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Abstract
For assessing the impact of soil temperature on tree growth in remote areas such as the alpine
timberline we introduce a new method for soil temperature manipulations. This new approach is
based on roofing of the rooting zone and allows either soil cooling or soil warming without
significantly influencing soil water availability and the above ground microclimate.
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Introduction
Low air and soil temperatures are major factors limiting tree growth at high altitude and
latitude (Körner 1998) especially at the alpine timberline ecotone, which is regarded to be
sensitive to climate change (Wieser et al. 2009). In-situ temperature manipulation is a
common technique for assessing potential effects of warmer air and soil temperatures in
boreal and alpine forest ecosystems and includes heating cables (Strömgren and Linder
2002), as well as open-top chambers (Danby and Hik 2007). Although artificial soil
warming accomplished with heating cables provides a high degree of control over soil
temperature over larger areas this technique can not be used in remote areas due to its high
energy requirements. Open-top chambers techniques by contrast significantly alter the above
ground microenvironment (most notably wind speed and moisture of the air), and thus also
the physiological behaviour of the foliage.

As soil temperature also influences above ground metabolism and growth of timberline
associated conifers (Havranek 1972) soil roofing is a potential alternative to investigate the
effect of soil temperature on stem growth. Our objective was to test how a slight decrease or
increase in soil temperature at the krummholz zone of the Central Austrian Alps will result
in a difference in stem radius increment of Pinus cembra in order to predict the response of
vegetation to a changing climate.

* corresponding author: Gerhard.Wieser@uibk.ac.at; Tel: ++43 512 573933 5120, Fax: ++43 512 573933 5250..

Europe PMC Funders Group
Author Manuscript
Eur J For Res. Author manuscript; available in PMC 2011 March 17.

Published in final edited form as:
Eur J For Res. 2010 March ; 129(2): 141–144. doi:10.1007/s10342-009-0305-3.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Material and Methods
The study was carried out on approximately 20-year-old stunted isolated Pinus cembra trees
(0.5 - 0.8 m in height; projected crown 0.2-0.3 m2) growing in a haplic podzol on a south
west slope (inclination 15-20°) in the krummholz belt (2180 m a.s.l.) on Mt. Patscherkofel
south of Innsbruck, Austria (47°12′N, 11°27′E). The field site is characterized by a cool
subalpine climate with low soil temperatures, the possibility of frost in all the months, a
continuous snow cover from October till May, and by warm southerly winds (Föhn) with
maxima up to 47 m s−1.

Soil temperature manipulation was accomplished by roofing of the root zone. The roofs had
to allow for the possibility to manipulate soil temperature, to withstand high wind velocities,
and not significantly influencing the above ground microclimate as well as soil water
availability. Roofs (1.5 × 1.5 m) were built underneath the canopy 10 cm above ground
around the stem of selected study trees. They consisted of frames anchored into the soil
which were covered either with 3 cm thick Styrofoam (ROOFMATE SL-A) or 1 cm thick
transparent Perspex plates to achieve soil cooling and warming, respectively. The roofs were
perforated (10 × 10 cm grid) in order to allow precipitation falling onto the roofs to
penetrate into the soil and thus allowing “real time watering” comparable to unroofed
ambient conditions. After testing the roofs design in 2007 three roofs each were set up
immediately after snow melt in spring 2008 in order to achieve either soil cooling (C) or soil
warming (W) throughout the entire growing season (May 28 until Sept 25). Four additional
trees in the vicinity served as untreated controls (A).

In order to quantify the roof's performance soil temperature (10TCRT, Campbell, Scientific,
Shepshed; UK) and soil water potential (EQ3 Equitensiometer, Liu, Dachau, Germany) in
10 cm soil depth were measured continuously under one C, W, and A tree, respectively. Air
temperature, relative humidity (HMP45C, Vaisala, Helsinki, Finland), solar radiation (SP-
Lite, Campbell Scientific, Shepshed, UK), wind velocity (A100R, Campbell Scientific,
Shepshed; UK) and precipitation (AGR100, Campbell Scientific, Shepshed; UK) were
monitored 2 m above ground.

Stem temperature and radial stem increment of all the study trees were monitored on the
north side of the stem 15 cm above ground by type-T thermocouples and custom made point
dendrometers (Loris 1981), respectively. The dendrometers had an accuracy of 2 μm and
consisted of an electronic displacement-sensor (linear motion potentiometer, MM10
Megatron, Putzbrunn/Munich, Germany) which was anchored on the stem with a stainless
steel rod. At the end of the experiment we extracted core samples from all the study trees
with an increment borer at the position of the dendrometers.

All the climatic, stem temperature, and dendrometer data were recorded with a Campbell
CR10X data logger equipped with an AM416 multiplexer (Campbell Scientific, Shepshed;
UK) programmed to record 30-minute averages of measurements taken every minute. In
order to account for the inherent variability in growth among individuals not attributable to
experimental factors radial stem increment was also normalized to the mean radial stem
increment obtained in the two years before soil temperature manipulation treatment
commenced. We used growing degree-days (GDD) with a threshold of 5 °C to represent the
heat accumulation of the rooting zone throughout the growing season. The Mann-Whitney
U-test using the exact probabilities for small sample sizes was used to test for treatment
effects on radial stem increment stem and statistical significance was accepted at P < 0
(Bortz et al. 2000).

Gruber et al. Page 2

Eur J For Res. Author manuscript; available in PMC 2011 March 17.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Results and Discussion
The seasonal parameters of environmental parameters were representative for the climatic
conditions at the study site. Mean average air temperature was 8.1°C and varied between
15.3°C and −2.6°C (Fig. 1). Stem temperatures generally followed the seasonal trend in air
temperature (Fig. 1) and averaged 9.1, 8.8 and 9.2°C in A, C and W trees, respectively. Due
to frequent and ample precipitation during the study period (590 mm) daily mean soil water
potential under A, C, and W trees varied between −0.001 and −0.018 MPa (Fig. 1). The
observed differences in daily mean soil water potential among the three treatments however,
were the within the normal variation observed at the study site (Guggenberger 1980). Even
under the roofs of W trees soil water potential and volumetric soul water content remained
always above −0.02 MPa and 55 m3 m−3, respectively, indicating our roofing system did not
trigger any shortage in soil water availability.

Daily mean soil temperature in 10 cm depth under A trees averaged 9.7°C and varied
between 15.0°C and 2.6°C (Fig. 2). Throughout the growing season the roofs maintained a
mean daily soil temperature difference of −1.5°C and + 0.4°C under C and W trees,
respectively (Fig. 2). Roofing however, significantly diminished the temperature amplitude.
Absolute maximum and minimum soil temperatures obtained throughout the study period
were 13.0 and 2.3°C and 16.9 and 3.5°C under C and W trees, respectively as compared to
19.0 and 1.0°C under unroofed controls. Nevertheless, soil warming had the highest GDD
sum (1187), followed by controls (1132), and soil cooling (892) (Fig. 2).

The real test of our roofing system however, was the tree's response to our simulation. In
general, radial stem increment tended to increase with the mean temperature and thermal
heat accumulation in the soil (Fig. 2), and was lowest in C trees and highest in W trees (Fig.
3). Between treatments differences in absolute and normalized radial stem increment
obtained at the end of the experiment however, were not statistically significant as only two
trees per treatment responded to soil cooling or warming with a decrease and an increase in
radial stem growth, while the opposite trend was observed in one C and W tree, respectively
(Fig. 3).

Such observed difference in growth patterns with respect to soil cooling or warming may be
attributed to the fact that tree growth in the timberline ecotone is restricted by both, low soil
temperatures and low nutrient availability (Tranquillini 1979; Steinbjörnsson et al. 1992).
Although a higher soil temperature forces the rate of soil nutrient mineralisation (Rustad et
al. 2001), there is evidence that an increased growth rate can be achieved by either high soil
temperature in combination with low nutrient availability or by low soil temperature in
combination with high nutrient availability (Weih and Karlsson 2001; Strömgren and Linder
2002). Thus, varying nutrient contents with respect microtopography (Anschlag et al. 2008)
may help explain observed differences in growth patterns within C and W trees. However,
this was not investigated. In addition, the lack of a significant cooling or warming effect on
radial stem increment in Pinus cembra after one year of temperature manipulation might also
be explained by the fact that growth in any year is also predetermined during bud formation
in the previous year (Tranquillini 1979; Körner 1998).

Based on our pilot study, we conclude that in contrast to artificial soil heating by cables and
open-top-chambers which modify the above ground microenvironment the roofing approach
offers an inexpensive, spatially and temporally way for estimating the effects of soil
temperature on tree growth in remote areas such as the alpine timberline. Obtained results
however, indicate that a long term monitoring with more replicates per treatment is
necessary in order to obtain clear response patterns with respect to soil temperature
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manipulations and nutrient availability. Such data may also help quantifying the response of
the timberline ecotone to predicted environmental changes.
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Fig. 1.
Time course of daily mean air temperature (T air), stem temperature (T stem), soil water
potential (Ψs), and volumetric soil water content (SWC) in 10 cm soil depth of trees grown
under ambient soil temperature conditions (solid line), and of trees exposed to either
experimentally soil cooling (hatched lines) or soil warming (dotted lines) from May 28 to
September 25 2008.
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Fig. 2.
Time course of daily mean soil temperature and heat accumulation in 10 cm soil depth under
tree crowns grown under ambient soil temperature conditions (solid line), and under crowns
of trees exposed to either experimentally soil cooling (hatched lines) or soil warming (dotted
lines) from May 28 to September 25 2008.
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Fig. 3.
Seasonal median radial stem increment (left) of trees grown under ambient soil temperature
conditions (solid line), and of trees exposed to either experimentally soil cooling (hatched
lines) or soil warming (dotted lines) from May 28 to September 25 2008, and median
absolute (middle) and normalized (right) radial stem increment grown under ambient soil
temperature (A) and exposed to either soil cooling (C) or soil warming (W).
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