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Abstract Differences in spatial rooting patterns among

coexisting species have been recognized as an important

mechanism for generating biodiversity effects on ecosys-

tem functioning. However, it is not yet clear whether

complementarity in root space exploration is a universal

characteristic of multi-species woody communities. In a

temperate broad-leaved forest with a mosaic of species-

poor and species-rich stands, we tested two hypotheses

related to putative below-ground ‘overyielding’ in more

diverse forests, (1) that species mixture results in a partial

spatial segregation of the fine root systems of different

species, and (2) that stand fine root biomass increases with

tree species diversity. We investigated 12 stands either with

one, three, or five dominant tree species (4 replicate stands

each) under similar soil and climate conditions for stand

fine root biomass and spatial root segregation in vertical

and horizontal direction in the soil. Fine roots of different

tree species were identified using a morphological key

based on differences in colour, periderm surface structure,

and branching patterns. In species-poor and species-rich

stands, and in all tree species present, fine root density

(biomass per soil volume) decreased exponentially with

soil depth at very similar rates. Stand fine root biomass in

the densely rooted upper soil (0–40 cm depth) was not

significantly different between stands with 1, 3 or 5

dominant tree species. We conclude that ‘below-ground

overyielding’ in terms of higher fine root biomasses in

species-rich stands as compared to monospecific ones does

not occur in these broad-leaved forests which most likely

results from a missing complementarity in vertical rooting

patterns of the present tree species.

Keywords Below-ground diversity � Complementarity �
Fagus � Fraxinus � Mixed stands � Niche partitioning �
Overyielding � Tilia

Introduction

Evidence from experiments with artificially designed

grasslands suggests that above-ground plant biomass and

productivity may increase with increasing numbers of plant

species and/or plant functional types present (Hooper and

Vitousek 1997; Tilman et al. 1996, 1997; Hector et al.

1999; Spehn et al. 2000; Loreau and Hector 2001; Hooper

and Dukes 2004). One explanation of this ‘overyielding’

phenomenon is complementary use of light, water or

nutrients by the component species (Loreau 1998; Hooper

et al. 2005; Cardinale et al. 2007; Yachi and Loreau 2007).

Such complementarity effects have been not only described

for grassland systems (e.g. von Felten and Schmid 2008),

but have been frequently used in agricultural systems to

obtain higher yields and sustainable resource use through

intercropping or in agroforestry systems (Ewel 1999;

Grierson and Adams 1999; Droppelmann et al. 2000a, b).

Beside the general acknowledgement of the meaning of

complementarity in light capture for above-ground produc-

tivity (e.g. Menalled et al. 1998; Ewel and Mazzarino 2008),

a number of authors have emphasized the importance of

Communicated by M. Adams.

C. Meinen � C. Leuschner (&) � D. Hertel

Plant Ecology, University of Göttingen,
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below-ground complementarity of species for their coexis-

tence and for diversity effects on ecosystem functioning (e.g.

Hooper and Vitousek 1997; Loreau 1998; Pate and Bell

1999; Ewel and Mazzarino 2008). Species’ complementarity

in the root system has been demonstrated in particular for

tropical agroecosystems (e.g. Huxley et al. 1994; Ewel 1999;

Grierson and Adams 1999; Droppelmann et al. 2000a, b). In

contrast, the spatial arrangement of plant root systems and

their water and nutrient uptake activity in monospecific and

mixed natural forest ecosystems have only rarely been

studied. Thus, the physiological basis for possible over-

yielding in species-rich forest communities is not well

understood for the below-ground compartment. This is

especially true for temperate forests, which only recently

have been included in the search for the ecological functions

of biodiversity (Scherer-Lorenzen et al. 2007). The lack of

such studies in temperate forests that are often built by a

limited number of dominant tree species is unsatisfactory

since marked effects of increasing plant diversity on eco-

system functions are expected particularly in plant commu-

nities with relatively small numbers of species (Vitousek and

Hooper 1993; Jolliffe 1997).

While we are aware of no study that has compared fine

root production in mixed and monospecific forest stands, a

number of investigations found a higher fine root biomass

in mixed stands (Schmid 2002; Schmid and Kazda 2002);

others, however, reported no differences or the opposite

(Morgan et al. 1992; Hendriks and Bianchi 1995; Hertel

1999; Bauhus et al. 2000; Leuschner et al. 2001; Bolte and

Villanueva 2006). Most of these studies referred to two-

species stands, while species-rich forests have only rarely

been investigated for their root systems. One reason is the

difficult identification of tree species by their fine roots,

which hinders the analysis of species-specific root distri-

bution patterns in mixed forests. Consequently, not much is

known about space partitioning among the root systems of

different coexisting tree species, neither with respect to the

layering of the root systems in vertical direction, nor in

terms of horizontal root extension and the degree of

overlap between neighbouring trees (Stone and Kalisz

1991; Casper and Jackson 1997).

In this study in a broad-leaved temperate forest, we were

able to identify fine roots of various tree species based on a

recently developed morphological key, which enabled us to

analyse the vertical and horizontal distribution of the fine

root systems of different species separately. The study was

conducted along a gradient from monospecific to multi-

species dominated forest plots to investigate the effect of

tree species diversity and/or species identity on stand fine

root biomass and spatial rooting patterns.

We tested the hypotheses that (1) tree species mixture

results in a spatial segregation of the fine root systems with

preference of different soil layers by the species, (2) the

root systems of different tree species overlap largely in

horizontal direction, (3) stand fine root biomass increases

with tree species diversity, and (4) fine roots of tree sap-

lings contribute significantly to total fine root biomass in

stands with abundant offspring.

Materials and methods

Study site

The study was conducted in a mature broad-leaved decid-

uous forest in the Hainich National Park in Thuringia

(Germany). The most abundant tree species in this area is

European beech (Fagus sylvatica L.), but due to former

forest practice, some stands consist of up to 14 tree species.

Forest plots of the more diverse categories DL 2 and DL 3

were in former times (several decades ago) managed by

landowners that applied a more intense forest use than

those owning the DL 1 stands, leading to the establishment

of more diverse stands. However, all stands have been

subjected to an only extensive forest use in the past c.

50 years and no management at all occurred since the

national park was established in 1997. In the north-eastern

part of the National Park, 12 study plots (50 m 9 50 m)

were selected spanning a gradient from low diverse

(monospecific) stands to forest plots dominated by several

species (multi-species stands) under similar climate and

soil conditions with four replicate plots per diversity level.

Diversity level 1 (DL 1) plots were dominated by Fagus

sylvatica (proportion of basal area [95%). Plots of diver-

sity level 2 (DL 2) were formed by Fagus s., Tilia species

(Tilia cordata Mill. and T. platyphyllos Scop.) and Fraxi-

nus excelsior L. Diversity level 3 (DL 3) plots were built

mainly by five tree species: Fagus, Tilia (both species),

Fraxinus, Carpinus betulus L. and Acer species (Acer

pseudoplatanus L. and A. platanoides L.). In some DL 3

plots, Quercus robur L., Q. petraea Liebl., Prunus avium

L. and Ulmus glabra L. occurred with few individuals

(Table 1).

All plots represented mature forest stands with a closed

canopy and a mean tree age of about 100 years. The Fagus

trees on the DL 1 plots were somewhat older (mean:

146 years), however, tree height of the canopy trees ranged

between 26 and 38 m (Table 1). The studied stands had

similar basal areas (32–46 m2 ha-1). A second layer of

lower sub-canopy trees was almost absent in the study

plots, but small tree saplings were abundant on the forest

floor. Mean tree sapling density was 31,600 individuals per

hectare in the DL 1 plots, while the density in the DL 3

plots was almost fourfold higher (Mölder et al. 2009).

Mean annual precipitation in the study region was

670 mm and annual temperature averaged at 7.5�C (data
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from the nearby weather station Weberstedt/Hainich). The

elevation of the plots was about 350 m a.s.l. The soils

developed from triassic limestone covered by loess (mini-

mum depth: 60 cm). The pH (H2O) in 0–10 cm soil depth

ranged from 4.6 to 6.7. The soil type was a luvisol (IUSS

Working Group WRB 2006) with stagnic properties in spring

and winter and a dry period in summer. The soil texture of the

mineral soil (0–30 cm) was characterised by high silt (74%),

but low sand (\5%) content (Guckland et al. 2009). In the

stands dominated by Fagus, the base saturation was lower

than in the mixed stands, which is thought to be a conse-

quence of the higher acidification potential of beech leaves.

Detailed information on study plot selection and stand

characteristics are given in Leuschner et al. (2009), Mölder

et al. (2006), and Meinen et al. (2009).

Fine root sampling

In order to analyse biomass and spatial distribution of the

fine roots, 24 sampling locations were randomly selected in

each study plot. The sampling locations had a minimum

distance to each other of 1 m. Soil samples were taken in

summer of 2005 and 2006 with a sharp soil corer (3.5 cm

in diameter) from the organic litter layer and the upper

mineral soil down to 40 cm soil depth. Inspection of sev-

eral soil pits revealed that the thickness of the mineral soil

in general did not exceed 40–50 cm and tree fine roots

occurred at low densities below 40 cm soil depth. The

cores were divided in the 0–10, 10–20, 20–30 and 30–40

cm soil layers. In order to extract all fine roots (diameter

\2 mm) from the soil, the samples were shortly soaked in

water and the roots washed out in a sieve (mesh size

0.25 mm). Fine root fragments longer than 1 cm were

collected by hand with a pair of tweezers and sorted under

a stereo-microscope for live and dead fractions. Morpho-

logical parameters as the degree of cohesion of root stele

and periderm, root elasticity or the total loss of the stele

were used for separating live and dead roots (Persson 1978;

Leuschner et al. 2001). Only data on living fine roots (i.e.

fine root biomass) are reported in this article.

Based on an identification key established for the rele-

vant tree species by Hölscher et al. (2002) and Korn

(2004), we identified the roots by morphological charac-

teristics (fine root surface structure, colour of the periderm,

ramification patterns and type of mycorrhizal infection).

Grass and herb roots were distinguished from tree roots by

their smaller diameter, non-lignified structure and lighter

colour. Fine root biomass and fine root necromass were

dried at 70�C for 48 h and weighed. The data was used to

analyse the vertical and horizontal distribution of the fine

roots by species and to calculate the stands’ total fine root

biomass (unit: g m-2).

In order to analyse the contribution of tree saplings to

the stands’ fine root biomass, saplings of Fagus sylvatica,

Table 1 Above-ground stand structural properties of the 12 study plots of the three diversity levels

DL 1 DL 2 DL 3

a b c d a b c d a b c d

Mean tree height of dominant trees (m) 33.3 35.3 38.4 36.6 27.5 29.6 29.2 27.8 27.4 26.4 26.2 26.5

Stem density (n ha-1) 428 216 220 224 436 532 776 660 392 332 468 484

Fagus sylvatica 400 180 220 196 208 316 572 400 12 8 196 64

Fraxinus excelsior 8 – – – 60 176 100 160 28 44 76 136

Tilia sp. 12 – – 8 144 20 84 80 264 212 160 184

Acer sp. 8 4 – 20 24 12 20 16 32 24 20 32

Carpinus betulus – – – – – – – 4 36 36 16 44

Other species – 32 – – – 8 – – 20 8 – 24

Basal area (m2 ha-1) 46.1 41.2 35.2 44.0 32.3 38.8 45.0 38.9 35.7 32.4 40.7 34.6

Fagus sylvatica 43.5 36.4 35.2 42.0 19.2 24.9 30.0 20.3 3.3 3.9 16.6 5.3

Fraxinus excelsior 0.9 – – – 4.3 9.3 8.0 12.6 3.4 1.6 12.8 9.9

Tilia sp. 1.3 – – 0.1 6.2 0.7 5.7 4.5 19.2 15.2 6.0 11.2

Acer sp. 0.3 0.2 – 2.2 2.7 2.4 1.3 1.3 2.1 3.5 3.6 2.6

Carpinus betulus – – – – – – – 0.1 3.6 6.5 1.8 4.3

Other species – 4.6 – – – 1.5 – – 4.2 1.8 – 1.5

Number of tree saplings (n ha-1) 11,467 29,867 4,267 80,800 220,833 166,667 190,00 19,500 117,333 232,500 90,667 40,000

Data on basal area, stem density and mean canopy tree height from Brauns (unpublished), and number of tree saplings from Mölder et al. (2009).

The data refer to the total stand (i.e. all tree individuals[7 cm height). ‘Other species’ refers to the few individuals of the species Acer campestre
(DL 3a, 3d), Prunus avium (DL 3a, 3b, 3d), Quercus petraea (DL 1b), Quercus robur (DL 3a, 3b), Sorbus torminalis (DL 3d), and Ulmus glabra
(DL 2b, 3d)
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Fraxinus excelsior and Acer pseudoplatanus were exca-

vated next to the DL 3 plots (20 saplings per species).

These three species accounted for [90% of the total

number of saplings present in the stands. For Fraxinus and

Acer, saplings of three different height classes (5–20, 20–

40 and 40–60 cm) were sampled; for Fagus, an additional

height class (60–80 cm) was investigated to cover the size

spectrum of saplings present.

The root mass (fine roots \2 mm and coarse roots

[2 mm in diameter) of the saplings was extracted from the

excavated soil and dried (70�C for 48 h). The proportion of

sapling root mass in the stand total of fine root biomass was

estimated from the fine root biomass data obtained by

sapling excavation and the abundance of tree saplings in

the respective stand (Mölder et al. 2009).

Statistical analyses

We used the asymptotic model with the equation y = 1 - bd

(Gale and Grigal 1987) to describe the vertical decrease in

fine root density with increasing soil depth, where y

expresses the cumulative fine root fraction contained in the

soil from the surface to soil depth d (in cm). High b values

(ca. 0.98) indicate a large proportion of fine root biomass in

a deeper soil depth, low b values (ca. 0.90) stand for a large

proportion of fine roots near the soil surface. The b values

were calculated individually for each tree species being

present in the 12 plots. The regression fits were calculated

with the software package Xact (version 8.03, SciLab,

Hamburg, Germany).

For each sampling location, the distance to the sur-

rounding trees was measured. In order to analyse the hor-

izontal distribution of fine root biomass by species, linear

or simple logistic regression models were used to fit root

biomass data to the distance of the nearest stem of the

respective species. For the calculations, only the maximum

root biomass values per distance class were used (software

package Xact version 8.03, SciLab, Hamburg, Germany).

All data sets on fine root mass were tested for normal

distribution using a Shapiro–Wilk test. The b values showed

normal distribution and were compared between the diver-

sity levels for each species, between the species for each

diversity level, and between the stand totals by ANOVA

followed by a Scheffé f test. The root biomass data were non-

normally distributed and remained skewed after log or root

transformation. Therefore, a Kruskal–Wallis single factor

analysis of variance followed by non-parametric Mann–

Whitney two sample U-tests was applied to detect significant

differences in root biomass between the diversity levels for

each species, between the species for each diversity level,

and between the stand totals (P \ 0.05 in all analyses). These

calculations were conducted with the software package SAS,

version 8.2 (SAS Institute Inc., Cary, NC, USA).

Results

Species composition of fine root biomass

Stand fine root biomass (0–40 cm depth) did not differ

significantly between the three diversity levels (Fig. 1).

Fine root biomass ranged between 408 g m-2 in the plots

of DL 1 and 466 g m-2 in the plots of DL 2. The contri-

bution of the tree species to the stand totals of root biomass

mirrored the tree species composition of the stands. The

fine root biomass of the quasi monospecific DL 1 plots

consisted by 96% of Fagus roots. The root biomass in the

plots of DL 2 was mainly composed of Fagus (47%) and

Fraxinus (35%) roots, followed by roots of Tilia sp. (11%).

In contrast, fine roots of up to six species were found in the

DL 3 plots. Tilia sp. and Fraxinus accounted for the

majority of the fine root biomass in these stands (together

61%), while Fagus, Acer sp. and Carpinus showed only

minor contributions (11–13%).

When compared to the above-ground abundance of the

species (expressed as a species’ contribution to total stand

basal area), the abundance of the different tree species in

the root samples revealed that certain species were either

over- or underrepresented with their fine roots in the mixed

stands. The ratio of percent fine root biomass to percent

basal area was[1 for Fraxinus and Tilia in the DL 2 plots

indicating higher below-ground than above-ground abun-

dances (Table 2). In contrast, Fagus and Acer were

underrepresented in the soil of these plots. In the DL 3

plots, the highest relative representation in the standing fine

root biomass was found for Fraxinus and Acer. Tilia and

Carpinus showed similar abundances above- and below-

ground, whereas Fagus was markedly underrepresented

below-ground.
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Fig. 1 Species composition of fine root biomass in the plots of the
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differences (P \ 0.05) between diversity levels
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Fine root biomass of tree saplings

The fine root biomass of the tree saplings ranged from

1.0 g m-2 (in the DL 1 plots) to 2.2 g m-2 in the plots of

DL 2 (Table 3). In contrast to the tree species composition

of the DL 1 stands, the contribution of fine root biomass

from Fagus saplings was remarkably low in these mono-

specific stands, while Acer saplings contributed half of the

fine root biomass in the sapling fraction. In fact, offspring

of Acer dominated sapling fine root biomass in all plots of

the diversity gradient. Nevertheless, the contribution of

sapling roots to the total fine root biomass of the stands was

only 0.2% in the DL 1 plots, 0.5% in the DL 2 plots and

0.4% in the DL 3 plots.

Vertical fine root distribution

The abundance of tree fine roots decreased exponentially

with increasing soil depth in the species-poor and also in

the species-rich stands (Fig. 2). In all plots, about half of

the stand total of fine root biomass was found in the upper

15 cm of the profile. The vertical decrease of root mass

was very similar in all stands as indicated by b values

between 0.93 and 0.94 (Table 4). When the species were

analysed separately, maximum b values reached 0.95 as in

the case of Carpinus in the DL 3 plots. Lowest b values

were found for Acer sp. in the DL 2 plots and for the

infrequent species Acer campestre, Prunus avium, Ulmus

glabra, and Quercus robur in the DL 3 plots (0.91 and

0.90, respectively).

In general, the species differences and the plot differ-

ences in the b values were very small (Fig. 3). An excep-

tion was found in the vertical fine root distribution of

Fagus in the DL 2 plots, where this species had the highest

fine root density in 10–20 cm soil depth and not at the soil

surface.

Horizontal fine root distribution

The tree species differed in their patterns of horizontal fine

root distribution in the mixed DL 2 and DL 3 stands

(Fig. 4). The fine roots of Fagus, Fraxinus, and Acer sp.

showed relatively large horizontal extensions (up to 16–

19 m from their stems), while no fine roots of Tilia sp. and

Carpinus were found beyond 10 m distance from the

stems. The decrease in fine root biomass was more or less

abrupt for Fagus, Tilia sp. and Carpinus. In contrast, the

fine root system of Fraxinus showed a continuous and

modest decrease in biomass with distance from the nearest

Table 2 Mean ratio of the percent contribution of a species in

standing fine root biomass to its percent contribution to stand basal

area in the plots of the three diversity levels (n = 4 per diversity

level)

DL 1 DL 2 DL 3

Fagus sylvatica 1.0 ± 0.03 a 0.7 ± 0.1 a b 0.6 ± 0.2 a b

Fraxinus excelsior 1.6 ± 0.4 a a 1.8 ± 0.5 bc a

Tilia sp. 1.4 ± 0.4 a a 0.9 ± 0.2 a a

Acer sp. 0.8 ± 0.2 a a 1.8 ± 0.1 c b

Carpinus betulus. 1.1 ± 0.2 ac b

Given are means ± SE for the five most dominant species in the three

diversity levels. Fine root data refer to soil profile totals (0–40 cm

depth). Different letters indicate significant differences between

species (Latin letters) or diversity levels (greek letters); P \ 0.05

Table 3 Totals fine root biomass (g m-2) of tree saplings in plots of

the three diversity levels estimated from allometric fine root biomass

data of the saplings (n = 20 tree saplings per species) and sapling

abundance in the plots

DL 1 DL 2 DL 3

Fagus
sylvatica

0.22 ± 0.13 a a 0.43 ± 0.17 a a 0.13 ± 0.03 a a

Fraxinus
excelsior

0.26 ± 0.46 a a 0.56 ± 0.24 a a 0.73 ± 0.36 ab a

Acer sp. 0.52 ± 0.43 a a 1.23 ± 0.56 a a 1.06 ± 0.37 b a

Stand total 1.02 ± 0.09 A 2.22 ± 0.25 A 1.95 ± 0.25 A

Given are means ± 1 SE from four plot replicates per diversity level.

Different letters indicate significant differences (P \ 0.05) between

the diversity levels for each species (greek letters), between species

for each diversity level (lower case Latin letters) or between stand

totals for each diversity level (Capital letters)
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Fig. 2 Change of cumulative fine root biomass with increasing soil

depth in plots of the three diversity levels (DL). Given are means of

four plot replicates per diversity level and 24 sampling locations per

plot. The regression equation y = 1 - bd (Gale and Grigal 1987)

describes the change in cumulative fine root biomass fraction (y) with

soil depth (d). The b value indicates the degree of fine root biomass

decrease with soil depth
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stem. The fine root biomass of Acer sp. displayed an only

weak dependence on distance.

We found a remarkably large overlap of the fine root

systems of different species not only in the mixed DL 2 and

DL 3 stands, but also in the DL 1 stands, where beech

contributed at least 95% to the stands’ basal area. The roots

of the infrequent tree species were admixed to beech roots

in 25% of the soil samples investigated in the quasi

monospecific DL 1 stands, while roots of beech occurred

without presence of another species in 75% of the samples

(Fig. 5). The samples of the DL 2 plots contained roots of

up to five tree species with the majority (76%) being col-

onised by two or three species. In the most species-rich DL

3 plots, 45% of the samples contained three root species,

another 49% either two or four species.

Discussion

Fine root biomass of mixed forests: evidence

for ‘below-ground overyielding’?

Contrary to our initial hypothesis, the profile totals of fine

root biomass (0–40 cm depth) did not differ significantly

between forest stands with a single or a higher number of

dominant tree species. In all plots of our study, fine root

biomass totals ranged between 408 g m-2 (DL 1 plots) and

466 g m-2 (DL 2 plots) with the difference not being sig-

nificant. These values may be close to the totals of the entire

soil profile, because the lower soil horizons with a high bulk

density contained an only small fine root biomass. In fact,

Leuschner and Hertel (2002) found a mean fine root bio-

mass total of 482 g m-2 (0–100 cm profile) for 60 broad-

leaved forests in a meta-analysis for the temperate zone.

In theory, niche complementarity of the root systems of

coexisting tree species could lead to a higher fine root

biomass in mixed forests compared to monospecific stands

of the respective tree species. For example, roots of certain

tree species may penetrate into lower mineral soil layers,

thereby exploring additional soil volume, or they might

specialise on preferential rooting in the organic layer which

may not be explored in a comparable intensity by other tree

species (e.g. Loreau 1998; Grierson and Adams 1999; Pate

and Bell 1999; Ewel and Mazzarino 2008). A higher fine

root biomass in multi-species compared to monospecific

stands resembles the ‘overyielding’ phenomenon, which is

observed e.g. in artificial grasslands (Hector et al. 1999;

Roscher et al. 2005), when mixed cultures have a higher

above-ground phytomass production than any monoculture

of the constituting species. Clearly, data on fine root

Table 4 Vertical decrease of fine root biomass density with soil depth as expressed by the ß value of the equation y = 1 - bd (with y = root

biomass and d = soil depth, Gale and Grigal 1987) for the tree species in plots of the three diversity levels

Species DL 1 DL 2 DL 3

Fagus sylvatica 0.94 ± 0.007 a 0.94 ± 0.002 a a 0.93 ± 0.02 a a

Fraxinus excelsior 0.92 ± 0.005 ab a 0.92 ± 0.004 a a

Tilia sp. 0.92 ± 0.002 ab a 0.93 ± 0.006 a a

Acer sp. 0.91 ± 0.008 b a 0.92 ± 0.008 a a

Carpinus betulus 0.95 ± 0.008 a

Other species 0.90 ± 0.02 a

Stand total 0.94 ± 0.007 A 0.93 ± 0.005 A 0.93 ± 0.006 A

Given are means ± 1 SE of four plot replicates per diversity level and 24 sampling locations per plot. Different letters indicate significant

differences (P \ 0.05) between diversity levels for each species (greek letters), between species for each diversity level (lower case Latin letters)

or between stand totals for each diversity level (capital letters)
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biomass and hay yield are not directly comparable, because

only the latter refers to productivity. Nevertheless, given

the large methodological problems associated with fine

root production measurement, standing fine root biomass

may serve as a first approximation of below-ground pro-

ductivity in forests.

We are aware of only few studies including the present

one, which compared fine root biomass of monospecific

and mixed temperate forests on similar soil or patches of a

forest differing in tree species diversity. While six studies

compared one- and two-species stands, the study by

Rewald and Leuschner (2009) together with the present

one are the only studies, which referred to species-rich

stands with more than four tree species. These eight studies

produced inconsistent results with respect to ‘below-

ground overyielding’. Schmid (2002) found a higher fine

root biomass in two-species (spruce/beech) stands com-

pared to monospecific stands, while three other studies

reported lower biomasses in mixtures (Morgan et al. 1992:

larch/pine; Hendriks and Bianchi 1995: beech/Douglas fir;

Bolte and Villanueva 2006: spruce/beech). Brandtberg

et al. (2000) and Leuschner et al. (2001), on the other hand,

observed a similar fine root mass in one- and two-species

stands (spruce/birch and beech/oak, respectively). The

study by Rewald and Leuschner (2009) compared forest

patches, where roots of one to four tree species (beech/

hornbeam/oak/lime) coexisted in the soil, and provided

only weak evidence of the existence of a higher fine root

mass in mixed patches. By comparing monospecific stands

with stands of three to five species, our study similarly

found no conclusive evidence of higher root biomass in the

species-rich stands. This is all the more interesting since

some authors have emphasized that diversity effects such

as overyielding might be caused more by functional

properties of particular species rather than by species

richness per se (Hooper and Vitousek 1997; Hooper and

Dukes 2004). In fact, the tree species present in the more

species-rich stands in our study showed some pronounced

functional differences (e.g. in VA vs. EC mycorrhizal

status, in specific root surface area, and in root tip fre-

quency; Meinen et al. 2009) that actually did not lead to

overyielding in terms of standing fine root biomass.
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In conclusion, not much evidence has accumulated yet

for a higher fine root biomass in temperate mixed forests

compared to pure stands. On the other hand, several studies

found indications of a spatial segregation of the fine root

systems of different species in mixed forests (e.g. Schmid

and Kazda 2002; Bennett et al. 2002; Bolte and Villanueva

2006), irrespective of elevated or reduced root biomasses in

mixtures. In our study, we compared the vertical distribu-

tion of fine root biomass with the exponential model of

Gale and Grigal (1987) and found very similar patterns for

the overall distribution pattern of 1-, 3- and 5-species

stands, but also for the different species being present in

the stands. All species showed exponents of the exponen-

tial equation (b values) of 0.92–0.95, which indicates no

systematic difference in the vertical soil exploration strat-

egies of the species. This finding is in clear contrast to our

initial hypothesis. We speculate that the specific soil con-

ditions may have contributed to the uniform root biomass/

depth relations in our study: bulk density was rather high in

the clayey soil and increased with depth, thereby hindering

deep root penetration.

Horizontal fine root distribution and species overlap

The fine root systems had a far larger horizontal extension

than the corresponding tree crowns in the mixed stands.

With an estimated maximum diameter of the fine root

system of 20 m (Carpinus and Tilia) to 40 m (Fagus and

Acer), trees of these species may spread their fine roots

over an area of ca. 300 m2 and up to 1,200 m2, which is

roughly 5–20 times the size of the corresponding crown

projection area (Frech et al. 2003; Utschig and Küsters

2003; Grote 2003; Hemery et al. 2005; Frech 2006). While

Hölscher et al. (2002) found a maximum horizontal

extension of only ca. 8 m for fine roots of Fagus and Tilia,

Hertel (1999) reported a maximum horizontal distance of

Quercus fine roots from the nearest stem of [12 m, and

Rewald and Leuschner (2009) found a maximum root

extension of even 30 m in the case of Tilia trees.

For Fraxinus, Tilia and Acer, 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-

centered distribution pattern as it was observed, for

example, in spruce forests by Bédéneau and Auclair (1989)

and Nielsen and Mackenthun (1991). Only in the case of

Carpinus and Fagus trees growing in mixed stands, fine

root biomass showed a steep decrease within an 8 m-radius

around the stems. Depending on tree species, the decrease

was best described either by a linear or a sigmoid equation.

The Acer species showed a remarkable rooting pattern by

maintaining only rather low root densities in the mixed

stands, which, however, extended over a large area and

reached maximum stem distances of up to 20 m.

As presumed in our hypothesis, the data from our study

showed a high degree of root system overlap in all mixed

stands, and even did so in the pure beech stands where the

infrequent species intermingled largely with the dominant

beech roots. This is in agreement with data obtained in

two-species beech-oak stands where both tree species were

present in more than 95% of all root samples (Büttner and

Leuschner 1994; Leuschner et al. 2001). Hence, we found

no indications of a pronounced horizontal segregation of

the trees’ fine root systems in these stands.

Are there indications of root competition between

adults and saplings?

High densities of fine root biomass per soil volume could

potentially lead to strong competition between co-existing

tree species and also between adult and juvenile trees. For

example, Rysavy (1992) and Wagner (1999) discussed the

potential role of high root densities of ash saplings for

beech regeneration in mixed stands on calcareous soils.

They concluded from their findings that competition-

induced alteration of the vertical rooting pattern of juvenile

beech trees may result in hampered water supply to beech

saplings. In our study, total fine root biomass (adults plus

saplings) exceeded 1 g L-1 in the topsoil of certain plots,

which could have a negative effect on sapling survival.

However, tree saplings occurred in very high numbers in

many plots, locally exceeding 220,000 ha-1. The most

common trees in the sapling layer were Acer species which

dominated even in the monospecific beech stands, but the

contribution of sapling fine root biomass was low in all

cases, never exceeding 1% of total fine root biomass. This

finding is in marked contrast to our initial presumption that

tree saplings may contribute significantly to the fine root

biomass stand totals, hence indicating that root competition

is not a key factor determining the success of rejuvenation

in these stands.

Conclusions

We could not detect significant complementarity in the

rooting patterns of the different tree species in the mixed

stands of our study. Hence, increasing tree species diversity

did not lead to higher standing fine root biomass in more

diverse stands producing no evidence of ‘below-ground

overyielding’ in terms of root biomass. A certain degree of

below-ground niche complementarity in terms of rooting

space occupation may well exist in a number of mixed

forests, but we conclude from our findings that this seems

not to be a frequent or even universal phenomenon. This

is in agreement with a conclusion drawn by Ewel and

Hiremath (2005) for tropical forests emphasizing that
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belowground complementarity among tree species is rare

due to genetic constraints of root system development.

Systematic investigations in a larger number of forests

differing in tree species diversity are needed to clarify the

importance of functional niche complementarity in the fine

root system among species and to show, under which cir-

cumstances it may result in ‘overyielding’ in terms of fine

root biomass and productivity.
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Naturverjüngung in Eschen-Buchen-Mischbeständen. Sauerlän-

der’s Verlag, Frankfurt am Main

950 Trees (2009) 23:941–950

123

http://webdoc.sub.gwdg.de/diss/2004/korn
http://dx.doi.org/10.1007/s004420000507
http://dx.doi.org/10.1016/j.baae.2008.06.001
http://dx.doi.org/10.1038/35083573
http://dx.doi.org/10.2307/3543346
http://dx.doi.org/10.1007/s10342-009-0276-4
http://dx.doi.org/10.1007/s10342-009-0276-4
http://dx.doi.org/10.1111/j.1461-0248.2005.00736.x
http://dx.doi.org/10.1078/1439-1791-00116
http://dx.doi.org/10.1078/1439-1791-00116
http://dx.doi.org/10.1016/S0378-1127(01)00708-3
http://dx.doi.org/10.1046/j.1365-2435.2000.00437.x
http://dx.doi.org/10.1016/0378-1127(91)90245-Q
http://dx.doi.org/10.1038/379718a0
http://dx.doi.org/10.1073/pnas.94.5.1857

	No evidence of spatial root system segregation and elevated fine root biomass in multi-species temperate broad-leaved forests
	Abstract
	Introduction
	Materials and methods
	Study site
	Fine root sampling
	Statistical analyses

	Results
	Species composition of fine root biomass
	Fine root biomass of tree saplings
	Vertical fine root distribution
	Horizontal fine root distribution

	Discussion
	Fine root biomass of mixed forests: evidence �for &lsquo;below-ground overyielding&rsquo;?
	Horizontal fine root distribution and species overlap
	Are there indications of root competition between adults and saplings?

	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


