spagnolo, M., Stoffel, M., 2024. Holocene glacier variations in the Alps. In:
Palacios, D., Hughes, P.D., Jomelli, V., Tanarro, L.M. (Eds.), European Glacial
Landscapes. Elsevier, Amsterdam, pp. 367-418.

11

Dendrochronologia 91 (2025) 126322

Leonelli, G., Battipaglia, G., Cherubini, P., Saurer, M., Siegwolf, R.T.W., Maugeri, M.,
Stenni, B., Fusco, S., Maggi, V., Pelfini, M., 2017. Larix decidua 8180 tree-ring
cellulose mainly reflects the isotopic signature of winter snow in a high-altitude
glacial valley of the European Alps. Sci. Total Environ. 579, 230-237. https://doi.
org/10.1016/j.scitotenv.2016.11.129.

Leonelli, G., Pelfini, M., Cella, U.M.Di, Garavaglia, V., 2011. Climate warming and the
recent treeline shift in the european alps: the role of geomorphological factors in
high-altitude sites. Ambio 40, 264-273. https://doi.org/10.1007/513280-010-0096-
2.

Meko, D.M., Touchan, R., Anchukaitis, K.J., 2011. Seascorr: a MATLAB program for
identifying the seasonal climate signal in an annual tree-ring time series. Comput.
Geosci. 37, 1234-1241. https://doi.org/10.1016/j.cageo.2011.01.013.

Messenzehl, K., Meyer, H., Otto, J.C., Hoffmann, T., Dikau, R., 2017. Regional-scale
controls on the spatial activity of rockfalls (Turtmann Valley, Swiss Alps) — a
multivariate modeling approach. Geomorphology 287, 29-45. https://doi.org/
10.1016/j.geomorph.2016.01.008.

MeteoSwiss, 2010. MeteoSwiss Grid-Data Products. SwissMetNet: Ein Messnetz fiir die
Zukunft. [WWW Document]. Federal Office of Meteorology and Climatology
MeteoSwiss, Ziirich. URL (https://www.meteoswiss.admin.ch/climate/the-climate
-of-switzerland/spatial-climate-analyses.html) (accessed 10.2.23).

Miyamoto, Y., Griesbauer, H.P., Scott Green, D., 2010. Growth responses of three
coexisting conifer species to climate across wide geographic and climate ranges in
Yukon and British Columbia. Ecol. Manag. 259, 514-523. https://doi.org/10.1016/j.
forec0.2009.11.008.

Moser, L., Fonti, P., Biintgen, U., Esper, J., Luterbacher, J., Franzen, J., Frank, D., 2009.
Timing and duration of European larch growing season along altitudinal gradients in
the Swiss Alps. Tree Physiol. 30, 225-233. https://doi.org/10.1093/treephys/
tpp108.

Nagavciuc, V., Roibu, C.C., Ionita, M., Mursa, A., Cotos, M.G., Popa, 1., 2019. Different
climate response of three tree ring proxies of Pinus sylvestris from the Eastern
Carpathians, Romania. Dendrochronologia 54, 56-63. https://doi.org/10.1016/j.
dendro.2019.02.007.

Ols, C., Klesse, S., Girardin, M.P., Evans, M.E.K., DeRose, R.J., Trouet, V., 2023.
Detrending climate data prior to climate-growth analyses in dendroecology: a
common best practice? Dendrochronologia (Verona) 79. https://doi.org/10.1016/j.
dendro.2023.126094.

Pan, Y., Birdsey, R.A., Fang, J., Houghton, R., Kauppi, P.E., Kurz, W.A., Phillips, O.L.,
Shvidenko, A., Lewis, S.L., Canadell, J.G., Ciais, P., Jackson, R.B., Pacala, S.W.,
McGuire, A.D., Piao, S., Rautiainen, A., Sitch, S., Hayes, D., 2011. A large and
persistent carbon sink in the world’s forests. Science (1979) 333, 988-993. https://
doi.org/10.1126/science.1201609.

Paulsen, J., Korner, C., 2014. A climate-based model to predict potential treeline position
around the globe. Alp. Bot. 124, 1-12. https://doi.org/10.1007/s00035-014-0124-0.

Percival, D.B., Constantine, W.L.B., 2006. Exact simulation of Gaussian time series from
nonparametric spectral estimates with application to bootstrapping. Stat. Comput.
16, 25-35. https://doi.org/10.1007/511222-006-5198-0.

Rammig, A., Jonas, T., Zimmermann, N.E., Rixen, C., 2010. Changes in alpine plant
growth under future climate conditions. Biogeosciences 7, 2013-2024. https://doi.
org/10.5194/bg-7-2013-2010.

Rebetez, M., Reinhard, M., 2008. Monthly air temperature trends in Switzerland 1901-
2000 and 1975-2004. Theor. Appl. Climatol. 91, 27-34. https://doi.org/10.1007/
s00704-007-0296-2.

Saulnier, M., Corona, C., Stoffel, M., Guibal, F., Edouard, J.L., 2019. Climate-growth
relationships in a Larix decidua Mill. network in the French Alps. Sci. Total Environ.
664, 554-566. https://doi.org/10.1016/].scitotenv.2019.01.404.

Savva, Y., Oleksyn, J., Reich, P.B., Tjoelker, M.G., Vaganov, E.A., Modrzynski, J., 2006.
Interannual growth response of Norway spruce to climate along an altitudinal
gradient in the Tatra Mountains, Poland. Trees - Struct. Funct. 20, 735-746. https://
doi.org/10.1007/s00468-006-0088-9.

Schweingruber, F.H., 1989. Tree Rings: Basics and Applications of Dendrochronology,
Paleoclimatology. Kluwer Academic Publishers, Dordrecht, Holland. https://doi.
org/10.1007/978-94-009-1273-1.

Shroder, J.F., 1976. Dendrogeomorphology: review and new techniques of tree-ring
dating. Prog. Phys. Geogr.: Earth Environ. 4, 161-188. https://doi.org/10.1177/
030913338000400202.

Stokes, M.A., Smiley, T.L., 1996. An Introduction to Tree-Ring Dating. University of
Arizona Press, Tucson, AZ.

Treydte, K., Laibao, L., Padrén, R.S., Martinez-Sancho, E., Babst, F., Frank, D.C.,
Gessler, A., Kahmen, A., Poulter, B., Seneviratne, S.I., 2023. Recent human-induced
atmospheric drying across Europe unprecedented in the last 400 years. Nat. Geosci.
https://doi.org/10.1038/541561-023-01335-8.

Vitasse, Y., Bottero, A., Cailleret, M., Bigler, C., Fonti, P., Gessler, A., Lévesque, M.,
Rohner, B., Weber, P., Rigling, A., Wohlgemuth, T., 2019. Contrasting resistance and
resilience to extreme drought and late spring frost in five major European tree
species. Glob. Chang Biol. 25, 3781-3792. https://doi.org/10.1111/gcb.14803.

Vorkauf, M., Marty, C., Kahmen, A., Hiltbrunner, E., 2021. Past and future snowmelt
trends in the Swiss Alps: the role of temperature and snowpack. Clim. Change 165,
1-19. https://doi.org/10.1007/s10584-021-03027-x.

Vuaridel, M., Cherubini, P., Mettra, F., Vennemann, T., Lane, S.N., 2019. Climate-driven
change in the water sourced by trees in a de-glaciating proglacial fore-field, Torres
del Paine, Chile. Ecohydrology 12, 1-13. https://doi.org/10.1002/ec0.2133.

Wigley, T.M.L., Briffa, K.R., Jones, P.D., 1984. On the average value of correlated time
series, with applications in dendroclimatology and hydrometeorology. J. Appl.
Meteor. Clim. 23, 201-2013. https://doi.org/10.1175/1520-0450(1984)023%
3C0201:0TAVOC%3E2.0.CO;2.


https://doi.org/10.1016/j.dendro.2009.12.001
https://doi.org/10.25921/mkxn-5a52
https://doi.org/10.1111/j.1469-8137.2009.02825.x
https://doi.org/10.1111/j.1469-8137.2009.02825.x
https://doi.org/10.1175/JCLI3917.1
https://doi.org/10.1175/JCLI3917.1
https://doi.org/10.1007/s00442-019-04585-9
https://doi.org/10.1371/journal.pone.0158346
https://doi.org/10.1371/journal.pone.0158346
https://repository.arizona.edu/handle/10150/188110
https://repository.arizona.edu/handle/10150/188110
https://doi.org/10.1007/978-94-015-7879-0
https://doi.org/10.3959/trr2021-19
https://doi.org/10.3354/cr01465
https://doi.org/10.1016/B978-0-12-394807-6.00093-9
https://doi.org/10.1007/s10342-013-0700-7
https://doi.org/10.1201/9780429246593
https://doi.org/10.1016/j.dendro.2005.02.004
https://doi.org/10.3390/f14020412
https://doi.org/10.3390/f14020412
https://doi.org/10.1016/b978-0-12-268450-0.x5001-0
https://doi.org/10.1016/b978-0-12-268450-0.x5001-0
https://doi.org/10.1016/j.dendro.2009.09.002
https://doi.org/10.1658/1100-9233(2007)18[571:tlsits]2.0.co;2
https://doi.org/10.1658/1100-9233(2007)18[571:tlsits]2.0.co;2
http://refhub.elsevier.com/S1125-7865(25)00036-0/sbref22
http://refhub.elsevier.com/S1125-7865(25)00036-0/sbref22
http://refhub.elsevier.com/S1125-7865(25)00036-0/sbref23
http://refhub.elsevier.com/S1125-7865(25)00036-0/sbref23
https://doi.org/10.1038/s41586-021-03436-z
https://doi.org/10.1038/s41586-021-03436-z
https://doi.org/10.1007/s00442-013-2696-6
https://doi.org/10.1007/s00442-013-2696-6
https://doi.org/10.1016/j.dendro.2020.125786
https://doi.org/10.1016/j.dendro.2020.125786
https://doi.org/10.1007/978-3-0348-0396-0_12
https://doi.org/10.1007/978-3-0348-0396-0_12
https://doi.org/10.1016/j.geomorph.2022.108131
https://doi.org/10.1016/j.geomorph.2022.108131
https://www.cybis.se/forfun/dendro
http://refhub.elsevier.com/S1125-7865(25)00036-0/sbref29
http://refhub.elsevier.com/S1125-7865(25)00036-0/sbref29
http://refhub.elsevier.com/S1125-7865(25)00036-0/sbref29
http://refhub.elsevier.com/S1125-7865(25)00036-0/sbref29
https://doi.org/10.1016/j.scitotenv.2016.11.129
https://doi.org/10.1016/j.scitotenv.2016.11.129
https://doi.org/10.1007/s13280-010-0096-2
https://doi.org/10.1007/s13280-010-0096-2
https://doi.org/10.1016/j.cageo.2011.01.013
https://doi.org/10.1016/j.geomorph.2016.01.008
https://doi.org/10.1016/j.geomorph.2016.01.008
https://www.meteoswiss.admin.ch/climate/the-climate-of-switzerland/spatial-climate-analyses.html
https://www.meteoswiss.admin.ch/climate/the-climate-of-switzerland/spatial-climate-analyses.html
https://doi.org/10.1016/j.foreco.2009.11.008
https://doi.org/10.1016/j.foreco.2009.11.008
https://doi.org/10.1093/treephys/tpp108
https://doi.org/10.1093/treephys/tpp108
https://doi.org/10.1016/j.dendro.2019.02.007
https://doi.org/10.1016/j.dendro.2019.02.007
https://doi.org/10.1016/j.dendro.2023.126094
https://doi.org/10.1016/j.dendro.2023.126094
https://doi.org/10.1126/science.1201609
https://doi.org/10.1126/science.1201609
https://doi.org/10.1007/s00035-014-0124-0
https://doi.org/10.1007/s11222-006-5198-0
https://doi.org/10.5194/bg-7-2013-2010
https://doi.org/10.5194/bg-7-2013-2010
https://doi.org/10.1007/s00704-007-0296-2
https://doi.org/10.1007/s00704-007-0296-2
https://doi.org/10.1016/j.scitotenv.2019.01.404
https://doi.org/10.1007/s00468-006-0088-9
https://doi.org/10.1007/s00468-006-0088-9
https://doi.org/10.1007/978-94-009-1273-1
https://doi.org/10.1007/978-94-009-1273-1
https://doi.org/10.1177/030913338000400202
https://doi.org/10.1177/030913338000400202
http://refhub.elsevier.com/S1125-7865(25)00036-0/sbref47
http://refhub.elsevier.com/S1125-7865(25)00036-0/sbref47
https://doi.org/10.1038/s41561-023-01335-8
https://doi.org/10.1111/gcb.14803
https://doi.org/10.1007/s10584-021-03027-x
https://doi.org/10.1002/eco.2133
https://doi.org/10.1175/1520-0450(1984)023&percnt;3C0201:OTAVOC&percnt;3E2.0.CO;2
https://doi.org/10.1175/1520-0450(1984)023&percnt;3C0201:OTAVOC&percnt;3E2.0.CO;2

	Elevation-dependent breakpoint in climate forcing of tree growth in the Turtmann River Basin, Switzerland
	1 Introduction
	2 Data and methods
	2.1 Site selection
	2.2 Tree ring data collection and pre-processing
	2.3 Instrumental climate data
	2.4 Tree-ring chronology development
	2.5 Growth-climate response function analysis

	3 Results
	3.1 Tree ring growth assessments
	3.2 Growth-climate relationships
	3.2.1 Tree-growth response to annual climate
	3.2.2 Tree-growth response to monthly and seasonal climate
	3.2.3 Long-term trends in growth-climate relationship

	3.3 Elevation-dependent breakpoint in the switch between temperature and precipitation limitation of growth

	4 Discussion
	4.1 Larix decidua growth responses to temperature at higher elevation sites
	4.2 Larix decidua growth responses to precipitation in lower elevation sites

	5 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supporting information
	Data availability
	References


