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Abstract
European forestry is expected to broadly be influenced by intensified droughts under
changing climate. Drought-induced forest productivity reduction has been recently studied
based on remotely sensed data, however, it is still difficult to predict the stand-level growth
reduction as stand-level meteorological, hydrological, and biological processes of damaged
forests are generally poorly understood. Therefore, this study aimed (1) to collect and compile
long-term monitoring data of a drought-affected forest stand, (2) to simulate localized soil
moisture and plant water uptake (PWU) dynamics of the last 40 years, and (3) to examine the
effects of intensified drought on stand-level forest productivity. Considering the availability
of long-term monitoring data and the occurrence of drought-induced forest damages, 60-yearold Scots pine (Pinus sylvestris) plantation forest located in southwestern Germany (Hartheim
forest) was selected for this study. I employed a newly developed 1-D hydrological model
(SPWisoM), which was calibrated and validated in reference to measured soil moisture data
(Tmeas), actual evapotranspiration data (ETact), and the Kling-Gupta Efficiency (KGE). Timeseries productivity of the study site was represented by tree-ring width data (RWI) from 80
Scots pine trees.
KGE values indicated sufficiency of SPWisoM in modeling soil moisture dynamics (KGE at
5, 15, and 35 cm = 0.211, 0.253 and 0.014). PWU dynamics, on the other hand, was only
simulated adequately in terms of relative distribution. From 1 January 1978 to 31 December
2018, 82% of total plant-available water existed at shallow depth (0-20cm) and 65% of total
PWU also occurred from this depth. This study also revealed that both mean daily soil
moisture (R2 = 0.5263, p < 0.001) and mean daily PWU (R2 = 0.5257, p < 0.001) have been
significantly decreasing since 1978, assumably attributed both to increasing annual mean
temperature (R2 = 0.1717, p = 0.007) and to increasing total annual potential
evapotranspiration (R2 = 0.3117, p < 0.001) at the study site. Radial growth of Scots pine trees
was positively correlated to the soil moisture during the summer period (June – August) and
to the PWU during the winter period (December – February), implying an importance of presummer PWU and earlywood formation for the productivity of Scots pine trees. Time-series
growth rate suggested that fast-growing trees were relatively more vulnerable to recent severe
droughts, likely due to lower water-use efficiency combined with drought-prone growing
conditions. My findings demonstrated that intra-species drought tolerance and intra-stand
microenvironment were the main factors which determined the stand-level forest growth
reduction related to drought events. Thus, further efforts should be accordingly made to
examine and document detailed growing conditions of individual Scots pine trees. Due to the
changing microclimatic condition and decreasing plant-available water, this forest stand
would presumably be more unsuitable for existing Scots pine trees, requiring immediate
forestry-based climate change adaptations.
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Introduction

Drought hazards may trigger catastrophic damages on human society, economy, and
environment. Globally, the intensity of drought is expected to increase in southern and central
Europe, central North America, Central America and Mexico, northeast Brazil and southern
Brazil, implying increasing drought-related hazard risks such as food and water shortage
(Stanke et al., 2013). In case of the USA, a single drought hazard in 2011 caused 1.4 billion
USD of economic losses, including direct economic impacts on the agricultural sector and
other secondary effects (Ding et al., 2011). Drought also disturbs terrestrial and aquatic
environments; drought may decrease productivity and biodiversity of forest and grassland
ecosystems (Hanson & Weltzin, 2000; Tilman & Haddi, 1992); declined water level
potentially alter species composition and biogeochemical cycles of the aquatic ecosystems
(Humphries & Baldwin, 2003). Therefore, international society is increasingly demanded to
adapt to the intensified frequency, duration, and severity of the drought hazards.
Forestry is particularly susceptible to drought hazards as the productivity of the forest
ecosystem is directly and/or indirectly influenced by the availability of water. Decreased soil
moisture and stomatal conductance due to drought directly lead to reduced net primary
production (NPP) and water use of forest ecosystem (Dale et al., 2001). Once water transport
systems of trees are disconnected by gas emboli, leaves cannot receive enough water for the
photosynthesis, often resulting in dehydration and increased mortality (Choat et al., 2012).
Based on CO2 flux measurements, Kljun et al. (2007) estimated that 3-year drought in
Canadian boreal forests reduced NPP by 34% lower than pre-drought condition at the 3rd year
of the continuous drought. In addition to the direct effects, drought may indirectly decrease
forest productivity through degrading vitality of trees and increasing secondary hazards; forest
drought potentially increases risks of pest outbreaks and wildfires (Hanson and Weltzin,
2000).
Although there have been regional (e.g., Ciais et al., 2005; Figure 1) to global scale (e.g.,
Vicente-Serrano et al., 2013; Figure 2) researches for understanding drought effects on forest
productivity, those large scale simulations do not always reproduce stand-level response to
droughts, due to the influences of stand-specific factors. For instance, Martínez-Vilalta et al.
(2012) studied the effects of drought on Scots pine (Pinus sylvestris) productivity, showing
tree ring growth under drought was mainly determined by tree- and stand-level variabilities
(e.g., the growth rates of individual trees). Dense forests are generally more susceptible to
droughts due to higher competition for water resources (D’Amato et al., 2013). Additionally,
soil characteristics and subsequent soil water content play an important role in determining
drought response of forest ecosystems (Granier et al., 2007). Unfortunately, rapidly
developing remotely sensed data usually provides soil moisture data at limited depth below
the forest surface (~5cm; Chen et al., 2014), making stand-level hydrological properties
underrepresented. For those reasons, it is still hard to predict stand-level forest response to
intensified droughts based on recent regional- and global-scale studies.
Therefore, this study aimed to understand the drought impacts on stand-level forest
productivity, by combining stand-level meteorological, hydrological, and biological
1

parameters. This study was conducted at 60-year-old Scots pine (Pinus sylvestris) plantation
forest (Hartheim Forest Research Site) in southwestern Germany, where long-term
meteorological, hydrological, and forest growth monitoring data were accessible. The
Hartheim forest was also suitable for this research because (1) it has been severely damaged
by recent drought events (section 3.1) and (2) Scots pine is one of the most widespread and
economically important tree species in Europe. I firstly simulated the spatiotemporal
distribution of soil water content and plant water uptake (PWU) based on a novel hydrological
model (Figure 3). Secondly, this study compared the long-term forest productivity data (i.e.,
time-series tree ring width data) to the simulated soil moisture and PWU data, for
understanding the stand-scale forest response to intensified droughts.

Figure 1. Regional-scale changes of annual mean vegetation growth (net primary productivity: NPP) induced by the 2003
European drought simulated by Ciais et al. (2005). Overall, NPP in 2003 (541 gCm-2year-1) was significantly reclined
than average value of 1998 – 2002 (644 gC-2year-1). NPP reduction was particularly severe in Central and Eastern
Europe, while it even increased partly in Northern Europe.

Figure 2. A global-scale study by Vicente-Serrano et al. (2013), showing Pearson coefficient (r) between Standardized
Precipitation Evapotranspiration Index (SPEI) and Global Inventory Modeling and Mapping Studies-Normalized
Difference Vegetation Index (GIMMS-NDVI). Globally, 72% of vegetated land surface indicate a significant
correlation between SPEI and GIMMS-NDVI, suggesting vegetation activity is strongly influenced by droughts
across the world.
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Figure 3. Flowchart of the research: Input parameters were collected from the literature review, long-term monitoring data,
and field observation; SPWisoM was validated and calibrated based on measured soil moisture data from 20032004; calibrated SPWisoM was finally applied for the period of 1978-2018 and drought impacts on tree growth
reduction was analyzed.
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2

Literature Review

2.1

Drought impact on European forestry

Drought has been observed across Europe more intensively since the beginning of the 21st
century (e.g., 2003, 2010, 2013, and 2015; Hanel et al., 2018), causing forestry damages both
for short and long periods. For instance, a drought event induced by the 2003 European
heatwave decreased the gross primary productivity of European forests by 30% in total,
according to Ciais et al. (2005). Leuzinger et al. (2005) studied the physiological responses of
five deciduous tree species in Swiss temperate forest during the 2003 drought, indicating that
annual basal area increment has been reduced by 25% compared to previous years. The
Mediterranean forest is the most drought-prone in Europe due to warmer and drier weather
pattern (see Lindner et al., 2010). In western Europe, Rouault et al. (2006) studied secondary
hazards (pest outbreak) associated with the 2003 drought in Western Europe, indicating that
water stress-induced risk of pest outbreak varies depending on the feeding resources of insect
species.
Moreover, the frequency and intensity of drought are expected to increase in large parts of
European forests (see Appendix 1 and Appendix 2). Schlyter et al. (2006) simulated future
climatic patterns (2070-2100) and subsequent drought-related forest damages in the boreal
forest of Northern Europe, suggesting that extreme weather events such as summer drought
would be magnified. As well as the direct impacts, decreased vitality of boreal trees will be
threatened by post-drought pest outbreaks and/or windthrow risks according to Schlyter et al.
(2006). It is also projected that the forest area of Central Europe, especially in southern
Slovakia and Hungary, will be more and more susceptible to droughts (Hlásny et al., 2014). In
Mediterranean forests, warmer and drier weather patterns are likely to trigger less nutrient
supply from soil (Sardans & Peñuelas, 2004, 2005, 2007) and/or reduced forest productivity
(Lindner et al., 2010).
Therefore, several adaptation strategies aimed to regulate climate change impacts have been
developed and implemented in European forestry (Lindner et al., 2008). Based on Lindner et
al. (2008), adaptation measures against climate change in European forestry can be classified
into three different levels, i.e., stand-level, forest management-level, and policy-level; standlevel measures consist of regeneration, tending and thinning, and harvesting; forest
management-level measures include forest planning and forest protection; policy-level
measures incorporate infrastructure and transporting, nurseries and tree breeding,
development and evaluation of adaptation strategies, and scientific researches. In Central
Europe, for instance, Hlásny et al. (2014) assessed drought-induced forestry risks and
suggested increasing drought tolerance by diversifying genetic variation and changing species
composition, as well as improvement of risk monitoring systems. Based on a process-based
forest growth model, Sabaté et al. (2002) examined the effect of thinning cycle length under
projected climate change in Mediterranean forest, showing shorter thinning period is likely to
produce more final timber due to reduced mortality between thinnings. In the European Alps,
Elkin et al. (2015) also used a process-based model to study effective thinning regimes to
mitigate drought impacts. This study concluded that thinning possibly reduce drought-induced
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mortality, but also the effective duration differs depending on stand elevation and timing and
intensity of thinning.
2.2

Soil-Plant-Atmosphere Continuum (SPAC)

Drought causes temporal or permanent functional failures in plant water uptake (PWU),
lowering the vitality of trees and leading to die-off in extreme cases. Due to the absence of
metabolically active pumps like animal heart, water transport inside plant body is passively
induced by the gradients of pressure and/or chemical potentials; water is transported from
higher to lower water potential (Figure 4). In particular, upward transport of water can be
explained to occur based on negative pressure within the plant body caused by transpiration
(Cohesion-Tension theory; Tyree, 2007). This, upward water transport which is driven by
transpiration happens only when water is connected throughout the soil-root-stem-branchleaf-stomata of a tree (Kumagai, 2011). The pathway through which water moves from soil to
the atmosphere is known as the soil-plant-atmosphere continuum (SPAC). Along the SPAC,
processes of PWU can be divided into four sections being consistent with actual sequential
order: (1) water movement within soil, (2) water transport from the soil to roots, (3) water
transport through the xylems, and (4) water transport from leaf to the atmosphere.

Figure 4. Schematic diagram of the plant water uptake along the soil-plant-atmosphere continuum (SPAC) after McElrone et
al. (2013). (a) Water transport occurs from areas with higher water potential (i.e., soil) to the area with lower water
potential (i.e., atmosphere outside of the leaves). (1) During leaf transpiration, evaporation of water molecules
generates tensions; (2) upward tension is transmitted via cohesive water channel within the xylem; (3) consequently,
this upward tension triggers plant water uptake (PWU) through roots from the soil. (b) Water movement from leaf
veins through the stomata and (c) water movement from the soil through the fine roots.
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The physical properties of soils are of importance when understanding soil moisture and PWU
dynamics, since they greatly influence the availability of water for plant roots; plant-available
water capacity is determined by the difference between field capacity and permanent wilting
point (Silva et al., 2014). Field capacity refers to the amount of soil water stored following
complete drainage of excess water, while permanent wilting point is the lower limit of
available soil water below which plant cannot extract water from the soil. Field capacity is
mainly determined by soil texture, soil structure, and soil depths (Veihmeyer & Hendrickson,
1949). For instance, fine-textured soils such as clay soils are able to hold more water than
coarse-textured soils such as sandy soils, representing higher field capacity due to the larger
surface area. Soil organic matter (SOM) may also increase field capacity of a given soil by
expanding the surface area of the soil (Vengadaramana & Jashothan, 2012). Permanent
wilting point is also largely influenced by soil types associated with vegetation types,
typically increasing from sandy to clay soils (Slatyer, 1937). The plant-available water, the
difference between field capacity and permanent wilting point, is therefore strongly affected
by those physical properties of soils. The relationship between water potential (ψ) and water
content is called a water retention curve (see section 3.2.1.2.4).
Those physical soil properties also have considerable effects on water movement through soil.
Between the groundwater table and soil surface, the soil is normally unsaturated and is known
as the “unsaturated zone” or “vadose zone”. During infiltration processes, for instance by a
precipitation event, water moves downwards by shaping wetting front ununiformly, and the
rate at which the wetting front moves is mainly determined by soil texture and soil structure
(Radcliffe & Rasmussen, 2002). For example, water generally moves downwards more
rapidly (highly conductive) though coarse-textured soils than through fine-textured soils.
When soil is mostly drained (below field capacity), on the other hand, water movement
becomes relatively slow and the rate at which water flow occurs is mainly determined by
capillary forces. Moreover, the existence and connectivity of soil macropores, usually
generated from biological processes like root decomposition, may also dynamically alter the
direction and speed of water transport through unsaturated soils (Beven & Germann, 2013).
Plant water uptake (PWU) is driven by the hydraulic gradient at the root-water interface;
water movement from soil to plant roots is controlled by the transpiration-induced negative
hydrostatic pressure and/or nutrient ion-induced positive osmotic pressure (Steudle, 2000;
Figure 4c). The amount of plant-available soil water largely depends on the soils properties,
vegetation types, and meteorological conditions. Soil characteristics and consequent hydraulic
properties stated above play an important role in controlling PWU, i.e., optimal PWU occurs
when soil is neither too dry nor too wet (see section 3.2.1.3.1). Plants species with higher
capacity of root system development are likely to access relatively more water resources
(Franco & Nobel, 1990). Furthermore, mycorrhizal fungi possibly enhance water uptake of
some plant species, for instance by enlarging the root surface area contacting with soil water
and/or by improving root hydraulic conductivity (Ruiz-Lozano & Azcón, 1995; George &
Marschner, 1996). Increased evaporation rate, mostly owing to the higher evaporative
demand, from soil surface results in reduced soil moisture and potentially declined plantavailable soil water (Jensen et al., 1961), while precipitation patterns and intensity also
modify the spatiotemporal distribution of plant-available soil water (Zeppel et al., 2014).
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Once water moves into plant xylem, upward water flow is pulled by the transpiration-caused
tension as a form of bulk flow (Figure 4a). Besides water, xylem also transports inorganic and
organic substances dissolved into water, which is also known as xylem sap flow. The volume
and speed of xylem water (or sap) flow are mainly controlled by transpiration rate and
anatomical characteristics of xylem. Because xylem water flow is triggered by transpiration,
xylem flow rate strongly respond to and is correlated to canopy transpiration rate in general
(e.g., Schulze et al., 1985). Therefore, xylem sap flow measurement has been widely applied
for the estimation of the transpiration rate, from individual tree-level, stand-level (Granier et
al., 1996), regional-level (Köstner, 2001), and to global-level (Poyatos et al., 2016).
Additionally, upward xylem water flow is also affected by intra- and inter-species differences
in xylem characteristics, such as size and density of xylem pits (Lobet et al., 2014; Figure 5b)
which alter the hydraulic conductivity of xylem (López-Bernal et al., 2010). Under drought
condition, cavitation and embolism within the xylem may reduce xylem conductivity,
possibly causing hydraulic failure and subsequently increased tree mortality.
At the leaf-atmosphere interface, water finally evaporates from plant leave to the atmosphere
in the way of transpiration (Figure 4b). Transpiration is mainly driven by the difference of
water potential between plant leave and atmosphere, and the rate at which transpiration occurs
is regulated by a wide range of factors, including both internal and external factors. The major
internal factors include characteristics of leaf and canopy structure, determining the
abundance of stomata contributing to transpiration (Wang & Jarvis, 1990; Vertessy et al.,
1995). For instance, Oren et al. (1999) measured the effect of reduced leaf area index (LAI)
on the transpiration rate, showing 40 % reduced LAI resulted in 18 % declined xylem sap flux
density. Moreover, the major external factors are the atmospheric humidity, temperature,
photosynthetically active radiation (PAR), and wind speed, simultaneously controlling the
resistance and conductivity of stomata as well as evaporative demands (Drake et al., 1970;
Collatz et al., 1991). As an example, Meinzer et al. (1993) investigated the effect of lowered
humidity on the transpiration rate of tropical tree species, reporting a significant reduction of
transpiration rate due to increased evaporative demands.
In addition, summer droughts potentially destroy the connectivity of SPAC which may result
in reduced productivity of the forest ecosystem. Increased evaporative demand owing to dry
and warm weather enhances both leaf transpiration and soil evaporation, intensifying the
tension of the xylem water column. This, strengthened tension often cause the breakage of the
water column (i.e., cavitation). Cavitation and associated air-emboli inside the xylem
generally reduce the efficiency of the water transport considerably (Figure 5b), eventually
triggering the hydraulic failure of a tree (e.g., Brodribb & Cochard, 2009). Combined with
reduced photosynthesis (McDowell, 2011) and degraded tree vitality associated with the
water stress (Dobbertin, 2005), trees are likely to grow slower and become more vulnerable to
biotic and/or abiotic disturbances under drought conditions. Those mechanisms are the most
widely supported theory explaining the drought-induced growth reduction and consequently
increased mortality of the forest ecosystem (Allen et al., 2010).
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Figure 5. Schematic diagram of plant water uptake (PWU) under dry environment after Lobet et al. (2014). (a) PWU is driven
passively by differences of water potential through SPAC. (b) Axial water transport is regulated by the characteristics
of the xylem (e.g., size, number, and presence of pits) as well as the presence of cavitation. (c) Radial water transport
is affected by the radial properties of the root (e.g., number of cell layers and the presence of hydrophobic layers)
for the long-term, while it is governed by the expression and localization of aquaporin for the short-term.

3

Materials and Methods

3.1

Study Site

This study was conducted at the Hartheim Forest Research Site (47.93391°N 7.59814°E;
201m above the sea level), 60-year-old Scots pine (Pinus sylvestris) plantation forest at the
time of 2019. The Hartheim forest is located in the Upper Rhine valley, 20 km south-west of
Freiburg, southwestern Germany (Figure 6). This study area is situated approximately 1m east
of the Rhine River, the border between France and Germany. Since 1969, this study site has
been managed by the Chair of Environmental Meteorology (formerly known as
Meteorological Institute), University of Freiburg, for the purpose of long-term crossdisciplinary studies including meteorological, hydrological, and biological perspectives.
While the fenced area for continuous monitoring purposes covers only ca. 0.7 ha, a
homogeneous plantation forest extends to the outside of the fenced area (Figure 7). The
plantation forest area ranges 10 km from North to South and 1.5 km from West to East,
respectively (Jaeger & Kessler, 1997). This study site is situated on an extremely flat ground
surface which shapes a part of the Rhine floodplains (Koeninger & Leibundgut, 2001); based
on 25m-resolution EU-DEM, the mean slope gradient of the study site (500m-buffered area
around the fenced area) is 1.37° (SD: 1.06°) (Figure 8).
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Figure 6. The geographical setting of the Hartheim Forest Research Site, which is located approximately 20km from Freiburg,
southwestern Germany. Greenish parts represent forest cover, detected by the Pan-European Forest/Non-Forest
Map 2006 (spatial resolution = 25m×25m). Background hillshade was created from the ASTER Global Digital
Elevation Model (spatial resolution = 30m×30m). Shapefile of Rhine River was accessed from the European
Environmental Agency’s WISE Large rivers and large lakes.

Figure 7. Satellite image (5m-RapidEye image captured on April 20th, 2019) covering the Hartheim forest, including the fenced
area (0.7ha) managed by the University of Freiburg. The 60-year-old Scots pine plantation is located adjacent to the
Rhine River.
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Figure 8. The topography of the Hartheim forest (the 500m-buffered area around the fenced area). Slope gradient was
calculated based on 25m-resolution European Digital Elevation Model (EU-DEM), version 1.1. This figure shows
the flat surface of the study site with an average slope gradient of 1.37° (SD: 1.06°).

The Hartheim forest mainly consists of homogenous Scots pine (Pinus sylvestris), partially
mixed with Black pine (Pinus nigra). Originally, this area was covered with riparian forest,
however, increased mortality of riparian trees due to bypath construction of the Rhine river
completely altered species composition of the area; Scots pine plantation was initiated in 1961
with 2-year-old seedlings at the 1.5m of spacing between each tree as a result of subsidies
(Jaeger & Kessler, 1997; Ryel et al., 2001; Mayer et al., 2012; Figure 9). Following the
plantation, several thinning operations have been carried out: 1970/71; 1981/82; 1993/94;
March 2003 (Jaeger & Kessler, 1996; Jung, 2005; Wellpott et al., 2005). While every third
row of the Hartheim plantation forest was removed in the first thinning, the rest of following
thinnings were conducted only to remove trees around the final crop trees (Jaeger & Kessler,
1997). As a result of these forest management, stand height and stand density of the Hartheim
forest have changed from 2.4 m and 22,000 ha-1 in 1969 to 17.3 m and 600 ha-1 2019 (Figure
10). Over the last 50 years, the mean annual growth rate was ~0.3 m/year, which is classified
as slow-growing conditions according to Holst et al. (2008). In terms of forest floor,
approximately 40% are sorely covered with bare soil, litters and/or mosses, while other
surfaces are dominated by vascular plant species such as Carex alba and Carex flacca
(Wedler et al., 1996).
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Figure 9. Aerial photograph of the pine plantation in 1978 after Jaeger (1978). The homogenous crown surface of the
plantation forest can be found from the aerial photograph.

Figure 10. Stand development of Hartheim Forest Research Site from 1969 to 2019. Average stand height has developed from
2.41 m to 17.33 m over the monitoring period. Tree density has been decreased from 22,000 ha -1 to 600 ha-1 due to
repeated artificial thinning.

Due to the topographic effects of the Upper Rhine valley, this study site is governed by a
warm and dry climate, referred to as “almost semi-arid hydrological condition” by Kessler &
Jaeger (1999). The mean annual total precipitation (mm/year) and mean annual temperature
(°C) between 1978 and 2018 are 641 mm/year and 11.0 °C, respectively. Monthly total
precipitation (mm/month), monthly mean temperature (°C), and monthly maximum
temperature (°C) over the period of 1978-2018 are indicated in Figure 11. Over the
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corresponding period, the highest mean temperature on a monthly basis generally occurred in
July (ca. 20.0 °C), while the lowest mean temperature normally took place in January (ca.
2.4 °C). In addition, maximum monthly precipitation generally happened in May (ca. 79
mm/month) and minimum monthly precipitation occurred in February (ca. 32 mm/month).

Figure 11. Heat maps showing monthly total precipitation (mm/month), monthly mean temperature (°C), and monthly maximum
temperature (°C) from 1978 to 2018.

The soil of the study site is formed with two main layers shaped by flooding of the Rhine
River (Sturm et al., 1996) in addition to the humus layer (ca. 1 cm) on the top (Figure 12).
The upper layer (Ah-horizon) that ranges from 15cm to 80cm (average depth: 40 cm) is silty
sand, followed by the lower layer (C-horizon) consisting of alluvial gravel sand (Sturm et al.,
1996). The upper layer exhibits relatively higher field capacity (35.4 Vol%; Königer, 2003)
and higher organic content (Goffin et al., 2014), resulting in that most of the tree roots
develop within the upper layer (Figure 12). In contrast to the upper layer, the lower layer is
less capable of retaining water (field capacity = 3.5 Vol%; Königer, 2003) and less in nutrient,
showing limited penetration of the roots. Therefore, only the upper layer (~ 40 cm)
contributes to the water uptake of pine roots at the study site (Königer, 2003). Due to the
shallowness of the upper silty sand layer, the absolute water storage capacity of the study site
is limited to 80 mm (Sturm et al., 1996). In addition, although the study site is located
adjacent to the Rhine river, the groundwater table has been lowered to approximately 7m
below the ground surface due to artificially modified river morphology of the Rhine (Figure
13); trees of the study site are unable to access to the groundwater, thus, there is no water
uptake from the groundwater (Vogt & Jaeger, 1990; Jaeger & Kessler, 1996). Because of the
flat and homogenous ground surface, subsurface water flow is dominated by vertical flow and
lateral subsurface flow is negligible (Sprenger et al., 2015).
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Figure 12. Schematic diagram of the typical soil profile at Hartheim forest. Following the shallow organic layer (A0; ca. 1
cm), densely rooted loamy silt layer (Ah; ca. 20 cm), transition layer from silt layer to gravel layer (Ah/C; ca. 20
cm), and sparsely rooted alluvial sand and gravel layer (C; > 20cm) are stratified. Vertical distribution of roots is
based on Maier et al. (2011).

Figure 13. Schematic profile of the Hartheim Forest Research Site, showing elevation gaps of Municipality Hartheim, study
site, and Rhine River (after Mayer et al., 2005). The groundwater table has been lowered to ~7 m below the surface,
thus, tree roots are not able to reach and absorb water from the aquifer.

Warm and dry climatic conditions combined with the highly drainable underlying soil have
made the study site prone to drought hazards (Sturm et al., 1996). Wellpott et al (2005)
revealed that water deficiency (i.e., potential evapotranspiration > actual transpiration) has
repeatedly occurred at Hartheim forest site during the period between 1978 and 2001,
particularly severely during August 1983; Aug-Oct 1985; June 1989; Aug 1990; Jul-Aug
1991; Aug 1992; and Jul 1998. They also indicated that August is most likely to induce
drought stress in the study site based on the historical trend. Due to the 2003 European
heatwave, water availability of the study site was clearly lowered compared to previous years
(i.e., 1978-2002), even reaching below the permanent wilting point in part (Schindler et al.,
2004, 2006). Holst et al (2008) demonstrated that severe summer drought in 2006 resulted in
carbon uptake of Hartheim forest approximately 40% lower than that of 2005. More recently,
Hartheim forest has been suffered from drought events in 2014, 2015, and 2018, resulting in
decreased vitality and partial die-off of the pine plantation forest (Figure 14 and Figure 15).
Because of the drought-prone environment and long-term monitoring data (i.e., long-term
meteorological, hydrological, and biological data), this study site provides desirable
13

conditions for studying drought impact on forest productivity. From the field observation on 2
May 2019, I detected only Scots pine trees were severely damaged by recent droughts,
therefore, this study focused on the particular drought response of Scots pine trees and
interspecies drought responses were not examined.

Figure 14. Canopy structure of the Hartheim forest on 7 February 2008 after Mayer et al. (2008). Forest canopy shows the
homogeneously greenish crown of pine trees.

Figure 15. Canopy structure of the Hartheim forest on 2 May 2019. Forest canopy shows the partially brownish crown of pine
trees, damaged by recent drought events (Photo by the author).
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3.2

Soil, Plant, Water, and isotope Model (SPWisoM)

This study employed the Soil, Plant, Water, and isotope Model (SPWisoM). SPWisoM is a
physically-based 1-dimensional hydrological model newly established by Mr. Stefan Seeger,
a research assistant of the Chair of Hydrology, the University of Freiburg in 2019. SPWisoM
was originally developed for simulating stable isotope transport, however, SPWisoM also
obtained a noteworthy potential advantage for my research. That is, SPisoM is able to
simulate the spatiotemporal distribution of soil moisture and PWU directly through modeling
a stand-level soil water balance. Since SPWisoM has not been applied for any published
research yet, it was novel to calibrate, validate, evaluate, and utilize SPWisoM in this study.
Full script of the SPWisoM used in this study is available in
Appendix 3 and Appendix 4. In this study, Python 3.7.3 was used for running SPWisoM.
Firstly, input parameters were collected from the literature review, unpublished long-term
monitoring data, and the field observation (Figure 3). Secondly, SPWisoM was executed over
a short validation period (July 2003 - November 2004; see section 3.2.2) and the resultant soil
moisture was compared to measured soil moisture (θmeas) of the corresponding period for
calibrating and validating the model. Furthermore, modeled PWU was validated based on
actual evapotranspiration data (ETact) of the Hartheim forest. Thirdly, validated and calibrated
SPWisoM was applied for the entire study period (1978-2018) for simulating long-term soil
moisture and PWU dynamics of the study site under the changing climate. Finally, obtained
long-term soil moisture and PWU were analyzed against long-term forest productivity data,
for discussing the effect of the intensified drought and associated hydrological modifications
on the productivity of the Hartheim pine forest.
3.2.1 Input parameters
In this study, three different types of parameters were used to operate, validate, and calibrate
the SPWisoM: meteorological, pedological, and biological parameters. Meteorological
parameters were obtained from the unpublished long-term meteorological observation data of
the Hartheim Forest Research Site. Missing meteorological parameters were interpolated
based on the external meteorological data recorded by neighboring weather stations of the
German Meteorological Service (see section 3.2.1.1.5). Pedological (soil) parameters were
collected mainly by reviewing previous studies conducted at the Hartheim forest. Some of the
pedological parameters were also measured based on the field observation by the author at the
soil profile A and B (Figure 26 and Figure 27). In addition, long-term forest measurement
data at the study site as well as field observation were employed for acquiring biological
parameters. Each parameter is described in detail in the following sections.
3.2.1.1 Meteorological parameters
Meteorological parameters were prepared on a daily basis over the period of 1978 - 2018,
mainly based on the long-term meteorological data recorded at the Hartheim forest. Missing
parameters were interpolated by empirical relationships among two neighboring public
weather stations (see section 3.2.1.1.5).
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3.2.1.1.1 Precipitation
Since the water inflow of the study site is sorely dependent on precipitation (Mayer et al.,
2008), precipitation should play a critically important role in determining the soil moisture
and PWU of the study site. Total precipitation has been measured above the canopy layer by
continuously raising the height of measurement tower from 7m (Jaeger & Kessler, 1997), and
it is currently being measured at the top of the 30m tower (Mayer et al., 2008). During the
validation period (1 July 2003 to 16 November 2004; 504 days), the total precipitation
amounted to 979 mm. Daily precipitation ranged from 0 mm/day to 48.3 mm/day, with the
mean value of 1.89 mm/day (SD: 4.96 mm/day). From 1978 to 2018 (entire modeling period),
daily precipitation varied from 0 mm/day to 75.2 mm/day. The total precipitation and average
daily precipitations were 26,817 mm and 1.79 mm/day (SD: 4.54 mm/day), respectively.
3.2.1.1.2 Potential Evapotranspiration (PET)
Potential Evapotranspiration (PET) is defined as “the total amount of water transpired in a
given time by a short green crop, completely shading the ground, of uniform height and with
adequate water status in the soil profile” (Irmak & Haman, 2003). PET is of importance when
understanding hydrological budgets and associated drought as it indicates the demand for
water from the atmosphere (Rind et al., 1990). While several formulae have been proposed to
compute the PET (e.g., Lu et al., 2005), in this study PET was calculated by using FAO ETo
Calculator (Appendix 5) (Hargreaves & Samani, 1985). The advantage of using this software
is to enable interpolation of missing meteorological parameters automatically by built-in
empirical relationships; this makes FAO ETo Calculator suitable for this research as format
and continuity of the meteorological parameters vary depending on time-series. ETo
Calculator requires four types of input parameters (i.e., air temperature, air humidity, wind
speed, and sunshine and radiation) in addition to the geographical setting of the study site
(i.e., coordinate and elevation of the study site); air temperature data can be either mean
temperature or minimum and maximum temperature; air humidity data can be either mean
relative humidity, minimum and maximum relative humidity, mean dew point temperature, or
mean actual vapor pressure; sunshine and radiation data can be either hours of bright
sunshine, relative sunshine hours, global radiation, or net radiation. Units of each input
parameters also can be flexible and definable in FAO ETo Calculator. If at least one data from
each input parameter is available, one can calculate PET by using FAO ETo calculator which
works based on the following FAO Penman-Monteith equation:

ܲ ܶܧൌ 

ͻͲͲ
ሺ݁
ሻ
ܶ  ʹ͵ ݑଶ ௦ െ ݁
ο  ߛሺͳ  ͲǤ͵Ͷݑଶ ሻ

ͲǤͶͲͺοሺܴ െ ܩሻ 

where
 potential evapotranspiration [mm day-1],
ܴ net radiation at the crop surface [MJ m-2 day-1],
 ܩsoil heat flux density [MJ m-2 day-1],
ܶ mean daily air temperature at 2 m height [°C],
ݑଶ wind speed at 2 m height [m s-1],
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݁௦ saturation vapour pressure [kPa],
݁ actual vapour pressure [kPa],
݁௦ െ ݁ saturation vapour pressure deficit [kPa],
ο slope vapour pressure curve [kPa °C-1],
ߛ psychrometric constant [kPa °C-1].
This study selected four meteorological parameters as input data of the ETo Calculator in
reference to the accessibility and continuity of the data: daily mean temperature (°C; section
3.2.1.1.4), daily mean relative humidity (%; section 3.2.1.1.3), daily mean wind speed
(m/sec), and global radiation (W/m2). This study used horizontal wind speed (m/sec) which
has been measured at 2.1 m of 30-m measuring tower (Mayer et al., 2008; Figure 25).
Radiation flux has been also measured on the 30-m tower. As a result of the calculation, the
total PET was 943 mm over the validation period (1 July 2003 to 16 November 2004). Daily
PET ranged from 0 mm/day to 5.20 mm/day with the mean value of 1.82 mm/day (SD: 1.51
mm/day). From 1978 to 2018, daily PET ranged from 0 mm/day to 6.00 mm/day with the
average of 1.65 mm/day (SD: 1.47 mm/day). Total PET between 1978 and 2018 was 24,746
mm.
3.2.1.1.3 Relative humidity
Relative humidity (RH) literally indicates the humidity and aridity of the atmosphere,
determining the capacity of water which can be either transpired or evaporated. RH, therefore,
has been incorporated by previous drought studies as one of the important drought indicators
(e.g., Rebetez et al., 2006). In this study, I calculated RH based on Huang’s (2013) formula:
ଵǤହଶ்כೢ

 ൌ

Ǥͳͳʹ  ݁ כଶସǤଽା்ೢ െ ͲǤͲͲͲ  כሺͳ  ͲǤͲͲͳͳͷ ܶ כ௪ ሻ  כ ܲ כሺܶௗ െ ܶ௪ ሻ
Ǥͳͳʹ כ

ଵǤହଶ்כ
݁ ଶସǤଽା்



where
 relative humidity [%],
ܶ௪ wet-bulb temperature [°C],
ܶௗ dry-bulb temperature [°C],
ܲ mean atmospheric pressure.
During the validation period (1 July 2003 to 16 November 2004), daily mean relative humidity
ranged from 48.13 % to 100 %, with the mean value of 81.29 % (SD: 12.72 %). In addition,
daily relative humidity varied from 40.8 % to 100 % from 1978 to 2018. The mean daily relative
humidity between 1978 and 2018 was 81.1 % (SD: 10.7 %).
3.2.1.1.4 Temperature
Air temperature affects evaporation and water transport in the plant body. For instance,
absorption and transport of water are regulated under lower temperature due to increased
viscosity of water and lowered transmissivity of root layers (Jensen & Taylor, 1961). In the
study site, the temperature (both dry temperature and wet-bulb temperature) has been
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measured at eight different heights: 2.0 m; 6.1 m; 9.9 m; 12.1 m; 15.5 m; 19.1 m; 23.4 m; and
29.3 m (Mayer et al., 2008). PT100 platinum resistance thermometers have been used to
survey the air temperature (Jaeger et al., 1986). During the validation period (1 July 2003 to
16 November 2004), the daily mean temperature ranged from -3.24 °C to 27.41 °C, with an
average value of 12.37 °C (SD: 7.19 °C). Over the full modeling period (1978-2018), the
daily mean temperature ranged from -14.08 °C to 28.89 °C. The average temperature from
1978 to 2018 was 11.05 °C (SD: 7.31 °C).
3.2.1.1.5 Interpolation of missing meteorological parameters
In the study site, some of the meteorological parameters were not originally available (Table
1) therefore, missing meteorological parameters were interpolated based on the
meteorological data recorded by the German Meteorological Service (Deutscher Wetterdienst:
DWD). The closest DWD’s weather station, Freiburg (48.023276 °N, E7.834441 °E), was
selected for the primal procedure. The Freiburg weather station is located approximately 20
km northeast from the study site. The elevation of the Freiburg weather station is 236.3 m.
DWD-based meteorological parameters were compared to existing meteorological parameters
of the Hartheim study site, conducting regression analysis between two different data sources.
The resultant empirical relationships were then used for estimating missing meteorological
parameters of the study site. When both study site-based meteorological data and Freiburg
DWD station-based meteorological data were unavailable, the second closest DWD station,
Feldberg/Schwarzwald (8.003817 °N, 47.874893 °E; 1489.6m a.s.l.) was used for the
compensation. Feldberg/Schwarzwald DWD station is located approximately 30 km southeast
of the study site.
Table 1. The number of days without values over the period of 1978-2018 (14,975 days).

3.2.1.2 Pedological parameters
Pedological (soil) parameters were collected mainly from the literature review. Soil profile
and root distribution were also observed by the author on 2 May 2019 at the soil profile A
(Figure 26). A photograph of the soil profile B (Figure 27) was also used for interpreting the
vertical structure of the soil layers. Although the spatial location (Figure 25) of soil profiles
excavated and used by previous studies were not constant, the variabilities of each soil profile
at the study site was assumed to be almost identical.
3.2.1.2.1 Soil profile
Soil profile information refers to both the vertical and horizontal structure of different soil
layers, determining sub-surface hydrological properties of the study site. As described in
section 3.1, the soil profile of the study site is homogenous and, therefore, the soil profile of
the study site was assumed to be constant in this study. Three different layers were examined
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in this research: Ah horizon (0-20 cm), Ah/C horizon (20-40 cm), and C horizon (>40 cm)
(see section 3.1).
3.2.1.2.2 Soil texture and structure
Soil texture, the amount content of different sized-particles, affects the mobility of soil water
including water-holding capacity and hydraulic conductivity. Soil texture, on the other hand,
represents how those particles are spatially arranged, also influencing soil water movement
and plant root penetration. SPWisoM requires to define clay volume (m3/m3), gravel
(skeleton) volume (m3/m3) and bulk density (kg/m3). The volumetric content of clay and
gravel, as well as bulk density at different depths, were acquired from Jung (2005) (Figure 16
and Table 2).

Figure 16. Vertical distribution of different soil particles from Jung (2005).

3.2.1.2.3 Soil temperature
The initial state of the soil temperature at each depth (0-20 cm; 20-40 cm; and 40-60 cm)
needs to be pre-defined for processing SPWisoM. Soil temperature affects the efficiency of
PWU; the lowered temperature of the roots zone generally results in declined PWU due to
increased viscosity of water at the roots zone (Kuiper, 1964). This study used averaged soil
temperature values from unpublished monitoring data.
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3.2.1.2.4 Hydraulic soil properties
In addition to physical soil properties explained in section 3.2.1.2.2, hydraulic soil properties
also play an important role in determining soil moisture and PWU dynamics. Saturated
hydraulic conductivity (Ksat) and soil water retention curve (SWRC) are the main hydraulic
soil properties of the soil (Wösten & van Genuchten, 2010). Saturated hydraulic conductivity
(Ksat) indicates how easy water can be transported through the saturated soil. Ksat is normally
estimated based on laboratory or field measurement (Jabro, 2013). Additionally, SWRC is the
empirical relationship between soil moisture (θ) and soil water potential (ψ). van Genuchten
(1980) presented θ as a function of ψ (Figure 17):
Ʌ ൌ  Ʌ  

ሺɅ௦ െ  Ʌ ሻ

ሾͳ  ሺߙɗሻ ሿ

ͳ
݉ ൌ ͳ െ 
݊
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where
Ʌ soil water content [m3/m3],
Ʌ saturated water content [m3/m3],
Ʌ residual water content [m3/m3],
Ƚ scale parameter inversely proportional to mean pore diameter [m-1],
ψ soil water potential [MPa], and
 and  shape parameters of soil water characteristics (Yang & You, 2013).

Figure 17. Schematic diagram of typical soil water retention curve (SWRC) from Toll et al. (2015).

This study applied saturated hydraulic conductivity (Ksat) and SWRC parameters by Jung
(2005), in which Ksat and SWRC parameters of the study site (soil profile J in Figure 28) were
experimentally estimated by means of the pedotransfer functions (Table 6-3 in Jung, 2005).
Those soil hydraulic parameters applied to my study are summarized in Table 2.
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Table 2. Summary of pedological parameters at three different soil layers (Ah, Ah/C, and C).

3.2.1.2.5 Soil Organic Matter (SOM)
Soil organic matter (SOM) from plant residues decompositions modifies soil structure,
altering hydrological properties of the soil. SPWisoM demands the volumetric amount of
SOM (m3/m3) as one of the input parameters. Goffin et al. (2014) studied the vertical
distribution of SOM (m3/m3) at two different soil pits of the Hartheim forest (Figure 18).
Therefore, my study used the averaged values of the two soil pits from Goffin et al. (2014).

Figure 18. Vertical distribution of soil organic matter (SOM: m3/m3) at two soil profiles of the Hartheim, measured by Goffin
et al., 2014.
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3.2.1.3 Biological parameters
3.2.1.3.1 Feddes parameters
To compensate difficulties associated with the field-based PWU measurement, Feddes
parameters were introduced by Feddes et al. (1976). Feddes parameters simply express the
empirical relationship between the root zone water potential and the sufficiency of PWU,
influenced by potential transpiration rate (Figure 19). Because species-specific Feddes
parameters for Scots pine (Pinus sylvestris) were not available, I referred to Feddes
parameters of general coniferous tree species from Lv (2014) (Table 3).

Figure 19. Schematic diagram of the Feddes plant water stress function from Rabbel et al. (2018). PWU occurs when root zone
water potential = h < h1 (anoxic condition); PWU continues to increase when h is between h2 (field capacity, FC)
and h1; Optimal PWU occurs when h3 (beginning of drought stress) < h < h2. The timing of h3 is determined by the
potential transpiration rate (TP), i.e., the higher TP is (TPhigh), the faster the drought stress may commence (h3high),
and vice versa; PWU declines from h3 to h4 due to increasing drought stress; PWU finally ceases when h drops below
h4 (permanent wilting point, WP).
Table 3. Summary of the measured Feddes parameters for different vegetation types from Lv (2014). My study employed Feddes
parameters for coniferous vegetation because species-specific values for Scots pine (Pinus sylvestris) were not
available.

3.2.1.3.2 Leaf Area Index (LAI) and Woody Area Index (WAI)
Leaf Area Index (LAI: m2/m2) represents the summed one-sided leaf area of photosynthetic
tissue per given ground surface area (Watson, 1947; Bréda, 2003; Weiss et al., 2004). LAI
plays an important role in forest hydrology; LAI influences the amount of canopy interception
and transpiration, altering plant water uptake and subsequent dynamics (Bréda & Granier,
1996). LAI values at the study site varied dynamically from time to time and from data source
22

to data source, presumably owing to the inconsistency of measurement methodologies (i.e.,
destructive or non-destructive; Jaeger & Kessler, 1996) and/or historical thinning operations
(Mayer et al., 2012). For instance, biomass harvest-based LAI value increased from 3.71
m2/m2 (April 1988) to 3.78 m2/m2 (April 1989) (Jaeger & Kessler, 1996). LAI ranged from
2.6 to 2.8 based on non-destructive optical measurement in May 1992 (Jaeger & Kessler,
1996). Thinning in 1993 reduced LAI from 3.28 m2/m2 to 2.07 m2/m2 based on destructive
measurement (Mayer et al., 2012).
In addition to LAI, woody area index (WAI: m2/m2) refers to the total area of woody plant
tissues per unit of ground surface area. Large WAI, particularly large sapwood area generally
leads to a larger amount of sap flow and consequently greater transpiration (Granier, 1987).
WAI can be measured either by a destructive way (e.g., Köstner et al., 2002) or nondestructive way (e.g., Bieker & Rust, 2010). At the Hartheim forest, pre- and post-thinning
WAI were measured by a destructive method (Mayer et al., 2012); WAI was decreased from
0.65 m2/m2 in 1992 to 0.40 m2/m2 in 1994 due to thinning operation in 1993.
In the study site, unfortunately, LAI and WAI values have incompletely been reported; one
study measured and reported both LAI and WAI based on a destructive method (Mayer et al.,
2012), while other studies exhibited only LAI mostly by optical methods (Jaeger & Kessler,
1996). Additionally, some other studies at the Hartheim forest used constant LAI = 2.8 (e.g.,
Wedler et al., 1996). Therefore, in order to interpolate missing LAI and WAI during the study
period, the ratio of woody area to total area was assumed to be constant over the study period
as 0.65/(3.28+0.65) = 0.17 (Walter et al., 2003; Mayer et al., 2012). This value was used to
estimate LAI and WAI in case they were absent. LAI and WAI values between measurement
dates were linearly interpolated automatically by SPWisoM. Figure 20 summarizes
interpolated LAI and WAI of the study site from different resources.

Figure 20. Development of leaf area index (LAI: m2/m2) and woody area index (WAI: m2/m2) of the Hartheim forest. LAI and
WAI between measurements were linearly interpolated with SPWisoM (source: Welder et al., 1996; Jaeger & Kessler,
1996; Mayer et al., 2012; unpublished monitoring data).
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Figure 21. Regression analyses between stand characteristics (stand height, tree density, and stand age) and biological
parameters (LAI and WAI).

In addition, SPWisoM requires to define LAI and WAI for the first and last date of the modeling
period, i.e., 1 January 1978 and 31 December 2018. Therefore, regression analyses among stand
characteristics (stand height, tree density, and stand age), LAI, and WAI were conducted in
accordance with Jagodziński & Kałucka (2008) (Figure 21). As a result of the regression
analyses, the following allometric equations were acquired (R2 = 0.7321, p = 0.006734 for LAI:
Equation 5; R2 = 0.7018, p = 0.009421 for WAI; Equation 6) and applied for estimating initial
and final LAI and WAI (i.e., 1 January 1978 and 31 December 2018).
 ܫܣܮൌ ͳǤͳͷͻ͵ͻʹ  ͲǤͲͲͲͶͳʹͺ ݕݐ݅ݏ݊݁݀݁݁ݎܶ כ

ሺͷሻ

ܹ ܫܣൌ ͲǤ͵ͷʹ  ͲǤͲͲͲͲͺͳͷͳ ݕݐ݅ݏ݊݁݀݁݁ݎܶ כ

ሺሻ

3.2.1.3.3 Stand height
Stand height is required in SPWisoM as one of the biological parameters. Stand height is one
of the best well-measured biological parameters at the study site according to Jaeger &
Kessler (1997). Stand height of the pine plantation has been measured from 1969 to 2019. The
mean stand height has been determined by measuring heights of eight pilot trees twice a year
(Jaeger and Kessler, 1997). Full description of the stand height at Hartheim forest can be
found in section 3.1.
3.2.1.3.4 Roots distribution
In SPWisoM, vertical distribution of the roots is expressed as a percentage of roots at
different depths, possibly measured either volumetrically or gravimetrically. Roots
distribution influences the capacity and efficiency of plant water uptake, as well as upward
redistribution of water from deeper soil layers (Jackson et al., 2000; Feddes et al., 2001)
Based on the literature review and field observation, the maximum rooting depth of the study
area is approximately 40 cm (Figure 12 and Figure 22). Quantitative root distribution data of
Hartheim forest was derived from Maier et al. (2011).
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Figure 22. Vertical distribution of roots at Hartheim Forest Research Site based on organic carbon contents measured by
Maier et al. (2011).

3.2.1.3.5 Tree ring widths
Tree ring width data was used for analyzing drought-induced forest growth reduction at
Hartheim Scots pine forest. Tree ring data of Hartheim forest was provided by the Chair of
Silviculture, University of Freiburg. Eighty Scots pine trees were randomly selected from
even-aged plantation forest around the fenced area (Figure 7). The temporal coverage of tree
ring data ranges from 1952 to 2016, depending on individual samples trees. Sampled Scots
pine trees were classified into 4 groups depending on tree health conditions; Scots pine tree
were categorized based on the proportion of damaged crown which was determined by visual
estimation: health class1 (hc1; 0-20%), class 2 (hc2; 20-50%), class 3 (hc3; 50-80%), and class
4 (hc4; 80-100%). Raw tree ring width data of individual trees (Figure 23) was firstly detrended with “detrend” function of R. This de-trending was executed in reference to long-term
growth changes over 30-years, in order to remove the age-affected long-term growth trends.
The average chronology of Scots pine trees was then computed by averaging the de-trended
tree ring data (Figure 24). Standardized tree ring width was indicated as ring width index
(RWI). From 1978 and 2016, the mean value of RWI was 0.994089 with the standard
deviation of 0.14763.
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Figure 23. Pre-detrended and pre-averaged tree ring width data of Scots pine trees (n = 80).

Figure 24. Average chronology of n = 80 Scots pine trees detrended over 30 years. Red line and shaded area indicate Spline
and total number of sampled trees, respectively.

3.2.2 Model calibration and validation
SPWisoM was calibrated and validated before modeling the long-term soil moisture and
PWU dynamics. For the calibration and validation, measured soil moisture data (Tmeas) and
actual evapotranspiration data (ETact) at the Hartheim forest were employed. Following
sections describe the properties of the used datasets.
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Figure 25. Schematic diagram of the Hartheim Forest Research Site, after Jaeger & Kessler (1996) and Mayer et al. (2012).
Small letters represent measurement equipment: (a) 30m measuring tower; (b) 18m measuring tower; (c) crown
interception and stem flow measurement for Scots pine (Pinus sylvestris); (d) crown interception and stem flow
measurement for Black pine (Pinus nigra); (e) large weather hut; (f) wooden hut for recording; (g) battery power
supply; (h) material storage; (i) soil moisture measurement; and (k) soil temperature measurement. Soil profile A
(100cm), B (0-100cm), and C (0-10cm) were excavated for installing soil moisture sensors in 2019. Soil profile J is
the location of soil pit used by Jung (2005), for the purpose of soil moisture measurement from 2003 to 2004.

Figure 26. Soil profile A: soil moisture sensors were newly installed at 5cm, 10cm, 20cm, 50cm, and 100cm on 2 May 2019
(Photo by the author).
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Figure 27. Soil profile B: Each segment of the scale represents 20 cm. The first segment from the ground surface (0-20 cm)
shows densely rooted silty sand layer (A layer). The second segment from above (20-40 cm) exhibits less rooted
transition layer from Ah to C (Ah/C layer). The third segment (40-60 cm) displays alluvial sand gravel layer (C layer)
(Photo by Prof. Andreas Christen on 11 April 2019).
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Figure 28. Soil profile J: 120-cm depth soil pit was used by Jung (2005) for measuring in-situ soil moisture at 5 cm, 15 cm, 35
cm, 65 cm, and 110 cm from 1 July 2003 to 17 November 2004 (Filming date: 1 July 2003).

3.2.2.1 Measured soil moisture data (θmeas)
3.2.2.1.1 θmeas from Jung (2005)
SPWisoM was firstly validated and calibrated based on continuously measured soil moisture
by Jung (2005). Soil moisture was measured at five different depths (5cm, 15cm, 35cm,
65cm, and 110cm) of soil pit J (Figure 25 and Figure 28). Jung (2005) employed ECH2O soil
moisture sensors for this measurement between 1 July 2003 and 17 November 2004 with the
temporal resolution of every 10 minutes.
3.2.2.1.2 θmeas from Königer (2003)
Additionally, soil moisture measurement data by Königer (2003) was also used for validating
the SPWisoM. At the Hartheim forest, Königer (2003) measured soil moisture destructively
with soil core samples. Soil samples were collected from three different depths: 0-2 cm, 220cm, 20-40 cm. At the laboratory, soil moisture of each sample was determined
gravimetrically. The temporal resolution of the soil core samples ranges from weekly to
triweekly, covering from 29 April 1998 to 13 January 2000 (Sprenger et al., 2015). The exact
location of the soil profile used for soil core sampling was not specified.
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3.2.2.2 Actual evapotranspiration data (ETact)
Plant water uptake (PWU) was validated based on actual evapotranspiration (ETact) measured
at the Hartheim forest. ETact was measured by eddy covariance and processed using “Smart
Flux” with 30-minutes temporal resolution. ETact covers from 15 February 2019 to 16 July
2019. Because some of 30-min ETact data were missing, total daily ETact was not available.
Thus, daily mean 30-min ETact was compared to modeled PWU. Furthermore, interpolated
meteorological data in section 3.2.1.1.5 was used to compute PWU from 15 February 2019 to
16 July 2019.
3.2.2.3 Model scenarios
Two different spatial resolutions and two different modeling depths were developed for
examining optimal setting of SPWisoM (Table 4): scenario 1 consists of coarser spatial
resolution = 10 cm down to 40 cm; scenario 2 consists of coarser spatial resolution = 10 cm
down to 60 cm; scenario 3 consists of finer spatial resolution = 2 cm down to 40 cm; and
scenario 4 consists of finer spatial resolution = 2cm down to 60 cm, respectively.
Table 4. Four different scenarios prepared for the model validation.

3.2.2.4 Kling-Gupta efficiency (KGE)
Kling-Gupta efficiency (KGE; Gupta et al., 2009) was used to quantify the goodness of fitting
between θmeas and θmod. One hydrological model fits well to actual hydrological values when
the KGE is close to 1, while it deviates from actual values when the KGE is smaller. The
KGE was computed by using R as below:
 ܧܩܭൌ ͳȂඥሺ ݎെ ͳሻଶ   ሺߙ െ ͳሻଶ  ሺߚ െ ͳሻଶ ሺെλܧܩܭdͳሻ

ሺሻ

where
 ݎPearson coefficient value,
ߙ the ratio between SD of simulated values and SD of observed ones,
ߚ the ratio between mean of simulated values and mean of observed ones.
3.2.2.5 Model calibration
Based on the KGE values of different scenarios, one scenario was selected for the further
calibration. During the calibration process, input skeleton value (m3/m3) of each layer was
modified and subsequent KGE values were compared. Skeleton parameter was selected as a
modifying factor since the skeleton component might be highly soil profile-dependent as well
as soil sampling method-dependent. Once KGE values of 5cm, 15cm, and 35cm became
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satisfactory, SPWisoM was assumed to have been calibrated in this study. Then, calibrated
SPWisoM was applied for the entire period, i.e., 1 January 1978 – 31 December 2018.

4

Results

4.1

Interpolation of missing meteorological data

Figure 29. The scatter plots between meteorological data from Hartheim forest and German Meteorological Service weather
station (Freiburg): (a) Daily precipitation of Freiburg (PrecF: mm/day) and Hartheim (PrecH: mm/day) (R2 =
0.4027; p  0.001); (b) Mean daily temperature of Freiburg (TempF: °C) and Hartheim (TempH: °C) (R2 = 0.9664;
p < 0.001); (c) Daily mean relative humidity of Freiburg (RHF: %) and Hartheim (RHH: %) (R2 = 0.5927; p < 0.001);
(d) Daily mean wind speed of Freiburg (W10F: m/sec at 10m a.g.l.) and Hartheim (W2H: m/sec at 2m a.g.l.) (R2 =
0.4036; p < 0.001); (e) Daily mean atmospheric pressure of Freiburg (PressH: hPa) and Hartheim (PressH: hPa) (R2
= 0.5889; p < 0.001); (f) Relative sunshine hours of Freiburg (SunF: hours/day) and global radiation of Hartheim
(GradH: W/m2) (R2 = 0.6629; p < 0.001).
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ሺͺሻ
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ܴܪு ൌ ʹͺǤͲʹͶͻͶͲ  ͲǤ͵ͳͲͳͺ ܪܴ כி

ሺͻሻ

ܹʹு ൌ ͲǤͲͲͺͲͺʹ  ͲǤͲͺͻͲͶ Ͳͳܹ כி

ܲݏݏ݁ݎு ൌ ʹͶͳǤͲ  ͲǤʹ ݏݏ݁ݎܲ כி
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Figure 29 and Equations 8 – 13 indicate the results of the regression analyses between
meteorological data from the Hartheim forest and German Meteorological Service weather
station (Freiburg). Following the first interpolation based on Freiburg weather station data,
twenty-one meteorological data were still missed, i.e., five days for relative humidity, nine
days for wind speed, and seven days for atmospheric pressure. Thus, the supplemental
interpolation was implemented based on the meteorological data of Feldberg/Schwarzwald
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(Figure 30; Equations 14 – 16). Likely due to the relatively more differentiated geographic
setting from the Hartheim forest, DWD data from Feldberg/Schwarzwald station was less
strongly correlated to Hartheim data. Those above mentioned twenty-one meteorological data
were interpolated based on this correlation.
(a)

(b)

(c)

Figure 30. The scatter plots between meteorological data from Hartheim forest and German Meteorological Service weather
station (Feldberg/Schwarzwald): (a) Daily mean relative humidity of Feldberg/Schwarzwald (RH FS: %) and
Hartheim (RHH: %) (R2 = 0.03296; p < 0.001); (b) Daily mean wind speed of Feldberg/Schwarzwald (W10FS: m/sec
at 10m a.g.l.) and Hartheim (W2H: m/sec at 2m a.g.l.) (R2 = 0.1963; p < 0.001); (c) Daily mean atmospheric pressure
of Feldberg/Schwarzwald (PressFS: hPa) and Hartheim (PressH: hPa) (R2 = 0.5054; p < 0.001).
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Figure 31. Time series plot of input meteorological parameters: precipitation (mm/day); potential evapotranspiration (PET,
mm/day); relative humidity (RH); and Temperature (ºC).
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4.2

Calibration and validation of SPWisoM

After running SPWisoM with four different scenarios, scenario 1, 2, 3 generated rational
values (Figure 32a, Figure 32b, Figure 32c, Figure 33a, Figure 33b, and Figure 33c) while
scenario 4 provoked an error (Figure 32d and Figure 33d). An error of scenario 4 was likely
attributed to the original script of SPWisoM, however, I was not able to detect the particular
reasons for the error. Then, instead, I decided to calibrate SPWisoM based on scenario 3
which showed the highest KGE at 15 and 35 cm (Table 5). Table 6 explains the input skeleton
values (m3/m3) and resultant KGE values, whereas Table 7 shows the relative change in
skeleton and KGE values for eleven different attempts. Finally, KGE at 5 cm, 15 cm, and 35
cm were improved to 0.211, 0.253, and 0.014, respectively. Figure 34 indicates the timeseries plot of Tmeas and calibrated Tmod.

Figure 32. Results of SPWisoM-based soil moisture (Tmod) from (a) scenario1 (10cm spatial resolution until 40cm); (b)
scenario2 (10cm spatial resolution until 60cm); (c) scenario3 (2cm spatial resolution until 40cm), and (d) scenario4
(2cm spatial resolution until 60cm). Scenario4 generated error. Bars above red horizontal line indicate daily
accumulated values.

Figure 33. Time series plots of modeled soil moisture (thin line) and measured soil moisture data (thick line) for (a) scenario1
(10cm spatial resolution until 40cm); (b) scenario2 (10cm spatial resolution until 60cm); (c) scenario3 (2cm spatial
resolution until 40cm), and (d) scenario4 (2cm spatial resolution until 60cm). Scenario4 generated error.
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Table 5. Results of KGE values for three different depths, based on four different scenarios.

Table 6. Modified input skeleton values of two layers (Ah and Ah/C) and resultant KGE values at three different depths. KGE
values at 35cm turned to be positive when skeleton value (m3/m3) was increased to more than 0.060.

Table 7. Relative changes in input skeleton values and consequent KGE values expressed as percentage.
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Figure 34. Time series plot of modeled soil moisture (Tmod; thin lines) based on calibrated SPWisoM, compared to the measured
soil moisture (Tmeas; thick lines) from Jung (2005).

Additional validation of SPWisoM was conducted based on discontinuously measured soil
moisture data (Tmeas) and actual evapotranspiration data (ETact). Calibrated SPWisoM was
applied for the period of 29 April 1998 - 13 January 2000 when Königer (2003) measured soil
moisture data at the Hartheim forest on a weekly to triweekly basis. When accumulated soil
moisture between 0 and 30 cm was compared, a strong correlation between SPWisoM-based
Tmod and Tmeas were found (Figure 35). Besides, calibrated SPWisoM was implemented for 15
February 2019 - 16 July 2019 when ETact is available, also observing a significant correlation
between SPWisoM-based PWU and mean 30-min ETact (Figure 36).

Figure 35. Scatter plot of mean Tmod (0-30cm) and mean Tmeas (0-30cm) from Königer (2003) (R2 = 0.3458; p < 0.001).
Königer’s (2003) soil moisture was measured discontinuously between 29 April 1998 and 13 January 2000 at
Hartheim forest, with the total measured days = 58. The blue line and shaded area indicate a regression line and
95% confidence interval.
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݊ܽ݁ܯT௦  ൌ  െͲǤ͵ͳͻͺ  ͶǤͲͻͳ ݊ܽ݁ܯ כTௗ

ሺͳሻ

Figure 36. Scatter plot of mean 30-min actual evapotranspiration (ETact: mm/30min) and modeled total daily PWU (mm/day)
between 15 February 2019 and 16 July 2019 (197 days) (R 2 = 0.7494; p < 0.001). Actual evapotranspiration was
measured by using eddy covariance and newly installed Smart Flux system. Total daily PWU was calculated based
on SPWisoM. Input meteorological data between 15 February 2019 and 16 July 2019 was interpolated from the
closest weather station of German Meteorological Service Freiburg) by using Equations 8 – 13. The blue line and
shaded area indicate a regression line and 95% confidence interval.
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Spatiotemporal distribution of soil moisture (T
Tmod)

As a result of the modeling of soil moisture (Tmod) for the period of 1978 – 2018, total daily
soil moisture (0-40 cm) ranged from 1.97 m3/m3/day (25 July 2006) to 3.96 m3/m3/day (24
April 1982), with the mean value of 2.56 m3/m3/day (SD: 0.28 m3/m3/day) (Figure 37). Mean
daily soil moisture of 20 different layers with 2cm depth each varied from 0.10m3/m3/day (25
July 2006; SD: 0.06 m3/m3/day) to 0.20 m3/m3/day (24 July 1982; SD: 0.13 m3/m3/day). The
minimum total soil moisture between 1978 and 2018 occurred at the layer between 22-24 cm
(527.98 m3/m3), followed by 20-22 cm (528.10 m3/m3) and 24-26 cm (528.10 m3/m3). On the
other hand, the maximum total soil moisture between 1978 and 2018 was observed at 8-10 cm
(3347.08 m3/m3), followed by 10-12 cm (3344.88 m3/m3) and 6-8 cm (3341.00 m3/m3). The
mean daily soil moisture was the smallest at 22-24 cm (0.04 m3/m3/day; SD: 0.004
m3/m3/day), while it was the largest at 8-10 cm (0.22 m3/m3/day; SD: 0.03 m3/m3/day).
Overall, 81.7 % of total soil moisture existed at soil layer 0-20 cm, while 18.3 % of total soil
moisture was at layer 20-40 cm over the modeling period.
When the total daily soil moisture was averaged based on the day of the year (DOY) (Figure
38), the maximum value marked 2.72 m3/m3/day (SD: 0.41 m3/m3/day) when DOY = 133,
followed by DOY = 155 (2.70 m3/m3/day; SD: 0.40 m3/m3/day) and DOY = 151 (2.69
m3/m3/day; 0.45 m3/m3/day). In contrast, DOY-based total daily soil moisture was the
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smallest when DOY = 72 (2.45 m3/m3/day; SD: 0.17 m3/m3/day), followed by DOY = 214
(2.45 m3/m3/day; 0.17 m3/m3/day) and DOY = 18Y (2.45 m3/m3/day; SD: 0.22 m3/m3/day).
On a monthly basis, total monthly soil moisture (0-40cm) ranged from 64.13 m3/m3/month in
February 2014 to 93.18 m3/m3/month in May 1983, with the mean value of 77.89
m3/m3/month (SD: 4.76 m3/m3/month). The mean total soil moisture (0-40 cm) became the
minimum in June 2010 (mean: 2.16 m3/m3month; SD: 0.03 m3/m3/month) and it became the
maximum in May 1983 (mean: 3.01 m3/m3/month; SD: 0.39 m3/m3/month).
From yearly perspective, 2018 was found to be the most water limited year between 1978 and
2018, with the annual total soil moisture (0-40 cm) of 896.14 m3/m3/year. The other recent
water limited years were 2010 (896.47 m3/m3/year), 2009 (900.80 m3/m3/year), 2003 (901.57
m3/m3/year), 2008 (917.35 m3/m3/year), and 2014 (918.97 m3/m3/year). Meanwhile, the
annual total soil moisture marked the largest value in 2000 (966.544 m3/m3/year), followed by
1987 (961.29 m3/m3/year) and 2002 (960.07 m3/m3/year). The average of the annual total soil
moisture from 1978 to 2018 resulted in 934.62 m3/m3/year (SD: 17.46 m3/m3/year).

Figure 37. SPWisoM-based spatiotemporal distribution of soil moisture over the period from 1978 to 2018 (14,974 days). Bars
above the horizontal red line indicates the accumulated daily soil moisture between 0 and 40 cm.

37

Figure 38. Mean total daily soil moisture (m3/m3/day) at 0-40 cm for the period of 1978-2018, based on the day of the year
(DOY).

4.4

Spatial temporal distribution of plant water uptake (PWU)

Total daily PWU between 0 and 40 cm ranged from 0 cm/day to 0.0219 cm/day (22 June
1986) with the average value of 0.0054 cm/day (SD: 0.0049 cm/day) (Figure 39). As
indicated in DOY-based total daily PWU (Figure 40), total daily PWU generally became
smaller (ca. 0 cm/day) during winter and larger (ca. 0.02 cm/day) during summer. The mean
daily PWU of each layer was the smallest at the vertical depth of 38-40 cm (ca. 0 cm/day; SD:
ca. 0 cm/day), while it was the largest at the vertical depth of 0-2 cm (0.0004 cm/day; SD:
0.0004 cm/day). The PWU modeling showed the tendency that the shallower the soil layer is
located, the larger the mean daily PWU becomes. Overall, 64.8 % of total PWU from 1978
and 2018 occurred at a soil depth of 0-20 cm, while 35.2 % happened at soil layer of 20-40
cm.
From monthly point of view, the total monthly PWU (0-40 cm) ranged from 0.0070
cm/month (December 2016) to 0.5570 cm/month (July 1983), with the average value of
0.1663 cm/month (SD: 0.1331 cm/month). Likewise, December 2016 indicated the minimum
mean daily PWU of 0.0002 cm/day (SD: 0.0002 cm/day) and July 1983 showed the maximum
mean daily PWU (mean: 0.0180 cm/day; SD: 0.0018 cm/day). As mentioned already, summer
season including growing period of the Hartheim forest (April – September) normally
contributed to higher PWU (Figure 40); from 1987 to 2018, 84.7 % of total PWU occurred
during the summer period (April-September), while 15.3 % of total PWU resulted from the
rest of the year.
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Additionally, from 1978 to 2018, the annual total PWU ranged from 1.5897 cm/year in 2012
to 2.4810 cm/year in 2010, with the mean value of 1.9953 cm/year (SD: 0.2495 cm/year).
Other examples of PWU-limited years were 1988 (1.5942 cm/year), 2017 (1.5942 cm/year),
and 1978 (1.7232 cm/year). Also, examples of other PWU-abundant years were 2008 (2.4212
cm/year), 2004 (2.3661 cm/year), and 1999 (2.3621 cm/year).

Figure 39. SPWisoM-based spatiotemporal distribution of plant water uptake (PWU) over the period from 1978 to 2018
(14,974 days). Bars above the horizontal red line indicates the accumulated daily soil moisture between 0 and 40 cm.

Figure 40. Mean total plant water uptake (cm/day) from 0-40cm for the period of 1978-2018, based on the day of the year
(DOY).

Based on SPWisoM, I also observed that both soil moisture and PWU have been significantly
declining from 1978 to 2018 (Equations 19 – 22). Figure 41a and Figure 41b demonstrated
that both annual total soil moisture (m3/m3/year) and annual total PWU (cm/year) between 0
and 40 cm have been decreased during the modeling period. Similarly, both mean daily total
soil moisture (m3/m3/day: Figure 41c) and mean daily PWU (cm/day: Figure 41d) also
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significantly decreased from 1978 to 2018. From a seasonal perspective, both soil moisture
and PWU suggested strong declining trends (Equation 23 – 24; Figure 42a and Figure 42b)
during the summer season (June – August). During the winter period (December – February),
on the other hand, only PWU showed a significant decreasing trend (Figure 42d; Equation 25)
and soil moisture did not appear to have a trend (Figure 42c).
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Figure 41. Scatter plots between year and (a) annual total soil moisture (m3/m3/year; R2 = 0.2271; p = 0.002); (b) annual total
PWU (cm/year; R2 = 0.4108; p < 0.001); (c) mean daily total soil moisture (m3/m3/day; R2 = 0.5263; p < 0.001);
and (d) mean daily total PWU (cm/day; R2 = 0.5257; p < 0.001) from 1978 to 2018 (n = 40). Blue line and shaded
area indicate regression line and 95% confidence interval, respectively.
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Figure 42. Season-based change of (a) total summer soil moisture (June-August; m3/m3; R2 = 0.07355; p = 0.086); (b) total
summer PWU (June-August; m3/m3); (c) total winter soil moisture (December-February; cm; R2 = 0.4633; p <
0.001); and (d) total winter PWU (December-February; cm; R2 = 0.5917; p < 0.001). Blue line and shaded area
indicate regression line and 95% confidence interval, respectively.
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5

Discussion

5.1

Performance and applicability of SPWisoM

It is important to understand the credibility and uncertainty associated with SPWisoM before
discussing the effect of the modeled soil moisture (θmod) and the modeled plant water uptake
(PWU) on forest growth reduction. In this section, I, therefore, evaluated the performance and
applicability of SPWisoM regarding the simulation of soil moisture and PWU dynamics. This
model evaluation was conducted in reference to previous studies which were mainly carried
out also at the Hartheim forest site.
Kling-Gupta efficiency (KGE) values of calibrated SPWisoM (Table 6) indicated that soil
moisture dynamics of the study site was more or less satisfactorily simulated by SPWisoM.
Sprenger et al. (2015) employed HYDRUS-1D and 4 different inverse models to simulate
water transport at Hartheim forest, resulting in KGE values ranging from 0.10 to 0.43 in
reference to the time-series soil moisture data. Their measured soil moisture data was
provided from Königer (2003) explained in section 3.2.2.1.2. Although KGE at 35 cm in my
study (0.014) was one order smaller than those of Sprenger et al. (2015), SPWisoM-based
KGEs at shallower depths (i.e., KGE = 0.211 at 5 cm; KGE = 0.253 at 15 cm) fitted into the
value range of Sprenger et al. (2015). SPWisoM-based soil moisture relatively deviated from
measured soil moisture data at deeper depths, likely due to comparatively higher spatial
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variability of gravel layer at deeper depths (Figure 12); although the Hartheim forest exhibits
relatively gentle terrain (< 3°; Sprenger et al., 2015; Figure 8), distribution of gravel and
subsequent hydrological properties possibly differ dynamically within small distances in
floodplains such as the Hartheim forest (Asselman & Middelkoop, 1995). Thus, SPWisoM
assumedly performed comparatively better at shallower depths than deeper gravel layers.
Modeled soil moisture (θmod) was also plotted against measured soil moisture (θmeas) to
analyze the correlation between two soil moisture datasets. When compared to θmeas data by
Königer (2003), SPWisoM tended to magnify the total soil moisture between 0 and 30 cm by
a factor of 4 (Equation 17). Scatter plot between θmeas and θmod (Figure 35), on the other hand,
showed a significant correlation (R2 = 0.3458; p < 0.001). These results implied that
SPWisoM was able to simulate general soil moisture dynamics of the Hartheim forest to some
extent, however, the actual soil water content may vary largely depending on the position of
measured soil pits. Unfortunately, it was impossible to discuss the spatial variability between
soil pits used in my research (Figure 13) and a soil pit used by Königer (2003) as the location
of Königer’ (2003) soil pit was not specified. Moreover, Wellpot et al. (2005) hired another
physically-based hydrological model (BROOK90) to examine soil moisture dynamics (0 – 40
cm) of the Hartheim forest from 1978 to 1982, resulting in a stronger correlation between
θmeas and θmod (R2 = 0.811) with a gentler slope of 1.031. While SPWisoM seemed less
credible compared to BROOK90 at least for the soil moisture modeling, it was also seemingly
that SPWisoM had room for improvement, especially if calibrated with the vertical
distribution of the actual soil water content measured by recently installed soil moisture
sensors (Figure 26).
In addition to soil moisture, modeled PWU was also validated in comparison to actual
evapotranspiration data (ETact). As a result of the regression analysis (Figure 36), modeled
PWU was strongly correlated to mean 30-min ETact (R2 = 0.7494; p < 0.001), suggesting
SPWisoM was capable of modeling general trends of PWU. However, Equation 18 implied
that total daily PWU (0 – 40 cm) was potentially underestimated compared to the actual
PWU. Assuming mean 30-min ETact was constant for a given day, modeled daily PWU was
estimated to be approximately 1/159 of daily ETact (e.g., 0.30183/48 = 1/159). Even though
Wedler et al. (1996) suggested understory and unvegetated areas of the Hartheim forest
contributed to about 20 % of ETact, SPWisoM-based annual PWU (21.1 ± 2.6 mm/year)
between 1978 and 2001 was still one order smaller than actual transpiration (365 mm/year)
over the same period (Wellpott et al., 2005). Sap flow measurement (11 May to 24 May 1992)
by Granier et al. (1996) also confirmed that corresponding SPWisoM-based daily PWU (0.1
to 1.2 mm/day) was possibly one order smaller than actual daily cumulated sap flow (2.0 to
2.7 mm/day). This means that while SPWisoM was able to simulate the spatiotemporal
distribution of PWU more or less precisely in a relative manner, SPWisoM tended to
underestimate the spatiotemporal distribution of PWU in an absolute manner. Because the
main focus of this research was to evaluate the effect of time-series PWU trend on forest
productivity, I assumed that underestimation of absolute PWU values was negligible given
relative distribution of PWU was valid.
This study also revealed clear declining trends of both soil moisture and PWU from 1978 to
2018 (Figure 41 and Figure 42). The declining trend of the soil moisture was consistent with
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findings of Holsten et al. (2009), in which available soil water content was revealed to have
been decreased from 1951 to 2003 in northeastern Germany. It was also understandable that
PWU has been declined as the availability of soil water and subsequent actual transpiration
have been declined over the modeling period (Denmead & Shaw, 2010). Moreover, Figure 43
showed long-term trends of 4 different input meteorological parameters, indicating that
annual mean temperature (°C), annual total PET (mm/year), and annual mean humidity have
also been increasing since 1978 at the Hartheim forest. In particularly, annual mean
temperature (Figure 43b) and annual total PET (Figure 43c) demonstrated stronger increasing
trends compared to that of annual mean humidity (Figure 43d). These increasing mean
temperature and annual total PET are the commonly observed and/or predicted climate
change-related phenomena across Europe (Eckhardt & Ulbrich, 2003; Luterbacher et al.,
2004; Spinoni et al., 2015; Appendix 6). Increased temperature and PET potentially trigger
water deficit given PWU is regulated by a limited amount of available soil water content,
intensifying drought and consequent forest growth reduction (Teuling et al., 2013). Thus, I
presumed that soil moisture and PWU of the Hartheim forest have been decreased since 1978,
owing to changing stand-level climatic conditions and subsequently intensified drought
conditions.

Figure 43. Long-term trends of input meteorological parameters from 1978 to 2018: (a) annual total precipitation (mm/year)
showed no significant trend; (b) annual mean temperature (°C) showed increasing trends (Equation 26; R2 = 0.1717;
p = 0.007); (c) annual total potential evapotranspiration (PET: mm/year) showed increasing trend (Equation 27; R2
= 0.3117; p < 0.001); and (d) annual mean humidity showed slightly increasing trend (Equation 28; R2 = 0.09545;
p = 0.049). Shaded area around blue regression lines are 95 % confidence interval regarding the long-term trends.
Other shaded area between dots of (b) and (d) are 95 % confidence interval of intra-annual values.
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5.2

Effects of changing soil moisture and PWU on the tree productivity

After computing soil moisture (θmod) and plant water uptake (PWU) based on SPWisoM,
drought-induced forest growth reduction at Hartheim forest was investigated. Forest
productivity data was represented by ring width index (RWI: section 3.2.1.3.5) from 1978 to
2016. In the beginning, I assessed the tree response to drought at yearly-scale, followed by
monthly- and seasonal-scales. Finally, stand-level drought-induced forest growth reduction
was discussed by investigating intra-species, single tree-level variabilities.
5.2.1 Impacts of annual soil moisture and plant water uptake
Firstly, the effect of drought on forest productivity was investigated on a yearly basis. Figure
44 shows the temporal distribution of soil moisture and plant water uptake between 1978 and
2016. Total annual soil moisture (Figure 44a) and mean daily total soil moisture (Figure 44c)
shows identical behavior, while total annual PWU (Figure 44b) and mean daily total PWU
(Figure 44d) exhibits similar trends over the same period. Those annual values were plotted
against annual radial growth (RWI) of Scots pine trees at Hartheim forest (Figure 45).
However, no significant relationships were found neither between yearly soil moisture and
RWI nor between yearly PWU and RWI.
(a)

(b)

(c)

(d)

Figure 44. (a) Total annual soil moisture (m3/m3/year), (b) total annual plant water uptake (cm/year), (c) mean daily total soil
moisture (m3/m3/day), and (d) mean daily total plant water uptake (cm/day) over the period of 1978 - 2016.

44

(a)

(b)

(c)

(d)

Figure 45. Scatter plots of tree ring width (Ring width index: RWI) and (a) annual total soil moisture (m3/m3/year); (b) annual
total PWU (cm/year); (c) mean total soil moisture (m3/m3/day); and (d) mean total PWU (cm/day) from 1978 to 2016
(n = 38). No significant relationships were identified.

Annual total soil moisture

Additionally, I assessed the depth-based distribution of soil moisture and PWU to examine the
role of different layers in providing soil water to Scots pine trees. Figure 46 and Figure 47
show vertical distribution of soil moisture (annual total soil moisture: m3/m3/year) and PWU
(annual total PWU: cm/year) with a spatial resolution of 2 cm. Here, I only used annual
values because Figure 44 suggested annual values and mean daily values were almost
identical both for soil moisture and PWU. From 1978 to 2016, both soil moisture (Figure 46)
and PWU (Figure 47) indicated synchronized trends regardless of soil depths. The
correlations between RWI was analyzed for soil moisture (Figure 48) and for PWU (Figure
49) at different depths, resulting in no significant correlation observed.
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Figure 46. Annual total soil moisture (m3/m3/year) of (a) 0-2 cm; (b) 2-4 cm; (c) 4-6 cm; (d) 6-8 cm; (e) 8-10 cm; (f) 10-12 cm;
(g) 12-14 cm; (h) 14-16 cm; (i) 16-18 cm; (j) 18-20 cm; (k) 20-22 cm; (l) 22-24 cm; (m) 24-26 cm; (n) 26-28 cm; (o)
28-30 cm; (p) 30-32 cm; (q) 32-34 cm; (r) 34-36 cm; (s) 36-38 cm; (t) 38-40 cm between 1978 and 2016.
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Annual total plant water uptake
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Figure 47. Annual total plant water uptake (cm/year) of (a) 0-2 cm; (b) 2-4 cm; (c) 4-6 cm; (d) 6-8 cm; (e) 8-10 cm; (f) 10-12
cm; (g) 12-14 cm; (h) 14-16 cm; (i) 16-18 cm; (j) 18-20 cm; (k) 20-22 cm; (l) 22-24 cm; (m) 24-26 cm; (n) 26-28 cm;
(o) 28-30 cm; (p) 30-32 cm; (q) 32-34 cm; (r) 34-36 cm; (s) 36-38 cm; (t) 38-40 cm from 1978 to 2016.
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Figure 48. Scatter plots of tree ring width (Ring width index: RWI) and annual total soil moisture (m 3/m3/year) of (a) 0-2 cm;
(b) 2-4 cm; (c) 4-6 cm; (d) 6-8 cm; (e) 8-10 cm; (f) 10-12 cm; (g) 12-14 cm; (h) 14-16 cm; (i) 16-18 cm; (j) 18-20
cm; (k) 20-22 cm; (l) 22-24 cm; (m) 24-26 cm; (n) 26-28 cm; (o) 28-30 cm; (p) 30-32 cm; (q) 32-34 cm; (r) 34-36
cm; (s) 36-38 cm; (t) 38-40 cm between 1978 and 2016 (n = 38). No significant correlation was identified.
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Figure 49. Scatter plots of tree ring width (Ring width index: RWI) and annual total plant water uptake (cm/year) of (a) 0-2
cm; (b) 2-4 cm; (c) 4-6 cm; (d) 6-8 cm; (e) 8-10 cm; (f) 10-12 cm; (g) 12-14 cm; (h) 14-16 cm; (i) 16-18 cm; (j) 1820 cm; (k) 20-22 cm; (l) 22-24 cm; (m) 24-26 cm; (n) 26-28 cm; (o) 28-30 cm; (p) 30-32 cm; (q) 32-34 cm; (r) 3436 cm; (s) 36-38 cm; (t) 38-40 cm between 1978 – 2016 (n = 38). No significant correlation was identified.

This study could not find any significant correlation between annual water availability (i.e.,
soil moisture and PWU) and annual forest productivity (i.e., RWI), likely due to (1) the effect
of short-term drought event on forest growth and (2) the effect of single tree-level variabilities
in physiological responses to droughts. For instance, Weber et al. (2007) investigated the
drought response patterns of Pinus and Quercus species in southwestern Switzerland,
demonstrating species-specific response patterns to climatic conditions. Their study presented
that growth rate of Quercus was mainly affected by the climate of the previous autumn and
current spring, while Pinus growth strongly responded to climatic condition during the
summer. Their findings implied that productivity of Hartheim Scots pine trees might have
been strongly affected by climatic conditions of particular months and/or seasons. Moreover,
Miyazawa et al. (2014) measured sap flux of different tropical trees under drought conditions
in Cambodia, revealing tree-level drought adaptation and transpiration at different
microenvironments within same small stands caused intra-species inhomogeneous sap flux.
Those results suggested that intra-species variabilities of Hartheim Scots pine trees might
have possibly caused drought-induced growth reduction differently. Therefore, the drought
effects on forest growth reduction were additionally analyzed based on a monthly and
seasonal basis in section 5.2.2. Furthermore, I also discussed individual trees´ responses to
droughts in section 5.2.3.
5.2.2 Effects of monthly and seasonal soil moisture and plant water uptake
In this section, I discussed the drought effects on forest growth reduction by focusing on
particular months and/or seasons. Seven different months and seven different seasons were
selected for this analysis. Seven different months were March, April, May, June, July, August,
and September, covering the whole growing season of Hartheim forest (April –
September; Brandes et al., 2007). In addition, seven different seasons consisted of autumn
(September – November), winter (December – February), spring (March – May), summer
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(June – August), vegetation period of the current year (current year March – current year
September), vegetation period of the previous year (previous year March – previous year
September), and whole previous year (previous year January – December). Those abovementioned analyses employed mean monthly soil moisture (m3/m3/month) and mean monthly
PWU (cm/month), while one analysis was additionally conducted based on the total summer
soil moisture and the total summer PWU.

Figure 50. Pearson´s correlation coefficients (r) between monthly (seasonal) soil moisture and ring width index (RWI). Pink,
green, and blue bars represent the mean value of each month, the mean value of different seasons, and the total value
of summer season from 1978-2016, respectively. In X-axis, small letters and capital letters mean the values of current
years and previous years. Dashed and solid bars are statistically false and true. Filled circles, lower and upper error
lines are median, 5th and 95th percentile, respectively.

Figure 50 presented the correlation coefficients between monthly (seasonal) soil moisture and
radial growth of Scots pine trees (RWI). According to Figure 50, four periods of soil moisture
data were significantly correlated to RWI: monthly soil moisture of August, mean summer
soil moisture, mean soil moisture of the current vegetation period, and total summer soil
moisture. Among them, mean summer soil moisture and total summer soil moisture showed
the equivalently strongest correlations to RWI (R2 = 0.2844; p = 0.0004728), followed by soil
moisture of August (R2 = 0.1225; p = 0.02892) and mean soil moisture of the current
vegetation period (R2 = 0.09449; p = 0.05697).
Those results indicated that the stand-level productivity of Scots pine tree has been regulated,
especially by available soil water during summer periods. This finding was consistent with
previous researches regarding other Scots pine stands in Europe. For instance, MartínezVilalta et al. (2012) studied radial growth response of Scots pine trees to severe drought
occurred in 1986 in northwest Spain, showing that warm and dry summer had caused reduced
basal area increment of Scots pine trees. In southern Germany, Zang et al. (2012) also
observed that radial growth of Scots pine trees was negatively correlated with water stress
during summer periods. Based on tree ring width data from 1960 to 2007, Michelot et al.
(2012) demonstrated that soil water deficits during the summer growing season were
negatively correlated to Scots pine productivity in northern France. Therefore, it seemed that
in accordance with other Scots pine stands in Europe, soil water availability during summer
periods played an important role in determining radial growth of Scots pine trees at the
Hartheim forest.
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Contrary to soil moisture, PWU and RWI only indicated a weak correlation (R2 = 0.05357; p
= 0.1621) during the winter period (December – February; Figure 51). According to Figure
51, correlation coefficients generally decreased toward the end of the growing period.
Correlation coefficients during autumn (September – November), winter (December –
February), and spring (March – May) were also seemingly higher than that of the summer
period (June – August). Therefore, although non-summer soil moisture seemed less important
for tree productivity (Figure 50), non-summer PWU was likely essential for radial growth of
Scots pine trees in Hartheim. This was presumably due to winter-generated carbohydrate
storage and consequently promoted earlywood formation before summer season (Michelot et
al., 2012); due to mild winter at the study site, I assumed soil water deficits during winter
period is less intense than those of summer. Thus, winter soil moisture was not a growthlimiting factor at Hartheim forest. In contrast, due to relatively higher water availability
combined with mild winter (Lévesque et al., 2013), winter PWU and photosynthesis might
strongly have contributed to pre-summer radial growth at Hartheim forest.

Figure 51. Pearson´s correlation coefficients (r) between monthly (seasonal) plant water uptake (PWU) and ring width index
(RWI). Pink, green, and blue bars represent the mean value of each month, the mean value of different seasons, and
the total value of summer season from 1978-2016, respectively. In X-axis, small letters and capital letters mean the
values of current years and previous years. Dashed and solid bars are statistically false and true. Filled circles,
lower and upper error lines are median, 5th and 95th percentile, respectively.

Moreover, I also assessed the effect of monthly and seasonal soil moisture and PWU on forest
productivity based on health class of sampled trees. This health class-based analysis was
conducted since Scots pine trees potentially have reacted differently to drought, depending on
the vitality of individual trees (Dobbertin et al., 2007). For instance, decreased crown
coverage (LAI) associated with defoliated needles would probably result in decreased
transpiration and consequently declined radial growth (Sterck et al., 2008). Likewise,
damaged Scots pine trees are also likely to be more susceptible to secondary bark beetle
attack following summer droughts (Dobbertin et al., 2007), possibly altering radial growth
rate depending on the vitality classes. Thus, by separating Scots pine trees based on health
class, I aimed to investigate vitality-specific tree responses to drought events.
Figure 52 – Figure 59 displayed the results of health class-based tree responses to drought.
Generally, summer soil moisture was significantly correlated to tree ring growth (RWI) of
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Scots pine trees regardless of health classes (Figure 52, Figure 54, Figure 56, and Figure 58).
The strongest correlation between summer soil moisture and RWI was observed for hc3 (R2 =
0.3027; p < 0.001), followed by hc1 (R2 = 0.2737; p < 0.001), hc2 (R2 = 0.2672; p < 0.001),
and hc4 (R2 = 0.226; p = 0.002). In contrast to soil moisture, a weak correlation between PWU
and RWI was observed only for hc3 (R2 = 0.06492; p = 0.1227; Figure 57), while overall
trends were generally consistent across different health classes. Those results indicated that
health classes had minor effects in determining the drought-induced growth reduction for a
short-term, i.e., months to two years. Rather, as discussed later, health classes were
presumably more important when looking at long-term growth trends at the Hartheim forest.

Figure 52. Pearson´s correlation coefficients (r) between monthly (seasonal) soil moisture and ring width index (RWI) for hc1
(N = 20; damaged crown = 0-20%). Pink, green, and blue bars represent the mean value of each month, the mean
value of different seasons, and the total value of summer season from 1978-2016, respectively. In X-axis, small letters
and capital letters mean the values of current years and previous years. Dashed and solid bars are statistically false
and true. Filled circles, lower and upper error lines are median, 5th and 95th percentile, respectively.

Figure 53. Pearson´s correlation coefficients (r) between monthly (seasonal) plant water uptake and ring width index (RWI)
for hc1 (N = 20; damaged crown = 0-20%). Pink, green, and blue bars represent the mean value of each month, the
mean value of different seasons, and the total value of summer season from 1978-2016, respectively. In X-axis, small
letters and capital letters mean the values of current years and previous years. Dashed and solid bars are statistically
false and true. Filled circles, lower and upper error lines are median, 5th and 95th percentile, respectively. No
significant relationship was found.
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Figure 54. Pearson´s correlation coefficients (r) between monthly (seasonal) soil moisture and ring width index (RWI) for hc2
(N = 20; damaged crown = 20-50%). Pink, green, and blue bars represent the mean value of each month, the mean
value of different seasons, and the total value of summer season from 1978-2016, respectively. In X-axis, small letters
and capital letters mean the values of current years and previous years. Dashed and solid bars are statistically false
and true. Filled circles, lower and upper error lines are median, 5th and 95th percentile, respectively.

Figure 55. Pearson´s correlation coefficients (r) between monthly (seasonal) plant water uptake and ring width index (RWI)
for hc2 (N = 20; damaged crown = 20-50%). Pink, green, and blue bars represent the mean value of each month, the
mean value of different seasons, and the total value of summer season from 1978-2016, respectively. In X-axis, small
letters and capital letters mean the values of current years and previous years. Dashed and solid bars are statistically
false and true. Filled circles, lower and upper error lines are median, 5th and 95th percentile, respectively. No
significant relationship was found.
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Figure 56. Pearson´s correlation coefficients (r) between monthly (seasonal) soil moisture and ring width index (RWI) for hc3
(N = 20; damaged crown = 50-80%). Pink, green, and blue bars represent the mean value of each month, the mean
value of different seasons, and the total value of summer season from 1978-2016, respectively. In X-axis, small letters
and capital letters mean the values of current years and previous years. Dashed and solid bars are statistically false
and true. Filled circles, lower and upper error lines are median, 5th and 95th percentile, respectively.

Figure 57. Pearson´s correlation coefficients (r) between monthly (seasonal) plant water uptake and ring width index (RWI)
for hc3 (N = 20; damaged crown = 50-80%). Pink, green, and blue bars represent the mean value of each month, the
mean value of different seasons, and the total value of summer season from 1978-2016, respectively. In X-axis, small
letters and capital letters mean the values of current years and previous years. Dashed and solid bars are statistically
false and true. Filled circles, lower and upper error lines are median, 5th and 95th percentile, respectively.
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Figure 58. Pearson´s correlation coefficients (r) between monthly (seasonal) soil moisture and ring width index (RWI) for hc4
(N = 20; damaged crown = 80-100%). Pink, green, and blue bars represent the mean value of each month, the mean
value of different seasons, and the total value of summer season from 1978-2016, respectively. In X-axis, small letters
and capital letters mean the values of current years and previous years. Dashed and solid bars are statistically false
and true. Filled circles, lower and upper error lines are median, 5th and 95th percentile, respectively.

Figure 59. Pearson´s correlation coefficients (r) between monthly (seasonal) plant water uptake and ring width index (RWI)
for hc4 (N = 20; damaged crown = 80-100%). Pink, green, and blue bars represent the mean value of each month,
the mean value of different seasons, and the total value of summer season from 1978-2016, respectively. In X-axis,
small letters and capital letters mean the values of current years and previous years. Dashed and solid bars are
statistically false and true. Filled circles, lower and upper error lines are median, 5th and 95th percentile,
respectively. No significant relationship was found.

Moreover, I also assessed time-series radial growth of Scots pine trees with different health
classes. Figure 60 expressed the mean values of raw annual ring widths data (mm/year) of
four different health classes. Overall, annual ring widths have been showing similar trends
among four health classes, however, I would emphasize that the relative productivities have
been replaced among health classes over the decades; while lower health class trees definitely
indicated smaller radial growth at the time of 2016, Scots pine of hc4 used to growth at the
fastest rate in 1961. The hc4 trees were growing at the annual rate of approximately 4
mm/year, whereas hc1 trees were growing only at the annual rate of approximately 2.5
mm/year. Figure 61 clearly indicated that relative productivity has been switched between hc1
and hc4 trees over the decades.
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Those alternations of relative productivity occurred, likely due to different drought
sensitivities associated with different growth rate among even-aged Scots pine trees at the
Hartheim forest. In accordance with my research, Martínez-Vilalta et al. (2012) stated that
fast-growing Scots pine trees in northeast Spain were relatively more sensitive to drought
compared to slow-growing trees. Their study also suggested that fast-growing are more
vulnerable to drought presumably owing to (1) amplified impacts on water and carbon use, (2)
higher metabolic costs, or (3) heavier water deficits due to taller height. In terms of diameter,
Zang et al. (2012) marked that Scots pine trees with larger diameter experienced greater
growth reduction than that of smaller trees in drought years. At the Hartheim forest, the mean
radial growth of hc1 and hc4 trees occurred similarly between 1997 and 2002 (Figure 61),
however, the growth rate of hc1 and hc4 began to deviate from 2003 and hc1 continued to
grow faster than hc4 since then. Interestingly, 2003 was the year of extreme drought in Europe
(section 2.1). Therefore, it was seemingly that fast-growing hc4 trees were more heavily
damaged by the 2003 drought than slow-growing hc1 trees, leading to less vital and less
productive status. Those findings implied that intra-species characteristics, such as growth
rate and subsequent tree size, might play an important role in determining physiological
responses to drought events, even if tree age and forest structure are extremely homogeneous
like the Harthiem forest.

Figure 60. Time-series changes in average annual tree ring growth (mm/year) for different health classes (hc 1, hc2, hc3, and
hc4).
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Figure 61. Time-series changes in average annual tree ring growth (mm/year) for hc1 and hc4 trees.

5.2.3 Effects of single tree-level variabilities
Finally, intra-species, single tree-level variability and its effects on drought-induced growth
reduction at the Hartheim forest was investigated. Figure 62 showed the median r between
monthly (seasonal) soil moisture and RWI for individual trees (n = 80). Additionally, Figure
63 represented the median r between monthly (seasonal) PWU and RWI for individual trees
(n = 80). While monthly and seasonal trends of r were generally in accordance with those of
Figure 50 and Figure 51, the median r of individual trees were widely distributed both for soil
moisture (Figure 62) and PWU (Figure 63). Those findings seemingly supported the
assumption that radial growth responses to drought at my study site were largely depending
on intra-species, individual tree-level variabilities.

Figure 62. Median Pearson´s correlation coefficients (r) between monthly (seasonal) soil moisture and ring width index (RWI)
for individual trees (n = 80).
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Figure 63. Median Pearson´s correlation coefficients (r) between monthly (seasonal) plant water uptake and ring width index
(RWI) for individual trees (n = 80).

Similarly, Figure 64 – Figure 67 indicated that raw annual radial growth (mm/year) of
individual Scots pine trees had diverse time-series trends regardless of health classes. From
whole samples trees (n = 80), 23 Scots pine trees showed significantly increasing
productivity, 23 Scots pine trees showed significantly decreasing productivity, and the rest of
Scots pine trees did not exhibit statistically significant trends over the period of 1978-2016. It
was also remarkable that some of the Scots pine trees have indicated even strongly increasing
trends of diameter growth. Forty-five % of hc4 trees showed significantly decreasing
productivity, while trees with decreasing productivity accounted for only 10 % of hc1 trees.
Therefore, I expected that productivity of the Hartheim Scots pine forest under more frequent
and prolonged drought would strongly be determined by growth condition of individual trees.
Those intra-species varied responses to drought were presumably due to the interaction
between (1) tree-level drought resistance and resilience and (2) intra-stand microenvironment
and resultant differentiated growing environments. Regarding the intra-species differences in
drought tolerance, fast-growing Scots pine trees are generally more susceptible to drought due
to low water use efficiency for growth, while slow-growing Scots pine trees may exhibit
better resist against drought events (Martínez-Vilalta et al., 2012; Morán-López et al., 2014).
My study at the Hartheim forest also supported the evidence that fast-growing Scots pine trees
have been more severely damaged than slow-growing Scots pine trees (Figure 61). Merlin et
al. (2015) also suggested that shorter Scots pine trees adapted better to summer drought
compared to taller trees, supposedly attributed to more favorably shaded micro-environment
at lower forest layers. A study in Franconia, Germany, indicated that Scots pine trees located
at forest edges were more vulnerable to drought likely due to relatively harsh meteorological
conditions combined with typically larger canopy volume at the forest edge, leading to less
available soil water and higher PET (Buras et al., 2018). Other micro-environmental factors
affecting the Hartheim Scots pine forest might be thinning-caused stratified light conditions
(Giuggiola et al., 2013) and/or intra-stand dynamics in hydraulic soil properties (Gallardo,
2003) which could not be investigated in my research.
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Figure 64. Scatter plots of the annual tree ring growth (mm/year) for hc1 trees (n = 20). Blue line and shaded area are
regression line and 95% confidence interval.

Year

Figure 65. Scatter plots of the annual tree ring growth (mm/year) for hc2 trees (n = 20). Blue line and shaded area are
regression line and 95% confidence interval.
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Figure 66. Scatter plots of the annual tree ring growth (mm/year) for hc3 trees (n = 20). Blue line and shaded area are
regression line and 95% confidence interval.

Year
Figure 67. Scatter plots of the annual tree ring growth (mm/year) for hc4 trees (n = 20). Blue line and shaded area are
regression line and 95% confidence interval.

5.3 Implications and suggestions for future research
This master’s thesis research offers several implications and suggestions for future research.
Firstly, my research indicated that stand-level forest response to drought seemed strongly
affected by intra-species and intra-stand variabilities. A future study may closely work on
those variabilities because actual intra-species and intra-stand variabilities (e.g., growing
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condition) of sampled Scots pine trees were not fully documented in my study. Secondly, this
study also suggested that Scots pine, one of Europe´s most widely distributed species as well
as one of Europe´s most commercially important species, would potentially be more and more
threatened by intensified droughts in the future. As explained in section 2.1, it is expected that
drought will be more frequent and prolonged in many regions of Europe. Distribution of Scots
pine trees (Appendix 7) is widely overlapped with areas with high expectation of intensified
droughts, indicating immediate forestry-based adaptation is crucially important. Thirdly,
SPWisoM-based soil water and PWU modeling would be possibly improved given in-situ
input parameters would be more applicable. For instance, this study interpolated LAI and
WAI from discontinuously measured data (section 3.2.1.3.2), however, applying continuous
LAI and WAI (e.g., Appendix 8) would probably enable more precise simulation (Wellpott et
al., 2005). Likewise, recently installed sensors for soil moisture (section 3.2.1.2.1) and canopy
transpiration (section 3.2.2.2) would strongly support the further calibration and improvement
of SPWisoM.
Besides, this study had several limitations regarding data collection, modeling, and analysis.
Input parameters were collected from different locations within the same stand (Figure 13),
assuming stand-level spatial variabilities within the Hartheim forest was almost negligible.
However, my findings implied that microenvironment within the stand possibly affected the
growth reduction of Scots pine trees. As discussed already, micro-environmental factors
associated with Scots pine growth, such as light and soil conditions, were not also traceable.
Thus, the effect of intensive thinning at the study site (Figure 10) might have been
underestimated. Furthermore, due to undetected errors, this study was not able to apply
SPWisoM until 60 cm with 2 cm resolution (section 4.2); despite sparse distribution of roots
below 40 cm (Figure 12), limited volume of deeper roots below 40 cm might possibly have
largely contributed to PWU during drought as suggested by Matías et al. (2014). Additionally,
this study focused on Scots pine trees which were dominated and was exclusively damaged by
drought at the Hartheim forest, while partly mixed Black pine trees and their inter-species
interactions with Scots pine trees were ignored. Thus, I might have missed some effects of
inter-species interactions (e.g., resource competition or water redistribution; Anderegg, 2015)
when assessing stand-level forest response to drought. Those were the main limitations
regarding this master’s thesis research.

6

Conclusion

This thesis research was implemented to investigate the effects of intensified drought on
stand-level forest productivity reduction. A newly developed 1-D hydrological model
(SPWisoM) was hired for simulating long-term soil moisture and PWU dynamics at 60-yearold Scots pine plantation forest in southwestern Germany. Tree ring width data was used for
assessing time-series forest productivity. Followings are the main outcomes emerged from my
study:
x

SPWisoM was sufficiently capable of simulating 40-years soil moisture dynamics
referring to measured soil moisture data (Tmeas) and Kling-Gupta efficiency (KGE).
Modeled plant water uptake (PWU) was also strongly correlated to actual
evapotranspiration (ETact), however, the absolute amount of PWU seemed
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x

x

x

x

x

x

approximately one order underestimated by SPWisoM. Accordingly, only the relative
amount of PWU was regarded as valid.
Based on calibrated SPWisoM, 82% of plant-available water was found at between 0
and 20 cm. Likewise, 65 % of PWU was originated from 0 – 20 cm. Thus, the
shallower layer was seemingly critical in providing water resource to Scots pine trees
at the study site where rooting depth is limited to ca.40 cm.
Long-term modeling indicated that soil moisture and PWU have been significantly
decreasing over the last 40 years. Particularly, soil moisture and PWU during the
summer period showed strongly declining trends, implying climate change-driven
intensification of summer drought at the study site.
Soil moisture during the summer period and PWU during the winter period were
positively correlated to radial growth of Scots pine trees, suggesting an important role
of winter (pre-summer) water uptake for earlywood formation and subsequent radial
growth of Scots pine trees.
When sampled trees were classified by health classes, time-series growth rate
suggested fast-growing trees were more susceptible to drought, showing relatively
lowered productivity following recent drought events. It was in accordance with
previous studies and assumingly owing to relatively lower water-use efficiency and
drought-prone growing conditions.
Because this study pointed out the relevance of intra-species and intra-stand
variabilities in determining stand-level drought impacts, further studies should be
carried out to quantitively investigate (1) single tree-level characteristics and (2)
microenvironment surrounding individual trees.
Micrometeorological parameters, modeled soil moisture, and modeled PWU over the
past 40-years implied that the study site would provide additionally drought-prone
unsuitable growing conditions for existing trees. I, therefore, propose an immediate
action for forestry-based climate change adaptation at the study site, for instance by
altering tree species to more drought-tolerant species.
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Appendices

Appendix 1. Trends in frequency (upper) and severity (lower) of meteorological droughts between 1950 and 2012. Trends are
based on a combination of three different drought indices - SPI, SPEI and RDI accumulated over 12-month periods.
Dots: trends significant at ≥ 95% (https://www.eea.europa.eu/data-and-maps/indicators/river-flow-drought2/assessment).
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Appendix 2. The maps show changes in the frequency of meteorological droughts for two future periods (2041-2070, left and
2071-2100, right) and for two emissions scenarios (RCP4.5, top and RCP8.5, bottom). Drought frequency is defined
as the number of months in a 30 year period with the Standardized Precipitation Index accumulated over a 6 month
period (SPI-6) having a value below -2 (https://www.eea.europa.eu/data-and-maps/figures/changes-inmeteorological-drought-frequency)
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Appendix 3. Full script of SPWisoM “Simulation.py” file used in this research.
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Appendix 4. Full script of SPWisoM “conf.xml” file used in this research.
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Appendix 5.Screenshots of the FAO ETo Calculator.
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Appendix 6. (A) Winter (DJF), (B) summer (JJA), and (C) annual averaged-mean European temperature anomaly (relative to
the 1901 to 1995 calibration average) time series from 1500 to 2003, defined as the average over the land area 25°W
to 40°E and 35°N to 70°N (thin black line) from Luterbacher et al. (2004).
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Appendix 7. Pan-European distribution of Scots pine (Pinus Sylvestris) (source: https://ec.europa.eu/jrc/en/researchtopic/forestry/qr-tree-project/scots-pine).

Appendix 8. 300-m resolution leaf area index (LAI) as of 30 June 2019, provided from the Copernicus Global Land Service
(CGLS) (source: https://land.copernicus.eu/global/)
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