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Abstract We investigated fine root biomass and distri-
bution patterns in a species-rich temperate Carpinus—
Quercus—Fagus—Tilia forest and searched for experimental
evidence of symmetry or asymmetry in belowground
competition. We conducted extensive root coring and
applied the recently introduced in situ-root growth chamber
technique for quantifying fine root growth under experi-
mentally altered intra- and interspecific root neighbour-
hoods in the intact stand. In 75% of all soil cores, fine roots
of more than two tree species were present indicating a
broad overlap of the root systems of neighbouring trees.
Quercus trees had more than ten times less fine root bio-
mass in relation to aboveground biomass or productivity
(stem growth) and a much higher leaf area index/root area
index ratio than Carpinus, Fagus and Tilia trees. The root
growth chamber experiments indicated a high belowground
competitive ability of Fagus in interspecific interactions,
but a low one of Quercus. We conclude that (1) interspe-
cific root competition is ubiquitous in this mixed stand,
(2) root competition between trees can be clearly asym-
metric, and (3) tree species may be ranked according to
their belowground competitive ability. Fagus was found to
be the most successful species in belowground competition
which matches with its superiority in aboveground com-
petition in this forest community.
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Introduction

A bulk of experimental and observational studies have
provided convincing evidence that root competition is an
important structuring force in many, if not most, terrestrial
plant communities (Wilson 1988; Coomes and Grubb
2000). Current research focuses on the importance of root
competition relative to other factors in determining growth
and survival of plants and in affecting the diversity and
species composition of plant communities (e.g. Rajaniemi
et al. 2003; Ludwig et al. 2004). Because the mode of
competition substantially influences population and com-
munity dynamics (e.g. Lomnicki 1980; Yokozawa et al.
1998; Aikio and Pakkasmaa 2003), there is a vital debate as
to whether belowground competition is symmetric or
asymmetric (de Kroon et al. 2003; Schenk 2006). Most
experimental evidence suggests that soil resource acquisi-
tion by root systems of competing plants tends to be pro-
portional to their sizes (‘symmetric’; e.g. Weiner et al.
1997; Cahill and Casper 2000). In contrast to light com-
petition, larger root systems per se cannot simply preempt
nutrients or water at the expense of smaller plants. How-
ever, most of these results were obtained under artificial,
homogeneous soil conditions (e.g. Hutchings and John
2004). It has been suggested that the picture of symmetric
competition belowground may not be valid in patchy nat-
ural environments (e.g. Jackson and Caldwell 1993), where
larger and faster growing root systems could exploit
resources more completely (Campbell et al. 1991; Van
Lear and Kapeluck 1995; Schwinning and Weiner 1998).
Thus, the outcome of belowground competition in mixed
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stands may largely depend on the rate and degree as to
which different species can access temporal or spatial
resource patches in the soil (Thomas and Weiner 1989). In
any case, experimental evidence for asymmetric below-
ground competition is still scarce (Blair 2001; Rajaniemi
2003; von Wettberg and Weiner 2003).

A second topic able to change our perception of
belowground competition is the search for organic com-
pounds released in root-root and root—soil interactions (e.g.
Bais et al. 2003; Bonanomi et al. 2005; Falik et al. 2003).
Chemical signals, yet unknown recognition systems in
roots, and indirect root interactions involving other soil
organisms may play an important role in the belowground
interaction between tree root systems (Schenk 2006).
Competition between roots of the same individual will
lower resource use efficiency and possibly may reduce
plant fitness (Schenk 2006). Indeed, roots have been found
to avoid competition with roots of the same plant
(Holzapfel and Alpert 2003; Gruntman and Novoplansky
2004; Falik et al. 2005). On the other hand, a plant may
increase its fitness by growing roots into soil shared with a
competitor, allowing it to acquire resources from that space
and also to decrease the competitors’ fitness by reducing its
resource supply (Robinson et al. 1999).

Various studies found a certain degree of niche parti-
tioning in terms of rooting depth and placing of roots, root
dynamics and resource acquisition strategies in mixed
stands of herbs and grasses (Parrish and Bazzaz 1976;
Mamolos et al. 1995; Nobel 1997; Fargione and Tilman
2005). Belowground interactions among woody plants have
mostly been studied in agroforestry systems (Nambiar and
Sands 1993). In forests, manipulative studies have mainly
focused on root competition between adult trees and forest
herbs or tree seedlings (Coomes and Grubb 2000; Barberis
and Tanner 2005). Therefore, the significance of root com-
petition between mature trees in intact stands is scarce, and
the importance of root competition for tree growth, vitality
and species coexistence in mixed forests is poorly under-
stood. This is mainly a consequence of difficult access to the
root system of trees and the lack of adequate techniques for
studying root competition between trees experimentally.

Here, we present the results of a combined observational
and experimental study in a Carpinus—Quercus—Fagus—
Tilia temperate mixed forest which investigated the abun-
dance and horizontal distribution, and the relative growth
rate (RGR) of fine roots in different competitive
neighbourhoods.

Study aims were (1) to relate aboveground structure
[leaf area index (LAI), stem density, basal area, stem
growth] to belowground structure [fine root biomass and
root area index (RAI)] in the four coexisting tree species,
(2) to quantify the extent of root system overlap, (3) to
assess the evidence for symmetry or asymmetry in fine root
competition, and (4) to attempt a ranking of the four spe-
cies with respect to belowground competitive ability in this
mixed stand. We tested the hypotheses that (1) trees with a
large aboveground biomass have a roughly proportional
biomass belowground, (2) tree root systems are spatially
segregated, i.e. territorial in the sense of Schenk et al.
(1999), and (3) belowground competition is symmetric in
forests.

Methods
Study site

The study was carried out in 2002 in a four-species mixed
forest consisting of 120- to 130-year-old Fagus sylvatica L.
(European beech) and Quercus petraea (Matt.) LIEBL.
(Sessile oak) trees, and of 70- to 90-year-old Tilia cordata
MiLL. (linden) and Carpinus betulus L. (hornbeam) trees in
the Ziegelrodaer Forst south of the city of Eisleben in
Saxony-Anhalt, Central Germany (51°25'N, 11°31'E).
Forty-seven per cent of the tree individuals (diameter at
breast height: DBH >7 cm) belonged to Carpinus, 40% to
Quercus, 10% to Fagus and 3% to Tilia (Table 1). Located
in the transition zone between the sub-oceanic and sub-
continental regions of Central Europe, the stand represents
a community which is intermediate between a beech for-
est on eutrophic Cambisol (Galio-Fagetum community
after Ellenberg, 1996) and an oak-hornbeam-linden forest

Table 1 Stand structural characteristics of the Carpinus, Fagus, Quercus and Tilia trees (DBH > 7 c¢m) in the 0.37 ha study plot

Stem density (n ha~!)  Mean DBH (cm)

Mean tree height (m)

Stem basal area (m2 ha™!)  Leaf area index (m2 mfz)

Carpinus 166 230 £09a 190+ 0.6 a 8.6 1.7+0.1a
Fagus 36 462 +25b 30.1 £0.8b 6.6 23+£0.1b
Quercus 140 397+ 08b 279 £02b 18.3 33+£0.1c¢
Tilia 10 39.0£29ab 26.1 £ 1.1 ab 1.3 05+£0.1d
Stand total 352 - - 34.8 78 £0.2

Significant differences between the species are indicated by different letters (mean £ SE; DBH and leaf area index: U test after Mann and

Whitney; tree height: Scheffé test, P < 0.05)
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(Tilio-Carpinetum). The forest has been managed with the
prime goal to produce Quercus logs in the past centuries.
A substantial reduction in management intensity in the last
three decades favoured the regrowth of Carpinus which
now forms a second tree layer under the upper canopy of
Quercus and Fagus trees. Total stem density was 352 ha™'
(all stems with DBH >7 cm) with Carpinus contributing
most of the thinner stems. Fagus, Quercus and Tilia did not
differ significantly with respect to DBH (39-46 cm) and
mean tree height (26-30 m), whereas the Carpinus trees
were, on average, less tall and had a lower DBH (Table 1).
While a shrub layer was nearly absent (<2% cover), about
10% of the forest floor was occupied by forest herbs
(Anemone nemorosa L., Stellaria holostea L., Athyrium
filix-femina (L.) RoTH and other species).

Mean annual precipitation was 462 mm at the nearby
weather station of Allstedt; it is assumed that the study
plot at a somewhat higher elevation received about
520 mm year' (Schipka 2002) with approximately 55%
of the annual precipitation falling from May to September
(300 mm in the study year 2002). The mean annual tem-
perature was 8.6°C. The soils were meso- to eutrophic
Cambisols (pH(H,0):4.3—4.4; base saturation about 40% in
the topsoil) derived from Triassic sandstone (Upper
Bunter) covered by a thin layer of Pleistocene eolic loess
deposits. Atop of the mineral soil, a thin (5-30 mm) layer
of ectorganic material (humus form: mull) was present. The
groundwater horizon was far below the rooting zone.

Selection criteria for the study plot were (1) absence of
canopy gaps, (2) a representative tree species composition
with respect to the forest community, and (3) only minor
soil disturbance by wild boar. A plot of 0.37 ha
(45 x 92 m), which fulfilled these criteria, was selected
and fenced, and all stems >7 cm DBH were mapped.
Diameter at breast height was measured with dendrometer
tapes at 1.3 m height, tree height with an ultrasonic Ver-
tex IIT height meter (Haglof, Sweden). For monitoring stem
increment, 4—12 stems per species were instrumented with
dendrometer tapes and read seven times during a period of
12 months. The stems used for increment measurement
were selected in direct proximity to the root coring tran-
sects (see below); the stems represented the most abundant
diameter classes of the species in the stand. We used
allometric regressions based on DBH and stem form to
estimate annual stem growth of the four species using the
single-tree modelling software BWinPro (Nagel and
Schmidt 2006). The LAI was measured by litter sampling
in autumn. Litter fall was collected with 30 litter buckets of
0.29 m? aperture placed in the plot at random distances
along the root coring transects (see below). The material
was sorted into leaves and non-leaf material (including
bark, twigs and reproductive organs). Twenty leaves per
bucket were selected by random and analysed individually

for their area with the software WinFolia 2001a (Régent,
Quebec, Canada).

Analysis of fine root mass, morphology and distribution

Soil coring and associated fine root analysis was conducted
for three purposes, (1) to estimate the root biomass and
necromass of the four tree species in the stand, (2) to
analyse the vertical and horizontal fine root distribution by
species, and (3) to compare the four coexisting species with
respect to fine root morphological properties.

Fine root (d <2 mm) sampling was conducted in June
2002 with sharp soil corers (d = 35 mm) that were man-
ually driven into the topsoil to a depth of 25 cm. Coring
was conducted at 60 locations that were selected by ran-
dom on three transects of 30 m length (20 locations per
transect). The transects were demarcated at a distance of
about 5 m to each other in the north-western part of the
study plot where all four tree species occurred in quantities
corresponding to their presence in the entire plot, where
the mean stem distance was about 7 m and no marked
clumping of stems occurred (data not shown). A clumping
of stems would have complicated a spatial analysis of fine
root mass in the stand. The exact position of the root coring
locations in the plot was recorded with the aim to analyse
the dependence of root biomass on the distance to the
closest stem, tree species identity, and basal area of the
surrounding stems. In the analysis of the relationship
between belowground and aboveground biomass structure,
all stems within a radius of 5 m around a coring location
were considered.

The soil cores were sliced into organic layer, upper
(0-10 cm) and lower (10-20 cm) mineral soil horizons,
transferred to plastic bags, sealed, and transported to the
laboratory where the processing of the stored samples
(4°C) took place within 4 weeks (Tierney and Fahey 2001).
We restricted root coring to the organic layer and the
0-20 cm layer of the mineral soil, since earlier investiga-
tions in the Ziegelrodaer Forst had shown that fine root
biomass decreases exponentially with soil depth and that
the 0-20 cm section of the soil profile contained about 60%
of the total fine root biomass of the stand (Hertel 1999).

The samples were cleaned from soil using a water jet
and a 0.25 mm sieve. Fine roots of the four tree species
were separated under the binocular (16-40x) according to
colour, periderm surface structure and ramification. Hertel
(1999), Holscher et al. (2002) and Korn (2004) developed a
preliminary key for distinguishing fine roots of Fagus,
Quercus, Carpinus and Tilia based on a set of morpho-
logical criteria, which was applied here. Live (biomass)
and dead rootlets (necromass) were distinguished by col-
our, root elasticity and the degree of cohesion of cortex,
periderm and stele. A non-turgid cortex and stele, an
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air-filled stele, or the complete loss of the stele and cortex
with only the periderm being present, were used as indi-
cators of root death (Leuschner et al. 2004). Herb roots
occurred only at very low densities in the stand; they were
discarded. Large fine root fragments (length >10 mm)
were extracted by hand, smaller fragments were deter-
mined in sub-samples (n = 8 per soil horizon) by spread-
ing the remaining sieve content on a piece of filter paper
(730 sz) with 36 squares marked on it (Van Praag et al.
1988). Six of the squares were randomly selected and
analysed in a time-consuming procedure under the binoc-
ular for even smallest fine root fragments. The mass of
small fragments was then extrapolated to all samples by
quantifying the ratio between large and small root frag-
ments in a sub-sample. All samples were oven-dried (48 h,
70°C) to constant weight.

The root mass data were expressed per ground area
(g m 2 to a depth of 20 cm) and as biomass/necromass
ratio for each tree species. Coring locations, where all
surrounding stems within a 5 m radius belonged to one
species, were termed ‘mono-specific coring locations’;
‘multi-species coring locations’ were surrounded by stems
of two to four tree species.

For investigating root morphology, 29—49 fresh fine root
samples per species and soil horizon were extracted and
analysed for specific fine root surface area (SRA, in
cm? g_l; only fraction <2 mm in diameter considered)
using a flat-bed scanner and the image analysis program
WinRhizo 2002a (Régent, Quebec, Canada). By multiply-
ing SRA with fine root biomass in the horizons, a fine RAI
(in m? per m? ground area and 20 cm depth) was obtained.
The specific abundance of live fine root tips (n per mg root
dry mass) was also counted under a stereo-microscope.

Root chamber experiments on fine root competition

Hertel and Leuschner (2006) introduced the in situ-root
growth chamber technique for monitoring fine root growth
of trees in the soil of mature forests under conditions of
manipulated root neighbourhoods. This approach allows
conducting replicated experiments on competitive interac-
tions between tree fine roots under field conditions in intact
forests. Our chambers partly resemble the root chambers
developed by Mahall and Callaway (1991), Espeleta et al.
(1998) and Escamilla and Comerford (1998) for studying
nutrient depletion, root communication or the functioning
of mycorrhizal roots in the rhizosphere. We applied this
technique for quantifying competition between fine roots of
all four species (interspecific competition) and compared
the results with the outcome of intraspecific competition
treatments. The technique and its application are described
in detail in Hertel and Leuschner (2006). Briefly, 335 root
growth chambers manufactured from opaque PVC plates
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with a volume of 189 cm® (90 x 70 x 30 mm length,
height and width) were used in the stand. The chamber’s
front and back sides were perforated with 36 holes
(d = 1 mm) each, and the top and bottom consisted of
plastic gauze (d = 1.5 mm) to permit sufficient water
percolation and gas exchange but to prevent root ingrowth
from the surrounding soil.

We investigated ten different competitive root interac-
tions (six possible interspecific interactions between each
two species, four intraspecific interactions) by placing two
terminal fine roots in each chamber and exposing them for
180-210 days in the topsoil in situ. The chambers were
covered by a layer of soil or litter. Live terminal fine roots
were carefully uncovered in the uppermost soil with a pair
of tweezers and small spoons, and inserted through one of
the two openings (d = 6.5 mm) at the two opposite side
walls. By this procedure, the mycorrhizal mycelium in the
rhizosphere was cut but the terminal finest roots and their
root tips remained intact and typically continued growth
within a few weeks inside the chamber (Hertel and Leus-
chner 2006). After 6 months of exposure in the chambers,
the majority of roots were intensively re-infected by
mycorrhizal fungi and showed vital growth. The roots
selected for study had a diameter at the point of insertion of
2 mm; approximately 30 mm of the terminal root section
was enclosed in the chamber. Since the two root endings
partly overlapped in the chamber, competitive interactions
must have occurred in the experiments. The species iden-
tity of the roots was detected in situ from periderm mor-
phology and colour as described above. In the case of
experiments on interspecific root competition, the study
objects were fine roots of two different species; intraspe-
cific competition was investigated with two conspecific
roots in a chamber. The chambers were filled with root-free
mineral soil extracted from the direct vicinity and the roots
were carefully embedded in this substrate which more or
less resembled the undisturbed soil environment in the
stand.

We attempted to accommodate each of the ten studied
interaction types with at least 30 chambers to allow for a
statistical analysis of the data. At the date of harvest, the
branch roots were cut at the insertion holes, carefully
extracted from the chamber and their dry mass (48 h, 70°C)
and length increment were determined in the laboratory.
Root performance was assessed as root RGR (in
mg g~ ' day ') between insertion date and date of harvest.
The root for which RGR was calculated was termed ‘target
species’, whereas the second root present was termed
‘competitor’. The initial biomass of the two inserted fine
roots was estimated non-destructively by photographing
the root in front of a graph paper at the beginning of the
experiment and calculating root length/dry mass relation-
ships from root samples taken close to the chambers.
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For quantifying a species’ ability to compete success-
fully with the roots of other tree species for soil space and
soil resources, we defined a competitive ability index (CA)
which uses fine root RGR as a fitness parameter in the
belowground compartment. We assumed that root growth
is closely linked to an increase in absorbing surface area
and thus to a growing nutrient and water absorption
capacity of the fine root system. A species’ RGR in inter-
specific interaction (two-species chambers, RGR ;) was
contrasted with its RGR in intraspecific interaction (single-
species chambers, RGR,0,,) With

CA = (RGRyix — RGRpyono) x RGR! . (1)

Positive CA values stand for a better root growth with an
allospecific root than with a conspecific one. For assessing
the competitive ability of a tree species in all possible
interspecific interactions in this four-species stand, all three
CA values of a species were averaged. Similar CA values
of two competing species were interpreted as an indication
of a quasi-symmetric competitive interaction, irrespective
of the absolute size of RGR of the two species. On the
other hand, we assumed the larger the species differences
in CA, the more asymmetric the interaction to be.

Using root RGR as criterion to assess belowground
competitive ability follows the general practice in compe-
tition experiments with herbaceous pot-grown plants
(Grace 1995). This species-centred approach of below-
ground competitive ability contrasts with the concept
adopted by Schenk (2006) who focuses on the community-
level consequences of belowground competition by defin-
ing root competition to be ‘a reduction in the availability of
a soil resource to roots that is caused by other roots’.

We were not able to reach a balanced experimental
design in the root chamber study because the fine roots of
the four species occurred at different abundances in the
soil. Since root species identification in the field was
erroneous in various cases, species identification was
verified under a binocular (16-40x) at the date of harvest.
This resulted in certain deviations from the planned
scheme of interaction types to be investigated. Thus,
several species combinations were represented with only a
few chambers, while others could be accommodated with
more than 30 replicates because the root species combi-
nation was particularly abundant. Furthermore, it turned
out upon harvest that, in about 5% of the chambers, the
roots had not grown at all, or the experiment was dis-
turbed by the ingrowth of additional fine roots from the
surrounding soil (3%). Possible causes of zero root
growth were root damage during the insertion process,
assumed low vitality of the roots at the start of the
experiment, or other unknown factors. Therefore, cham-
bers with RGRs <0.001 mg g~' day™' were excluded
from the analysis.

Statistical analysis

All data sets were tested for Gaussian distribution with a
Shapiro-Wilk test. We used a parametric Scheffé’s multi-
ple comparison procedure to test for significant differences
in tree height and fine root biomass among the four species.
A non-parametric Mann and Whitney (Wilcoxon) two-
sample test was used to determine if (1) tree species had
different DBH means, (2) root growth rates were different
in the root chamber treatments, (3) the species differed
with respect to fine root morphology, and (4) the species
differed in their relative competitive abilities. These cal-
culations were conducted with the SAS System for Win-
dows 8.02 (SAS Institute, Cary, NC, USA). Linear and
non-linear regressions were calculated with the program
Xact 8.03 (SciLab, Hamburg, Germany).

Results

Aboveground forest structure and productivity of the
four tree species

The four-species mixed stand in the Ziegelrodaer Forst
showed very different stem numbers and basal areas for
Carpinus, Fagus, Quercus and Tilia. Quercus was the most
abundant tree species with 40% of the stems and 53% of
the basal area in this stand, followed by Carpinus (stems:
47%, basal area: 25%) and Fagus (10 and 19%, respec-
tively). Tilia contributed less than 4% of the stems and of
the basal area (Table 1). In contrast, relative basal area
increment (in %o of the existing basal area) in the period
January to September 2002 tended to be higher in Fagus
than in all other species (Fig. 1, only the difference Fagus—
Tilia significant), and thus was not related to a species’
abundance in the stand. The LAI was significantly different
between the four species; LAI of all trees in the stand
totalled at 7.8 m*> m~2 (Table 1).

Fine root mass of the four species

No significant relationship between a species’ basal area
and its fine root biomass existed in the stand. Quercus
with 53% of the basal area and an annual stem wood
production of 1.2 Mg ha™' contributed only 11% of the
stand total of fine root biomass, whereas Fagus (19% of
basal area) and Carpinus (25%) with 0.4 and 0.1 Mg ha™!
of stem wood production were over-represented in root
biomass (32 and 51%, respectively, Fig. 2). Relating fine
root biomass to stem increment yielded quotients of 150—
1,000 g root biomass per Mg ha™' of stem increment in
Carpinus, Fagus and Tilia, but only 17 g per Mg ha™' in
Quercus.
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Fig. 1 Mean basal area increment (in %o of the existing basal area) in
the period January—September 2002 of the four tree species in the
study plot (mean 4 SE; n = 4-12 trees per species). Significant
differences between the species are indicated by different letters (U

test after Mann and Whitney, P < 0.05)
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Fig. 2 Fine root biomass of the four tree species in the organic layer
and two mineral soil horizons (0-10 and 10-20 cm) of the study plot
(n = 59, mean + SE). Inlet: relationship between relative stand basal
area and fine root biomass for the four species in the stand. Significant
differences between the species are indicated by different letters (U
test after Mann and Whitney, P < 0.05). Asterisks denote significant
differences between upper and lower mineral soil horizon

We found twice as much fine root necromass in the
profile to 20 cm depth than root biomass with Carpinus
contributing by far the largest proportion (>50%) of dead
roots (Table 2). Fagus had a significantly higher biomass/
necromass ratio (0.84) than Tilia, Carpinus and Quercus
(0.45-0.79).

Fine root morphology was not significantly different
between the four species with respect to specific root surface
area (SRA), the relative proportion of finest roots (<1 mm in
diameter) in fine root biomass, and specific root tip fre-
quency (Table 3). However, Tilia tended to have a higher
SRA, and Fagus and Tilia a lower root tip frequency than the
other species. The fine RAI of all trees in the stand totalled at
4.5 m* m~? (profile to 20 cm soil depth) with particularly
large contributions by Carpinus and Fagus (Table 2).
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Table 2 Necromass, biomass:necromass ratio, and root area index
(RAI) of fine roots of the four tree species in soil profiles (organic
layer and 0-20 cm of mineral soil) of the study plot (mean + SE,
n=1>59)

Fine root Fine root Fine root
necromass biomass: area index
(g DW mfz) necromass (m2 mfz)
ratio
Carpinus 1904 £+ 16.8 a 0.45 +0.03 b 24+04a
Fagus 944 +£19.2b 0.84 + 0.08 a 14+£03b
Quercus 570+ 4.1b 0.54 +£0.10 b 05+03c¢
Tilia 214+ 57¢ 0.79 £ 0.16 b 02+02d

Significant differences between the species are indicated by different
letters (U test after Mann and Whitney, P < 0.05)

Table 3 Proportion of finest roots (diameter d <1 mm) in fine root
biomass (d <2 mm), specific fine root surface area (SRA), and spe-
cific root tip frequency of the four tree species in the mineral soil
(0-20 cm; mean £ SE; n = sample size)

n Proportion Specific Specific
of finest root area root tip
roots (%) (cm? gfl) frequency

(nmg™")
Carpinus 44 882+ 18a 349.2 + 288 a 26+ 4a
Fagus 49 90.2 £2.1a 3154 £ 190 a 17+2a
Quercus 36 957+ 14 a 3255+ 39.1a 23+ 4a
Tilia 29 90.0 £ 3.6a 4159 £ 733 a 18+ 5a

Different letters indicate significant differences between the species
(U test after Mann and Whitney, P < 0.05)

Spatial distribution of fine roots and overlap among
different species

The identification of fine roots by species allowed us to
analyse species-specific fine root abundances in the upper
soil horizons in horizontal and vertical direction in the soil
of the mixed stand. All species exhibited horizontal root
distribution patterns that were more or less stem-centred
with the highest biomass of a species regularly occurring at
distances of 2-5 m around the stem (Fig. 3). Species-spe-
cific fine root density decreased more rapidly with stem
distance in Carpinus and Fagus, which generally had
higher fine root biomasses in the stand, than in Quercus and
Tilia, species with a comparably low density. The maxi-
mum horizontal extension of fine roots was estimated at
15 m for Tilia; in the other three species, we were not able
to detect root system radii >7-12 m because distances
between conspecific stems were shorter than in the rare
species Tilia.

The 0-20 cm mineral soil was densely explored by tree
fine roots, and the root systems of the four species
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Fig. 3 Relation between cumulative fine root biomass of a species in
the soil (organic layer and 0-20 cm of mineral soil) of the study plot
and distance to the nearest conspecific stem (n = 59 soil samples)

overlapped extensively. More than 50% of all investigated
soil samples contained roots of two species; about 25%
were explored by three or four species. Only one species
was present in about 25% of the samples. The thin organic
layer (5-30 mm in depth) contained only roots of Fagus
and Carpinus, the two species with the largest total fine
root biomass in the stand (Table 4).

Apparent neighbour effects on fine root biomass

Different root abundances of a target species in forest
patches, in which either conspecific or allospecific tree
species were dominant aboveground, may give hints on a
species’ belowground competitive ability in interspecific
interactions. For each of the four species, we compared the
fine root biomass in forest patches, where either all sur-
rounding trees in a 5 m radius were conspecific (M onos

Table 4 Relative frequency of soil samples containing fine roots of
1-4 tree species (or no roots at all) in three soil layers (in per cent;
n = 59)

No. of tree species Organic Mineral soil Mineral soil
present with layer (0-10 cm) (10-20 cm)
their fine roots

No fine roots 59.3 0 0

1 339 234 17.2

2 6.8 48.3 60.3

3 0 23.3 15.6

4 0 5.0 6.9

‘mono-specific coring locations’), with patches, where part
of the trees were allospecific (M,;x, ‘multi-species coring
locations’). As expected, a species’ fine root biomass in the
0-20 cm profile tended to be higher in the mono-specific
coring locations than in the multi-species locations for all
four species (Table 5). However, only in the case of Tilia,
the Mpix — Mumono difference was large and significant at
P < 0.05. In Quercus, the difference was marginally
significant (P < 0.1). Carpinus and Fagus showed only
non-significant differences in root biomass between mono-
specific and multi-species coring locations. A large root
biomass reduction in the presence of allospecific trees is
reflected by small M,;x/Myono ratios as in Tilia and
Quercus (0.16 and 0.48), a small reduction by high ratios as
in Carpinus and Fagus (0.84 and 0.81).

In situ-root competition experiments

In the in situ-root growth chamber experiments, Quercus,
Tilia and, in part, Carpinus showed highest RGRs of their
fine roots when exposed with a conspecific root (the dif-
ferences in growth rates between intra- and interspecific
competition treatments were only partly significant at
P < 0.05, Table 6). Fagus fine roots, in contrast, grew
significantly better in the neighbourhood of a Quercus or
Carpinus root than in proximity to a conspecific root (the
differences in growth rates between intra- and interspecific
competition treatments were only partly significant at
P < 0.05).

The competitive ability index CA, which is defined as
fine root RGR of the target species in intraspecific inter-
action versus interspecific interaction with the three other
tree species, showed large differences between the four
species and was highest for Fagus (+0.30) and lowest for
Quercus (—0.25); Tilia and Carpinus ranked in-between
(+0.03 and —0.15, Fig. 4).

Discussion

Relationship between aboveground and belowground
structures

The fine root systems had a far larger horizontal extension
than the corresponding tree crowns in the four-species
mixed stand. This observation is in accordance with vari-
ous other root inventories in forests, orchards and agro-
forestry systems (e.g. Kochenderfer 1973; Atkinson et al.
1976; Mou et al. 1995; Johnsen et al. 2005). Tilia trees
spread their fine roots over an area of about 700 m>
(radius ~ 15 m), which is roughly ten times the size of the
crown projection area (data not shown). A much larger size
of the root system compared to the crown area was already
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Table 5 Fine root biomass (in g DW m™2) in soil profiles (organic layer and 0-20 cm of mineral soil) in soil patches surrounded either by
conspecific stems (‘mono-specific coring locations’) or by one or more allospecific stems (‘multi-species coring locations’) within a 5 m radius

Species Mono-specific coring locations n Multi-species coring locations n Multi-species/mono-specific ratio
Carpinus 144.8 £+ 18.9 Aa 14 122.8 + 14.9 Aa 22 0.84 £ 0.10
Fagus 149.2 £+ 12.8 ABa 4 121.0 £ 23.6 Aa 9 0.81 £ 0.19
Quercus 68.3 + 14.9 Ba 5 32.8 £ 11.2 Ba 14 0.48 + 0.16
Tilia 60.6 &+ 10.0 Ba 5 9.9 + 7.4 Bb 5 0.16 &+ 0.13

The biomass ratio in multi-species to mono-specific locations is given as well. Significant differences between the fine root biomass in mono-
specific and multi-species locations are indicated by different small letters (Scheffé test, P < 0.05), significant differences between the tree
species by different capitals (Scheffé test, P < 0.1; mean £ SE; n = sample size)

Table 6 Relative growth rate of fine roots (RGR; mg g~ ' day ") of target species (rows) as dependent on the presence of roots of competitors

(columns) in in situ-root growth chambers that were exposed for 180-210 days in the topsoil

Target species Competitor

Carpinus Fagus Quercus Tilia
Carpinus 1.8 £ 0.1 a (153) 1.6 £ 0.2 ab (64) 1.0 £02¢(29) 1.1 £ 0.2 be (35)
Fagus 20+ 0.2 a (64) 11+0.2b (82) 1.5 £ 0.5 ab (16) 0.7 £ 0.3 b (16)
Quercus 1.7 £ 0.3 a (29) 2.1 £0.5a(16) 24+ 0.6 a(6) 1.3 £07a(5)
Tilia 1.6 £ 0.3 a (35) 1.5 £ 03 a(16) 1.8 £ 05a(5) 1.9 + 0.7 a (65)

Mixed-species chambers contained fine roots of two species (interspecific competition), single-species chambers two fine roots of the same
species (intraspecific competition, in frames). Significant differences in root RGR of a target species in the four treatments are indicated by
different letters (U test after Mann and Whitney, P < 0.05; mean £ SE; number of replications given in parentheses)

0.6

04

Competitive ability
=

[

Carpinus

Fagus Quercus Tilia

Fig. 4 Competitive ability CA (for definition see text) for interspe-
cific competitive interactions of fine roots in relation to intraspecific
interactions in the four tree species according to fine root growth
experiments in in situ-root growth chambers. The CA values for all
possible three interspecific interactions per species were averaged to
obtain a species mean. Different letters indicate significant differ-
ences in CA values between the species (U test after Mann and
Whitney, P < 0.05). Mean + SE for 128, 96, 50, and 56 interspecific
chambers of Carpinus, Fagus, Quercus and Tilia, respectively

reported for deciduous trees by Stout (1956) who found a
mean ratio of 4.5:1 for crown versus root system area. For
Fagus, Quercus and Tilia, we found a gradual decrease in
fine root density with increasing stem distance within a
radius of 10 m or more, but not a strict stem-centred
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distribution pattern as it was observed, for example, in
spruce forests by Bédéneau and Auclair (1989) and Nielsen
and Mackenthun (1991). Of the species present showed
Carpinus the steepest decrease in fine root biomass with
increasing stem distance. We assume that the more stem-
centred fine root distribution pattern observed in Carpinus
is a consequence of the numerous pre-mature hornbeam
trees in this stand which are forming a second canopy layer
and may not have reached the root system’s maximum size
in this stand. Given the high degree of root system overlap
with 75% of the soil volume being explored by at least two
or three different species, there are no indications of a
spatial segregation (‘territoriality’) of whole fine root sys-
tems in this stand as was suggested by Lyford and Wilson
(1964), Schenk et al. (1999) and others. Our results, based
on soil core analyses, are not precluding root segregation at
a millimetre or centimetre scale as reported by Caldwell
et al. (1996).

The four tree species differed largely with respect to
their presence in terms of fine root biomass and root sur-
face area in the soil volume of the mixed stand. Relating
fine root biomass to aboveground structural parameters,
Carpinus had a very high fine root biomass in relation to its
aboveground biomass and productivity in the stand, fol-
lowed by Fagus with slightly lower fine root biomass/stem
increment biomass (FRB/ST) ratios. In contrast, Quercus
was highly under-represented in the belowground
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compartment with more than ten times smaller FRB/ST
and FRB/stem biomass ratios than Carpinus. Although fine
root biomass does not necessarily reflect belowground
productivity, the very large differences in the belowground/
aboveground carbon partitioning patterns between Quercus
and the other three species are unexpected because nutrient
and water availability in the shared soil volume are
imposing similar constraints on the functionality of the root
system of the four species in this stand. Other biometric
parameters such as the sapwood area/leaf area ratio (Huber
value) or the LAI to basal area ratio are also known to
differ between coexisting tree species in mixed stands, but
they are not different by a factor of ten (Ammer 2003;
Burkes et al. 2003).

These apparent tree species differences in carbon allo-
cation patterns may have genetic causes expressing
different physiological constitutions, or they can be a
consequence of asymmetric interspecific competition,
which may lead to a suppression of inferior competitors
belowground. Evidence for the second explanation will be
assessed in the following.

Evidence of asymmetry in belowground competition

We found two lines of evidence for the existence of
asymmetry in belowground competition in this mixed
forest, (1) indirect evidence from a comparison of fine root
abundances in mono-specific and multi-species patches of
the stand, and (2) direct evidence from root growth
experiments in contrasting root neighbourhoods using root
growth chambers.

Our observation of an over-proportional reduction in
fine root biomass of Quercus petraea in species-rich allo-
specific compared to monospecific stand patches in the
Ziegelrodaer forest is supported by other studies in Central
Europe. Biittner and Leuschner (1994) and Leuschner et al.
(2001) found a 20% contribution of Quercus fine roots to
the stand total of fine root biomass in a Fagus—Quercus
forest, even though oak held 50% of the basal area and
46% of the total leaf area in the stand. Over-proportional
reduction in fine root biomass of target tree species in
mixed stands has also been reported by e.g. Hendriks and
Bianchi (1995), Rust and Savill (2000), and Schmid and
Kazda (2002) for stands including Pseudotsuga menziesii,
Fraxinus excelsior and Picea abies. Most likely, these
patterns are the outcome either of asymmetric root com-
petition or of indirect competitive interactions involving
unknown negative third-party effects on the roots of the
inferior species.

A comparatively low belowground competitive ability
of Quercus is strongly supported by the results of our root
competition experiments. Even though we were not able to
accommodate all treatments with a sufficient number of

replicates, which partly reduced the statistical significance
of the results, there was a tendency for Quercus roots to
grow slower when placed with Carpinus, Fagus and Tilia
roots than when growing with conspecific roots. This fits to
the root abundance data indicating that Quercus root RGR
tended to be reduced in the presence of competing Carpi-
nus or Fagus roots. A high belowground competitive
ability of Fagus in mixture with Quercus is supported by
an earlier competition experiment with root growth
chambers in a two-species Fagus—Quercus stand on sandy
soil (Hertel and Leuschner 2006).

Although the root growth chambers employed here were
designed to simulate fine root growth in a soil environment
as close to nature as possible, several artefacts are inherent
to this method, most notably an initial disturbance of the
mycorrhizosphere (see discussion in Hertel and Leuschner
2006). The growth experiments may also be biased by
temporal patterns of fine root growth that could differ
between the competing species, thereby influencing the
outcome of competition experiments (Eissenstat and
Caldwell 1988; Burke and Chambers 2003). However, the
long period of exposure (180-210 days) should have
minimised this type of error in our experiment. Because the
large majority of chambers showed vital fine root growth,
resulting in largely overlapped root systems at harvest time,
we believe that this method, if applied with a large number
of replicates (>30 per treatment), represents a promising
approach to analyse root competition between trees with a
statistically sound design in intact stands. Other approaches
to study fine root growth in situ such as the minirhizotron
technique (Hendrick and Pregitzer 1996; Majdi 1996) or
walk-in rhizotron facilities (Atkinson 1985; Smit et al.
1994) are not suitable for investigating root competition
because they do not allow root neighbourhood manipula-
tion or are rarely large enough to accommodate mature
trees.

Our empirical data are support for more recent spatial
modelling studies and theoretical analyses which con-
cluded that belowground competition should rather be
asymmetric than symmetric when resources are distrib-
uted heterogeneously in the soil, thereby contradicting
earlier assumptions on the outcome of root competition
(Schwinning 1996; Schwinning and Weiner 1998; Bauer
et al. 2004). For example, asymmetric root competition
could take place where larger plants are able to occupy
nutrient-rich soil patches (Van Lear and Kapeluck 1995).
Indeed, Fagus and Carpinus, the two species with the
largest total fine root biomass in the investigated stand,
were the only trees species present in the organic layer.
Furthermore, larger plants could have access to deeper
soil water reserves and deplete them before smaller
plants can gain access providing them with a dispro-
portionate part of the soil resources (Robinson et al.
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1999). Asymmetry of competition for nutrients and water
should increase when resource supply is high but uptake
kinetics differ between the species (Raynaud and Leadley
2005). The yet existing evidence of asymmetric root
competition is from herbaceous plants and not from
mature trees, and it is contradicting (Blair 2001; Fransen
et al. 2001; Cahill and Casper 2000; Facelli and Facelli
2002; Rajaniemi 2003; von Wettberg and Weiner 2003).
Our data seem to be among the first to prove asymmetric
belowground competition in forests. They are supported
by sap flow measurements in small-diameter absorbing
roots which indicated different water uptake rates by the
roots of co-occurring tree species in a temperate mixed
stand (S. Korn, D. Burk, and C. Leuschner, unpublished
data).

Do the four tree species form a belowground
competitive hierarchy?

We used the contrasting fine root growth rates in intra- and
interspecific competition treatments as a measure of a
species’ belowground interspecific competitive ability.
According to the classical Lotka-Volterra competition
model, stable coexistence between a pair of species will
occur if both species inhibit their own growth through
intraspecific competition more than they inhibit that of the
other species through interspecific competition. Accord-
ingly, the root growth patterns of Fagus in the root
chambers with a lower RGR in single-species chambers
than in the two-species chambers must be judged as a clear
indication of a superior belowground competitive ability of
beech in this stand. Higher RGR of roots under interspe-
cific competition may enable Fagus to occupy more soil
space in mixture than in intraspecific constellations. On the
other hand, it is likely that foraging for water and nutrients
in Quercus and Carpinus is hampered by allospecific roots.
Alternative measures of competitive ability such as overall
plant fitness or total productivity are not applicable in root
competition studies with tall trees, although they would be
more consistent with the widely accepted standard of
measuring competition effects on plants (Grace 1995). Our
root growth-related approach yielded a species ranking
with respect to competitive ability in the sequence
Fagus > Tilia > Carpinus > Quercus.

Accordingly, root competition is size-asymmetric with
superior and inferior species in this stand. Recently, Ta-
tarinov et al. (2008) have suggested that trees which are
classified by their aerial parts as ‘dominant’ or ‘suppressed’
retain their social status belowground. Whereas the
observed low competitive ability of Carpinus roots in this
stand seems to match with the inferior position of this
species in the second canopy layer of the stand, such an
explanation is not valid in the case of Quercus which
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reveals a dominant habit aboveground according to tree
height and leaf area (Table 1), but does not so
belowground.

Our experiments do not allow conclusions on the
underlying mechanisms of the observed belowground
interaction. In theory, at least three mechanisms are pos-
sible. (1) Different species may differ in their surface-
specific water and/or nutrient uptake rates leading to
resource pre-emption by the superior competitor (see the
contrasting water uptake rates in trees discussed above, and
Craine et al. 2005). (2) Unknown growth-reducing effects
could act directly on the competitively inferior Quercus
roots. (3) Self-self-discrimination could have occurred in
the case of Fagus roots. Roots of the same species have
been found to self-inhibit each other in certain herbaceous
and shrubby species (Falik et al. 2003, 2005; Gruntman
and Novoplansky 2004); this would lead to a lower growth
rate in treatments with intra- compared to interspecific
competition.

According to root biomass data in mono-specific and
mixed Fagus/Picea forests, beech seems to be a superior
competitor belowground not only in mixture with oak but
also with spruce (Schmid and Kazda 2002). Hence, it
appears that Fagus is a successful competitor below-
ground in a variety of Central European mixed forests,
even though it is known that the competitive ability of a
species can vary in dependence of the environment and
the identity of the competing species. Moreover, in
European beech, high belowground and aboveground
competitive abilities seem to be linked to each other
(Leuschner 1998) supporting Grime’s (2001) hypothesis
of a positive correlation between these two components of
plant competition.

Conclusion

Our results show that, in this four-species stand, (1) the fine
root systems of different tree species do not seem to be
territorial but are broadly overlapping, (2) root competition
between trees can clearly be asymmetric, and (3) tree
species may be ranked according to their belowground
competitive ability. Future experimental studies in the
rhizosphere of forests have to reveal whether these findings
apply to other mixed forests as well, and what mechanisms
(including resource competition, self-self inhibition, facil-
itation, allelopathy, or indirect competitive interactions
through other organisms or agents) underlie the observed
root growth responses in the chambers.
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