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Abstract
Sequestration of atmospheric carbon in forests is a promising mitigation strategy to combat climate
change. To perform this in the most successful way the specific growing conditions of trees should be
taken into consideration. In a drier future climate water availability for forests might decrease,
jeopardizing the carbon uptake function of forests, therefore the role that groundwater fulfils as a
resource for trees should be well documented. In this MSc thesis the influence of the depth of the
groundwater table on the growth of Scots pine at the Veluwe in the Netherlands has been
investigated. This was done both on a regional and on a local scale. For the regional scale two locations
on the Veluwe were chosen, one with deep groundwater (Caitwickerzand) and one with more shallow
groundwater (Loobos).
The two locations showed very different reactions when correlating each with data on groundwater
levels. The Scots pines at Loobos showed a positive effect on growth when the groundwater level
decreased, which could be an indication that the groundwater is so shallow that the roots experience
oxygen stress and cannot properly function. The Scots pines at Caitwickerzand showed a negative
response of growth on a decreasing groundwater level, a possible explanation could be that the
groundwater was no longer in reach of the root systems and could therefore no longer be used as a
water resource. The poor conditions at both sites result in a low water holding capacity because of
which trees that are situated at a high elevation in the landscape have little possibility of reaching the
groundwater. The effects of precipitation on the two locations also differed. Both locations
experienced a negative effect of precipitation in winter, when the conditions presumably were too
wet for optimal growing conditions. The Caitwickerzand location also showed a positive response of
growth on precipitation in summer, indicating the possible use of precipitation as a water resource.
On the local scale fieldwork was conducted, where the characteristics were measured in three distinct
classes with a different depth to the groundwater table. The elevation can be used as an indicator of
depth to groundwater due to the low fertility of the soil and the resulting low water holding capacity.
The growth of the Scots pines is indicated by tree height, diameter at breast height (DBH) and tree
volume. The tree height shows the biggest differences between the three elevational strata, the
middle shows the tallest trees, while the low and high class have shorter trees. A possible explanation
for the low class having shorter trees could be oxygen stress that the very shallow groundwater there
might cause. The DBH does not show any significant difference between the elevational classes. The
tree volume also shows a significant difference between the middle and the high class. These results
show that the elevation in the landscape at which a tree is situated does influence the growth.
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Introduction
The issue of global CO2 emission has been a pressing problem for decades. With the Paris Agreement
the goal was set to limit the global warming to 2°C (Le Quéré et al., 2019). To reach this goal, along
with decreasing the emissions of greenhouse gasses, it is also necessary to look at options for
capturing and storing CO2, for example in the subsoil or in vegetation. Especially the combination of
these different approaches will help mitigate climate change (Pacala & Socolow, 2018). One of these
storage based solutions lies with forests (Bastin et al., 2019). In a study by Bastin et al. (2019) it was
estimated that there is a potential to increase forest cover all around the globe, which could lead to
an added storage in forests of 25% of the current atmospheric CO2, although the exact number is
debated (Taylor & Marconi, 2019). This would mean that it is one of the most promising strategies for
greenhouse gas storage up to this date (Bastin et al., 2019).
In the model used by Bastin et al. (2019) to predict the forest cover potential, precipitation amounts
were used as a proxy for water availability. However, on a local scale groundwater is an important
additional source of water for plant uptake (Roebroek et al. 2020). This was found in a research on the
influence of groundwater on the vegetation on a global scale, from which was concluded that this
influence varies between different climate zones. In the arid climates the lowest elevation has the
best growth due to the convergence of groundwater there. However, in the temperate zone the effect
of very deep groundwater and very shallow groundwater are both negative because of the oxygen
stress that the roots experience in the shallow areas (Roebroek et al., 2020). These conclusions were
drawn based on a correlation analysis between the water table depth and fAPAR and precipitation
and fAPAR. Figure 1 shows the correlation between water table depth and fAPAR for a temperate
climate as can be found in the Netherlands for different positions in the landscape.

Figure 1: Groundwater table and rooting depth in different locations in the landscape in a temperate climate (Roebroek et al. 2020).
Green arrows indicate rooting space driven/precipitation driven, dark blue arrows indicate energy limited and blue arrows indicate
oxygen stress. The direction of the arrow indicates the sign of the correlation between water table depth and fAPAR.

Higher values of forest biomass will mean higher amounts of carbon stored if the system is properly
managed without frequent harvest (Ilvesniemi et al., 2009; Moreno-Fernández et al., 2015). Forests
contain 90% of the carbon stored in terrestrial vegetation (Xiao et al., 2003). The best growth
conditions will give the largest amounts of biomass and thus of carbon stored. Therefore assessing the
influence of groundwater on growth rates is vital when implementing forests as a carbon sink. There
are different types of data that can represent the accumulation of biomass in trees. Three of these
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techniques will be discussed shortly here. The first technique uses dendrometers. Dendrometers are
instruments that measure the diameter of the stem of trees. There are band dendrometers, where
the measurements have to be done manually and there are dendrometers that log measurements
themselves for a better temporal resolution (Drew & Downes, 2009). Data will be gathered from a
point in time when the dendrometer is applied till it is taken off. However, for the analysis on a regional
scale in this thesis the need for already existing data is high, since there is no time to measure over a
longer period. Aside from this, when using dendrometers for a short period in time corrections for the
reversible stem hydrological processes where water in the stem of the tree can make the growth of
the tree appear faster than it is in reality are highly important (Van Der Maaten et al., 2018). The
second technique is remote sensing, it is a very promising method, however this technique is not
particularly made for forest inventories and the accuracy for estimating stem numbers is not that large
yet (Goodbody et al., 2019). Next to this field data on tree properties are still slightly more accurate
than data gathered by remote sensing (Andersen et al., 2014). The third technique is Tree Ring Width
(TRW) data, which is also a potential type of data that can be used as a measure for biomass increment
(Dye et al., 2016). Here cores are taken from the trees and the width of the tree rings indicate the
growth in the previous years. With this method you can look back in time from the moment you take
your measurements, as opposed to the dendrometer method where this is not possible. This type of
analysis was already done at the Veluwe area and the data was available for this research (personal
communication & Hille, 2004). Therefore the decision was made to investigate the available TRW data
in this thesis.
The roots of trees absorb and transport water from the soil, these roots are subject to the environment
that they live in and can adapt their distribution in the soil to be of optimal use (Musa et al., 2019).
The depth and lateral extension to which a plant can root also determines the resilience that a tree
has against droughts (Fan et al., 2017). The position of a tree in the landscape determines the
availability of groundwater which can be used as a water source, but it can also form a hindrance when
the groundwater table depth is too shallow resulting in the drowning and suffocation of roots
(Roebroek et al. 2020). The optimal growth conditions are therefore found in between a groundwater
table so shallow that respiration of the roots is hindered and a groundwater table where the roots
cannot reach the groundwater (Zipper et al., 2015). At what depth in the soil this optimal rooting
depth can be found differs for every species of tree and landscape location (Fan et al., 2017) and soil
type.
Furthermore the water availability is subject to change in the future. Due to climate change extreme
droughts will become more common in Europe (Spinoni et al., 2018; Zhao & Dai, 2017). These droughts
can over time propagate to decreasing groundwater levels (Van Loon, 2015), next to this the
abstraction of groundwater as drinking water by humans also leads to decreasing groundwater levels
(Doll et al., 2014). This decreasing of groundwater levels in the future might make it harder to find
suitable places for afforestation, if the groundwater depth has a large influence on the growth of
forests. Droughts during the growing season can also impact the evapotranspiration of the trees by
triggering stomata closure which in turn reduces photosynthesis of trees, resulting in decreasing
carbon uptake (Reichstein et al., 2013). The effect of summer droughts can however be mitigated by
an early start of the growing season in spring, when the start of the growing season is related to
warmer conditions, because of which the overall growth in a dry year is not necessarily lower than in
normal years (Kowalska et al., 2020). For deciduous trees it was found that the growing season is
generally longer during wet years than during dry years (Van Der Maaten et al., 2018), which would
mean that the mitigation due to an early start of the growing season in dry years might not fully lead
to the same potential growth as can be expected in wetter years. The research by Kowalska et al.
(2020) focussed on a floodplain forest, where groundwater is an available resource but can also inhibit
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root extension and create dry conditions for the present trees. Kowalska et al. (2020) also hypothesize
that the effect of mitigation by an early start of the growing season will be minimal if the droughts
limit the groundwater recharge in winter, because then the spring growth will also decrease. It is thus
of importance to understand what implications the availability of groundwater has for the growth of
trees.
Weemstra et al. (2013) conducted research on the effect of droughts on deciduous forest. In
Weemstra et al. (2013) research on three different deciduous species it was already concluded that
the only significant correlation with the growth of the species was the groundwater level. The study
area of this research contains very shallow groundwater levels. In those areas sensitivity to drought is
expected because the trees were never able to form an elaborate root system due to the shallow
groundwater levels that give oxygen stress to the roots (Fan et al., 2017), deeper root systems are
better adapted to droughts (Hund et al., 2009). The resilience of Pinus forests is far greater and they
maintain their hydrological relationships under prolonged droughts (Helman et al., 2017). Liu et al.
(2020) conducted research on the growth of Pinus koraiensis and found that groundwater only
contributed very little to the growth of the trees present, but also stated that this might very well be
due to the groundwater not being a limiting factor in their study area. However, for a study on Pinus
sylvestris at a bog in Estonia the changes in groundwater level were determined to be the most
important factor influencing the growth of the Scots pines there (Smiljanić et al., 2014). For Pinus
species other research shows alarming reactions to decreasing groundwater levels, with droughtinduced mortality being the result (Eilmann & Rigling, 2012; Song et al., 2016). The tree die-back is
caused by the change from groundwater levels being an available resource to not being in reach of
the root systems of the trees (Eilmann & Rigling, 2012).
In this thesis the influence of groundwater on forest vegetation will be investigated on the regional
and local scale in a temperate climate in the Netherlands. It will focus on the influence of groundwater
levels on the growth of forest vegetation. For this thesis the study area will be an area in the centre of
the Netherlands, the Veluwe, which consists out of forest for 70% (Global Forest Watch, 2016). This is
an interesting area because of its gradients in landscape and groundwater levels (Natura2000, 2017).
The study here will be conducted on two scales. For the regional scale tree ring width data that has
been previously gathered at Loobos and Caitwickerzand will be used. These two locations are
expected to have a difference in availability of groundwater as a water resource for the present
vegetation as the location Caitwickerzand is situated higher in the landscape and thus farther away
from the groundwater. The trees at Caitwickerzand that are at a higher elevation in the landscape are
dealing with rooting space limited conditions while Loobos which is situated in a lower location in the
landscape has trees that deal with oxygen stress and convergence dominated conditions (Roebroek
et al., 2020) (Fig. 2). To study the influence of groundwater on forest vegetation at the local scale field
work will be conducted at Loobos (Fig. 2).
The Loobos area has been extensively researched before (Moors, 2012; Moors et al., 2012; Schelhaas
et al., 2002) and a measurement tower is situated here (Schelhaas et al., 2002). At Loobos sandy dunes
of a couple of meters high can be found, meaning the presence of steep elevation gradients and thus
differences of depth to groundwater on a very small scale (Moors, 2012). At the Veluwe the most
common tree is the Scots pine (Pinus sylvestris), this is a coniferous tree species (Moors, 2012) and it
will be used in this research. The use of this tree species gives this research a higher relevance for
other parts of the world, since the Scots pine is the most common coniferous tree species in the world
(Martin-benito et al., 2013). Aside from this case study also tree ring width data from different
locations on the Veluwe will be compared. The different elevations of these locations ensure also
different depths to groundwater because of which the influence of groundwater on the growth of the
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Scots pine can be studied. In this thesis the sensitivity of Scots pines at the Veluwe to droughts will be
investigated and especially if the influence of groundwater as a water resource is of high importance
on a small scale with large differences in elevation.

Hypothesis
According to the analysis by Roebroek et al. (2020) the location Loobos is situated in an area between
oxygen stress and convergence dominated conditions (figure 2 and table 1). The location
Caitwickerzand is situated in an area that is rooting space limited. These findings by Roebroek et al.
(2020) have led to the following hypothesis for this thesis:
In the middle of the Veluwe, where the groundwater levels are deep and the soil has a low water
holding capacity, the vegetation will suffer more growth impediment than on the edges of the Veluwe
where vegetation can make use of groundwater as a water resource. Even at these edges steep
elevation differences can be found, here too the distance to the groundwater will influence the growth
of the present coniferous forest.

Figure 2: The ecohydrological classes as determined by Roebroek et al. (2020), the meaning of the classes can be found in
table 1.
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Table 1: Corresponding ecohydrological classes for each key given in figure 2.

Key
1
2
3
4
5
6
7
8
9

Class
Oxygen stress
Energy limited
Convergence dominated
Rooting space limited
Neutral
Convergence driven
Rooting space or precipitation driven
Precipitation driven
Water limited

Research Questions
The aim of this research is to investigate the influence of depth to groundwater on biomass
accumulation and the sensitivity to droughts in Scots pines. This will be investigated at the Veluwe
nature area, where the Scots pine is the most abundant species. The following questions will be used
to accomplish this goal:
How do groundwater levels on the Veluwe influence the growth of Scots pines?
-

How do the groundwater depth and biomass of Scots pines correlate on local scale?
How do large groundwater depth differences and tree ring width data of Scots pine correlate
on the regional scale?
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2. Methods
2.1 Study Area
The Veluwe is a nature area located in the centre of the Netherlands. It consists of forests, heath lands
and sand drifts, this variety in landscape enables the presence of 500 types of plant species (van der
Heide et al., 2008). It is a hilly area and it is rich in moraines that were formed 150.000 years ago during
the Saale ice age. Because the area has a high elevation and has a sandy soil type it is predominantly
dry, water infiltrates easily in the soil and the groundwater levels are often deep (Natura2000, 2017).
This sandy soil results in more severely declining groundwater levels in periods of drought and minimal
capillary fringe both due to the low water holding capacity (Marchionni et al., 2020). The easily
penetrable soil here has created an aquifer in the subsoil. This aquifer can be as deep as 200 m with
an unsaturated zone of maximally 70 m. Because of this the Veluwe area is abundantly used to
abstract clean drinking water (van Engelenburg et al., 2020).
Furthermore, the groundwater system under the Veluwe area is a very slow responding system. In a
research by Pouwels et al. (2020) the groundwater depths further increase in the years following a
couple years of drought. For the most central part of the Veluwe area the groundwater in Pouwels’
research kept on dropping for seven more years. The effects of drought can thus possibly linger here
for far longer than in areas with shallower groundwater levels. Aside from this the Veluwe area has a
high diversity, there are also wetter areas, mostly due to stagnant rain water on top of a nonpenetrable layer in the soil (Natura2000). The deepest groundwater levels show very few fluctuations,
mostly located in the middle of the area, around the edges of the Veluwe the groundwater levels are
more shallow and have annual fluctuations (Pouwels et al., 2020). The fluctuations at the edges can
be explained by annual precipitation and evaporation series, as opposed to the groundwater
fluctuations in the middle of the nature area (van Engelenburg et al. 2020). This variety makes the
Veluwe area very interesting for this thesis since different elevations can be found and therefore
different distances to groundwater level can be expected.
For a regional analysis in this thesis two locations were chosen: Loobos and Caitwickerzand. Loobos is
located at the edge of the Veluwe, while Caitwickerzand is situated more towards the middle. This
difference in location results in differences in elevation and depth to groundwater. Both sites have
loam poor sandy soils (Programma Basisregistratie Ondergrond, n.d.), which indicates a low water
holding capacity (Yu et al., 2013). At Loobos there are two types of loam poor sandy soils. The ones at
the tops of dunes (duinvaaggronden) and the ones that are situated at the lower places
(vlakvaaggronden). The main difference between these two is the depth to groundwater. The wetter
soils at the lower places are more closely packed together, which can hamper the roots of trees
(Geenen, 1977). The soils on top of the dunes are high above the groundwater table and are often
formed by aeolian erosion of the low places. Roots can easily penetrate these high soils because they
are loosely packed (Geenen, 1977). At Caitwickerzand a podzol (holtpodzol) has been formed where
minerals have been washed out of the top layer, therefore this soil is also poor in nutrients. The low
water holding capacity of these soils lead to dry conditions at the Caitwickerzand location.
For conducting the local analysis for this thesis the site of Loobos will be used. Loobos first consisted
of drifting sand as a result of overexploitation of the heathlands that were situated here in the past.
In the beginning of the 20th century, around 1906, the planting of Scots pine started here to stop the
sand from drifting and to produce wood (Schelhaas et al., 2002). There is a fluxnet tower situated here
that has been gathering measurements since 1994. A lot of previous research has been done here due
to this available source of data. Research has been done on the carbon storage of the forest here
(Moors et al., 2012), which concluded that the pine forest at Loobos takes up to 400 g C m-2 y-1. Aside
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from this also modelling studies have been conducted at Loobos. Vermeulen et al. (2015) researched
the interannual variability in carbon and water exchange, the models underestimated the growth in
extremely dry periods which Vermeulen et al. (2015) hypothesizes could be because of the trees being
able to use deep water as a water resource which was not accounted for by the model.

Figure 3: Elevation profile of the study area at Loobos (Moors, 2012).

3 km

Figure 4: Isohypsemap for the Loobos area showing a regional gradient from west to east in heads.
(TNO, n.d.-b)
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A case study where data of the growth of vegetation and groundwater levels was gathered and
analysed was held at Loobos. It is situated on the edge of the Veluwe, meaning that the groundwater
levels there are shallow (Fig. 2). In the low lying places at Loobos the groundwater table is often only
a few decimetres below surface level, as was concluded from the very shallow rooting depths
observed on trees that had been felled there. In figure 3 the elevation of the case study area can be
seen. The elevation varies between only a couple meters to 10 meters at the bigger dunes. The
variation in elevation is considerable and therefore suitable for the research on the relationship
between depth to groundwater and growth. Especially because of the low fertility of the soil which
results in a low water holding capacity (Yu et al., 2013) and therefore an approximately horizontal
groundwater table. Due to the small scale of the case study area it can be assumed that there are not
many other factors interfering with the growth of the planted Scots pine vegetation, so that the
influence of depth to groundwater can be studied in isolation from other confounding factors. The
Loobos site is located at the western edge of the Veluwe, meaning that the groundwater heads are
higher in the east of this case study location than in the west (Fig. 4) (TNO, n.d.-b). The location of the
field work site at Loobos is situated between the isohypses with values 22.0 and 23.0 m. The field work
site is approximately 150 m long from west to east, the distance between the two isohypses is
approximately 1.5 km. Therefore the head difference from west to east at the field work site can be
approximated to be 10 cm. With the large differences in elevation this value is negligible.

2.2 Data
For the analysis on the regional scale of the long-term relationship between the annual radial growth
of Scots pine and the availability of groundwater on the Veluwe nature area tree ring width data was
used. Tree rings are useful for quantifying the carbon accumulation in aboveground plant material
(Dye et al., 2016). The data reflects a period from 1923 to 2017 and has annual resolution. Since the
groundwater levels at the Loobos site are relatively shallow, it is interesting to compare the tree ring
width data with tree ring width data on other parts of the Veluwe with deeper groundwater levels.
Caitwickerzand is located more to the centre of the Veluwe where groundwater depths are
considerably deeper (van Engelenburg et al., 2020), resulting in the roots perhaps being detached
from the groundwater. The data at Caitwickerzand reflects a time period from 1944 to 2003. There
are 59 overlapping years between the two separate data sets and thus a comparison between these
timeseries is possible.
Climate-growth relationships were calculated for both the tree ring width datasets by comparing tree
ring width records with monthly precipitation to see what effect precipitation has on the growth of
Scots pines as opposed to the effect of groundwater availability. It was also tested if the results for
precipitation were similar to the results for precipitation minus evaporation, to see if this gave
different results. The monthly precipitation and daily evaporation data was gathered from KNMI
weather station de Bilt. The data spans from 1906 until 2020. The evaporation data was averaged per
month so it could be subtracted from the monthly precipitation data and used for the climate growth
relationship. Apart from this climate variable the climate growth relationships have also been
calculated with the explanatory variable groundwater table depth. The groundwater table data is
gathered from DINOloket (TNO, n.d.-a), at both the locations Loobos and Caitwickerzand a piezometer
was chosen that consisted of a considerable amount of measurements over a considerable time span.
It is important that the explanatory variable’s data overlaps in time with the tree ring width data. This
data was often irregular in temporal resolution, and had multiple values per month, these were
averaged to result in a monthly resolution so it can be used for climate growth relationships. For
Loobos the groundwater table data spans from 1992 to 2017 and varies between 50 and 300 cm below
surface level. For Caitwickerzand the data spans from 1966 to 2002 and has values varying between
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10 m and a little over 13 m below surface level. The latter does contain some data gaps, this was
solved by taking the average of the same month but in the year prior and after the data gap. This
method and the method of linear interpolation were both first tested for their competence. The
biggest data gap was 10 months, in three random other years the same period (from September to
June) was taken to test the two data gap filling methods. Regression analysis was used on both the
average per month and the linear interpolation method versus the actual data. The average R squared
for the average per month was 0.56 and for the linear interpolation it was 0.48. Neither of them
perform very well, but the average per month in different years performs better and was therefore
chosen as the method to fill the data gap in the Caitwickerzand groundwater dataset.
For the case study at Loobos field data has been gathered. This data concerns both measurements
conducted on tree vegetation and groundwater levels. At the case study location Loobos the diameter
at breast height (DBH) and the tree height was measured. From these variables the volume of the tree
was calculated (for calculation see 2.4 Data Analysis). At the trees where the DBH and tree height were
measured also the elevation was measured to ensure that these trees can be categorised based on
the depth to the groundwater table. Due to the low water holding capacity of the sandy soil the
groundwater table will be approximately horizontal and thus vary with elevation, because of which
these different categories can be made using the elevation.

2.3 Field work
At the Loobos case study area field work was conducted. During this field work a total of 48 data points
at different Scots pines were gathered. These are divided in 16 trees for three different elevational
classes each. In the field at every chosen Scots pine a variety of measurements was taken. The first
step was measuring the elevation of the tree in comparison to a common point, for this common point
the Fluxnet tower in this area was chosen, the study area is placed completely around this tower. The
relative elevation was measured using a spirit level on a tripod. For each tree the DBH and the tree
height were measured. The diameter at breast height (DBH) was measured using a pi tape and the
tree height using a Nikon Forestry 550 laser rangefinder. DBH was used to calculate the basal area
(BA) of a tree (Wulder et al., 2000). The BA and tree height together were then used to calculate the
volume of a tree (Jansen et al., 1996). For these two calculations see 2.4 Data Analysis.
A stratified sampling method has been used, focussed on the role of groundwater depth. The
significance of the difference of growth between the trees at high and low stand places is of interest.
Therefore trees will be measured if they fall within one of the three classes: low, middle or high stand
place (Fig. 5). The exact differences in elevation between these three classes were decided on in the
field. The trees on the slopes have not been used in this research since they do not fall within these
three strata. This method was used because the three separate groups of trees are expected to be
homogeneous within the group, these separate groups are called strata (Singh et al., 2016). The most
significant difference would be found between those strata. With just 48 data points the chances of
non-significant findings when using random sampling is higher than when stratified sampling is
applied. Since the outcome within each of the three strata are expected to be similar a smaller set of
data points will have to be gathered when using this stratified sampling method (Forthofer et al.,
2007).
The groundwater is expected to be approximately horizontal, apart from a slight regional gradient.
This is important because it guarantees that the trees with higher elevation have a larger distance to
the groundwater. This hypothesis was tested by calculating the curvature of the water table using the
Hooghoudt equation. Values for the hydraulic conductivity are found using DINOloket (TNO, n.d.-a).
Values for the height of the dune were found in the field during fieldwork. In the equation of
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Hooghoudt there is the assumption that the area of which the groundwater table is to be found is
between two ditches (Ritzema, 1994). These surface water drainage ditches are not found in the
Veluwe area, so the calculation will only give an approximation. This technique was used because
measuring the groundwater depth at each tree would be costly and time consuming. The assumption
is tested by using the equation of Hooghoudt:
𝑞0 =

8 ∗ 𝑘2 ∗ 𝑑 ∗ 𝑚0 + 4 ∗ 𝑘1 ∗ 𝑚0 2
𝐿2

Where:
q0= drain discharge (m/d)
k2= hydraulic conductivity of the layer below drain level (m/d)
m0= height of the water table above the water level in the drain (m)
d= elevation dune (m)
k1= hydraulic conductivity of the layer above drain level (m/d)
L= drain spacing (L)
For our purpose we want to get to know the m0, the Hooghoudt equation has to be adjusted for this
to:
−8 ∗ 𝑘1 ∗ 𝑑 + √(8 ∗ 𝑘2 ∗ 𝑑)2 − 4 ∗ 4 ∗ 𝑘1 ∗ −𝑞0 ∗ 𝐿2
2 ∗ 4 ∗ 𝑘1
With the equation in this form the parameters will have to be gathered and filled into the equation.
This will be done in the results section.
𝑚0 =

Black Cherry (Prunus Serotina) is an invasive species in the temperate forests of Europe and can change
the environment in which it stands (Aerts et al., 2017; Kawaletz et al., 2014). This species is also
abundantly present at the Loobos case study site. It could interfere with the growth conditions,
especially water availability for Scots pine here. Therefore during the field work notes were taken on
the abundance of Black Cherry surrounding each data point in a radius of 2 meters.
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Figure 5: The three strata used in the field work at Loobos. A) the low elevational class (elevation: -350 cm to -300 cm
from reference point), B) the middle elevational class (elevation: -200 cm to -50 cm from reference point), C) the high
elevational class (elevation: 500 to 800 cm from reference point)

2.4 Data analysis
The tree ring width data has been analysed separately from the data gathered at the case study site
Loobos. These two data sets have information on the larger scale of the Veluwe nature area as
opposed to the Loobos case study data that only shows the local scale influence of groundwater levels
on Scots pine growth. With the tree ring width data no spatial visualization can be expected to have a
good outcome due to the lack of precise locations of the individual trees and the large distances
between the two different groups of studied trees. The analysis that was conducted for this part of
the thesis is an analysis in time. The measurements of the tree ring width data will mostly be tested
for the differences between the locations at the edge of the Veluwe and at the middle of the Veluwe,
meaning the trees with relatively shallow groundwater and deep groundwater. The tree ring width
14

data will also be tested for correlation with other climate variables that have been acquired from
KNMI. Climate-growth relationships between the precipitation and the depth to groundwater were
studied. This analysis was done using the “dplR” and “treeclim” packages in R.
The datasets of precipitation and groundwater table that were used for the climate-growth
relationships were also correlated with each other to see if there was a relationship between the two.
Since a meteorological drought that proceeds for a long time can propagate to a hydrological drought
where the groundwater is affected by the lack of recharge through precipitation (Van Loon, 2015).
There is a time lag between these two variables, therefore the correlation was calculated with large
lag times. Lag times of up to 5 years were calculated, because the Veluwe is a slow responding system
(Pouwels et al., 2020).
For the case study at Loobos the measured DBH and tree height are used to calculated the basal area
and the tree volume. The basal area multiplied with the tree height and a species specific factor gives
the stem volume, which was used as an indication of the growth of Scots pine at Loobos. With the
following equation the basal area (BA) can be calculated from the diameter at breast height:
BA = (DBH2 ∗ 𝜋)/4

(1)

(Schulting, 2002).
The calculation used for the volume of the tree is as follows:
𝑣 = BA ∗ 𝐻 ∗ 𝑓

(2)

With H the height of the tree and f a species specific factor (Jansen et al., 1996). The species factor
varies for different tree heights and diameters, in table 2 the derivation to calculate this factor can be
seen.
Table 2: tree growth factors (f1,30) in 0,… for varying tree heights and DBH for Scots pines (Jansen et al., 1996)

d (cm)
5
10
15
20
25
30
35
40
45
50
55
60
65

Tree height (m)
5
10
603
635
533
561
495
521
470
495
476
461

15
654
578
537
510
490
475
462
451
441
433
426
419
413

20

25

30

35

40

549
521
501
485
472
461
451
442
435
428
422

530
509
493
480
468
458
450
442
435
429

516
500
486
475
465
456
448
441
435

505
492
480
470
461
453
446
440

475
466
458
451
444

The gathered data has been analysed statistically to test for the hypothesis that groundwater depths
influence the growth of the present vegetation. All of the statistical calculations were performed using
R. The different tree growth indicators measured (DBH, tree height and volume) have been tested for
correlation with the groundwater depth at the location of the tree with the Pearson correlation. The
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significance of these correlation coefficients can be tested using a two-tailed t-test. Since the sampling
was done with three strata also three boxplots can be of use, one boxplot per strata to see the spread
in the values within a stratum and if the difference between the three is considerable.
Furthermore more visually interpretable analyses have been done. The spatial variation of the growth
indicators tree height, DBH and tree volume is shown in maps. This was done in R using the package
“mapview”, the input for these maps are the coordinates of the individual trees and the values
measured in the field. The R package “mapview” can show a basemap that will make the data more
easily interpretable. The basemap “Esri.worldimagery” was used here because it is so detailed that it
shows the individual trees.
The results for the abundance of Black Cherry were sorted in three groups “Abundant”, “Sparse” and
“None”. If no black Black cherry was found in a radius of 2 m than “None” was noted; if a small Black
Cherry or a larger one at the edge of the 2 m radius was found “Sparse” was noted; if a couple small
individuals or at least one big individual were found close to the tree “Abundant” was noted. Between
these groups t-tests can be performed to see if the growth of the Scots pine shows a relation to the
presence of Black cherry.
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3. Results
3.1 Regional analysis
For the regional part of this thesis an analysis both in time and space was done. The temporal evolution
of the Tree Ring Width of the fifteen trees that were sampled at Loobos and Caitwickerzand can be
seen in figure 6. The separate lines follow a similar trend. Whether this trend can be attributed to
drought and depth to groundwater table can be tested by using climate growth relationships. Figure
6 also displays the timeseries for the tree ring width data that was available at Caitwickerzand. This
dataset has a shorter timespan than the one for Loobos, namely from 1953 to 2003. A considerable
fluctuation can be seen, but this figure also shows that the trees measured at this location all show a
similar trend regarding growth. The peak after 1970 can also be seen in the timeseries for the Loobos
TRW data, but there it is much less pronounced (Fig. 6), while at Caitwickerzand it is the largest peak
found in the data.

Loobos

Caitwickerzand

Figure 6: Temporal evolution of the Tree Ring Width of the 15 trees sampled at Loobos and at Caitwickerzand. The red line
shows the average of all 15 trees.
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A t-test was performed between the average of all trees giving one value for the tree ring width per
year for each of the two locations. The outcome gave a P-value of 2,07E-05, which is far below p=0,05
and therefore significant. The trees at the two locations thus significantly differ from one another. The
comparison between the climate growth relationships for both locations will tell us in what way the
two sites react differently to precipitation and the availability of groundwater.
Figure 7A shows climate-growth relationships with the groundwater depth below the surface as the
explanatory variable. All the coefficients turn out positive. In the months July, August and September
significant values can be found in the first three blocks of 20 years and for the month of August also
in the fourth block. This means that low groundwater levels, especially during the previous summer
(July, August and September) lead to wide rings in the following year. This relationship is less
pronounced in the last two decades. However, the correlation coefficient does on no occasion exceed
the 0.5. The climate growth relationship with the precipitation shows a very different pattern (Fig. 7C).
The relationship between ring width and precipitation is less consistent with high precipitation in
December and at the end of the growing season in September showing a significantly negative
correlation. Whereas a consistent positive, although not significant, relation was found for June
precipitation.
Climate growth relationships between the TRW data of Caitwickerzand were calculated with both
depth to groundwater table and precipitation as the explanatory variable. In figure 7B the climate
growth relationship for depth to groundwater can be seen. In contrast to the growth response of the
pines in Loobos, the pines in Caitwickerzand show a strong negative growth response to low
groundwater levels during the entire growing season. This response is specifically strong and
significant during the period from 1970 to 1995, but stays negative until the present. The relation with
precipitation is generally positive during the growing season with significant values in August. In earlier
periods a negative relation between growth and precipitation was found during the winter months
(Fig. 8D). The climate growth relationship in figure 8D has the highest coefficients out of all the climate
growth relationships with a value of 0.50. In this graph both negative and positive coefficients are
significant. The significant positive correlations are found in the summer and the negative coefficients
in winter. Aside from the precipitation data the climate growth relationship was also done for
precipitation-evaporation. This gave the same correlations and pattern that can be seen in figure 7C
and 7D.
The precipitation data from KNMI and groundwater data from DINOloket that was used as explanatory
variables in the climate-growth analysis were correlated with each other to see if there is a relationship
between these two. A 3 year period of data was investigated and a lag of up to 5 years was used. The
highest correlation found for the groundwater tables at Loobos was 0.38 which was found with a lag
of two years. For Caitwickerzand the highest correlation was 0.34 and this was found after two years
and one month.
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B

C

D

Figure 7: Climate growth relationships giving the correlation coefficients with the explanatory variable groundwater table for Loobos (A) and Caitwickerzand (B), and with the explanatory variable precipitation19
for Loobos
(C) and Caitwickerzand (D). For each of the climate growth relationships a moving average of 20 years was used and the months previous June till current September are shown. Stars in the cells indicate significant
values.

3.2 Local analysis
For the local analysis the assumption that the groundwater table is approximately horizontal had to
be confirmed. In the method section the Hooghoudt equation can be found and here the calculation
will be made. In DINOloket the transmissivity kD was found to be 50-100 m/d (TNO, n.d.-a). In the field
the dune was found to be approximately 8 m above the surrounding landscape, and up to 40 meters
wide. The incoming flux q0 is calculated as yearly P-ET for the Netherlands and calculated how much
infiltration this would on average mean for an area as large as the dune used at Loobos. P=850 mm/y
and ET= 650 mm/y (KNMI, 2018), resulting in P-ET=200 mm/y. For the dune at Loobos this results in a
yearly influx of 0.001 and a m0 of 3 cm. This value is insignificant for a dune with a height of 8 m and
therefore the elevational classes will be used as a division based on depth to groundwater.
In the field the locations of the three elevational classes of low, middle and high were agreed upon.
The trees in the low class have an elevation in reference to the Fluxnet tower of -3.00 m to -3.50 m;
the trees in the middle class of -2.00 m to -0.50 m and the trees on top of the dunes have an elevation
of 4.50 m to 8.00 m. In figure 8A the 48 trees that were measured during the field work are shown.
The yellow dots show the trees that were situated on a dune and thus highest in the landscape, the
red is a low lying location and the blue around the tower are classified as the trees situated in the
middle.
Table 3: Mean and standard deviation for the three different elevational classes and the three different tree parameters, the
significance of this data can be seen in table 4.

Mean ± SD High
Mean ± SD Middle
Mean ± SD Low

Tree height (m)
12.90 ± 1.80
18.50 ± 1.62
14.92 ± 1.45

DBH (cm)
30.96 ± 5.41
30.52 ± 5.51
31.83 ± 8.73

Volume (m3)
0.47 ± 0.18
0.67 ± 0.28
0.61 ± 0.37

In table 3 the first results of the field work at Loobos are presented. The mean and standard deviation
show a first impression of the spread of the values. The DBH has similar values for each of the different
elevational classes, the low class has the highest mean but also the highest standard deviation. The
tree height and the volume do show some different results for the different elevational classes. The
middle class has the highest values and the high class the lowest for both tree height and tree volume.
In figure 8B, 8C and 8D the same trees are shown as in figure 8A but here the dots indicating the
different trees also indicate the height, DBH and volume of the trees. For figure 8B that shows the tree
height higher values are centred in the middle of the figure and lighter colours indicating shorter trees
are seen more at the edges of the map. When combining this knowledge from figure 8B with the class
division from figure 8A this shows taller trees in the middle class.
For the variable DBH there is no considerable difference between the elevational classes, which is
logical when looking at table 4 showing that the mean values for all elevational classes for DBH are
approximately the same. In figure 8D the spatial variation of the volumes of the trees is shown. There
is a less clear difference between the separate elevational classes than for the tree height. What can
be seen is that in the high elevation class no trees with a high volume were found, and in the low and
the middle class there were one or two trees with large volumes. The largest tree in terms of volume
can be found in the low class. This very large tree can also be seen in the boxplot of the tree volume
(fig. 9). This boxplot shows that this large tree is a clear outlier.
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Figure 8: Location of the selected trees in the different elevational classes at the field work site (A), Tree height (m) (B), DBH (cm) (C), Tree volume (m3) (D)
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Figure 9: three boxplots for each growth indicator for the low, middle and high elevational classes

Figure 9 shows three boxplots for the three different elevational classes used in this field work. Tree
height shows a certain level of spread between the boxplots, these differences between the classes
are a lot smaller or non-existent for DBH and tree volume. The tree volume shows some difference
here, mostly between the middle and the high classes. The low class has a much wider boxplot for
tree volume and its values are situated in between the high and middle classes, with the middle having
the largest and the high having the smallest trees. Especially the boxplots for the DBH show very little
difference between the classes. In table 4 the P-values for the differences between the elevational
classes per growth indicator are shown, to see if the differences shown in the boxplots in figure 9 are
significant.
Table 4: the P-values between all the different elevational classes for tree height, DBH and tree volume

Height
Low
Low
Middle
High

Middle
High
1 2,74E-07 1,54E-03
2,74E-07
1 2,76E-10
1,54E-03 2,76E-10
1

DBH
Low
Low
Middle
High

Middle
High
1
0,616
0,737
0,616
1
0,821
0,737
0,821
1

Volume
Low
Low
Middle
High

1
0,557
0,196

Middle
High
0,557
0,196
1
0,019
0,019
1

Significance tests were conducted between the different elevational classes for the three indicators
of growth of the Scots pines. The P-values that resulted from these t-tests can be seen in table 4. For
the tree height the null hypothesis can be rejected and the difference between the different
elevational classes for height are all significant (P=0.05). For DBH this is not true, the P-values are all
very high and therefore none of these are significant. The volume, which was calculated from DBH and
height as can be seen in the method section of this thesis, have both P-values above and below the
0.05 mark. Only the difference between the elevational classes middle and high is significant, the other
two are not. These findings seem to agree with the boxplots in figure 9 where the tree height showed
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big differences and the DBH and tree volume much less did so. The height of the Scots pines thus
seems to significantly differ between the different elevations and the biggest difference can be seen
between the middle and the high classes.
Black Cherry
In the field notes were made on the abundance of Black Cherry around a tree. It was investigated if
the height, DBH or volume of a tree significantly differed between these three classes considering the
amount of Black Cherry close to a tree. None of the P-values show a significant value below 0.5 (table
5). DBH only shows P-values that are close to 1. Height shows lower values for the differences between
“Abundant” and “ Sparse” and also between “Abundant” and “None”, but also these are not
significant.
Table 5: P-values for tree height, DBH and tree volume for the three different amounts of Black Cherry found in the field

Height
Abundant Sparse
None
Abundant
1 0,180984 0,102126
Sparse
0,180984
1 0,870105
None
0,102126 0,870105
1
DBH
Abundant Sparse
None
Abundant
1 0,809912 0,785087
Sparse
0,809912
1 0,682414
None
0,785087 0,682414
1

Volume
Abundant Sparse
None
Abundant
1 0,881117 0,323943
Sparse
0,881117
1 0,602864
None
0,323943 0,602864
1
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4. Discussion
4.1 Regional Analysis
The regional tree ring width data that had been measured previous to this thesis was used to find a
relation between the groundwater table and the growth of Scots pine on a regional scale. The
difference in TRW between the two sites, Loobos and Caitwickerzand, is significant giving a p-value of
2.07E-05. This significant difference is an indication that the Scots pines at both locations grow under
different conditions. This difference cannot easily be ascribed to the difference in depth to
groundwater. Other factors may as well be at play here, such as tree age, which is not exactly known
for the Scots pines at Caitwickerzand. The TRW data of the Scots pines at Caitwickerzand also shows
different years as the first ring for each individual tree. The first measured year for the individual trees
varied from 1944 to 1965. This could mean that the older trees within the stand could have had more
time to develop, however with increasing age the growth rate of trees declines (Aakala et al., 2013).
This same issue is at hand when comparing Loobos and Caitwickerzand, since the trees at Loobos are
mostly planted in 1906 and are therefore a couple decades older than the trees at Caitwickerzand.
The climate growth relationships can still be compared because of the strong signal found and the
long time series used, but ideally the Scots pines at the different locations do not differ this much in
age.
From the climate growth relationships between the depth to groundwater table and the tree ring
width data of the two locations (Fig. 7) two very different signals can be seen. The pines growing at
the Loobos site with prevailing high groundwater levels show only positive correlations, indicating a
better growth with a deeper groundwater table. This indicates that high groundwater tables,
especially during the previous summer, have a negative effect on the growth. Dry years do not always
result in deteriorating growing conditions for vegetation and can even have positive effects on growth
(Kowalska et al., 2020; van Hateren et al., 2020), this highly depends on the conditions at the site. A
possible reason for this could be that the roots might experience oxygen stress and with that growth
impediment. Observations in the field at Loobos have showed rooting depths of only a couple of
decimetres at the lowest elevations there. A possible explanation for this could be the high
groundwater table inhibiting the roots to proceed further downwards. This observation supports the
results of the climate growth relationship that the Scots pines there benefit from the decreasing
groundwater table. This benefit from decreasing groundwater tables can be two-fold since high
groundwater tables both obstruct penetration of roots into the soil and cause oxygen stress for the
roots (Smiljanić et al., 2014). However, it is not certain that the trees that were used for the regional
analysis were situated in these lower lying areas at Loobos, since no accurate locations or coordinates
were attached to this dataset. This is important because of the large differences in elevation and thus
depth to groundwater there on a small scale.
As opposed to the Loobos climate growth relationship the Caitwickerzand data show mostly negative
correlations between growth and low groundwater levels. This would indicate that a deeper
groundwater level has a negative effect on the growth of the Scots pine. The groundwater table at
Caitwickerzand lies between 940 cm and 1320 cm below surface level, which is much deeper than at
the Loobos site, so it will be a lot harder for the roots to reach the groundwater table. The negative
correlation shows that the Scots pines at Caitwickerzand experience hinderance from lower
groundwater levels. This could mean that the groundwater is not always out of reach of the Scots
pines, because if the fluctuations of the groundwater table would always be too deep for the roots of
the pines there would be no effect of the fluctuations. This might be an indication that the trees at
Caitwickerzand do use the groundwater as a water resource at times of relatively high groundwater
levels. A deeper groundwater table would then impede the optimal growing conditions of the Scots
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pines at Caitwickerzand. The exact location of the individual Scots pine are unknown, which makes it
hard to establish the exact depth to groundwater there.
For both of the locations also climate growth relationships with the precipitation were calculated (Fig.
7). Both show a more mixed pattern of negative and positive correlations, whereas the climate growth
relationships with the depth to groundwater as the explanatory variable showed a very homogeneous
signal over time. The precipitation had a negative effect on growth in the winter, which was the same
for both the locations. This could indicate that the conditions in winter were too wet at both locations.
For summer, however, the two figures differ. For the Caitwickerzand location the correlations in
summer were significant and positive, meaning that the growth was increased with increasing rainfall.
The Scots pine at the Caitwickerzand location possibly benefitted from the precipitation as a water
resource, while at Loobos this correlation was not found. Increased precipitation often has a positive
effect on growth during spring and summer seasons, but not so much in winter (Zeppel et al., 2014).
This conclusion holds true for locations that do not have excess water, as is true for Caitwickerzand.
In a research in Finland and Estonia it was found that the present Scots pines correlated more with
the precipitation than groundwater availability, but also argued that this would be because of the dry
soils at the test sites (Henttonen et al., 2014). This conclusion seems similar to the conclusion that can
be drawn for the location of Caitwickerzand, it did have correlations with the fluctuations of the
groundwater table but these were all negative so the growth of the Scots pines there benefitted from
the availability of precipitation, at least in the summer months. Next to the analysis using precipitation
the climate growth relationship was also calculated for precipitation-evaporation, this gave the same
results as the precipitation data. This might be explained by the correlations for the precipitation
already indicating that the Scots pines benefit from precipitation in summer and show a negative
effect in winter. With the data adjusted for evaporation the values in winter barely changed because
of the low values of evaporation. The values in summer did decrease heavily, but since the values for
precipitation without the subtraction of evaporation were already lower than in winter, the yearly
pattern did not change.
Aside from this, there could be a case of co-variance, where the temperature is lower during
precipitation events, the growth of Scots pines could also benefit from this lower temperature.
Therefore no clear conclusion can be drawn here. A possible explanation for the results is that the
Scots pines at Loobos primarily use groundwater as their water resource, while Caitwickerzand uses
precipitation as a water resource because the groundwater is not always in reach of the root system.
The correlation coefficients do however not exceed the (-)0.5, so the correlations are not particularly
strong. The fact that these correlations are significant does not necessarily mean that there is a
causation between the two variables.

4.2 Local Analysis
The measurements that have been done in the field during this thesis were used to find a relation
between the depth to groundwater and the growth of Scots pine on a local scale. This has been done
for three indicators of growth: tree height, DBH and tree volume. The tree height showed significant
differences between al three elevational classes and the tree volume between the middle and high
class. From this it can be concluded that the elevation does influence the growth of Scots pine. The
taller trees are situated in the middle elevation class. Several reasons for this observation can exist. In
the low lying area observations showed that the groundwater table was very close to the surface. This
was seen due to the very shallow rooting depths that were seen on fallen trees here. These high
groundwater tables can impose suboptimal growing conditions, potentially due to oxygen stress
(Roebroek et al., 2020). The optimal growth conditions are found between a groundwater table that
is so shallow that roots experience oxygen stress and a groundwater table that is so deep that the
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trees cannot use groundwater as a water resource (Zipper et al., 2015). The higher locations of the
field work area could be more detached from the groundwater table, which could be an explanation
for those Scots pines to be shorter.
Nevertheless, other factors than just depth to groundwater are affected by the elevation. One of these
possible factors is light (King et al., 2005; Poorter & Nagel, 2000), however, in the research by Liu et al
(2020) it was found that light is mostly an important component for growth when the trees are still
small. In groups with small DBH light was very important but it was only a minor factor for trees with
a DBH of 16 cm and higher (Liu et al., 2020). Since all trees in this research are among the group with
a DBH of 16 cm and higher this might mean that light does not play a big role. This can also be species
dependent, in the research by Liu et al (2020) the Pinus koraiensis was investigated instead of Pinus
sylvestris and might therefore yield a different result regarding the influence of variables on growth.
If it is assumed that the Scots pines have the same reaction to light as the Pinus koraiensis, light is not
an important factor here and it is more likely that the differences in growth between the elevational
classes are indeed driven by the water availability.
According to Hiemstra (2018) the Scots pine is a tree that handles drought relatively well, however
there are also studies that address growth impediment due to drought and even drought-induced
mortality for Scots pines in Switzerland (Eilmann & Rigling, 2012). The negative influence of drought
on growth of Scots pine that was investigated by Eilmann & Rigling (2012) is in line with the findings
of these thesis regarding the growth impediment for Scots pines at higher elevations. The result of a
model study conducted by Vermeulen et al. (2015) suggests that at the Loobos study area the access
to deep water is highly important for the response of the vegetation to droughts. This conclusion came
about by the result that the GPP was underestimated by the model during the drought of 2003, even
when the wilting point had been reached in the model, suggesting that the vegetation used another
source of water than only the soil moisture (Vermeulen et al., 2015). In this thesis the results also
point to the conclusion that groundwater is a water source for the trees at Loobos, at least for the
trees that were not situated on top of the dunes.
The map showing the spatial variation for DBH (Fig. 8) shows little to no variation. The same can be
said for the boxplots of the DBH, approximately the same mean for all three elevational classes and
almost all have wide ranges from 20 to more than 40 cm’s. The boxplot does show that there were no
trees below 25 cm DBH for the middle class and it did have some trees going above the 40 cm upper
leg (Fig. 8). However, none of these differences are significant as can be seen in table 5. The lack of
significant results for DBH could be related to the fact that the DBH was measured over the bark of
the tree. The bark can shrink and swell due to the water availability (Oberhuber et al., 2020). With
high water contents the bark will make up a relatively larger part of the diameter of a tree. This can
cause uncertainties in the true diameter of the tree. The wetter parts of the field work, the low lying
areas, could therefore have a thicker bark than the two other locations. This could cover up the actual
difference that potentially exists between the DBH of the low lying Scots pines and the Scots pines
situated in the middle elevational class.
The two maps showing the spatial variation of the tree volume and the DBH look very much alike. This
could be because the tree volume is calculated from the DBH (which was first used to calculate BA).
Still there are some differences between the two. The trees that are situated upon the dunes have
lighter colours in the map showcasing the tree volume. The differences between the middle and low
class and the high class are thus larger for the tree volume than for the DBH. This could be because
the tree height, which does show significant differences between the three separate elevational
classes is also used in the calculation of tree volume.
26

Errors in equipment are always to be considered. Some measurement devices might be better used
when the user has more experience with them. In the field work conducted in this research the range
finder and pi tape (or periphery tape) were not used previous to this research and the level instrument
had only been used once before by the operator. In a research by Saliu et al. (2020) different
measuring techniques for the height of trees were investigated. In this research the rangefinder gave
the best results, an error percentage of 7.1%. However the research does mention the error that could
manifest due to the operator being unexperienced with the device. It was also indicated that the error
potentially came from the fact that the top of the trees were not situated directly above the base of
the tree (Saliu et al., 2020). Another problem mentioned is the dispersion of the laser beam that causes
trouble when there are a lot of trees tightly packed together so that other trees could interfere with
the measurements (Saliu et al., 2020). In the study area of this thesis this could have caused
uncertainty, at times it was difficult to find a clear view of the entire tree from top to bottom and it
did not always seem possible. The pi tape is very easy to use and is completely analogue, the errors
when using the pi tape are likely a lot lower. Especially with trees with a DBH over 20 cm the error has
been previously shown to remain minimal (Elzinga et al., 2005). However the diameter was measured
over the bark of the trees.
Black Cherry
Classes for the amount of Black Cherry (Prunus Serotina) close to a Scots pine at Loobos were created.
These classes are “Abundant”, “Sparse” and “None”. For the definitions used to classify these see
Results-Black Cherry. In table 5 in the results section it can be seen that none of the differences
between these classes were significant. From this it can be concluded that the Black Cherry did not
have a significant effect on the growth of the Scots pine at the location of Loobos. The smallest Pvalues were found for the height of the trees between “Abundant” and “Sparse” and between
“Abundant” and “None”. However this could also be because the highest trees were found in the
middle class in the field work, and at this location also the most Black Cherry was found. At one of the
two dunes investigated no Black Cherry was found at all. This difference could have caused the lower
P-values between “Abundant” and “None”, but the correlation between the variables height and
abundance of Black Cherry would then not have necessarily been causation. In research on the
influence of Black Cherry on native species it was found that the Black Cherry did heavily compete
with the native species at a test site (Kawaletz et al., 2014). The Black Cherry is an early successional
species and can rapidly deplete resources, resources that the native species also needed (Kawaletz et
al., 2014). Perhaps a result regarding the Black cherry would have been found if the Scots pine had not
been divided in strata but random sampling had been applied. For this research it can be concluded
that the Black cherry did not influence the results.

4.3 Reflection
In the sections presented above the results of this research agree with the hypothesis that was
composed at the start of this thesis:
“In the middle of the Veluwe, where the groundwater levels are deep and the soil has a low water
holding capacity, the vegetation will suffer more growth impediment than on the edges of the Veluwe
where vegetation can make use of groundwater as a water resource. Even at these edges steep
elevation differences can be found, here too the distance to the groundwater will influence the growth
of the present coniferous forest.”
In the regional analysis the location to the middle of the Veluwe (Caitwickerzand) reacted differently
to decreasing groundwater than the location at the edge of the Veluwe (Loobos). At Caitwickerzand a
negative correlation was found between depth to groundwater and growth of Scots pine, which
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indicates that the Scots pines here grow better with higher groundwater levels. At Loobos the positive
correlation between depth to groundwater and growth of Scots pine indicates a better growth with
lower groundwater levels. The Caitwickerzand location has indeed much deeper groundwater levels
than Loobos and therefore the Scots pines at Caitwickerzand might not be able to reach the
groundwater throughout the year, resulting in a negative effect of decreasing groundwater levels. At
Loobos the Scots pines grew better with decreasing groundwater levels, which raises the potential
explanation that the trees here cannot optimally grow their root systems due to high groundwater
levels. This would verify the conclusions drawn by Roeboek et al. (2020) where for Caitwickerzand the
model predicted rooting space limited conditions and for Loobos oxygen stress and convergence
dominated.
For the local analysis also differences between the Scots pines located on top of dunes and in the
lower lying areas were hypothesized. The differences for tree height and tree volume for the different
elevational classes show that the Scots pines that are on higher ground remain smaller and have thus
experienced less growth than the trees in the middle class. The tree height also shows that the Scots
pines in the low lying areas have grown less than the trees in the middle class.
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Conclusion
The depth to groundwater seems to affect the growth of Scots pine. Significant differences between
the two locations on the regional scale were found and for these two locations very different signals
were found in the climate growth relationships. The Loobos location showed positive correlation with
a deeper groundwater table, for which a possible explanation could be that the roots of the Scots
pines there could not optimally extend their root systems due to water logging, the roots might then
experience oxygen stress. The Caitwickerzand location showed negative correlations indicating that
deeper groundwater levels negatively affect the growth of Scots pines. A possible explanation here
could be that the roots are not always in reach of the groundwater table but do rely on the
groundwater as a resource for optimal growing conditions. The climate growth relationships with
precipitation showed that the Scots pines at Loobos do not correlate as much with the precipitation
and are not highly affected by fluctuations in precipitation, but that the Scots pines on the
Caitwickerzand location do and are negatively affected by this in summer due to lack of precipitation.
The Scots pines at Caitwickerzand might thus need the precipitation as a water resource due to the
groundwater levels being much deeper here than at Loobos. On the local scale especially the tree
height seemed affected by the difference in elevation and thus depth to groundwater level. However,
also the tree volume showed a significant difference in the growth between the trees in the middle
class and the high class where trees were situated on top of dunes that were 10 meters higher than
the Scots pines in the middle class. Concluding this thesis it was found that the elevation in the
landscape has a significant effect on the growth of Scots pines, and because the elevation in the
landscape ensured different depths to the groundwater it can be concluded that the availability of
groundwater was the reason for the found effects, both positive and negative. The Scots pines benefit
from being able to reach the groundwater and use it as a resource, but in areas that are too wet the
groundwater has a negative effect. In the Veluwe area this means that the edges are more suitable,
since the groundwater can be in reach there. However, when choosing these locations at the edges
be careful not to plant trees in the lowest lying areas as these locations are were the Scots pines
showed a negative effect of the high groundwater levels.
To follow up this thesis tree ring width analysis could be performed on the trees used for the local
analysis to be able to investigate the growth pattern in time. An analysis using dendrometers on the
trees used in this thesis could also be investigated, because this would add information on the start of
the growing season which could give more insight in the relationship between climate variables and
the growth of Scots pine.
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