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Abstract: Tree growth at high elevation in the Central European Alps (CEA) is strongly limited by
low temperature during the growing season. We developed a tree ring series of co-occurring conifers
(Swiss stone pine, Norway spruce, European larch) along elevational transects stretching from the
subalpine zone to the krummbholz limit (1630-2290 m asl; n = 503 trees) and evaluated whether trends
in basal area increment (BAI) are in line with two phases of climate warming, which occurred from
1915-1953 and from 1975-2015. Unexpectedly, results revealed that at subalpine sites (i) intensified
climate warming in recent decades did not lead to a corresponding increase in BAI and (ii) increase
in summer temperature since 1915 primarily favored growth of larch and spruce, although Swiss
stone pine dominates at high elevations in the Eastern CEA, and therefore was expected to mainly
benefit from climate warming. At treeline, BAI increases in all species were above the level expected
based on determined age trend, whereas at the krummbholz limit only deciduous larch showed a
minor growth increase. We explain missing adequate growth response to recent climate warming
by strengthened competition for resources (nutrients, light, water) in increasingly denser stands at
subalpine sites, and by frost desiccation injuries of evergreen tree species at the krummholz limit.
To conclude, accurate forecasts of tree growth response to climate warming at high elevation must
consider changes in stand density as well as species-specific sensitivity to climate variables beyond
the growing season.

Keywords: elevational transect; basal area increment; climate warming; conifers; European Alps;
growth trend

1. Introduction

It is well established that tree growth at high elevation and in boreal regions is mainly
temperature-limited [1-4] and temperatures below 5 °C during the growing season impair tissue
formation in woody plants [5,6]. Consistently, numerous dendroclimatological studies have revealed
that radial stem growth in the Central European Alps (CEA) is limited by low summer temperature
e.g., [7,8]. Climate observations reveal a rise of air temperature in recent decades and global change
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models predict even further temperature increases in the future [9]. This phenomenon is especially
pronounced in the European Alps, showing almost twice increase of air temperature compared to the
global rate [10,11]. Although climate warming was found to increase radial growth at high elevation
and in boreal regions [12], radial growth did not consistently track recent temperature increase [13].

A low-frequency offset between radial tree growth that does not correspond to the increase in
summer temperatures is known as a divergence problem [14]. Although in the European Alps no
unusual late 20th century divergence problem was found by [12], several authors [15,16] have found
that recent temperature increase had a negative effect on tree growth at high elevation. Similarly, [13]
reported a loss of sensitivity of temperature-limited temperate and boreal tree-ring series starting in
the latter half of the 20th century. Understanding the growth response of high elevation forests to
climate warming is of great importance because forests are a major part of the global carbon cycle and
significant alterations are expected in upcoming decades, see [17] and further references therein.

Several authors have encouraged the application of large-scale dendroclimatological studies to
assess tree growth response to atmospheric changes [18]. However, at the local scale tree growth
could be biased by nonclimatic factors like resource availability (soil nutrients, water, light) and
topography [19-22]. Therefore, to evaluate tree growth response in CEA to climate warming since
the early 20th century, we used a recently acquired collection of tree-ring width data from 503 trees
distributed at several elevational transects across the subalpine zone, treeline, and krummholz limit.
Radial growth measurements were converted to basal area increments (BAI), aggregated according to
elevation (subalpine, treeline, and krummbholz limit), and resulting BAI time series were compared
with homogenized climate data from representative instrumental stations of the CEA.

Instrumental temperature records show two phases of climate warming from early to
mid-20th century and from mid-1970s until 2015 [10], which are also evident on larger geographic
scales [9,13,23-25]. We therefore focused on elevational-dependent changes in radial growth trends of
the three dominant coniferous tree species in the Eastern CEA, i.e., Norway spruce (Picea abies [L. Karst.]
L.), European larch (Larix decidua Mill.), and Swiss stone pine (Pinus cembra L.), and evaluated whether
the observed growth trends in BAI are consistent with the increase in summer air temperature over
these two phases of climate warming. We expected that BAI of all species, but especially P. cembra,
which is the dominant conifer at high elevation within the study area, would show increasing BAI
consistent with distinct climate warming during the study period (1915-2015) amounting to >2 °C.

2. Material and Methods

2.1. Study Sites

The study sites are located along the Eastern CEA (Table 1) in the area of the Tuxer and Stubaier Alps
(Tyrol, Austria) and Otztaler Alps (border area of Austria and Italy) and encompass elevational transects
including the subalpine zone (1630-2290 m asl), treeline (1950-2130 m asl) and the krummholz-limit
(2130-2270 m asl). Treeline and the krummbholz-limit are defined as uppermost patches of trees of at least
2 m height, and crippled individuals occurring above treeline and less than 2 m in height, respectively.
Although most continental climate conditions enable subalpine forests to reach highest elevations at
sites SCH1 and SCH2 (Table 1), anthropogenic influence (pasturing) impairs development of a natural
treeline and krummbholz-limit. Selected tree species include European larch (Larix decidua), Norway
spruce (Picea abies) and Swiss stone pine (Pinus cembra), which are the dominant and widespread tree
species at high elevation in the Eastern CEA [26].
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Table 1. Site characteristics of selected stands along elevational transects in the Central European
Alps. Geographic coordinates are given for the lowest site at each sampled transect (Lat = latitude;
Lon = longitude; AE = elevational difference between highest and lowest stand).

Elevation (m asl) AE
Site Lat Lon Subalpine Treeline Krummbholz (m) Aspect Slope (°)
Pats(‘.ijhflr(l;"fel 47.206 11452  1960-2010  2080-2130  2140-2180 220 WSW-W  10-30
Vigfsgitze 47213 11480  2030-2050  2120-2060 2220-2270 240 SSW 1040
Mo(rﬁ%”‘;?pﬂ 47.179 11469  1880-2020  2060-2120 21302220 340 SW-NW  10-30
Kasflf:\a;)talm 47115 11290  1640-1800  1950-1990 ; 350 SE-SW  20-30
Elferlift (ELF)  47.09% 11305  1630-1810 - - 180 NW-NE  20-30
L(aszg‘g)al 46.756 10779 2040-2290 - - 250 E 30-45
}Zgggtza)l 46.743 10.827  2120-2250 - - 130 w 30-50

Within the Eastern CEA, the geology of the Tuxer and Otztaler Alps is dominated by siliceous
parent material. In the Stubaier Alps, the bedrock at selected sites (Elferlifte, Kaserstattalm) is of
calcareous origin [27]. Local disturbance at some sites (primarily above the edge of the closed subalpine
forest, i.e., at treeline and the krummbholz limit) is restricted to grazing. Annual/summer temperature
means and annual/summer precipitation totals during the study period 1915-2015 amounted to
0.5/7.7 °C and 1133/433 mm, respectively [10].

2.2. Tree-Ring Analysis

A uniform sampling design was applied at all selected sites. Along elevational transects, two
radii per tree were obtained from opposite sides of the stem using an increment borer. Trees free of
major stem or crown anomalies due to wind or snow breakage were randomly selected and cored
parallel to the contour to avoid biases induced by formation of reaction wood. At subalpine sites,
cores were extracted from dominant mature trees at breast height (1.3 m). Due to a decrease in tree
height towards higher elevation, cores were taken between 0.5 m and 0.2 m height at treeline and the
krummbholz limit, respectively (1 = 503 trees; Table 2).

Table 2. Age structure and sample depth of selected stands along elevational transects (mean age
(year) + standard deviation (SD)/n sampled trees). Abbreviations of sites as in Table 1; Pice = Pinus
cembra L., Lade = Larix decidua, Pcab = Picea abies L. Karst.

Subalpine Treeline Krummholz-Limit
Pice Lade Pcab Pice Lade Pcab Pice Lade Pcab

PTK 124 + 43/8 133 + 45/5 146 +38/10 37 +15/15 32+19/14 26+18/13 15+5/10 12+3/10 23+17/10

VIG 138 + 39/8 128 + 28/6 85+ 11/5 22 +7/10 29 +17/11 - 14 +4/9 10+3/12 -
MOR 118 + 6/10 103 + 12/10 - 25+ 7/11 31 +20/13 - 17 + 3/9 17 +5/12 -
KAS - 133 £23/10 142 +23/24 14 + 3/53 18 + 4/51 16 + 4/46 - - -

ELF - 175 +47/25 150 + 43/35 - - - - - -
SCH1 270 + 54/24 - - - - - - - -
SCH2 - 128 + 35/14 - - - - - - -

mean +SD 199 + 42 133 £32 131 +£29 25+ 8 27 + 15 21+ 11 15+4 13+4 23 +17

n total 50 70 74 89 89 59 28 34 10

Increment cores were air-dried, mounted on wooden holders, and the surface was prepared with
a razor blade. For contrast enhancement of tree-ring boundaries, white chalk powder was rubbed into
the tracheid lumen. Ring widths were measured to the nearest 1 um using a light microscope (Olympus
5761, Tokyo, Japan) fitted with a LINTAB measuring system (Frank Rinn, Heidelberg, Germany).
Correct dating of measured time series of ring width were statistically checked with the TSAP-Win
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Scientific and COFECHA [28] software and mean tree-ring width chronologies were developed for
each site and species.

Correctly dated tree-ring width chronologies were converted into basal area increment (BAI)
values excluding the bark and assuming a circular shape of the stem with the following formula:

BAI =t (R%, — R?,1), 1)

where R is the radius of the tree inside the bark and # is the year of tree ring formation. Bark thickness
and stem diameter at coring height were measured at the time of sampling. BAI data were not
standardized to preserve the long-term growth trend over the study period. BAI instead of ring-width
time series were chosen because BAI is more closely related to biomass increment than ring width and
BAI reduces tree size and age effects on growth trends [18,29-31].

To be able to distinguish climate warming-induced growth increases from inherent age/size
related growth trends, species-specific biological growth curves were developed by aligning annual
increments of individual trees to the biological (cambial) age instead of the calendar year and calculating
age/size-related growth trends by fitting linear functions to the data [31]. Number of missing rings,
to the pith in the increment cores, were estimated via the curvature and width of the inner rings.
Species-specific age/size related trends in BAI were then plotted in a BAI time series developed at
treeline and krummbholz limit (mean tree age <30 years Table 2). At treeline and the krummbholz
limit, radial growth of saplings may be strongly restricted for numerous years due to pronounced
competition with dwarf shrubs and grasses for nutrients and light. As soon as saplings are well
established, radial growth distinctly increases [32]. The onset of the expected age/size-related growth
trend was scheduled to that specific year. We are aware that this dating occurred somewhat arbitrarily,
but a change in timing by +2 years has no crucial effect on data interpretation.

2.3. Climate Data

Mean summer (June through August) and yearly temperature (°C) and precipitation (mm) data for
the Greater Alpine Region (Histalp_region AT-West and HighLevel) were obtained from the HISTALP
database (http://www.zamg.ac.at/histalp/) [10]. Climate data are mean monthly temperature and
precipitation sums collected from several sites located at high (mean elevation 2091 m asl) and low
elevation (mean elevation 773 mThis is 0.k. asl), respectively, which are representative for the study
region. During the last one hundred years, two phases of climate warming, i.e., from 1915-1953 (thI)
and from 1975-2015 (Wy,1II) are obvious in climate records (Figure 1). Mean temperature during
5-year-long periods at the start and end of these phases were calculated. Additionally, temperature
difference between start and end of the study period (1915-2015; W, I1I) was determined based on
selected 5-year means (Figure 1).
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Figure 1. Mean air temperature (a,b) and precipitation (c¢) during June-August (black lines) and
January-December (grey lines) in the Alpine region for the period 1915-2015. In (a), increase in air
temperature was divided into two phases: phase I (Wpp]) from 1915-1953 and phase II (W, 1I) from
1975-2015. Period III (Wp,11I) encompasses the whole study period 1915-2015. Linear air temperature
and precipitation trends are shown in solid lines for Wpnl and Wppll and dotted lines for W IIL
Five-year periods used to calculate mean values of air temperature and basal area increment during
selected periods (WppI-11I) are indicated.

2.4. Statistical Analysis

Student’s independent sample ¢-test was used to determine significant differences among selected
time periods with respect to air temperature and BAI. Homogeneity of variances was asserted using
Levene’s test. Age trends in BAI time series were fit by linear regression analysis. All tests were
performed using STATISTICA 12 (StatSoft Inc., Tulsa, OK, USA).

3. Results

During the study period 1915-2015 yearly (January-December) and summer (June-August) air
temperatures showed an increasing trend, which intensified since the late 1970s (Figure 1). During the
selected warming phases, Wphl and Wphll, yearly/summer air temperature increased by +1.04/+1.7 °C
and +1.62/+2.52 °C, respectively, indicating accelerated climate warming in recent decades (Figure 2).
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Figure 2. Comparison of yearly and summer (June-August) air temperatures between the beginning
and end of phase I (WpnI), phase I (Wpp1l), and during the whole study period, i.e., beginning of phase
I'and end of phase II (WppIIL cf. Figure 1). A box and whiskers plot shows the median (horizontal
line) and mean values (closed circle) + standard deviation (box); whiskers extend to the 10th and 90th
percentiles. Statistical significant differences between mean temperatures at the beginning and end of
the warming phases are indicated by asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001).

Comparing the first (1915-1919) and last (2011-2015) five-year mean values, yearly and summer
air temperature increased by +2.5 °C and +3.1 °C, respectively (Figure 3). In contrast, yearly and
summer precipitation showed a slight but statistically not significant increase (p > 0.05) over the whole
study period (Figure 1c).

1004 g

c 50 f— .

1925 1950 1975 2000
Year

Figure 3. Sample depth (a) and basal area increment (BAIL b) of selected tree species from subalpine
sites (Pinus cembra = continuous black line; Picea abies = continuous grey line; Larix decidua = dotted
black line). Data were smoothed based on a fast Fourier transform low-pass filter (thin lines; number of
points set to 10). Mean values + standard error are indicated.

In the subalpine zone, mean age of all tree species at coring height was >130 years, whereas
at treeline and at the krummbholz limit mean age of tree species averaged to c. 25 and c. 17 years,
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respectively (Table 2). Mean stem diameter of P. cembra, L. decidua, and P. abies decreased from 40 + 7 cm,
38 £ 8 cm, and 39 + 6 cm in the subalpine zone, to 11 + 3 ¢cm, 11 + 3 cm, and 10 + 2 cm at the treeline,
and5+1cm,5+1cm, and 4 + 1 cm at the krummbholz limit, respectively.

The number of trees included in the mean BAI stayed nearly constant during the study period
1915-2015 (Figure 3a). Increasing growth is obvious in all species during WppI. Afterwards, growth of
P. cembra increased at a lower rate, while BAI of P. abies and L. decidua also strongly increased during
the second warming phase (WppIL; Figures 3b and 4).

Although BAl increase of all species was statistically significant in WppI-III (Figure 4), BAl increase
significantly declined during W1l compared to Wyl in P. cembra, and remained constant in L. decidua
and P. abies (Table 3). During the whole study period (1915-2015, Wy, III) BAl increase was highest in P.
abies and lowest in P. cembra (Table 3).

ph
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1T ® =
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Lade Pcab Pice i Lade Pcab Pice i Lade Pcab Pice

Figure 4. Comparison of mean basal area increment (BAI) of selected tree species (Lade = Larix decidua;
Pcab = Picea abies; Pice = Pinus cembra) from subalpine sites at beginning and end of increasing air
temperature during phase I (WypI), phase II (Wppll) and during the whole study period (WppIIL;
cf. Figure 1). Box and whiskers plot showing median (horizontal line) and mean (closed circle) + standard
deviation (box); whiskers extend to the 10th and 90th percentiles. Statistical significant differences
between BAI at the beginning and end of warming phases are indicated by asterisks (* p < 0.05,
**p <0.01, ** p <0.001).

Table 3. Increase in basal area increment (cm?) during selected phases of climate warming (W, I-11I).
Mean values + standard deviations are shown. Statistically significant differences of mean values
between species and Wp1 and W1l are indicated by different letters (p < 0.05).

Species Wpnl Wpnll Wpnlll
Pinus cembra 535+0.842 1.89 + 1.78b 484 +1332
Larix decidua 449 +1912 4.65 +0.542 6.66 +1.05

Picea abies 42440822 428 +1.232 10.57 £ 1.22°¢

When BAl is plotted against cambial age, age/size trends become obvious (Figure 5). In the first
few decades of juvenile growth BAI shows a linear increase. Linear functions fitted to BAI of juvenile
growth indicate that developed age/size trends extend up to c. 40 years in P. cembra and L. decidua
and c. 35 years in P. abies. Slopes of the regression lines indicate that juvenile growth was highest and
lowest in P. cembra and L. decidua, respectively. BAI increase during the last decade is clearly above the
determined age trend in each species at treeline (Figure 6), but at the krummholz limit BAI increase
was higher than the expected age trend in some years in L. decidua only (Figure 6).
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Figure 5. Sample depth (a) and basal area increment (BAL b) of selected tree species from subalpine
sites at cambial age 1-60 years (Pinus cembra = continuous black line; Picea abies = continuous grey line;
Larix decidua = dotted black line). Variance among samples are indicated by mean standard error. Age
trends were fit by linear regression analysis and are indicated by thin lines. Pinus cembra: y = 0.224x +
2.897, R* = 0.995; Picea abies: y = 0.151x + 1.762, R* = 0.975; Larix decidua: y = 0.071x + 2.165, R? = 0.877.
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Figure 6. Sample depth and basal area increment (BAI) of tree species at treeline (a,b) and krummbholz
limit (c,d). Pinus cembra = continuous black line; Picea abies = continuous grey line; Larix decidua = dotted
black line. Variance among samples is indicated by mean standard error. Species-specific age trends
in BAI were plotted based on regression equations given in Figure 5. 95% confidence intervals are
indicated. Onset of age trend in BAI was assumed to occur at the time when continuous growth

increase was detected (for details see Materials and Methods).
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4. Discussion

To strengthen the common climate signal and cancel out the local nonclimate signals, such as
disturbance and topography, we pooled growth data (1 = 503 trees) from several high-elevation forest
sites. Long-term growth trends in the subalpine zone (1630-2290 m asl) revealed a dominating increase
in BAI of mature forests (mean age >130 years) from 1915-2015, which is consistent with intense climate
warming within the CEA [10]. However, results revealed stable BAI increase in the subalpine zone
during Wpnl and Wppllin L. decidua and P. abies, and decreasing BAl increase in P. cembra, although
climate warming was much more distinct during the recent period (+1.6 °C in Wyl vs. +2.5°Cin
Wphll during June through August, i.e., the main growing period; Figure 2). Age/size trends are not
a conclusive explanation for this finding, because c. 90% of age/size related BAI increase is reached
when trees are c. 30 years old (Figure 4), indicating that age/size effects are only marginally involved in
BAl increase during Wy 1. As suggested by [33], the strong increase in wood increment in the early
20th century in the Eastern CEA is partly attributable to changes in forest management, i.e., reduction
or abandonment of forest grazing, pollarding, or litter raking. Although we cannot refute changing
land-use practices during W1 on BAL it is reasonable to assume that forest management practices
were less pronounced on steep slopes at high elevation, which prevail within the study area (Table 1).

A loss of thermal response of radial tree growth in recent decades has been reported for P. cembra
from one site within the study area on Mt. Patscherkofel [15] and from other temperature-limited
sites [13,16]. Several hypotheses have been put forward to explain the missing adequate growth
response of temperature-limited trees to recent climate warming [13,14], but the exact cause is still
unknown. Several authors [15,34,35] attributed reduced radial growth in the European Alps to
late-summer drought under increasing temperature. There is evidence that warm-season vapor
pressure deficit and maximum daily temperature are closely related to forest drought stress [36].
Within the study area, however, increasing moisture stress in concordance with higher temperature
is unlikely, because ample precipitation and moderate evaporative demand are regarded to cause
soil water availability to be sufficiently high throughout the growing season [37]. Furthermore,
although summer warming in the study region has been most prominent since late 1970s, it was not
accompanied by a drying trend with decreased precipitation (Figure 1c). Missing matches between
summer temperature increase and radial growth might be due to sensitivity of radial growth to several
other climate parameters, such as previous autumn temperature and winter precipitation [8,35,38,39],
which might partly compensate for more favorable growing conditions during summer. Alternatively,
stand dynamics might cause increasing competition among trees for light and nutrients, which leads to
decreasing sensitivity of growth to climate warming [40]. In the subalpine zone, lowest sensitivity to
recent climate warming was found in late successional P. cembra showing highest mean age. Although
tree age effects on growth response to climate was reported by [41,42], [35] reported that the climate
signal in P. cembra is maximized in older trees and [43] found little evidence for decreasing climate
sensitivity in old P. cembra, indicating that tree age per se is not the cause of reduced temperature
sensitivity in this species.

Sampling issues were also reported to seriously affect growth trend evaluation [44—46]. A common
sampling bias in dendrochronology is the ‘big tree selection bias’, i.e., time series are constructed from
similar sized large trees of different ages [45,47]. This sampling design can lead to misleading estimates
of growth trends within a stand [48]. We avoided this bias by evaluating growth trends only throughout
periods with constant sample depth, i.e., BAI time series were developed from trees of comparable
age rather than size. Another potential sampling bias is the ‘slow-grower survivorship bias’, i.e., an
underrepresentation of fast-growing trees in the earlier portion of the developed time series, which
yields to an apparent increase in growth over time. Due to the fact that only living trees were sampled
in this study, we cannot unequivocally exclude the occurrence of this bias in our data set. However,
considering this bias would lead to higher BAI in earlier parts of the record, causing a decrease in
growth response to climate warming during W1 and the whole study period (1915-2015; W, 11I).
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Of the three selected species, most distinct growth response to climate warming was expected for
P. cembra, which dominates at highest elevations in the Eastern CEA [26]. However, in the subalpine zone
the largest growth increase over the whole study period was detected in P. abies (Table 3), suggesting
that elevation may be associated with other environmental factors in addition to temperature [49] or
that in old-growth P. cembra stands the benefit to growth brought on by a longer growing season may
have been low in comparison with some other factors, such as the increasing respiration losses caused
by warmer summer temperatures. However, the latter argument is contradicted by [50], who reported
that plants have the capacity to adjust to a warming environment via physiological acclimation of
respiration to warming. Strongest growth response of P. abies during the last century might be related
to different disturbance history of stands, which may have affected the response to warming through
the changing canopy structure [40]. Alternatively, species-related growth responses to climate were
reported by several authors [39,51,52].

Although trees at high elevation are generally saturated with carbohydrates [53-57] found support
for the carbohydrate limitation hypothesis in deciduous L. decidua. They determined that L. decidua
augmented its growth as a response to the addition of CO,, indicating that this species is potentially
carbon limited at treeline. Hence, the observed increase in BAI of L. decidua in this study indicates that
this deciduous species benefited not only from climate warming, but probably also from effects of CO,
fertilization on growth [37].

At treeline, increase in BAI was higher than the calculated age/size trend in all species, which is
attributable to intensive climate warming in recent decades, and highest sensitivity of tree growth to
temperature occurred when approaching the upper limit of tree existence [4]. At the krummbholz limit,
however, only deciduous L. decidua showed an increase in BAI which exceeded the expected age/size
trend. Missing growth response of evergreen conifers at the krummbholz limit is most likely due to
winter desiccation, i.e., damage to needles and branches caused by ice crystal abrasion of blowing
snow and late winter water losses, which cannot be replaced because of frozen soil [58,59].

5. Conclusions

We found significant elevational and species-related trends in BAI of widespread coniferous
species of the Eastern CEA, but no consistent growth response that is in parallel with the rapid rise of
summer temperature in recent decades. Our results therefore revealed that although enhanced tree
growth occurred at high elevation in response to climate warming, growth increase in the subalpine
zone has declined in P. cembra and remained constant in P. abies and L. decidua over the last decades,
despite the more intensified warming taking place since late 1970s. This finding indicates that tree
growth response to climate warming is possibly nonlinear, and that the underlying ecological and
physiological mechanisms, i.e., stand dynamics and climatic influences beyond the growing season,
respectively, driving these temporal changes are not yet completely resolved. Our study thus highlights
the importance of species- and stand-specific assessments to identify the influencing environmental
factors of tree growth at high elevation. Such assessments are important because they help predict
treeline dynamics and carbon sequestration under an increasingly warmer and drier climate.
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