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Chapter 3

Characteristics of the research sites

3.1 Introduction

In this Chapter static or slowly changing site characteristics are described. Measure-

ments have been taken at 5 different locations, i.e. Bankenbos, Edesebos, Fleditebos,

Kampina and Loobos (see Fig. 3.1).

The measurements at the locations Bankenbos, Fleditebos and Loobos started

towards the end of 1994 and the beginning of 1995, at the Kampina site early 1996.

The main goal was to establish water balances and parameter sets characterizing

the water and energy balances of different types of forests in the Netherlands. The

instrumentation at these sites was almost identical.

The data at the Edesebos site were collected in the framework of the “Forest and

Water”project of the Research committee on Water management of Nature, Forest

Figure 3.1: Location of the sites.
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and Landscape. To establish the water balance of this forest 3 campaigns in 1988,

1989 and 1990 were executed (Hendriks et al., 1990).

3.2 Methods being used

Almost all forests in the Netherlands are man-made. As a consequence the tree

species found are reflecting the ideas in forest management at the time of planting.

The choice of the tree specie to be planted is often a combination of the management

objective (e.g. wood for construction, paper production, nature reserve) and the

expected growth characteristics based on the soil type and the hydrological regime

at the location. The undergrowth of the forest grows naturally and depends on

soil type and the hydrological regime in combination with the quality of the litter

of the trees. Hence each forest stand is a unique combination of vegetation, i.e.

trees and undergrowth, soil type and hydrological regime. In the Netherlands, with

its flat topography, the depth of the groundwater table together with the hydraulic

characteristics of the soil determine the hydrological regime of a location and hence,

the amount of water available for root uptake of the vegetation.

3.2.1 Vegetation characteristics

Vegetation characteristics such as tree density Ntree, tree diameter at breast height

DBH , tree height ztree, lowest level of the canopy zcan and canopy diameter Dcan,

were measured every one or two years.

Tree height ztree as presented in this chapter represents the average ztree of all

trees in the stand. For ztree to be used in conjunction with the reference height zref
of the meteorological measurements, the heights as observed from the tower should be

used. Differences between these two heights are caused by differences in topography

as is the case at the Loobos site.

The fraction of the canopy cover cvegwas estimated at all sites but the Edesebos

site by using the measurements of the LAI-2000 (Li-Cor) sensor (see Fig. 3.2). To

check the accuracy of these estimates simultaneously measurements with the LAI-

2000 sensor were made and pictures were taken using a digital camera above all 36

throughfall buckets at each site. The average cveg of both methods differed less than

4% of the total coverage at all occasions. At the Edesebos site cveg was measured

using an anascope similar to the one applied by Ford (1976). At 380 points distributed

over an area of 400 m2 surrounding the tower the anascope was used to detect the

canopy cover.

The Leaf Area Index LAI was measured at the Loobos site by destructive sam-

pling. At all other sites LAI was measured using leaf litter fall trays or optical sensors,
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Figure 3.2: Employment of the LAI-2000 sensor below the canopy to measure the leaf

area.

i.e. LAI-2000 (Li-Cor).

To derive LAI from the leaf litter fall, the leaf area was measured from sub samples.
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For the needle leaves 10 sub samples of 100 needles each were taken of each sample.

For the broad leaves the leaf area of 10% of each sample was measured. After that the

leaves were dried for one week and weighed. The dry weights were used to calculate

the maximum LAI .

From 1996 onward LAI measurements were made using two LAI-2000 (Li-Cor)

simultaneously. Typically measurements were made every two weeks in the growing

season, otherwise every month. At each site one instrument was mounted on top of

the scaffolding tower and one employed along transects including 70 to 100 measure-

ment points with a 3 m spacing below the canopy. Care was taken for each set of

measurements to measure as much as possible under the same conditions. Points were

chosen to prevent tree stems from obstructing the view. Under overcast conditions

measurements were made above the head of the operator. Under sunny conditions

the operator was blocked out by using a cap covering 450 of the surface of the sen-

sor lens. No significant differences could be detected between the two methods of

operation.

The measurements made with the LAI-2000 sensor were calibrated by comparing

the measurements with the results from the litter trays or with the results from

the destructive sampling. For this calibration it was assumed that the LAI-2000

instrument measures the Vegetation Area Index V AI and that during the leafless

periods these measurements represent the Wood Area Index W AI . LAI was then

obtained by the relationship:

LAI = V AI −W AI (3.1)

3.2.2 Soil physical characteristics

To obtain the soil water characteristics θ(ψ) and k(ψ) as defined by the Eqs. 2.7 and

2.9, undisturbed soil samples were taken in duplicate at different depths and analysed

in the laboratory. To determine the water retention characteristics the evaporation

method of Wind (1968), Boels et al. (1978) and Wendroth et al. (1993) was used.

For the clay soil at Fleditebos additional measurements of θ were performed using a

membrane press (at ψ = + 0.5 MPa and ψ = + 1 MPa). Also a measurement of θ

at ψ = 0.01 MPa was made in a room at constant T and κr of 50% (personal com-

munication Veerman, 1998). To reduce the uncertainty of the evaporation method

in the wet range for the determination of the k(ψ) characteristics, the results of the

evaporation method were combined with those of the drip infiltrometer.

The soil fractions were derived in the laboratory and based on mixtures of 10

samples at each location and depth. The clay fraction has been defined as the mineral

parts up to 2 µm, the sand fraction consisting of the mineral parts between 2 and

2000 µm and thus includes the silt fraction.
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Figure 3.3: Larch stand at the Bankenbos site showing the litter trays and the scaffolding

tower. Low resolution picture taken with one of the first digital camera’s.

3.3 Bankenbos

This site (53◦1′21′′N – 6◦24′32′′E) being located close to the town of Veenhuizen is

covered by a 100% Japanese larch (Larix Kaempferi) stand.

The area of the Bankenbos site was 250 m by 900 m, with the greatest length

being oriented in SW to NE direction. The stand was located at the edge of a larger

forest system containing other tree species, such as oak. At the west side the stand is

connected to a cut over bog being covered by purple moor grass (Molinia Carulea).

To obtain the best fetch for the prevailing SW wind direction, the measurement tower

was placed in the NE corner of the stand. The shortest distance from the tower to

the bog was 200 m. Fig. 3.4 shows the main land use around the flux tower.

The larch trees had an average height ztree of 22 m and a tree density Ntree of 300

stems ha−1. There was a very sparse undergrowth of purple moor grass. Table 3.1

summarizes the different parameters characterizing the vegetation of the Bankenbos

site.

In 1995 and 1996 LAI was measured using 5 leaf litter fall trays of 1 m2 each.

The V AI measurements made with the LAI-2000 were converted into LAI using Eq.
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Figure 3.4: Different types of land use in an area of 2 x 2 km surrounding the Bankenbos

site as classified in the land use database LGN.

Table 3.1: Vegetation characteristics near the tower at the Bankenbos site. All values are

average values for the stand. The standard deviation if available is also provided. The tree

heights ztree are given at the start as well as at the end of the observation period. All other

characteristics have been averaged over this observation period.

Site Bankenbos Stand. dev.

Tree species Larch

Undergrowth Purple moor grass

Planting year ±1930

Observation period 1995-1997

Tree density, Ntree 300 tree ha−1

Tree height, ztree 22.0-23.4 m ± 1.5 m

DBH 0.29 m ±0.04 m

Crown radius 3.31 m

Projected crown area 35 m2tree−1
±11 m2tree−1

Crown base, zcan 14.7 m ±1.5 m

LAItree, maximum 1.8 m2m−2

LAIundergrowth, maximum <1.0 m2m−2

Canopy cover fraction, cveg, maximum 0.6

Canopy cover fraction, cveg, minimum 0.4

Rooting depth, zroot, 90% of all roots 0.3 m

Rooting depth, zroot, maximum 0.7 m
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Figure 3.5: Leaf Area Index (LAI) of the larch stand at the Bankenbos site for the different

years.

3.1. Based on the V AI measurements made during the leafless period, the W AI for

the larch trees was estimated as 0.92 m2 m−2. Comparison of the resulting values

with the LAI values from the litter trays yielded a correction factor of 1.89. This

calibration factor was used to correct the LAI-2000 measurements for the other years.

The thus derived LAI was lower than the values reported by Breuer et al. (2003), i.e.

most likely because of the much higher stand density and younger age class of the

stand reported by Breuer et al. (2003). The LAI -values compared well with the values

reported by Ohta et al. (2008) for a larch stand of comparable tree density. Chason

et al. (1991) found for an oak-hickory stand that the LAI-2000 underestimated LAI

using a litter trap by 45%. This underestimation is comparable with our results, i.e.

an underestimation of 47% of LAI in comparison with the litter traps was found. In

Fig. 3.5 the projected one-sided LAI for the different years is depicted.

Most of the roots were found in the first 0.3 m, with some roots occurring at 0.7

m depth.

The soil consists of a 1 m layer of fine loamy sand on top of a loam layer. The

photograph of the soil profile at the Bankenbos site in Fig. 3.6 clearly shows the

upper soil layer with a high fraction of organic matter and the slightly grey bottom

layer containing some loam.

The volume fractions of sand Xq, clay Xc and organic material Xo as well as

the soil density ρ for different depths are given in Table 3.2. Table 3.3 shows the

hydraulic characteristics of the soil at different depths. The layer of sand decreases

from 1.5 m at the west side to 0.5 m at the east side of the stand.

During the observing period the groundwater level varied between 0.82 cm and

2.43 cm below the surface. The average groundwater table depth during the observing
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Figure 3.6: The soil profile at the Bankenbos site showing the accumulated organic matter

on top of the mineral soil. The length of the tape in the picture is 1.2 m.

Table 3.2: Volume fractions of sand Xq, clay Xc and organic material Xo and the densities

ρ at the Bankenbos site.

Depth Xq Xc Xo ρsample

(m) (m3m−3) (m3m−3) (m3m−3) (kg m−3)

0-0.30 0.41 0.01 0.05 1260

0.55-0.70 0.64 0.01 0.02 1650

0.60-0.90 0.65 0.02 0.01 1760

period was 1.7 m below the soil surface. At the east side of the stand there is a ditch

with a depth of 1.9 m.

Under dry conditions the relatively high groundwater table may provide an ad-

ditional source of water for the roots to tap into. Under wet conditions the low

permeability of the loam layer sometimes creates a perched groundwater table close

to the surface. Under these conditions the tree roots may suffer from oxygen short-

age. During the period of observation of our study a perched groundwater table only

occurred during winter and early spring and as such did not influence the physiology

of the trees.
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Table 3.3: The soil hydraulic parameters obtained by fitting ψ(θ) and k(ψ) to respectively

Eqs. 2.7 and 2.9 at the Bankenbos site. The last column shows the hydraulic conductivity

ks as determined separately for a saturated sample. The second sample at 0.90 -0.98 m

depth consisted mainly of loam. The depth is given below the top of the mineral layer.

Depth θr θs α n m l ks

sat. sample

(m) (-) (-) (cm−1) (-) (-) (-) (cm d−1) (cm d−1)

0.10-0.18 0.01 0.53 0.0147 1.651 0.394 0.000 11.479 127.0

0.32-0.40 0.01 0.40 0.0190 1.869 0.465 0.000 19.956 123.0

0.56-0.64 0.01 0.33 0.0179 2.882 0.653 0.000 18.260 248.0

0.90-0.98 0.01 0.31 0.0175 2.181 0.542 0.000 10.558 48.0

0.90-0.98 0.01 0.32 0.0366 1.154 0.133 -3.751 59.144 -

Figure 3.7: View through the oak canopy on the tower at the Edesebos site

3.4 Edesebos

The Edesebos site was located near the town of Ede (52◦02′19′′N – 5◦45′06′′E) being

covered for more than 90% by red oak (Quercus rubra), Fig. 3.7.

The area of the oak stand amounts to 16 ha and is surrounded by coniferous forest.
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Figure 3.8: Different types of land use in an area of 2 x 2 km surrounding the Edesebos

site as classified in the land use database LGN.

The sparse undergrowth is regrowth of cut red oak. Fig 3.8 shows the main land use

in the surroundings of the flux tower. The length of the fetch is somewhat limited,

i.e. ± 300 m. However, it is not expected that this limited fetch will have a major

effect on the daytime flux during the growing season. Especially as the surrounding

coniferous forest will cause only a small change in surface roughness.

The average tree height was 17.1 and 17.4 m in 1988 and 1989 respectively. Other

tree species found at the site were birch (Betula spec.) and Douglas fir (Pseudotsuga

menziesii). The tree density amounted to 600 stems ha−1.

Table 3.4 summarizes the different parameters characterizing the vegetation of

the Edesebos site.

For the Edesebos location LAI was measured using 9 leaf litter trays in combina-

tion with photographs taken with a fish-eye lens. The seasonal trend is depicted in

Fig. 3.9.

At the Edesebos site detailed measurements of the root distribution were made.

Along a trench excavated between 2 trees all roots were counted. The fine roots, i.e.

roots with a diameter < 1 mm, follow an exponential distribution with depth (see

Fig. 3.10). Most roots, i.e. 90% was found in the upper 0.65 m of the soil. Some

roots however, were found at 1.6 m depth.

The soil is a loamy sand with a deep groundwater table depth being at approxi-

mately 5 m below the soil surface (Hendriks et al., 1990). The top 0.7 m of the soil

consists of loamy fine sand, ρ = 1100 - 1300 kg m−3. Below this horizon the loam

fraction decreases and ρ increases to 1600 kg m−3. The deeper soil layer consists of
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Table 3.4: Vegetation characteristics near the tower of the Edesebos site. All values are

average values for the stand. As the original tree characteristic data were not available, only

a limited number of variables is shown. The tree heights ztree are given at the start as well

as at the end of the observation period. All other characteristics have been averaged over

this observation period.

Site Edesebos

Tree species Oak

Undergrowth Bare soil and some regrowth of oak

Planting year 1944

Observation period 1988-1990

Tree density, Ntree 600 tree ha−1

Tree height, ztree 17.1-17.4 m

LAItree, maximum 4.9 m2m−2

LAIunder, maximum <1.0 m2m−2

Canopy cover fraction, cveg, maximum 0.69

Canopy cover fraction, cveg, minimum 0.2

Rooting depth, zroot, 90% of all roots 0.65 m

Rooting depth, zroot, maximum 1.6 m

Figure 3.9: Leaf Area Index (LAI) of the oak stand at the Edesebos site for different years.

sand with some bands of fine gravel. The volume fractions of sand Xq, clay Xc and

organic material Xo as well as the soil densities ρ for different depths are presented
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Figure 3.10: Fine root (diameter < 1 mm) distribution of the oak stand at the Edesebos

site.

Table 3.5: Volume fractions of sand Xq, clay Xc and organic material Xo and the densities

ρ at the Edesebos site. Remarks: 1) Litter layer. 2) Values are estimated.

Depth Xq Xc Xo ρsample

(m) (m3m−3) (m3m−3) (m3m−3) (kg m−3)

-0.05-01 0.07 0.0 0.12 400

0-0.702 0.55 0.01 0.02 1200

0.70-1.602 0.60 0.01 0.02 1600

in Table 3.5. Table 3.6 shows the hydraulic characteristics of the soil at different

depths.

Table 3.6: The soil hydraulic parameters obtained by fitting ψ(θ) and k(ψ) to respectively

Eqs. 2.7 and 2.9 at the Edesebos site. The depth is given below the top of the mineral

layer. The first row shows data from the litter layer on top of the mineral layer.

Depth θr θs α n m l ks

(m) (-) (-) (cm−1) (-) (-) (-) (cm d−1)

-0.05-0.0 0.000 0.62 0.022 1.616 0.500 5.662 300.0

0.11-0.19 0.001 0.49 0.040 1.459 0.500 1.385 200.0

0.33-0.41 0.001 0.41 0.028 1.555 1.211 1.211 200.0

0.51-0.59 0.001 0.35 0.032 1.598 0.500 0.978 200.0

0.96-1.04 0.010 0.33 0.141 1.593 0.372 -0.158 80.0
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The groundwater table raised by 0.9 m from 5.5 m below the soil surface in Jan-

uary 1988 to 4.6 m in December 1988. During 1989 the groundwater table remained

at this level for most of the year and only started to drop towards the end of 1989.

The groundwater table lowered at the same rate in 1990. At the end of 1990 the

groundwater table was at 5.2 m below the soil surface.

With these low groundwater tables (the highest level was at 4.6 m depth), it

is unlikely that the trees will be able to use the groundwater reservoir to sustain

evaporation during dry periods.
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Figure 3.11: Poplar stand at the Fleditebos site with stinging nettle and grass as main

undergrowth. Also visible is a part of the trough to measure the throughfall. Low resolution

picture taken with one of the first digital camera’s.

3.5 Fleditebos

This site was located in a poplar (Populus) stand (52◦19′06′′N – 5◦27′12′′E) near

Zeewolde on a land reclamation area. The average elevation of the stand is NAP –

3.5 m.

The measuring tower was located almost in the middle between the two ditches

draining the area. In a radius of 500 m around the tower almost 80% was covered with

poplar with the dominant clone Populus Robusta. Of the total area approximately

5% was in use as grassland, open water or roads. Other tree species found near the

site were ash (Fraxinus esp.), oak (Quercus rubra), sycamore (Acer pseudoplatanus)

and beech (Fagus sylvatica). The site was surrounded by other similar stands of

mainly poplar trees with similar height.

Fig. 3.12 shows the main land use in the surroundings of the flux tower.

Table 3.7 summarizes the different parameters characterizing the vegetation of

the Fleditebos site.

The poplar trees were planted in 1985. The trees were set every 4.5 m in rows with
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Figure 3.12: Different types of land use in an area of 2 x 2 km surrounding the Fleditebos

site as classified in the land use database LGN.

Table 3.7: Vegetation characteristics near the tower at the Fleditebos site. All values are

average values for the stand. The standard deviation if available is also provided. The tree

heights ztree are given at the start as well as at the end of the observation period. All other

characteristics have been averaged over this observation period.

Site Fleditebos Stand. dev.

Tree species Poplar

Undergrowth Stinging nettle, cleavers, grass

Planting date 1985

Observation period 1995-1998

Tree density, Ntree 440 tree ha−1

Tree height, ztree 16.2-18.7 m ± 0.5 m

DBH 0.24 m ±0.02 m

Crown radius 2.57 m

Projected crown area 20 m2tree−1
±4 m2tree−1

Crown base 8.7 m ±0.8 m

LAItree, max. 3.7 m2m−2 0.01 m2m−2

LAIunder, max. 4.0 m2m−2

Canopy cover fraction, cveg, maximum 0.8

Canopy cover fraction, cveg, minimum 0.2

Rooting depth, zroot,90% of all roots 0.6 m

Rooting depth, zroot,maximum 1.8 m



50 3. Characteristics of the research sites

Figure 3.13: Leaf Area Index (LAI) of the trees and the undergrowth at the poplar stand

of the Fleditebos site for different years.

a distance of 5 m. Poplar is a fast growing species: the average height of the trees

ztree at the start of the measurements was 16.2 m and at the end of the measurement

period 18.7 m. The under-growth was dense and consisted of grass with patches of

stinging nettle (Urtica dioica) and cleavers (Galium aparine). The stinging nettle

and cleavers reached a height of 1.5 m. Under the other tree species there was nearly

no under-growth.

In 1995 and 1996 LAI was measured using 5 leaf litter fall trays of 1 m2 each. The

Vegetation Area Index (VAI ) measurements made with the LAI-2000 were converted

into LAI using Eq. 3.1. Based on the LAI measurements made during the leafless

period LAI for the poplar trees was estimated as 0.72 m2 m−2. Comparing the

resulting values with LAI values from the litter trays yielded a correction factor of

1.91, which is comparable to the value of Chason et al. (1991). This calibration factor

was used to correct the LAI-2000 measurements for the other years. The thus derived

LAI compares well with other studies, e.g. Breuer et al. (2003).

In 1997 the LAI-2000 sensor was also used to measure LAI of the understory.

In Fig. 3.13 the projected one-sided LAI of the poplar trees and of the under-

growth is depicted.

Most roots at the Fledite site were found in the upper 0.6 m of soil. Deeper down

to a depth of 1.8 m, the roots followed the major cracks along the soil aggregates.

The soil profile consists of a 2 to 3 m layer of clay overlying sand. Fig. 3.14 shows

a photograph of the soil profile.
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Figure 3.14: The soil profile at the Fleditebos site showing 3 distinctive layers. On top of

the deepest layer sea shells are present. The large cracks that occurred after the land was

reclaimed from the sea, can clearly been seen at the left side of the pit. The length of the

tape in the photograph is 1.7 m.

Table 3.8: Volume fractions of sand Xq, clay Xc and organic material Xo and the densities

ρ at the Fleditebos site.

Depth Xq Xc Xo ρsample

(m) (m3m−3) (m3m−3) (m3m−3) (kg m−3)

0.07-0.34 0.35 0.09 0.06 880

0.36-0.70 0.28 0.16 0.02 980

0.90-1.10 0.20 0.11 0.05 1100

The volume fractions of sand Xq, clay Xc and organic material Xo as well as the

soil density ρ for different depths are presented in Table 3.8. For convenience the

weight fractions in kg kg−1 of sand, silt and clay are provided in Appendix B. These

weight fraction show the large faction of soil particles < 16 µm in the lower layer,

i.e. 60.8% of total dry matter. Table 3.9 shows the hydraulic characteristics of the

soil at different depths.

It should be noted that the soil properties as presented in Table 3.9 for the Fledite-
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Table 3.9: The soil hydraulic parameters obtained by fitting ψ(θ) and k(ψ) to respectively

Eqs. 2.7 and 2.9 at the Fleditebos site. The last column shows the hydraulic conductivity

ks as determined separately for a saturated sample. The depth is given below the top of

the mineral layer.

Depth θr θs α n m l ks

sat. sample

(m) (-) (-) (cm−1) (-) (-) (-) (cm d−1) (cm d−1)

0.03-0.11 0.01 0.64 0.2641 1.156 0.135 -3.832 117.632 >1000

0.36-0.44 0.01 0.50 0.1045 1.104 0.094 -0.906 174.964 >1000

0.62-0.70 0.01 0.58 0.0961 1.075 0.070 -6.653 38.647 >1000

0.70-0.78 0.01 0.64 0.0507 1.026 0.025 -3.310 259.085 >1000

bos site are only valid for the hexagonal pedons and do not include the influences

of permanent cracks. For these cracks the concepts for the flow of soil water in the

unsaturated zone as discussed in Chapter 2 do not apply. They have to be adjusted

for example as described by Van Dam (2000), who used field measurements of crack

volume and crack depth to describe the swelling and shrinking of a clay soil. However,

as these heavy clay soils at the Fledite site are non-swelling, the cracks are permanent

and they function as artificial drains, due to which the saturated hydraulic conductiv-

ity ks of these soil layers can be as high as 10 m d−1. Groen (1997) even estimated the

saturated permeability for similar soils at 300 to 500 m d−1. He obtained satisfactory

results for the outflow of pesticides of such heavy clay soils with permanent cracks.

To obtain these results he simulated the permanent cracks as imaginary drains just

above the soil layer were the cracks start.

The groundwater table in winter was approximately at 1.2 m below the surface

and during summer at 2 m. The area was drained by plastic tube drainage with a

spacing of 48 m. These drains discharged in two ditches running from south to north.

The distance between the two ditches was 500 m. Fig. 3.15 shows a transect of the

soil surface perpendicular to the direction of the two ditches. Also depicted in the

same figure are the groundwater levels zg in spring and at the end of the summer.

The two ditches can clearly be seen by the drop in surface elevation. Even in the

relatively wet period in March the angle of the slope of the groundwater table towards

the ditches is very small. The relatively flat groundwater table is most likely caused

by the existence of the large cracks in the lower parts of the soil.

In the northern part the ditches with a length of 1200 m ended in a channel. The

water level in the channel was kept at 5.2 m below NAP. From visual observations it

was concluded that the draining function of the tubes was almost zero. However, the

draining was taken over by the permanent cracks in the clay. These cracks stayed
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Figure 3.15: Cross section of the soil surface zs (solid line) at the locations of the ground-

water observing tubes at the poplar forest of the Fleditebos site. Also depicted are the

groundwater levels zg in spring and at the end of summer.

after the reclamation of the land and were at some places as wide as 10 cm.

Although the groundwater levels during the observing period were relatively high,

in winter and summer a significant drop at the centre of the plot between the two

ditches occurred. This drop shows the low hydraulic conductivity of these clay soils.

Therefore it is questionable if during dry periods the roots will be able to extract

water from the deeper layers at a sufficiently high rate to maintain an evaporation

rate close to potential.
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Figure 3.16: View of the undergrowth below the birch and pine trees near the scaffolding

tower at the mixed forest of the Kampina site. Low resolution picture taken with one of the

first digital camera’s.

3.6 Kampina

The Kampina site (51◦34′01′′N – 5◦17′27′′E) was located near the town of Boxtel.

The stand is a mixed forest, both in species and tree age. Because of this mix

the forest has a layered structure, as can be seen in Fig. 3.16. The forest to the

west side is mainly beech (Fagus sylvatica) and oak (Querqus robur) with nearly no

undergrowth. Most of these trees were planted between 1890 and 1900. The canopy

cover of this part of the forest is mainly high (> 80%). To the east side the forest is

more open and the trees are mainly pine (Pinus sylvestris) with some birch (Betula

pendula and Betula pubescens) and an undergrowth of purple moor grass (Molinia

Carulea) and wavy hair grass (Deschampsia flexuosa). The pine trees were partly

planted around 1930 and partly natural regrowth. In between these two more or less

distinct forest patches there is a strongly mixed forest with an undergrowth of purple

moor grass and seedlings from the trees. The distribution of the main tree species in

the area (500 m radius) around the tower was 33% pine, 29% beech, 27% oak, 10%

birch. Fig. 3.17 shows the main land use in the surroundings of the flux tower. A

more detailed description of the vegetation at Kampina may be found in Jonkheer
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Figure 3.17: Different types of land use in an area of 2 x 2 km surrounding the Kampina

site as classified in the land use database LGN.

(1989).

Table 3.10 summarizes the different parameters characterizing the vegetation of

the Kampina site.

Because of the mixture of coniferous evergreen and broad-leaf deciduous trees at

the Kampina site it was not possible to calibrate the average LAI estimates of the

LAI-2000 sensor. Hence for this site the minimum LAI values reflect the average

of the LAI of all trees, i.e. deciduous and evergreen, as well as the needle area of

the conifers. In Fig. 3.18 the projected one-sided LAI of the trees and the grass

undergrowth is depicted.

The majority of the roots were found in the first 0.5 m. Maximum rooting depth

was 1.2 m.

The soil is sandy. The volume fractions of sand Xq, clay Xc and organic material

Xo as well as the soil density ρ for different depths are tabulated in Table 3.11. Table

3.12 shows the hydraulic characteristics of the soil at different depths.

In winter the groundwater table was at approximately 0.5 m depth, in summer

at 1.8 m depth. With a maximum rooting depth of 1.2 m it is expected that during

our measuring period the trees had access to the groundwater reservoir all the time.

The main management objective of the area was to restore the wetland vegetation.

Therefore most of the ditches in the area surrounding the site were dammed in

1997, with the purpose to keep the groundwater table as high as possible. This

high groundwater table sometimes caused parts of the area to be flooded in winter,

however during the measuring period of this study it occurred in 1998 only for a
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Table 3.10: Vegetation characteristics near the tower at the Kampina site. All values are

average values for the stand. The standard deviation if available is also provided. The tree

heights ztree are given at the start as well as at the end of the observation period. All other

characteristics have been averaged over this observation period.

Site Kampina Stand. dev.

Tree species Mixed deciduous coniferous

Undergrowth Purple moor grass

Planting year 1890,1930

Observation period 1996-1998

Tree density, Ntree 310 tree ha−1

Tree height, ztree 16.6-17.0 m ± 4.1 m

DBH 0.26 m ±0.12 m

Crown radius 3.56 m

Projected crown area 40 m2tree−1
±28 m2tree−1

Crown base 7.1 m ±3.8 m

LAItree, max. 3.8 m2m−2 0.09 m2m−2

LAIunder, max. 1.3 m2m−2

Canopy cover fraction, cveg, maximum 0.95

Canopy cover fraction, cveg, minimum 0.45

Rooting depth, 90%/max. 0.4 m

Rooting depth, zroot, maximum 1.2 m

Table 3.11: Volume fractions of sandXq, clayXc and organic materialXo and the densities

ρ at the Kampina site.

Depth Xq Xc Xo ρsample

(m) (m3m−3) (m3m−3) (m3m−3) (kg m−3)

0-0.20 0.52 0.01 0.05 1320

0.20-0.50 0.53 0.01 0.01 1450

few days. These measures were mainly aimed to improve the hydrological conditions

of the neighbouring fens, but are not necessarily beneficial to the trees in the area.

Especially if the high groundwater table is maintained over a long period damage to

the tree roots is likely to occur
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Figure 3.18: Leaf Area Index (LAI) of the trees and undergrowth at the mixed forest

stand of the Kampina site for different years.

Table 3.12: The soil hydraulic parameters obtained by fitting ψ(θ) and k(ψ) to respectively

Eqs. 2.7 and 2.9 at the Kampina site. The last column shows the hydraulic conductivity ks

as determined separately for a saturated sample. The depth is given below the top of the

mineral layer.

Depth θr θs α n m l ks

sat. sample

(m) (-) (-) (cm−1) (-) (-) (-) (cm d−1) (cm d−1)

0.03-0.11 0.01 0.46 0.0195 1.657 0.397 2.0 38.372 30.2

0.30-0.38 0.01 0.45 0.0242 1.347 0.258 2.0 68.470 75.0

0.50-0.58 0.01 0.34 0.0109 2.891 0.654 1.0 37.646 217.0

3.7 Loobos

The Loobos site is located near Kootwijk (52◦10′04′′N – 5◦44′38′′E) The main tree

species is Scots pine (Pinus sylvestris). The forest extends in all directions for more

than 1.5 km. Around 1909 the trees were planted on sand dunes, being widely spaced

with some open spots.

In a radius of 500 m around the flux tower almost 90% of the area is covered

with Scots pine, 3% of the area is open and mostly covered with heather and grass,

Fig. 3.19. Other tree species in the forest stand are Corsican or black pine, birch,

Douglas fir and oak. The average tree height at the start of the measurements was
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Figure 3.19: Scots pine with an undergrowth of grass at the Loobos site.

15.1 m. The undergrowth of the forest is a closed cover of mainly grass (Deschampsia

flexuosa). Fig. 3.20 shows the main land use in the surroundings of the flux tower.

Table 3.7 summarizes the different parameters characterizing the vegetation of

the Loobos site.

For the pine trees at the Loobos site destructive measurements were used to

establish relations between sapwood area, branches and needle area. These relations

were used to calculate LAI . LAI thus obtained was used to check the LAI-2000

measurements. Surprisingly enough the differences between both LAI estimates were

relatively small: an overestimation of 22% by the LAI-2000. This overestimation is in

contrast with most other studies (e.g. Stenberg et al., 1994). Stenberg et al. (1994)

measured LAI of Scots pine using a LAI-2000 sensor, which was on average 43% too

low. The overestimation found in the present study is probably because of the large

amount of woody area of the tree stems and larger branches. At the Loobos site the

tree density was about 1/3 of that at the sites investigated by Stenberg et al. (1994).

Also at the Loobos site the average height of the lowest living branch was only at 9.5
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Figure 3.20: Different types of land use in an area of 2 x 2 km surrounding the Loobos

site as classified in the land use database LGN.

Table 3.13: Vegetation characteristics near the tower at the Loobos site. All values are

average values for the stand with the standard deviation between brackets. The tree heights

ztree are given at the start as well as at the end of the observation period. All other

characteristics have been averaged over this observation period.

Site Loobos Stand. dev.

Tree species Scots pine

Undergrowth Grass

Planting year 1904

Observation period 1995-2010

Tree density, Ntree 403 tree ha−1

Tree height, ztree 15.3-15.7 m ± 2.0 m

DBH 0.25 m ± 0.05 m

Crown radius 2.45 m

Projected crown area 21 m2 tree−1
± 10 m2 tree−1

Crown base, zcan 9.5 m ± 1.6 m

LAI tree, maximum 1.9 m2 m−2
± 0.01 m2 m−2

LAI under, maximum 1.5 m2 m−2
± 0.08 m2 m−2

Canopy cover fraction, cveg, maximum 0.7

Canopy cover fraction, cveg, minimum 0.55

Growth rate 2.49 m3ha−1yr−1

Rooting depth, zroot, 90% of all roots 0.25

Rooting depth, zroot, maximum >2.5 m
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Figure 3.21: Leaf Area Index (LAI) (m2 m−2) of the pine trees and the undergrowth at

the Loobos site for the different years.

m.

Based on an analysis of 36 pictures taken vertically upward from below the canopy,

28% of the canopy cover as seen by the LAI-sensor consisted of twigs and branches.

As for this study the temporal differences were more important than the absolute

values of LAI , and because of the large standard deviation of the sapwood derived

LAI (± 0.89 m2 m−2), LAI estimates of the Licor were not adjusted for the pine

stand.

In 1998 the LAI-2000 sensor was also used to measure LAI of the undergrowth.

For the measurements of LAI of the undergrowth dead biomass was excluded as much

as possible. In Fig. 3.21 the projected one-sided LAI of the different sites is depicted.

Most roots are found in the first 0.25 m. Although not encountered in the soil

pits of this study, the trees are known to have a tap root reaching depths of more

than 2.5 m (Personal communication Forestry Service).

On top of the sandy soil is an approximately 11 cm thick litter layer. Fig. 3.22

depicts a photograph of the soil profile at the Loobos site.

The volume fractions of sand Xq, clay Xc and organic material Xo as well as the

soil density ρ for different depths are tabulated in Table 3.14. For convenience also

the weight fractions of sand, silt and clay are presented in Appendix B. Table 3.15

shows the hydraulic characteristics of the soil at different depths.

Because of the local topography caused by the sand dunes the distance to the

groundwater table depends on the location. At the base of the tower the groundwater

table dropped in some years to depths of more than 6.5 m below the surface. In an

adjacent valley the groundwater level varied between 2.0 and 4.0 m below the soil
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Figure 3.22: The soil profile at the Loobos site showing the thin organic layer on top of

the mineral layer with its sparse root density.

Table 3.14: Volume fractions of sandXq, clayXc and organic materialXo and the densities

ρ at the Loobos site.

Depth Xq Xc Xo ρsample

(m) (m3 m−3) (m3 m−3) (m3 m−3) (kg m−3)

0-0.20 0.53 0.01 0.02 1560

0.40-0.60 0.60 0.01 0.00 1630

surface during the observing period. The differences in groundwater table depths at

these two locations mainly reflect the topography. In figure 3.23 an example is given

of the variation in topography in the neighbourhood of the measurement tower for a

transect from north to south and from west to east. The surface of the dune shown

at the west to east transect is one of the more pronounced dunes in the area. In
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Table 3.15: The soil hydraulic parameters obtained by fitting ψ(θ) and k(ψ) to respectively

Eqs. 2.7 and 2.9 at the Loobos site. The last column shows the hydraulic conductivity ks

as determined separately for a saturated sample. The depth is given below the top of the

mineral layer.

Depth θr θs α n m l ks

Sat. sample

(m) (-) (-) (cm−1) (-) (-) (-) (cm d−1) (cm d−1)

0.10-0.18 0.01 0.44 0.0239 3.429 0.708 0.5 19.717 268.0

0.50-0.58 0.01 0.38 0.0198 5.410 0.815 -0.9 9.334 178.0

Figure 3.23: Topography near the measurement tower at the Loobos site.

general however, the topography is more like the north-south transect (see also Fig.

3.19).

Because of the topography, the hydraulic characteristics of the sandy soil and

the relatively deep groundwater reservoir it is likely that in some years this water

reservoir is inaccessible for the roots of the pine trees.
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Table 3.16: Total LAI (m2 m−2), i.e. trees plus undergrowth, and the water holding

capacity W (mm) for stressed conditions for the different sites. W is calculated for the soil

profile extending to the depth where 90% of the roots are present, z90%root and for the total

root zone, i.e. the soil profile extending to the maximum rooting depth, zmax
root.

Banken-

bos

Edese-

bos

Fledite-

bos

Kampina Loobos

Larch Oak Poplar Mixed Scots pine

Total LAI (m2 m−2) 2.3 5.3 6.1 5.0 3.3

W (mm) for z90%root 81.6 73.4 88.8 107.4 7.9

W (mm) for zmax
root 125.8 117.1 192.1 209.2 20.8

3.8 General differences between the sites

The two forest stands with the most pronounced differences in their site character-

istics are the Loobos site with the stand of pine trees on sand and the Fleditebos

site with the poplar trees on clay. The differences in soil type together with the low

groundwater table at Loobos and the relatively high groundwater table at Fleditebos

also create large difference in hydrological conditions between these two sites.

The differences in maximum total LAI between the sites is mainly based both on

the differences between broad-leaved and needle-leaved tree species (see Table 3.16)

and the timing of the peaks in LAI of the undergrowth and the trees (see e.g. Fig.

3.13). Both at the Fleditebos site as well as at the Loobos site LAI of the undergrowth

reached almost the same maximum LAI (m2 m−2) as the trees at the specific sites.

The largest variation in total LAI was found for the poplar stand at the Fleditebos

site, while the larch stand at the Bankenbos site showed the least amount of variation

in LAI .

Comparison of the groundwater table depths with the rooting depths at the dif-

ferent sites (see Fig. 3.24), shows that deep groundwater tables coincide with deep

rooting depths and vice versa. This behaviour is in accordance with the findings by

van den Burg (1996), who found that rooting depth for forests in the Netherlands

correlated mainly to ploughing depth or the depth of the groundwater table.

If the water holding capacityW at the start of a drought is defined as the difference

in soil water content at a pressure head h = −102.1 Pa (i.e. pF 2.1) and h =

−104.2 Pa (i.e. pF 4.2), Table 3.16 shows that, except for the Loobos site, the

amount of soil water easily extractable for evaporation is on average 87.8 mm. If

it is assumed that there is no additional soil water available by lateral or vertical

transport, the maximum amount of soil water available for evaporation is greatest

at the mixed forest stand of the Kampina site. Even with the deepest roots of all
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Figure 3.24: Schematic representation of the soil profile at the different sites. Also shown

are the maximum rooting depth and the depth where above 90% of the roots is found. The

maximum depth of the roots at the Loobos site is estimated (pers. comm Forestry Service).

The thickness of the litter layer is an average and varies throughout the year.

sites, the maximum amount of available soil water at the pine stand of the Loobos

site is very low, i.e. 20.8 mm. This low amount of available soil water implies that in

principle the vegetation at the Loobos site is most prone to water stress, especially

if the roots are not close to the groundwater table depth.


