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Abstract

Belowground interactions possibly play an important role in the success of mixed forests.
Therefore, root density, root length, root biomass and rooting pattern were surveyed in pure
and mixed forest stands of Douglas-fir and Beech. Each type of stand was represented by
ones approximately 40- and 70-year-old. The study was restricted to fine roots (< 2 mm).
The highest root length, 184 x 10° m ha™, was found in a 64-year-old pure Beech stand. The
smallest root length was 67 x 10°* m ha™, found in a 60-year-old pure Douglas-fir stand. In
the mixed stands, the soil layers at 0.15-0.30 m and 0.30-0.45 m were more intensively root-
ed than in the pure stands. In the mixed stands, Beech was strongly suppressed by Douglas-
fir, although Beech managed to develop an equal or even larger root length than Douglas-fir.
In the mixed stands the specific root lengths of the fine roots of Douglas-fir and Beech were
higher than in the pure stands, which may indicate below-ground competition. In the mixed
stands the below-ground competition between the different species leads to a different use of
soil resources by fine roots. Furthermore, there are indications that in the mixed stands, as a
reaction to the strong above-ground domination of Douglas-fir, Beech develops a rooting
sirategy which ensures the possibility of above-ground expansion when the growth of
Douglas-fir declines.

Keywords: Pseudotsuga menziesii, Fagus sylvatica, root density, root length, root biomass,
below-ground competition, rooting strategy.

Introduction

Most literature on (temperate) forest dynamics, and in particular on tree roots, is
based on research in pure stands (Keyes & Grier, 1981; Van den Burg et al., 1989;
Davis et al., 1990; Olsthoorn, 1991). However, in practice, forestry in the
Netherlands sirives towards mixed stands. Most research concerning mixed stands,
only pays attention to above-ground parameters. Soil, however, also has considerable
influence on forest dynamics and succession (Jenny, 1980; Davis et al., 1990;
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Glinski & Lipiec, 1990). It is important to determine the influence of soil factors on
rhizosphere processes, and on the below-ground competition between species, which
depends on species, site and time (Caldwell, 1988). Knowledge of below-ground
processes helps to increase our understanding of forest dynamics. Several decades
ago, Coster (1933) already investigated the complementarity in root distribution as
criterium for choosing successful species combinations in the tropics. In short vege-
tation, root competition and growth strategies have been studied more widely than in
forests (e.g. Berendse, 1981; Aerts, 1990; Paraskevopoulos ef al., 1994). Root densi-
ty, root length and root biomass are, genotypic as well as environmental, influenced
by many factors (Béhm, 1979). It is therefore necessary to take time, site and forest
type into account when assessing root research. For forests, which have irregular tree
spacing, special sampling techniques must be used. Techniques commonly used in
agricultural crops can not be applied (van Noordwijk et al., 1985). De Vries (1989)
recommends a line-point sampling design for the inventory of biotic components in
forest ecosystems. More information about the sampling procedure is given in
Materials and Methods.

The aim of our study was to investigate possible differences in root density and
rooting pattern between pure and mixed stands of Douglas-fir (Pseudotsuga men-
ziesii (Mirb.} Franco) and Beech (Fagus sylvatica L.) and to examine the role of
stand age on these possible differences.

Six forest stands were selected for this purpose and divided into three pairs, each
pair containing one stand approximately 40 years old and one approximately 70
years old. The three pairs differed in stand type: four pure stands (two of Douglas-fir
and two of Beech) and two mixed stands of Douglas-fir and Beech.

Materials and methods
Site and stand description

All the investigated stands are located in the “Veluwe” area in the central part of the
Netherlands, and may be considered representative of these kinds of stand types in
the Netherlands. The young pure Douglas-fir stand (52°14'52" North Latitude
5041'04" East Longitude), the young (52°16'01" wL 5%41'08" EL). and the old
(52914'56" NL 5°41'04" EL) pure Beech stands were located in the “Speulderbos’, the
old pure Douglas-fir stand in the ‘Sprielderbos’ (52°15'03" nL 5°40°05" EL), the
young mixed stand in the ‘Loenermark’® (52°05'44" NL 6°00'05" EL) and finally, the
old mixed stand in the Crown land ‘Uddel’ (52°16'03" NL 5%49'23" Ev). The study
gites were selected of a set of 36 stands using ‘normal management’, crown COVer,
homogeneity, soil type and groundwater depth as criteria for selection. The selected
stands were all situated on typical fine loamy brown podzol (Netherlands:
‘Holtpodzolgrond’, US Soil Taxonomy: siliceous, mesic Entic Haplorthod). The pro-
files were classified as moderately humose, medium-fine to medium-coarse loamy
sand (Table 1). The water table in all stands was deeper than 10 m below the surface
and therefore groundwater played no role in soil moisture supply. The available soil
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Table 1. Site characteristics.

Characteristic Pure stands Mixed stands

Tree species  dg dg be be dgbe dghe

Stand age (yr) 40 60 38 64 43 76
Rooting depth {cm) 100 100 [50 80 100 130
Organic matter content topsoil (0~25 cm) (36) 5 35 2 5 2.5 4
Organic matter content subsoil (%) 0.1 0.1 0.1 0.1 0.1 0.1
Loam (% < 50 pm) rooting zone 18 23 20 18 19 20
Loam (% < 50 pm) subsoil 16 14 18 18 14 22
M50 (m) reoting zone 300 300 160 250 160 180
M50 (jim) subsoil 440 440 140 250 280 180
Litter layer thickness (cm) 4 2 1 3 4 5
*) Median of soil particle size

moisture storage was estimated at 100 to 150 mm, except for the young pure Beech
stand and the old mixed stand where it was estimated at 150 to 200 mm.

Table 2 shows general stand characteristics for the surveyed stands. The character-
istics were measured in a transect of 348.5 m?, which was positioned around the root
sample points. All the trees within the transect were measured, after which the re-
sults were converted to a ha basis. The diameter of the trees was measured at a
height of 1.30 m. The dominant height was calculated as the average of the four
highest trees in the transect. The yield tables of La Bastide & Faber (1972) were
vsed for the classification of the yield classes for Douglas-fir and of Hamilton &
Christie (1971) for Beech.

Methods

In the six selected stands the root sampling was carried out as a line-point sampling.
In each stand a line was taken with ten sample points with a mutual distance of three

Table 2. Stand characteristics.

Stand Tree Age Stem Mean Dominant Basal Yield
type species number diameter height area class
(years) (nba™) (cm}  (m) (m*ha™) (m®ha™ yr)
Pure Douglas-fir 40 631 27 24 36.2 13
Pure Douglas-fir 60 373 31 26 28.1 11
Pure Beech 38 516 24 20 232 10
Pure Beech 64 334 27 25 9.8 8
Mixed  Douglas-fir 43 316 32 26 253 15
Beech 43 316 14 17 4.9 6
Douglas-fir + Beech 632 3 31.0
Mixed  Douglas-fir 76 115 70 34 442 15
Beech 76 115 40 26 17.5 g
Douglas-fir + Beech 230 57 61.7
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meters, i.e. a line was 27 m long. The line was positioned in such a way that several
dominant and suppressed trees were close to it. If rows were visible in which the
trees were planted, the sampling line crossed the tree rows at an angle of about 30 to
60°. Seven samples were taken at each sample point: the mineral soil was sampled in
layers of 0.15 m to a depth of 0.90 m and the litter layer of the forest floor was sam-
pled as a separate layer.

The sampling took place with a root auger designed by Gnedewaagen (Schuurman
& Goedewaagen, 1971) with a height of 15 cm and a content of 750 em®. The miner-
al part of the soil was sampled by hammering the auger with a synthetic hammer
continually 0.15 m into the soil down to 0.90 m depth. The samples were collected
and stored at a temperature of —20 °C until processing.

Before root length could be determined, the sand and loam had to be washed off
the roots with water and two sieves. The sieves were put on top of each other and had
a 1,0 mm and 0.5 mm mesh, respectively. The diameters of the sieves were chosen
on the basis of the root diameters and texture of the soil. The sand grains, which
were rather coarse (Table 1) and most of the raw humus, easily passed the top sieve,
while in most cases more than 95% of the roots remained in the top sieve. Only
short, broken off root parts and root tips passed through the top sieve, and were
caught in the bottom sieve. We estimated that far less than 5% of the root length was
lost by the washing procedure, however we do not have exact figures on this loss.
The use of two sieves largely facilitated the separation of roots, soil particles and de-
bris. In almost all samples of the litter layer and the mineral layer of 0 to 0.15 m
depth there were so many fine roots that it was impossible to collect them all: For
samples of these two layers with a high root density, only subsamples of about 25%
of the total weight were analyzed. Further processing was the same as for the other
samples. Besides roots, also coarse organic parts and gravel remained in the sieves
after washing. To separate the roots from the residue, the sieves were put in a reser-
voir with water. Hereby the roots became fioating. With a pair of tweezers, the roots
were removed from the sieves, and separated into living and dead roots. Living roots
were distingnished from dead ones on the basis of easily observable physical charac-
teristics, as described by Santantonio & Hermann (1985). Only the root length of liv-
ing roots was measured. In the litter layer it was very difficult to separate roots from
the litter which also floated on water. Sample handling was confined to about 15
minutes, after which root parts remaining in between the litter were mostly very
small. We estimate that about 5% (or less) of the root length was ignored.

The root length of the living roots was estimated by Newman’s line-intersection
method (Newman, 1966). Intersections were counted by eye on fresh samples. The
roots were then divided into diameter classes 0 to 1 mm (very fine roots), 1 to 2
(medium fine roots), 2 to 5 mm (medium coarse.roots) and thicker than 5 mm
(coarse roots). This study was restricted to fine roots, viz. roots smaller than 2 mm,
of which young roots form an important part (Glinski & Lipiec, 1990).

Furthermore, the dry weight of the roots of several samples was determined. After
estimation of the root length, the roots were dried for 48 hours in an oven at 60°C
and weighed.

The significance of differences in root density and root length was based on calcu-
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lations of the least significant difference (Isd) at P < 0.05 (Oude Voshaar, 1994). The
variance, needed to calculate the 1sd, was calculated as a pooled estimation of the
variances of the root density for all stands.

Results

The root length of the investigated stands is expressed as root density (cm cm™),
which is the length of fine roots in cm per cubic cm of soil. In forests, however, root
density alone may not provide a satisfactory comparison of the stands, because the
thickness of the litter layer may vary considerable from stand to stand (Table 1).
Therefore, the total root biomass and the total root length, calculated from the thick-
ness of the soil layer(s) and the root density, are also given (Table 4). The variability
of the root density data found, are generally within the range found for grassland and
crops (van Noordwijk et al., 1985)

Root density and root length of pure stands

The root density of the pure stands of Douglas-fir and Beech is given in Table 3. In
the 40-year-old Douglas-fir stand, the root density was the highest in the litter layer,
viz. 8.85 cm cm™>. Converted to root length this represents 34 x 10° m ha™ and 24%
of the total root length. In the 60-year-old Douglas-fir stand, the highest root density,
3.41 em em™>, was also found in the litter layer. This represents 7 x 10° m ha™! and
11% of the total root length. The total root lengths of the stands were 140 x 10° (122
% 10% and 67 x 10% (£10 x 10%) m ha™', respectively. Hence, in the 40-year-old
Douglas-fir stand the root length is twice as high as in the 60-year-old stand, due to
the high root densities in the litter layer and the top soil,which differed significantly
(Table 3).

Tn the 38-year-old Beech stand, no roots were found in the litter layer. The highest
root density was found in soil layer 0~0.15 m below surface and amounted fo 7.82 cm
cm™> (Table 3). The 64-year-old Beech stand also had its highest root density in soil
layer 0-0.15 m below surface with 6.91 cm em™. The litter layer of this stand had 2
root density of 3.57 cm cm™>. This represents 12 X 10° m ha™' and 7% of the total
root length. The total root lengths of the stands were 159 % 10° (273 X 10%) and 184
% 10° (+21 x 10°) m ha™, respectively. The root density in the deeper layers of the
old Beech stand was significantly higher than of the young Beech stand (Table 3).

The clearest difference between the pure stands of Douglas-fir and Beech was
found in the layer 015 cm depth, where the pairs of young and old stands showed a
significantly higher root density for Beech. When comparing the mean root density,
only the old stands differed significantly.

The total root length of the Beech stands was higher than that of the Douglas-fir
stands, but only for the old stands the difference was significant (Table 4). The dif-
ference is mainly. due to the higher root density in soil layers of 0-0.15 and
0.15-0.30 m below surface. The contribution of the root density of Douglas-fir to
the mean root density in the litter layer was very high. The contribution to the total
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Table 4. Root length and biomass for 6 forest stands.

Stand Tree Age Root cv Root oV
type species length biomass
{years) (Mm ha™") (tonnes ha™)
Pure Douglas-fir 40 140 0.22 15.0 0.58
Pure Douglas-fir 60 67 0.36 7.8 0.64
Pure Beech 38 159 0.46 1.2 1.66
Pure Becch 64 184 0.42 9.6 1.65
Mixed Douglas-fir 43 83 037 6.9 3.01
Beech 43 26 037 2.6 130
Total 169 0.44 9.5 2.54
Mixed Douglas-fir 76 29 0.32 2.6 3.00
Beech 76 g3 032 29 1.29
Total 117 0.32 55 210
Isd" 81 8.7

) Differences in root length or biomass are significant (P < 0.05) when the lsd is smaller than the differ-
ence of root length or biomass of two stands. The 1sd was calculated for total root length and biomass
of the stands.,

root length of the stands, however, was relatively modest because of the small vol-
ume of this layer (Table 1) compared to the volume of the mineral layers.

Root density and root length in mixtures

In Table 3 also the root density of the mixed stands is presented. As in the pure
Douglas-fir stands, the root density in the 43-year-old mixed stand was the highest
in the litter layer: 3.76 cm cm™, which relates to a length of 20 x 10° m ha™'. The to-
tal root length amounts to 169 x 10° (34 x 10°) m ha™. Douglas-fir and Beech had
a nearly equal root density in all the sampled layers of the young mixed stand. Table
3 shows that the root density decreased more gradually with depth in mixtures than
in the pure stands. The root density in the deeper soil layers was higher than in the
pure young stands.

In the 76-year-old mixed stand, the highest root density was not found in the litter
layer, but in soil layer 0.15-0.30 m below surface and amounted 2.92 cm em™. The
total root length of the stand amounts to 117 x 10° (23 x 10%) m ha™'. Table 3 shows
an increasing root density down to about .30 m below surface and a decrease for the
deeper layers. Beech had a much higher root density in the mineral layers than
Douglas-fir (Table 3). Beech roots comprised more than 75% of the total root length.

The 64-year-old pure Beech stand had the highest root length of the sampled
stands (Table 4). The second highest root length was found in the young mixed
stand. The smallest root length was found in the 60-year-old Douglas-fir stand. The
only significant (P < 0.05) difference in root length, however, was found for the old
pure Douglas-fir stand, in which the root length was lower than in the pure Beech
stands and the young mixed stand. The root lengths of all other stands did not differ
significantly.
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Table 5. Specific root length (SRL) and coefficient of variation (cv) for trees of different stand types

Stand type Diameter class SEL cv n
(mg™)

Pure Douglas-fir 0-1 mm 11.0 {a) 0.61 24
1-2 mm 2.0 (c) 0.47 73
0-2 mm 9.0 (a) 0.51 47

Pure Beech 0-1 mm 26.3(b) 1.62 23
1-2 mm 23(c) 2.23 39
0-2 mm 20.7 (b) 1.59 o4

Mixed Douglas-fir 0-1 mm 16.7 (a) 277 25
-2 mm 2.8(c) 1.68 20
0=2 mm 11.6 (a) 2.99 45

Mixed Beech 0-1 mm 37.1 (b) 1.31 25
1-2 mm 2.8 (c) 1.83 14
0-2 mm 31.5(b) 1.25 39

Different letters between brackets indicate a significant difference in SRL at < (.05.

Specific root length

Table 5 presents the specific root length (SRL) for the different stand types. With the
Student-t test, we tested whether the SRL of the different diameter classes differed
sipnificantly. The SRL of the very fine roots (@ 0—1 mm) of the pure Beech stands
were significantly higher (P < 0.05) than the SRL of the pure Douglas-fir stands.
The SRL of the medium-fine roots (@ 1-2 mm) of these two stands did not show a
significant difference. If the two diameter classes are combined into one class of 0 to
2 mm (fine roots), the SRL becomes 9.0 m/g for the pure Douglas-fir stands and
20.7 m/g for Beech, which is significantly higher.

In the mixed stands the SRL of the very fine roots of Beech was also significantly
higher than the SRL of very fine roots of Douglas-fir. The SRL of medium-fine
roots did not differ significantly. In the mixed stands, the SRL of fine roots of
Douglas-fir was 11.6 m/g and for Beech 31.5 m/g, a significant difference. The SRL
of the pure Douglas-fir stands was significantly lower than the SRL of Douglas-fir
in the mixed stands. This was valid for very fine and medium-fine roots (& 0-1 and
1-2 mm, respectively). Mo significant difference was found for Beech. For the fine
roots, the SRL of the mixed and pure stands show no significant differences for ei-
ther Douglas-fir or Beech.

Root biomass

Although the 38-year-old Beech stand had a significantly higher root length, the 40-
year-old Douglas-fir stand had the highest root biomass because of the smaller SRL

of Douglas-fir (Table 4).
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Discussion

Olsthoorn (1991) investigated two pure Douglas-fir stands in the Netherlands. In the
litter layer of these stands, he found a root density of 0.26 cm cm™ after a dry period
and 1.87 cm cm™ as the highest density of three consecutive years. Our results were
up to four times higher (8.85 cm cm™). One of the reasons for this difference could
be the sampling period, because much precipitation fell in our sampling-period after
a relatively dry period. It is well known that in a period of drought, the root density
may strongly decrease, and quickly increase again when moisture becomes available
after a period with much rain (Olsthoorn & Tiktak, 1991). Root density may also
vary substantially between several consecutive years (Santantonio & Hermann,
1985, Olsthoorn, 1991). The root length we found for Beech was also high compared
to Mitscherlich (1969), who mentioned a root length of 2.5 x 10° m ha™ for a 63-
year-old Beech stand and 13.6 X 10° m ha™ for a 35-year-old Scots pine stand.
However, Von Kem et al. (1961), found root lengths between 300 and 400 x 10° m
ha~! in a mixed forest of Silver fir, Norway spruce and Beech, twice the lengths
found in our study. These differences may be explained by many factors such as dif-
ferences in ground water depth and nutrient status which strongly influence root
length (Keyes & Grier, 1981; Glinski & Lipiec, 1990). On the basis of our informa-
tion it is not clear why the litter layer of the 38-year-old pure Beech stand was not
rooted. It may be due to a fast decomposition rate: e.g. the litter layer was “only” 1 cm
thick.

The fine root biomass found in our study (5.5 tonnes/ha to 15 tonnes/ha) better re-
sembled results found in the literature than the root .density or root length. For
Douglas-fir in the Veluwe area of the Netherlands, Olsthoorn (1991) found a fine
root biomass ranging from 0.9 tonnes/ha to 4.1 tonnes/ha. Keyes & Grier (1981)
found a fine root biomass of 4.1 tonnes/ha to 8.1 tonnes/ha for Douglas-fir in
Washington, U.S.A. Finally, Santantonio ef al., (1977) reported root biomass (< 5
mm) in Douglas-fir stands in Oregon, U.S.A ranging from 8.5 to 10.1 tonnes/ha. As
already mentioned, both site characteristics and weather conditions may be reasons
for these different results. an

Table 3 shows that the rooting patterns of the mixed stands were different from the
pure stands. In the mixed stands, the root density in the deeper soil layers was higher
than in the pure stands. In the layers 0.15-0.30 m and 0.30-0.45 m below surface
this difference was significant (P < 0.05). Furthermore, for very fine and medium
fine roots, the SRL of the mixed stands was significantly higher than that of the pure
stands, which means that the below-ground biomass was mére effectively used by
developing more root length (and surface) in the same biomass. The differences in
rooting pattern and SRL indicate that there is not only above-ground competition,
but also below-ground competition, which may influence the nuirient and water up-
take efficiency of the fine roots.

With our results we can built up a, somewhat speculative, but certainly not unreal-
istic concept on above-ground and below-ground growth strategies of Douglas-fir
and Beech. The results indicated that, at about 40 years of age, Douglas-fir had a
higher mean root density than Beech. From 60 years of age, however, Beech had a
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higher mean root density. In mixed forests, therefore, they both have advantages
from this rooting strategy. First Douglas-fir may expand its root system, whereafter
Beech can expand its roots more easily because the root density of Douglas-fir is de-
creasing and the soil profile has already been ‘opened’ by the roots of Douglas-fir.
Probably because of this below-ground expansion, Beech can survive in this kind of
mixed forest, in which Douglas-fir has a much faster above-ground growth in the
early stages of stand development. Until 40 years of age, Douglas-fir seems to win
the above-ground competition, but when the height growth of Douglas-fir decreases,
Beech can take over, fully supported by a large expanded root system, exploring the
major part of the soil profile and leaving little space for the roots of Douglas-fir. At
about 60 years of age, Douglas-fir is well established in the crown layer and Beech
grows upwards in the gaps caused by natural mortality or silvicultural thinnings of
Douglas-fir,

The results are promising to forestry which is tending towards mixed and more
natural forests. This root study indicates that Douglas-fir and Beech can grow well
together in mixed stands, even without silvicultural measurements such as thinnings

and exemption of suppressed trees.
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