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Abstract
1.	 Mixed-species forests have often been shown to enhance above-ground ecosys-

tem properties and processes. Despite the significance of fine roots for tree and 
ecosystem functioning, the role of tree species diversity for below-ground pro-
cesses driven by fine roots remains largely unknown. Previously, an underyield-
ing of fine-root biomass (FRB) in tree mixtures across four major European forest 
types has been reported. To explain this phenomenon, we tested here the effect 
of tree species mixing on fine-root traits related to soil exploitation efficiency, in-
cluding biotic feedbacks from ectomycorrhizal fungi (EcM), and assessed the role 
of root trait dissimilarity.

2.	 We analysed morphological and chemical traits as well as ectomycorrhizal colo-
nisation intensity of absorptive fine roots (i.e. first three most distal orders) in 
soil samples from 315 mixed and mono-specific tree neighbourhoods in mainly 
mature, semi-natural forest stands across Europe. Additionally, we quantified my-
corrhizal abundance and diversity in soil samples from the same stands.

3.	 At the community level, fine roots in tree mixtures were characterised by higher 
specific root lengths and root nitrogen concentrations, lower diameters and root 
tissue densities indicating a faster resource acquisition strategy compared to 
mono-specific stands. The higher root EcM colonisation intensity and soil EcM 
diversity in mixtures compared to mono-specific stands may further provide evi-
dence for positive biotic feedbacks. Moreover, the diversity of fine-root traits in-
fluenced FRB, as mixtures characterised by a higher trait dissimilarity were linked 
to a lower reduction in FRB. At the level of phylogenetic groups, thin-rooted an-
giosperm species showed stronger responses to mixing than thick-rooted gymno-
sperms, especially in terms of root morphology and EcM colonisation, indicating 
different strategies of response to tree mixing.

4.	 Our results indicate that a lower FRB can reflect a shift in soil resource acquisi-
tion strategies, rather than a lower performance of trees in mixtures. They show 
that several non-exclusive mechanisms can simultaneously explain negative net 
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1  | INTRODUC TION

Mixed-species forests can positively affect above-ground 
ecosystem properties and processes (reviewed by Scherer-
Lorenzen, 2014). For example, tree species mixtures can be more 
productive (Ammer,  2019) and more resistant and resilient to-
wards environmental changes compared to their mono-specific 
counterparts (Jactel et  al.,  2017). Therefore, and especially in 
view of global change, many current forest management strat-
egies focus on the promotion of mixed-species forests (Bauhus 
et al., 2017).

While above-ground overyielding of biomass in mixtures has 
frequently been observed (e.g. Zhang et  al.,  2012), evidence for 
below-ground mixing effects on fine-root biomass (FRB) is incon-
clusive (Finér et al., 2017; Ma & Chen, 2016). Yet, the commonly 
observed above-ground overyielding suggests that below-ground 
resource capture is likely sustained or even enhanced in mixtures 
(e.g. Archambault et  al.,  2019). Forrester et  al.  (2006) observed 
that mixing Eucalyptus globulus with Acacia mearnsii did not change 
the total below-ground carbon (C) allocation compared to mono-
cultures, but strongly increased above-ground productivity, sug-
gesting that in mixtures plant C was invested more efficiently 
below-ground to provide trees with soil resources. Similarly, in 
a young tree diversity experiment, simultaneous underyielding 
of FRB and above-ground overyielding in mixtures suggested a 
more efficient below-ground resource acquisition (Archambault 
et al., 2019). While FRB may be indicative of the potential to cap-
ture soil resources, it cannot be used as indicator of below-ground 
productivity or the carbon allocation to below-ground organs and 
processes.

Three types of mechanisms, that is, resource partitioning, abiotic 
facilitation and positive biotic feedbacks may enhance soil resource 
uptake by fine roots in mixtures (Barry et al., 2019). A well-studied 
example of plant association that involves all three mechanisms re-
lates to the symbiotic nitrogen (N) fixation in trees, which may re-
sult in (a) resource partitioning by leaving more soil N available for 
non-fixing species (Forrester et al., 2006), (b) abiotic facilitation of 
non-N-fixing plants owing to increase in soil N availability through 
N-fixation and (c) biotic feedbacks through transfer via mycorrhizal 
networks (Munroe & Isaac, 2014). As this example shows, these un-
derlying mechanisms often occur simultaneously, contribute to the 
same net effect and are thereby difficult to separate from each other 
(Forrester & Bauhus, 2016).

A greater overall resource capture in mixtures may be achieved 
by spatial, temporal and/or chemical resource partitioning or a com-
bination thereof (Barry et al., 2019). A higher trait dissimilarity can 
conceptually be linked to a greater niche differentiation (De Bello 
et al., 2010). Hence, the quantification of trait diversity using trait-
based diversity indices (Laliberté & Legendre, 2010) may be useful 
for assessing underlying mechanisms of diversity effects. Positive 
relationships of such trait-based indices with standing biomass or 
productivity of fine roots were reported (Mahaut et al., 2020; Sun 
et al., 2017) while other studies did not observe such effects (Bakker 
et al., 2019; Zeng et al., 2020).

Abiotic facilitation can increase soil resource availability when 
plant–plant interactions increase the plant-available resource pool 
(Barry et al., 2019). Examples include N-fixation, positive litter inter-
action effects accelerating nutrient cycling (Hättenschwiler, 2005) 
or hydraulic redistribution (Prieto et al., 2012).

Positive biotic feedbacks can increase fine-root resource acqui-
sition in mixtures (Barry et  al.,  2019). This may be the case when 
interactions with symbiotic fungi in mixtures enhance soil nutrient 
exploitation of plants (Boddy, 1993; Read & Perez-Moreno, 2003). 
An example for such a biotic feedback is the nutrient and water 
transfer between tree species in mixtures through a common my-
corrhizal network (Simard et  al.,  2015). Not only the abundance 
(e.g. fungal hyphae mass) but also the diversity of mycorrhizae may 
enhance nutrient uptake of plants through complementary fungal 
nutrient exploitation strategies (Agerer,  2001; Wagg et  al.,  2011). 
Yet, evidence on the response of root-EcM interactions to chang-
ing tree diversity levels is still scarce and inconsistent (Salahuddin 
et al., 2018; Weißbecker et al., 2018).

Tree species interactions may also enhance below-ground 
resource-uptake efficiency, that is, resource capture per C in-
vested. In this case, species' interactions above-ground may cause 
a greater below-ground resource-uptake efficiency as a result of 
shifts in C allocation pattern from below- to above-ground biomass 
(Poorter et al., 2012). A reduction in herbivory and pathogen pres-
sure in mixtures could also result in less C requirement for defence 
structures such as tougher tissue (de Kroon et  al.,  2012; Jactel & 
Brockerhoff, 2007).

These examples show that instead of only measuring FRB, the 
quantification of other fine-root traits related to soil resource ex-
ploitation efficiency (i.e. C invested in roots per unit of resource 
acquired) and capacity (i.e. potential resource uptake by roots, in-
dependent of C cost) could improve our understanding of overall 

effects of mixing on FRB. This study sheds new light on the importance of using in-
tegrative approaches including both above- and below-ground biomass and traits 
to study diversity effects on plant productivity.
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diversity–productivity relationships. In addition, mycorrhizal symbi-
onts, which often crucially support fine roots in soil resource capture 
(Brundrett, 2009), are also rarely considered (Laliberté, 2017).

Overall, there is growing evidence for a global trade-off in root 
strategies along a resource acquisition and resource conservation gra-
dient, hereafter referred to as acquisition conservation gradient, rang-
ing from roots with high root tissue density (RTD) that show a slow 
resource return on investment but are long-lived and well-protected, 
to fast roots with a high N content and high metabolic rate for fast 
resource return on investment but a short life span (Bergmann 
et al., 2020). A high root N concentration is generally indicative of 
high root metabolic activity (Reich et al., 2008) and may positively 
relate to specific root-uptake activities (e.g. Legay et al., 2020). Also, 
a low RTD, reflecting low construction cost (Chen et al., 2018), may 
indicate a higher efficiency in conditions where the risk of root loss 
from herbivory and/or pathogens is not high. The strategy of plants 
for efficient resource uptake and conservation is further defined 
by the fungal collaboration gradient—a trade-off between roots that 
efficiently acquire soil resources by themselves (high specific root 
length, SRL—do-it-yourself strategy), and those with typically higher 
fine-root diameter that rely on mycorrhizal colonisation (outsourcing 
strategy; Bergmann et al., 2020). Indeed, a higher SRL of fine roots 
generally translates into a larger volume of soil under the influence 
of roots and therefore a higher soil resource uptake per biomass 
invested (Freschet et  al.,  2020). Nonetheless, mycorrhizal hyphae 
may be as efficient in resource acquisition as fine roots (Chen 
et al., 2018), or even more efficient under conditions of low resource 
availability (Lambers et al., 2008). Therefore, both a higher mycorrhi-
zal colonisation intensity and a high SRL may be linked to a high re-
source acquisition efficiency. Overall, evidence for such changes in 
resource-uptake strategies of fine-root systems in response to tree 
species mixing is strongly limited. To our knowledge, only morpho-
logical root trait adaptations including an increased SRL in mixtures 
have been observed (e.g. Bolte & Villanueva, 2006; Bu et al., 2017; 
Salahuddin et al., 2018).

Phylogenetics may determine variations in fine-root traits 
and thus resource acquisition strategies more than environmen-
tal conditions (Comas & Eissenstat,  2009; Valverde-Barrantes 
et al., 2017). Hence, it has been suggested to group species based 
on their root diameter and mycorrhizal type, because these two 
traits may strongly reflect the species' resource acquisition strat-
egies (Chen et al., 2018). For example, we know that gymnosperm 
and angiosperm species differ considerably in their fine-root traits 
and represent contrasting soil exploitation strategies (Bauhus & 
Messier, 1999; Guo et al., 2008). Owing to their evolutionary back-
ground, thin-rooted angiosperms are thought to follow a more 
acquisitive strategy characterised by faster root proliferation in con-
trast to thick-rooted gymnosperms that generally harbour a more 
conservative acquisition strategy by forming roots that are longer-
lived and rely more on mycorrhizal fungi for soil exploitation and 
nutrient acquisition (Liu et al., 2015; Ma et al., 2018). Evidence has 
also been gathered for contrasting fine-root trait plasticity of thick- 
versus thin-rooted species in response to changes in environmental 

conditions, with thin-, but not thick-rooted species enhancing 
root proliferation, thereby showing a higher plasticity (Bauhus & 
Messier, 1999; Chen et al., 2016, 2018; Wang et al., 2019). This sug-
gests that gymnosperm and angiosperm tree fine roots may also 
respond differently to tree species mixing. Only a few studies have 
dealt with this question, as species-specific fine-root data in mix-
tures are difficult to obtain (Bolte & Villanueva, 2006; Salahuddin 
et al., 2018). More generally, it has also been suggested that plas-
tic responses in mixtures may be more pronounced for absorptive 
roots (the three most distal root orders) than for higher-order roots 
(Salahuddin et al., 2018), suggesting that separating fine roots by 
root orders or functions is an important approach to identify spe-
cies interactions (McCormack et al., 2015).

Previously, underyielding of standing FRB was observed in four 
European forest types (Wambsganss et al., 2021) despite evidence 
for predominantly positive above-ground diversity–productivity ef-
fects in these ecosystems (Jucker et al., 2016; Ratcliffe et al., 2017). 
An increased occupation of soil volume by fine roots in the most 
nutrient-rich soil depth in mixtures, as indicated by an increased 
root length density (RLD), suggested an enhanced below-ground 
resource-uptake efficiency and complementary use of space and 
resources in these mixed forest stands (Wambsganss et al., 2021). 
Here, our objective was to further investigate these below-ground 
adaptations in mixtures by analysing fine-root traits related to soil 
exploitation efficiency. We further aimed at assessing the effect 
of tree species mixing on the intensity of the relationship between 
trees and their mycorrhizal symbionts. We also intended to investi-
gate the role of diversity of root trait values, as a proxy for resource 
partitioning mechanisms. Moreover, we wanted to shed light on dif-
ferences in tree mixing effects driven by two phylogenetic groups 
with contrasting traits, namely thin-rooted angiosperm versus thick-
rooted gymnosperm species.

Our hypotheses were as follows:

1.	 In tree mixtures, reductions in standing FRB are generally as-
sociated with changes in root traits linked to:
a.	 a higher fine-root resource acquisition efficiency (i.e. higher 

root N concentrations and lower RTD) and higher length of 
roots deployed in soil (i.e. higher RLD), resulting in a faster/
greater soil volume exploitation per unit of C invested in roots, 
and/or

b.	 facilitation in resource acquisition by mycorrhizal fungi (pos-
itive biotic feedbacks), particularly higher root mycorrhizal 
colonisation and changes in traits related to the hosting of my-
corrhizae (i.e. lower SRL and higher root diameter) and/or

c.	 a higher functional fine-root trait dissimilarity and hence 
complementary resource acquisition strategies among tree 
species.

2.	 Fine-root morphology (SRL, RTD, diameter) and total fine-root 
length investment (RLD) respond more strongly to interspecific 
interactions in thin-rooted angiosperms than in thick-rooted gym-
nosperms, which rely more on adaptations through mycorrhizal 
associations.
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2  | MATERIAL S AND METHODS

2.1 | Study design

The study sites were selected from the pan-European FunDivEurope 
forest-plot network, representing a tree species richness gradi-
ent from mono-specific to high-diversity stands in each forest type 
(Baeten et al., 2013). The 30 m × 30 m plots in mostly mature uneven-
aged forests were chosen according to predefined criteria comprising 
evenness, tree age, density, species composition and environmental 
factors (e.g. soil type). The comparative study design aimed at keep-
ing abiotic and biotic variables as constant as possible while allow-
ing for gradients in tree species diversity. Here, we used 63 plots 
(30 mono-specific, 33 mixtures) across four sites representing major 
European forest types including boreal (Finland), hemiboreal (Poland), 
mountainous beech (Romania) and thermophilous deciduous forest 
(Italy; Table S1). The plots consisted of one or three tree species from 
a pool of three to five indigenous species that were representative of 
the local tree community. At each plot, we chose five subplots, that 
is, tree neighbourhoods (triplets) for soil sampling following Vivanco 
and Austin (2008). These triplets consisted of three healthy, dominant 
or co-dominant tree individuals of a single species and three differ-
ent species in the mono-specific stands and mixtures, respectively. 
Further criteria for the selection of the triplets were approximately 
equal diameters at breast height (DBH) and crown sizes of the three 
tree individuals and a homogeneous distribution of the triplets across 
the plot (Wambsganss et al., 2021). We then selected soil sampling 
locations based on the visually estimated dimensions of triplet trees 
(DBH and crown dimensions) to capture a point of approximately 
equal influence of all three trees. Sampling points were hence moved 
closer towards trees of smaller dimensions and further away from 
trees with larger dimensions to ensure equal influences.

2.2 | Root sampling and processing

In spring 2017, one soil core per subplot was extracted to a depth of 
30 cm with a split-tube sampler (Eijkelkamp, inner diameter 5.3 cm). Soil 
cores were divided into three depth layers, that is, 0–10, 10–20 and 
20–30 cm. Samples were frozen (−20℃) until processing. Soil samples 
were washed under tap water and live tree fine roots (≤2 mm in diam-
eter) were separated from understorey (herbaceous) and dead tree fine 
roots. Rocks and coarse roots (both >2 mm in diameter) were kept for 
fine-earth volume estimations. Live tree fine roots were further sorted 
by species using reference samples and divided into absorptive and 
transport fine roots (McCormack et al., 2015). This was done based on 
root orders, that is, absorptive roots consisting of the first three most 
distal root orders (beginning from tips) and transport roots consist-
ing of higher root orders. The functional classification approach was 
preferred over the traditional approach, that is, classifying fine roots 
as roots with a diameter ≤2 mm, because recent studies have shown 
that root functions and plasticity significantly differ with root orders 
(Freschet & Roumet, 2017; Laliberté, 2017; McCormack et al., 2015).

2.3 | Root traits

For each subplot sample, root traits (Table  S2) were measured on 
live absorptive fine roots for each species and soil depth separately 
(except for the three Quercus species in Italy, which could not be reli-
ably distinguished and were therefore pooled, hereafter referred to 
as Quercus spec). Root tips colonised by EcM were visually identified 
and counted on representative subsamples based on the presence 
or absence of a fungal sheath for the 12 species known to be as-
sociated with EcM (Acer pseudoplatanus was associated with arbus-
cular mycorrhizae). Thereafter, roots were scanned in water with a 
flat-bed scanner (resolution 800  dpi) and scans analysed with the 
software WinRhizo (Regents Instruments, Québec, Canada, 2009) 
to obtain root length, area, volume and diameter. Root volume and 
(average) diameter values were corrected by recalculating them 
from the sum of all diameter classes' averages (Freschet et al., 2020). 
Subsequently, all samples were dried (72 hr, 40℃) and weighed. For 
C and N analysis, root samples of the first depth layer (0–10 cm) were 
pooled at the plot level. Different root species and functional root 
types (absorptive vs. transport roots) were kept separately. Then, 
samples were milled to determine total organic C and N concentra-
tions by dry combustion (Elementar Vario El Cube). Overall trait val-
ues of absorptive fine roots were calculated as cumulative values, 
that is, pooled across the three depth layers (with the exception of 
chemical traits, which were only available for the first depth layer) 
and species, as we focussed on overall mixing effects rather than 
species-specific effects.

2.4 | Diversity and biomass of fungi

Data on overall mycorrhizae and EcM subgroups are based on soil 
samples taken adjacent to the root sampling spots (0–10  cm soil 
depth). Molecular data of fungal diversity were obtained by standard 
total genomic DNA extraction. Sample processing, laboratory analy-
sis and bioinformatics procedures were done according to Prada-
Salcedo, Goldmann, et al. (2021). We amplified fungal ITS2, using the 
primers P5-5N-ITS4 and P5-6N-ITS4 together with P7-3N-fITS7 and 
P7-4N-fITS7 (Gardes & Bruns, 1993; Ihrmark et al., 2012; Leonhardt 
et  al.,  2019) and produced libraries using the Nextera XT Illumina 
index Kit (Illumina), based on the manufacturer's instructions. 
Subsequently, samples were sequenced with the MiSeq Reagent kit 
v3 on Illumina MiSeq system (Illumina Inc.). After bioinformatic anal-
ysis, the FUNGuild V1.0 tool was used to analyse fungal taxonomy 
and ecological guilds (Nguyen et al., 2016). Subsequently, we identi-
fied and classified fungal groups and determined fungal richness and 
diversity using the package phyloseq (McMurdie & Holmes, 2013) in 
r (R Core Team, 2018). Soil total fungal biomass and specifically my-
corrhizal biomass were determined by phospholipid fatty acid analy-
sis method described by Prada-Salcedo, Wambsganss, et al.  (2021) 
and Pei et  al.  (2017). After lipids extraction, GC–MS analysis and 
peak areas conversion to nmol g soil−1, the biomass was calculated 
accordantly to fungal biomarkers 18:2ω6,9c, 18:1ω9 and 16:1ω5c.
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2.5 | Plasticity index

To assess the intraspecific trait plasticity of angiosperms and gym-
nosperms in mixed relative to mono-specific stands, a plasticity 
index (PI; Freschet et al., 2018) was calculated as the percentage of 
mean deviation from the mean mono-specific trait value:

where Traitmono is the mean trait value of a species in its mono-specific 
stand; Traitmix is the mean trait value of a species in the mixture.

2.6 | Diversity effects

Diversity effects were calculated for the cumulative biomass of ab-
sorptive roots following the additive partitioning method (Loreau & 
Hector, 2001).

The complementarity effect (CE) was calculated as:

where N is the number of species (here N = 3), ΔRYi is the difference 
between the observed and expected relative (R) yield, that is, FRB, of 
species i in mixture, Mi is the FRB in the mono-specific stand of species 
i.

The net diversity effect (NE) was calculated as:

where ΔY, that is, the net effect, is the deviation from total expected 
FRB in the mixture.

YO is the total observed FRB in mixture and YE is the expected 
FRB based on the observed average FRB values of the component 
species in mono-specific stands (i.e. the sum of all three species' FRB 
in mono-specific stands divided by 3).

If ΔY equals 0, effects of the component species are additive. 
If ΔY deviates from 0, effects are non-additive (i.e. negative if <0, 
positive if >0).

2.7 | Functional trait diversity

We quantified functional trait diversity as functional dispersion 
(FDis), an index considering multidimensional trait space and in-
dependent of species richness (Laliberté & Legendre, 2010), using 
the function dbFD of the fd package in r (Laliberté et  al.,  2014) 
and considering the following five traits measured on absorp-
tive roots: SRL, RTD, RLD, EcM colonisation intensity and root 
N concentration. Since we used only quantitative traits, the FDis 
calculations were based on the Euclidean distance (Laliberté & 
Legendre,  2010). We used plot-specific species trait values for 

these calculations to reflect intraspecific trait plasticity. We ex-
cluded samples from triplets composed of the three different 
Quercus species (Italy), owing to the lack of species-specific data. 
The considered traits were selected due to their important role for 
the plant economics spectrum (Freschet et al., 2010; Reich, 2014) 
and to avoid redundancy. Species abundance data were derived 
from the biomass proportions of the individual species' absorptive 
fine roots (Zeng et al., 2020).

2.8 | Statistical analyses

All statistical analyses were performed using R version 3.5.1. (R Core 
Team, 2018), with significance levels set at p = 0.05.

To avoid model overfitting, a principal component analysis (PCA) 
was computed summarising absorptive root traits (SRL, RTD, root 
diameter, RLD and EcM colonisation intensity) that were available 
at the triplet level. As root chemical traits could only be measured 
at the plot level, we computed a second PCA for the plot-level data 
including chemical traits.

The first two axes of the triplet-level PCA were considered 
most important as they retained eigenvalues of >1 and described 
64% of the total variation (Table  S3). Hence, they were used as 
predictor variables in some of the models (see below). We also 
tested the third and fourth PC axes in some of the models; how-
ever, as these models did not yield significant results (not re-
ported), we focus only on the first two axes. Moreover, bivariate 
correlations between absorptive root trait pairs that were ex-
pected to be significant based on the PCA biplots were checked 
using simple linear regression analyses to corroborate the inter-
pretation of the PC axes.

Linear mixed-effects models (LMMs) were used for testing the 
hypotheses and accounting for the nested study design (package 
lme4, Bates et  al.,  2015). Random slopes and intercepts and plot 
nested within site were used as random effect structure for all mod-
els, except for site-level models and models based on plot-level data, 
where only site was used as random effect. Model assumptions were 
checked using the package DHARMa (Hartig, 2019). In case of vio-
lations of model assumptions, response variables were transformed 
(package bestNormalize, Peterson, 2017).

To assess the effect of tree mixing on the individual root traits (hy-
pothesis 1), we tested each trait (SRL, RTD, RLD, diameter, mycorrhizal 
colonisation, root N) separately in response to tree species richness 
across sites. We further modelled each of the first two triplet root PCs 
separately in response to tree species richness. In addition, a redun-
dancy analysis (RDA) including site as conditional factor (package vegan, 
Oksanen et al., 2013) was performed to affirm our focus on the first 
two PC axes (Figure S1). To check whether the traits were related to 
standing FRB and diversity effects on FRB models testing FRB as well 
as each diversity effect (NE and CE) separately were computed in re-
sponse to the triplet root PCs. To specifically test hypothesis 1b (bi-
otic feedbacks), we checked whether diversity effects and overall FRB 
were related to mycorrhizal biomass and diversity. To test hypothesis 

(1)PI (%) =
Traitmix − Traitmono

Traitmono

× 100,

(2)CE = N ×mean
(

ΔRYi

)

×mean
(

Mi

)

,

(3)ΔY = YO − YE,
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1c (trait dissimilarity), NE and CE were modelled in response to func-
tional dispersion of absorptive fine-root traits (representing functional 
trait diversity), respectively. To test how trait values differed between 
mixtures and mono-specific stands for angiosperms and gymnosperms, 
respectively (hypothesis 2), we separated the data for the two phylo-
genetic groups and then modelled each trait for each group separately 
across sites and for individual sites. We further modelled FRB of both 
gymnosperms and angiosperms separately in response to total mycor-
rhizal biomass and diversity as well as the diversity of EcM. In addition, 
to specifically test for differences in responses of gymnosperms and 
angiosperms to tree species mixing, we computed models testing each 
trait in response to the interaction between phylogenetic type and tree 
species richness using the whole dataset.

3  | RESULTS

3.1 | Fine-root trait coordination

The triplet-level PCA on absorptive root traits showed that varia-
tion of the fine-root trait data was coordinated along two main axes 
(Figure 1): PC1 described 42.4% of variation in root traits and indi-
cated a gradient from high-SRL, low tissue density and low-diameter 
roots (negative values) to low-SRL and high-diameter roots (positive 

values). PC2 explained 21.4% of the variation and described a sepa-
rate dimension indicating the reliance of trees on EcM colonisation 
intensity, which appeared to some extent be opposed to developing 
high RLD.

The plot-level PCA on absorptive root traits, which addi-
tionally included chemical root traits only available at the plot 
level, further showed two axes along which the fine-root trait 
data were coordinated (Figure S2): PC1, which described 48.3% 
of the variation, represented a trade-off between RTD and N 
concentrations, from high-RTD roots low in N concentrations 
(positive values) to low-RTD roots that are high in N concen-
trations (negative values). PC2 described 19.7% of the variation 
and indicated a trade-off between SRL and root diameter, sim-
ilar to triplet PC1.

Bivariate trait pair analyses showed negative relationships 
between SRL and root diameter, SRL and RTD, EcM colonisa-
tion intensity and RLD as well as root N concentrations and RTD 
(Figure S3).

3.2 | Tree mixing effects on fine-root traits

Across all four forest types, tree mixing had a negative effect 
on triplet PC1 (Figure  1; Table  1). Moreover, tree mixing was 

F I G U R E  1   Biplot of the principal component analysis (PCA) using traits of absorptive roots at the triplet level (for the plot-level PCA 
including root N, see Figure S2). PC1 represents a resource foraging strategy gradient independent of mycorrhizal colonisation intensity 
(thus clearly distinct from a collaboration gradient), from high-SRL, low tissue density, low-diameter roots, that are characterised by fast 
foraging to low-SRL, high-diameter roots, which can be related to slow foraging. PC2 represents the reliance of trees on EcM colonisation 
intensity, which was negatively related with RLD (Figure S3), that is, negative values indicating a high RLD and low EcM colonisation 
intensity, and positive values representing a high EcM colonisation intensity and low RLD

High EcM colonisation, 
low RLD

Low EcM colonisation, 
high RLD

Fast Slow
Resource 

foraging strategy

Trade-off between 
root length and 

mycorrhizal 
colonisation
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positively related to triplet PC2, indicating a higher EcM colo-
nisation and lower RLD in mixtures compared to mono-specific 
stands (Figure 1; Table 1). Root PC1 was further positively related 
to gymnosperm proportion in the tree triplet, whereas root PC2 
was not, suggesting that the higher the gymnosperm proportion 
in triplets, the greater the community root diameter and RTD.

When analysing the traits individually, across all sites, community 
SRL, EcM colonisation intensity as well as root N concentrations were 
significantly higher while root diameter and RTD were significantly 
lower in mixtures compared to mono-specific stands (LMM, Figure 2). 
RLD did not significantly differ between mixtures and mono-specific 
stands.

Across sites, biomass of absorptive fine roots pooled across soil 
depths was positively related to triplet root PC1 and negatively re-
lated to triplet root PC2 (Figure 3).

3.3 | Role of mycorrhizae

Across sites, total mycorrhizal as well as EcM Shannon diversity 
were significantly higher in mixtures than in mono-specific stands, 
whereas total mycorrhizal biomass did not significantly differ be-
tween the two stand types (Figure 4; Table S4).

3.4 | Role of root trait dissimilarity

Across all four sites, functional trait diversity of absorptive roots 
in mixtures, reflected by the functional dispersion index, FDis, 
was positively related to both NE and CE in terms of biomass of 
absorptive fine roots (Figure 5). Furthermore, FDis was positively 
related to gymnosperm tree proportion in mixtures (Figure 6) and 

TA B L E  1   Relationships between tree species richness, triplet gymnosperm proportion (% basal area) with triplet-level root principal 
components (PC) 1 and 2, respectively, tested using linear mixed-effect models (from which marginal and conditional R2 values were 
derived). Red and green shade indicate positive and negative slopes, respectively

Predictors (fixed effects)

Absorptive root PC1 Absorptive root PC2

Estimate t-value p Estimate t-value p

Tree species richness −1.04 −4.76 <0.001 0.45 2.88 <0.01

Triplet gymnosperm % 0.62 5.30 <0.001 −0.04 −0.42 0.68

mR2 0.31 0.05

cR2 0.68 0.39

Bold values indicate significant effects (p < 0.05).

F I G U R E  2   Mean cumulative traits of absorptive fine roots (±SE) by tree species richness across sites. Asterisks indicate significant 
differences between mixtures and pure stands tested with linear mixed-effect models (from which marginal and conditional R2 values were 
derived)
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also to total mycorrhizal as well as EcM diversity (LMM, p < 0.01; 
Table S5).

3.5 | The influence of phylogeny on fine-root traits

Mean trait values of absorptive roots varied considerably among 
species (Table S6) and clear differences between gymnosperms and 
angiosperms became apparent (Table 2). At all sites where both gym-
nosperms and angiosperms were sampled, absorptive roots in gym-
nosperms were characterised by larger average diameters, lower SRL 
and SRA compared to angiosperm roots. In hemiboreal (Poland) and 
mountainous beech forests (Romania), angiosperms had significantly 
higher RLDs compared to gymnosperms. In boreal forests (Finland), 
EcM colonisation intensity was significantly higher in angiosperm (i.e. 
Betula pendula) than gymnosperm species, whereas gymnosperms 
had a higher infection rate than angiosperms in hemiboreal forests. 
Angiosperm roots in hemiboreal forests also had significantly higher 
N concentrations (and lower root C/N ratio) than gymnosperms roots.

Angiosperms and gymnosperms showed differences in intraspe-
cific trait plasticity (Figure  7; Table  S7). Across sites, angiosperms 
had a significantly higher SRL, EcM colonisation intensity, root N 
and lower average root diameters and RTD in mixtures compared to 
mono-specific stands. For gymnosperms, trait values did not differ 
between the two stand types except for a higher SRL in mixtures 
than in mono-specific stands. Both total RLD of gymnosperms and 
angiosperms did also not significantly differ between mixed and 
mono-specific stands. Moreover, gymnosperm FRB was negatively 

F I G U R E  3   Relationship of biomass of absorptive fine roots with triplet-level root principal components (PC) 1 and 2. Significance was 
tested using linear mixed-effect models including both PCs as fixed effects in one model (from which marginal and conditional R2 values 
were derived). The solid lines represent linear regressions for the two variables of interest, including a 95% confidence interval (shaded grey 
area)

F I G U R E  4   Mean ectomycorrhizal Shannon diversity (±SE) in soil 
samples (0–10 cm soil depth) in mixtures and pure stands across 
all four sites. Asterisks indicate significant differences between 
the two stand types tested with linear mixed-effect models (from 
which marginal and conditional R2 values were derived)

F I G U R E  5   Relationship between functional dispersion of 
traits of absorptive roots (FDis) with mean net diversity and 
complementarity effects in terms of absorptive standing fine-root 
biomass (g/m2). R2 (marginal and conditional) values were derived 
from linear mixed-effect models. The solid lines represent linear 
regressions for the two variables of interest, including a 95% 
confidence interval (shaded grey area)
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related to total mycorrhizal biomass (LMM, p  =  0.04) and tended 
to be negatively related to total mycorrhizal diversity (p  =  0.09), 
whereas angiosperm FRB was neither significantly related to mycor-
rhizal diversity nor biomass (both p > 0.05; Table S5).

4  | DISCUSSION

Here, we demonstrated that the overall reduction in biomass of ab-
sorptive fine roots in mixtures across four major European forest 
types reported in a previous study (Wambsganss et al., 2021) is as-
sociated with morphological and chemical adaptations of fine-root 
traits. These changes in root trait values suggest a shift towards a 
faster foraging strategy of fine roots in mixtures. The higher root 
EcM colonisation intensity and the higher diversity of EcM in soils 
in mixtures further indicate positive biotic feedbacks. Our analy-
ses also showed that these mixing effects depended on interspe-
cific functional root trait dissimilarity as well as the diversity of EcM 
pointing to complementary soil resource acquisition strategies. We 
observed the strongest fine-root biomass reduction in mixtures with 
the lowest root trait dissimilarity while such effects were nearly 
non-existent in stands with higher root trait dissimilarity. Since root 
trait dissimilarity was strongly positively related to gymnosperm 
proportion in the mixture, this result can be explained by the gener-
ally stronger response of angiosperm than gymnosperm species to 
tree mixing observed here.

4.1 | Soil exploitation strategy

Supporting hypothesis 1a, tree mixing significantly affected fine-
root traits, including higher root N concentrations and lower RTD 
(Figure 2). Mixtures were also characterised by higher SRL and lower 
root diameter compared to mono-specific stands. Contrasting our 
hypothesis, the length of roots deployed across the three soil layers 
(RLD) was not significantly higher in mixtures, despite an increased 

RLD observed in the topsoil only (Wambsganss et  al.,  2021). Our 
results strengthen previous findings of increasing SRL owing to 
interspecific interactions in forests (Bolte & Villanueva,  2006; Bu 
et al., 2017; Germon et al., 2018; Salahuddin et al., 2018) and suggests 
that other morphological root changes also occur simultaneously.

In accordance with recent studies (Bergmann et al., 2020; Ding 
et  al.,  2020; Erktan et  al.,  2018; Wang et  al.,  2018), a large share 
of the variation in our data was arranged along two axes (Figure 1; 
Figure S2), suggesting a trade-off between SRL and diameter—the 
fungal collaboration gradient—as well as a trade-off between RTD and 
root N—the resource acquisition-conservation gradient. The differ-
ences between morphological and chemical traits in mixtures com-
pared to mono-specific stands could also be interpreted as a shift 
towards a more do-it-yourself strategy and concurrently a fast/ac-
quisitive rather than a slow/conservative resource uptake (Bergmann 
et al., 2020). The positive relationship between total standing FRB 
and a root foraging strategy favouring thicker and shorter roots sug-
gests that these trait adaptations may be linked to the negative net 
diversity effects on FRB reported for these mixtures (Wambsganss 
et al., 2021). Yet, the EcM colonisation intensity appeared to be in-
dependent of the SRL-diameter trade-off represented by our PCAs. 
Instead, it was coordinated along an independent, second dimension 
(Figure 1) indicating a potential trade-off with RLD (discussed in the 
next section). This suggests that in contrast to the fungal collabora-
tion gradient (Bergmann et al., 2020), the trade-off between SRL and 
diameter shown by both of our PCAs should rather be interpreted 
as a gradient in root foraging strategies independent of EcM associ-
ations, as proposed by Ding et al. (2020). It is noteworthy that this 
trend may result from our focus on EcM species. Whereas positive 
relationships between fine-root diameter and mycorrhizal coloni-
sation have been found relatively consistently for AM species (e.g. 
Kong et al., 2014; Ma et al., 2018; McCormack & Iversen, 2019), there 
is no such clear picture for EcM species (e.g. Ding et al., 2020; Kong 
et al., 2014; McCormack & Iversen, 2019). One possible explanation 
lies in the increased potential for EcM colonisation of thinner roots 
with many root tips (i.e. increased root branching intensity; Ding 
et al., 2020). Therefore, it cannot be excluded that the framework 
proposed by Bergmann et al. (2020), where mycorrhizal colonisation 
intensity aligns with fine-root diameter, may not adequately account 
for the trade-off in root morphology observed among EcM species.

A high SRL is often used as an indicator for a higher soil exploita-
tion efficiency, that is, less C required per root length deployed and 
thus soil volume explored (Eissenstat, 1991). Yet, a higher foraging 
efficiency and fast strategy do not necessarily relate to a reduction 
in below-ground C investments, as high-SRL roots are often char-
acterised by a shorter life span (McCormack et al., 2012; Weemstra 
et al., 2020). Similarly, a lower overall RTD implies a reduction in root 
construction costs but also reduces root structural defence capac-
ity possibly resulting in a shorter life span (Eissenstat et al., 2000, 
2015). The increased root N concentrations are also associated with 
increased root respiration rates (Reich et al., 2008) and a lower root 
life span (Bergmann et al., 2020; McCormack et al., 2012). Therefore, 
the shift in fine-root trait values from a less efficient resource 

F I G U R E  6   Relationship of triplet gymnosperm proportion 
with functional dispersion (FDis) of traits of absorptive roots in 
mixtures. R2 (marginal and conditional) values were derived from 
linear mixed-effect models. The solid line represents a simple linear 
regression including a 95% confidence interval (shaded grey area)
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foraging and slow strategy in mono-specific stands to more efficient 
foraging and faster strategy in mixtures may have maintained (or 
even increased) the capacity of trees to acquire nutrients. Yet, the 
decrease in FRB cannot be directly translated into lower C invest-
ments into nutrient acquisition without additional information on 
respiration and turnover rates of fine roots (Weemstra et al., 2020).

The shift in fine-root traits with species mixing may be explained 
in several ways. First, the generally thinner and longer roots in mix-
tures may be explained by shifts in C allocation patterns from be-
low- to above-ground biomass (Poorter et al., 2012), which is then 
counterbalanced by shifts in root morphology (Freschet et al., 2015; 
Weemstra et al., 2020) and root traits related to soil resource uptake 
(Freschet et al., 2018). The observed above-ground overyielding of 
wood production across the pan-European plot network which this 
study is part of (Jucker et al., 2014) suggests that this mechanism 
might have occurred here. Concurrently, the potentially higher soil 
nutrient availability in mixtures at these plots (L. Gillespie et al., un-
published data) also indicates a higher community-level resource-use 
efficiency, for example, faster cycling and lower losses of nutrients 
(Richards et al., 2010), reducing below-ground C investment.

Second, since plastic reactions of fine roots in response to 
changes in water and nutrient availability are well documented 
(Hodge, 2004), the morphological and chemical adaptations in mix-
tures could also be linked to alterations of soil resource availability 
and distribution. Higher P contents and smaller C/N ratios of the 
forest floor in mixtures at our sites (L. Gillespie et al., unpublished 
data) suggest enhanced nutrient availability. Indeed, increasing root 
N concentrations and decreasing RTD with increasing soil nutrient 
availability have been observed for tree roots along broad environ-
mental gradients (Ding et  al.,  2020; Ostonen et  al.,  2017) and in-
creased P availability was shown to increase SRL and decrease RTD 
(Li et al., 2019). However, contrasting observations were also made 
(e.g. Freschet et al., 2018).

Third, the spatial distribution of soil resources may also partly 
explain our observations. A weak but positive tree diversity effect 
on abundance and diversity of earthworms was observed across the 
FunDivEUROPE plots (Ganault et al., 2021; De Wandeler et al., 2018), 
indicating an increased bioturbation and redistribution of soil 

nutrients in mixtures (Meysman et al., 2006; Patoine et al., 2020). 
As a response, trees could have formed higher-SRL roots to enhance 
their chance of encountering nutrient-rich spots (Chen et al., 2016). 
A higher concentration of nutrients in earthworm burrows (Cameron 
et al., 2014) could have generally led to the development of fewer 
roots in search for nutrients. Alternatively, fine-root turnover could 
have increased and standing FRB decreased, as earthworms may 
also consume living fine roots (Cortez & Bouche, 1992).

4.2 | Positive biotic feedbacks

The overall higher root EcM colonisation intensity and diversity in 
soil samples in mixtures compared to pure stands (Figures  2 and 
4) corroborate our hypothesis 1b regarding positive biotic feed-
backs. However, as traits related to the hosting of mycorrhizae (i.e. 
higher SRL and lower root diameter) did not change as expected 
with an increased EcM colonisation, our hypothesis is only partially 
supported.

Tree diversity can increase mycorrhizal diversity (Hanif 
et al., 2019; Kernaghan et al., 2003; Tedersoo et al., 2016), possibly 
owing to a greater host diversity, a greater diversity of organic inputs 
(Hättenschwiler et al., 2005) or more favourable micro-climatic con-
ditions (e.g. higher soil moisture; Joly et al., 2017). Here, the higher 
EcM diversity in mixtures could be linked to higher EcM colonisation 
intensity of absorptive fine roots, as a higher diversity of EcM may 
also increase the potential of root tip infection (Bzdyk et al., 2019). A 
higher diversity of mycorrhizal fungi indicates complementary fun-
gal nutrient exploitation strategies (Agerer, 2001; Kernaghan, 2005) 
and thus enhanced nutrient supply to their hosts through positive 
biotic feedbacks. Morphological root trait dissimilarity among tree 
species may also be related to different EcM associations and EcM 
hyphal proliferation strategies and hence complementarity in re-
source uptake (Cheng et  al.,  2016). Positive biotic feedbacks from 
EcM increasing soil resource uptake by trees may also explain the 
apparent reduction of C allocated in FRB but do not necessarily 
imply a lower overall below-ground C investment, as C transfer to 
mycorrhizae can be substantial (Eissenstat, 1992).

F I G U R E  7   Plasticity index (±SE) for traits of absorptive fine roots of angiosperms and gymnosperms across sites. Asterisks indicate 
significant intraspecific trait deviation between mono-specific and mixed stands tested with linear mixed-effect models (**p < 0.01; 
*p < 0.05; ns p > 0.1). Abbreviations of the fine-root traits are shown in Table 2
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The increased EcM colonisation intensity in mixtures found 
here contradicts two related studies, reporting the opposite effect 
(Salahuddin et al., 2018; Yan et al., 2019). The shift towards a more 
do-it-yourself strategy in mixtures seems to contrast the higher 
EcM colonisation rate, as high-SRL roots are assumed to invest 
less C in mycorrhizal partners (Bergmann et al., 2020; McCormack 
& Iversen, 2019). The presence of the fungal sheath surrounding 
root tips should theoretically increase RTD (Reich,  2014), fur-
ther contradicting the shift towards a faster fine-root resource 
acquisition. Yet, a trade-off between mycorrhizal colonisation 
rate and root diameter (or SRL) has mainly been observed for AM 
species, whereas such evidence for EcM species is scarce (Kong 
et al., 2014; McCormack & Iversen, 2019). A recent study even re-
ported a negative relationship between root diameter and mycor-
rhizal colonisation rate in EcM conifer species (Ding et al., 2020) 
and the authors speculated that the higher root branching inten-
sity of thinner roots led to an increased EcM infection probability. 
Still, the concomitant increase in mycorrhizal colonisation inten-
sity and SRL or decrease in diameter and tissue density are un-
likely to occur in combination on the same tree species and may 
rather be explained by a substantial increase in these trait values 
on distinct tree species (Table S6).

As mentioned in the previous section, the shifts in root EcM colo-
nisation intensity appeared to be decoupled from shifts in root diam-
eter and SRL but instead are negatively related with RLD (Figure 1; 
Figure S3). It has previously been observed that EcM tree species 
enhanced their nutrient foraging by investing in mycorrhizal fungal 
hyphae production rather than in root length (Chen et  al.,  2016). 
Hence, increasing EcM foraging precision could indicate another re-
sponse of trees to changes in soil nutrient availability in mixtures.

4.3 | Complementary acquisition strategies

The average fine-root trait values varied considerably among tree 
species and in particular between angiosperms and gymnosperms 
(Table 2), which is in agreement with other studies (e.g. Bauhus & 
Messier, 1999; Salahuddin et al., 2018; Tobner et al., 2013), and sug-
gests different soil exploitation strategies.

The buffered decrease in FRB with increasing fine-root trait di-
versity (Figure 5) indicates that in addition to the other mechanisms 
discussed before, resource partitioning among species in mixtures 
may also play a role, corroborating hypothesis 1c.

In general, a higher trait diversity may relate to a greater niche 
differentiation and thus a more complete or more efficient resource 
uptake (Barry et al., 2019). A higher functional diversity of absorp-
tive fine roots may indicate complementary soil resource acquisition 
strategies among different tree species, possibly resulting in com-
petitive reduction. The positive correlation between fine-root trait 
diversity and total soil mycorrhizal diversity, as well as EcM Shannon 
diversity (Table S5), further indicates that the dissimilarity in fine-
root traits may also be related to diversity in mycorrhizal resource 
exploitation strategies (Agerer, 2001; Cheng et al., 2016).

Fine-root trait diversity was further positively related to the 
gymnosperm proportion in tree triplets across sites (Figure 6), where 
the gymnosperm-dominated mixtures had the highest trait diversity. 
Owing to their evolutionary background, trait differences within 
angiosperms are usually greater than within gymnosperms. Here, 
the mixtures with the highest gymnosperm proportion still included 
one angiosperm species, positively influencing the dissimilarity in 
fine-root trait values. Consequently, the gymnosperm-dominated 
mixtures were characterised by more neutral net diversity effects 
on standing FRB (Wambsganss et  al.,  2021). In contrast, low trait 
diversity in the angiosperm mixtures may indicate similar uptake 
strategies and more intense competition for soil resources among 
species. Our results could suggest that tree species with similar 
fine-root resource acquisition strategies adjusted these in mixture 
(as described above) to avoid competition (Hodge, 2004), resulting 
in the negative net diversity effects on standing FRB. In addition, 
these adaptations in angiosperm-dominated mixtures may have also 
been caused by changes in soil nutrient distributions in these stands, 
where decomposition rates (Joly et al., 2017) and earthworm abun-
dance (De Wandeler et al., 2018) increased with deciduous leaf litter 
proportion. Yet, it has to be kept in mind that due to the imbalanced 
study design (i.e. stands with the highest angiosperm proportion oc-
curring in Italy and the stands with the lowest angiosperm propor-
tion occurring in Finland), we cannot clearly disentangle site effects 
from phylogenetic identity effects in this study.

4.4 | The influence of phylogeny on the response of 
fine-root traits to mixing

In accordance with our second hypothesis, thin-rooted angiosperms 
changed root morphology more strongly in response to tree mix-
ing (increased SRL, decreased RTD and diameter) than thick-rooted 
gymnosperms (Figure 7). Neither gymnosperm nor angiosperm spe-
cies deployed significantly higher root lengths in mixed compared 
to mono-specific stands. Thus, only qualitative root traits (i.e. how 
roots are built) changed in response to tree mixing, except for RLD in 
the topsoil (Wambsganss et al., 2021).

These responses were also reflected at the community level, 
where a higher mixture proportion of gymnosperms was related to a 
slower root foraging strategy and a higher angiosperm proportion to 
a faster root foraging strategy (Table 1).

In contrast to gymnosperms, angiosperms may have adapted 
their fine-root soil exploitation strategy in mixtures to optimise re-
source acquisition (Chen et al., 2016, 2018; Cheng et al., 2016)—a 
response likely attributable to their evolutionary background (Ma 
et al., 2018; Wang et al., 2019). This greater plasticity of angiosperm 
roots was observed under the relatively small range of conditions 
the trees experienced between mixed and mono-specific stands at 
our study sites. This pattern may change under a greater range of 
environmental conditions, as great morphological plasticity has also 
been shown for gymnosperm roots along broader environmental 
gradients (e.g. Zadworny et al., 2016).
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In contrast to the assumedly lower dependence on mycorrhizae 
of thin angiosperm roots, our results indicate that they were charac-
terised by a strong increase in EcM colonisation intensity in mixtures 
compared to mono-specific stands (Figure  7). Yet, gymnosperm 
FRB was overall negatively related to total mycorrhizal biomass and 
diversity, whereas angiosperm FRB was not (Table  S5). This sug-
gests a trade-off between C investment in FRB versus investment 
in mycorrhizae for gymnosperms, supporting their commonly re-
ported greater dependence on mycorrhizae for soil exploitation (Ma 
et al., 2018). In contrast, the less clear balance between FRB and EcM 
colonisation intensity of angiosperms may suggest that angiosperms 
employ more different ways to increase their nutrient-uptake capac-
ity (e.g. specific root uptake rate, Miller & Cramer, 2005; root hair 
length and density, Forde & Lorenzo, 2001).

5  | CONCLUSIONS

This study demonstrates that in tree species mixtures several poten-
tial non-exclusive and partially contradicting underlying mechanisms 
may simultaneously contribute to a lower below-ground biomass. 
Consequently, an underyielding of fine-root biomass in tree species 
mixtures does not necessarily reflect negative below-ground species 
interactions and a lower performance of mixtures. Here, integrating the 
role of mycorrhizal symbionts and further fine-root traits related to fine-
root soil exploitation was key to shed light on these typically overlooked 
underlying patterns of biodiversity effects on plant biomass production.

Future tree diversity studies could further disentangle different 
divers of net diversity effects on fine-root biomass by considering 
gradients of abiotic (i.e. soil resource availability) and biotic proper-
ties (i.e. mycorrhizal symbionts).

We conclude that below-ground biomass by itself is not a suit-
able variable to represent tree community performance. Hence, we 
strongly recommend using integrative approaches that incorporate 
a range of traits and C costs of above- and below-ground plant com-
partments to shed light on the underlying mechanisms of tree diver-
sity effects on ecosystem functioning.

ACKNOWLEDG EMENTS
This study was funded by the German Research Foundation 
(grand numbers: BA 2821/16-1 and SCHE 695/10-1). This re-
search was part of the SoilForEUROPE project funded through 
the 2015–2016 BiodivERsA COFUND call for research propos-
als, with the national funders Agence Nationale de la Recherche 
(ANR, France), Belgian Science Policy Office (BELSPO, Belgium), 
Deutsche Forschungsgemeinschaft (DFG, Germany), Research 
Foundation Flanders (FWO, Belgium) and The Swedish Research 
Council (FORMAS, Sweden). F.B. was supported by the Margarete-
von-Wrangell Fellowship of the Ministry of Science, Research and 
the Arts Baden-Württemberg and the European Social Fund. We 
further thank Bart Muys and Karen Vancampenhout at KU Leuven 
University for the soil texture data, the site managers Leena Finér, 
Natural Resource Institute Finland (LUKE), Bogdan Jaroszewicz, 

University of Warsaw—Poland, Olivier Bouriaud, Forest Research 
and Management Institute (ICAS)—Romania, Filippo Bussotti and 
Federico Selvi, University of Florence—Italy, and Jakub Zaremba, Ewa 
Chećko, Iulian Dănilă, Timo Domisch, as well as the SoilForEUROPE 
consortium for their assistance with soil sampling, Renate Nitschke 
and the many student assistants for their help with root processing 
in the laboratory. The authors declare no conflict of interest.

AUTHORS'  CONTRIBUTIONS
All authors contributed to the design of the study; J.W. and L.D.P.-S. 
carried out data collection and performed the analysis; J.W. drafted 
the manuscript. All authors discussed and interpreted the results 
and contributed to writing of the manuscript.

DATA AVAIL ABILIT Y S TATEMENT
The datasets used for this study are archived on a data portal as-
sociated with the FunDivEUROPE and SoilForEUROPE projects 
and available after a 1-year embargo (root biomass data: https://
data.botan​ik.uni-halle.de/fundi​veuro​pe/datas​ets/518; root func-
tional trait data: https://data.botan​ik.uni-halle.de/fundi​veuro​pe/
datas​ets/521; plot-level C, N data: https://data.botan​ik.uni-halle.
de/fundi​veuro​pe/datas​ets/520; Soil fungal biomass and diver-
sity data: https://data.botan​ik.uni-halle.de/fundi​veuro​pe/datas​
ets/522).

ORCID
Janna Wambsganss   https://orcid.org/0000-0002-2968-558X 
Grégoire T. Freschet   https://orcid.org/0000-0002-8830-3860 
Friderike Beyer   https://orcid.org/0000-0002-3597-5022 
Kezia Goldmann   https://orcid.org/0000-0003-2954-5517 
Luis Daniel Prada-Salcedo   https://orcid.org/0000-0001-8403-7094 
Michael Scherer-Lorenzen   https://orcid.org/0000-0001-9566-590X 
Jürgen Bauhus   https://orcid.org/0000-0002-9673-4986 

R E FE R E N C E S
Agerer, R. (2001). Exploration types of ectomycorrhizae: A proposal to 

classify ectomycorrhizal mycelial systems according to their patterns 
of differentiation and putative ecological importance. Mycorrhiza, 
11(2), 107–114. https://doi.org/10.1007/s0057​20100108

Ammer, C. (2019). Diversity and forest productivity in a changing cli-
mate. New Phytologist, 221(1), 50–66. https://doi.org/10.1111/nph.  
15263

Archambault, C., Paquette, A., Messier, C., Khlifa, R., Munson, A. D., & 
Handa, I. T. (2019). Evergreenness influences fine root growth more 
than tree diversity in a common garden experiment. Oecologia, 189, 
1027–1039. https://doi.org/10.1007/s0044​2-019-04373​-5

Baeten, L., Verheyen, K., Wirth, C., Bruelheide, H., Bussotti, F., Finér, L., 
Jaroszewicz, B., Selvi, F., Valladares, F., Allan, E., Ampoorter, E., Auge, 
H., Avăcăriei, D., Barbaro, L., Bărnoaiea, I., Bastias, C. C., Bauhus, J., 
Beinhoff, C., Benavides, R., … Scherer-Lorenzen, M. (2013). A novel 
comparative research platform designed to determine the functional 
significance of tree species diversity in European forests. Perspectives 
in Plant Ecology, Evolution and Systematics, 15(5), 281–291. https://
doi.org/10.1016/j.ppees.2013.07.002

Bakker, L. M., Mommer, L., & van Ruijven, J. (2019). Using root traits to 
understand temporal changes in biodiversity effects in grassland 
mixtures. Oikos, 128(2), 208–220. https://doi.org/10.1111/oik.05612

https://data.botanik.uni-halle.de/fundiveurope/datasets/518
https://data.botanik.uni-halle.de/fundiveurope/datasets/518
https://data.botanik.uni-halle.de/fundiveurope/datasets/521
https://data.botanik.uni-halle.de/fundiveurope/datasets/521
https://data.botanik.uni-halle.de/fundiveurope/datasets/520
https://data.botanik.uni-halle.de/fundiveurope/datasets/520
https://data.botanik.uni-halle.de/fundiveurope/datasets/522
https://data.botanik.uni-halle.de/fundiveurope/datasets/522
https://orcid.org/0000-0002-2968-558X
https://orcid.org/0000-0002-2968-558X
https://orcid.org/0000-0002-8830-3860
https://orcid.org/0000-0002-8830-3860
https://orcid.org/0000-0002-3597-5022
https://orcid.org/0000-0002-3597-5022
https://orcid.org/0000-0003-2954-5517
https://orcid.org/0000-0003-2954-5517
https://orcid.org/0000-0001-8403-7094
https://orcid.org/0000-0001-8403-7094
https://orcid.org/0000-0001-9566-590X
https://orcid.org/0000-0001-9566-590X
https://orcid.org/0000-0002-9673-4986
https://orcid.org/0000-0002-9673-4986
https://doi.org/10.1007/s005720100108
https://doi.org/10.1111/nph.15263
https://doi.org/10.1111/nph.15263
https://doi.org/10.1007/s00442-019-04373-5
https://doi.org/10.1016/j.ppees.2013.07.002
https://doi.org/10.1016/j.ppees.2013.07.002
https://doi.org/10.1111/oik.05612


14  |    Functional Ecology WAMBSGANSS et al.

Barry, K. E., Mommer, L., van Ruijven, J., Wirth, C., Wright, A. J., Bai, 
Y., Connolly, J., De Deyn, G. B., de Kroon, H., Isbell, F., Milcu, A., 
Roscher, C., Scherer-Lorenzen, M., Schmid, B., & Weigelt, A. (2019). 
The future of complementarity: Disentangling causes from conse-
quences. Trends in Ecology & Evolution, 34(2), 167–180. https://doi.
org/10.1016/j.tree.2018.10.013

Bates, D., Mächler, M., Bolker, B., & Walker, S. (2015). Fitting linear 
mixed-effects models using lme4. Journal of Statistical Software, 
67(1), 1–48. https://doi.org/10.18637/​jss.v067.i01

Bauhus, J., Forrester, D. I., & Pretzsch, H. (2017). Mixed-species forests: 
The development of a forest management paradigm. In H. Pretzsch, 
D. I. Forrester, & J. Bauhus (Eds.), Mixed-species forests (pp. 1–26). 
Springer.

Bauhus, J., & Messier, C. (1999). Soil exploitation strategies of fine roots 
in different tree species of the southern boreal forest of eastern 
Canada. Canadian Journal of Forest Research, 29(2), 260–273. https://
doi.org/10.1139/cjfr-29-2-260

Bergmann, J., Weigelt, A., van der Plas, F., Laughlin, D. C., Kuyper, T. 
W., Guerrero-Ramirez, N., Valverde-Barrantes, O. J., Bruelheide, H., 
Freschet, G. T., Iversen, C. M., Kattge, J., McCormack, M. L., Meier, 
I. C., Rillig, M. C., Roumet, C., Semchenko, M., Sweeney, C. J., van 
Ruijven, J., York, L. M., & Mommer, L. (2020). The fungal collabora-
tion gradient dominates the root economics space in plants. Science 
Advances, 6(27), eaba3756. https://doi.org/10.1126/sciadv.aba3756

Boddy, L. (1993). Saprotrophic cord-forming fungi: Warfare strategies 
and other ecological aspects. Mycological Research, 97(6), 641–655. 
https://doi.org/10.1016/S0953​-7562(09)80141​-X

Bolte, A., & Villanueva, I. (2006). Interspecific competition impacts on the 
morphology and distribution of fine roots in European beech (Fagus 
sylvatica L.) and Norway spruce (Picea abies (L.) Karst.). European 
Journal of Forest Research, 125(1), 15–26. https://doi.org/10.1007/
s1034​2-005-0075-5

Brundrett, M. C. (2009). Mycorrhizal associations and other means of 
nutrition of vascular plants: Understanding the global diversity of 
host plants by resolving conflicting information and developing re-
liable means of diagnosis. Plant and Soil, 320(1–2), 37–77. https://doi.
org/10.1007/s1110​4-008-9877-9

Bu, W., Schmid, B., Liu, X., Li, Y., Härdtle, W., von Oheimb, G., Liang, Y. 
U., Sun, Z., Huang, Y., Bruelheide, H., & Ma, K. (2017). Interspecific 
and intraspecific variation in specific root length drives aboveground 
biodiversity effects in young experimental forest stands. Journal of 
Plant Ecology, 10(1), 158–169. https://doi.org/10.1093/jpe/rtw096

Bzdyk, R. M., Olchowik, J., Studnicki, M., Nowakowska, J. A., Oszako, T., 
Urban, A., & Hilszczańska, D. (2019). Ectomycorrhizal colonisation in 
declining oak stands on the Krotoszyn Plateau, Poland. Forests, 10(1), 
1–21. https://doi.org/10.3390/f1001​0030

Cameron, E. K., Cahill, J. F., & Bayne, E. M. (2014). Root foraging influ-
ences plant growth responses to earthworm foraging. PLoS ONE, 
9(9), 1–6. https://doi.org/10.1371/journ​al.pone.0108873

Chen, W., Koide, R. T., Adams, T. S., DeForest, J. L., Cheng, L., & Eissenstat, 
D. M. (2016). Root morphology and mycorrhizal symbioses together 
shape nutrient foraging strategies of temperate trees. Proceedings 
of the National Academy of Sciences of the United States of America, 
113(31), 8741–8746. https://doi.org/10.1073/pnas.16010​06113

Chen, W., Koide, R. T., & Eissenstat, D. M. (2018). Nutrient forag-
ing by mycorrhizas: From species functional traits to ecosys-
tem processes. Functional Ecology, 32(4), 858–869. https://doi.
org/10.1111/1365-2435.13041

Cheng, L., Chen, W., Adams, T. S., Wei, X., Li, L. E., McCormack, M. L., 
DeForest, J. L., Koide, R. T., & Eissenstat, D. M. (2016). Mycorrhizal 
fungi and roots are complementary in foraging within nutrient patches. 
Ecology, 97(10), 2815–2823. https://doi.org/10.1002/ecy.1514

Comas, L. H., & Eissenstat, D. M. (2009). Patterns in root trait variation 
among 25 co-existing North American forest species. New Phytologist, 
182(4), 919–928. https://doi.org/10.1111/j.1469-8137.2009.02799.x

Cortez, J., & Bouche, M. B. (1992). Do earthworms eat living roots? 
Soil Biology and Biochemistry, 24(9), 913–915. https://doi.
org/10.1016/0038-0717(92)90014​-O

de Bello, F., Lavorel, S., Díaz, S., Harrington, R., Cornelissen, J. H. C., Bardgett, 
R. D., Berg, M. P., Cipriotti, P., Feld, C. K., Hering, D., Martins da Silva, P., 
Potts, S. G., Sandin, L., Sousa, J. P., Storkey, J., Wardle, D. A., & Harrison, 
P. A. (2010). Towards an assessment of multiple ecosystem processes 
and services via functional traits. Biodiversity and Conservation, 19(10), 
2873–2893. https://doi.org/10.1007/s1053​1-010-9850-9

de Kroon, H., Hendriks, M., van Ruijven, J., Ravenek, J., Padilla, F. M., 
Jongejans, E., Visser, E. J. W., & Mommer, L. (2012). Root responses 
to nutrients and soil biota: Drivers of species coexistence and eco-
system productivity. Journal of Ecology, 100(1), 6–15. https://doi.
org/10.1111/j.1365-2745.2011.01906.x

De Wandeler, H., Bruelheide, H., Dawud, S. M., Dănilă, G., Domisch, T., 
Finer, L., Muys, B. (2018). Tree identity rather than tree diversity 
drives earthworm communities in European forests. Pedobiologia, 67, 
16–25. https://doi.org/10.1016/j.pedobi.2018.01.003

Ding, J., Kong, D., Zhang, Z., Cai, Q., Xiao, J., Liu, Q., & Yin, H. (2020). 
Climate and soil nutrients differentially drive multidimensional fine 
root traits in ectomycorrhizal-dominated alpine coniferous forests. 
Journal of Ecology, 108(6), 2544–2556. https://doi.org/10.1111/1365-  
2745.13407

Eissenstat, D. M. (1991). On the relationship between specific root 
length and the rate of root proliferation: A field study using citrus 
rootstocks. New Phytologist, 118(1), 63–68. https://doi.org/10.1111/
j.1469-8137.1991.tb005​65.x

Eissenstat, D. M. (1992). Costs and benefits of constructing roots of 
small diameter. Journal of Plant Nutrition, 15(6–7), 763–782. https://
doi.org/10.1080/01904​16920​9364361

Eissenstat, D. M., Kucharski, J. M., Zadworny, M., Adams, T. S., & Koide, 
R. T. (2015). Linking root traits to nutrient foraging in arbuscular my-
corrhizal trees in a temperate forest. New Phytologist, 208(1), 114–
124. https://doi.org/10.1111/nph.13451

Eissenstat, D. M., Wells, C. E., Yanai, R. D., & Whitbeck, J. L. (2000). 
Building roots in a changing environment: Implications for root lon-
gevity. New Phytologist, 147, 33–42. https://doi.org/10.1046/j.1469-  
8137.2000.00686.x

Erktan, A., Roumet, C., Bouchet, D., Stokes, A., Pailler, F., & Munoz, F. 
(2018). Two dimensions define the variation of fine root traits across 
plant communities under the joint influence of ecological succession 
and annual mowing. Journal of Ecology, 106(5), 2031–2042. https://
doi.org/10.1111/1365-2745.12953

Finér, L., Domisch, T., Dawud, S. M., Raulund-Rasmussen, K., Vesterdal, 
L., Bouriaud, O., Bruelheide, H., Jaroszewicz, B., Selvi, F., & 
Valladares, F. (2017). Conifer proportion explains fine root biomass 
more than tree species diversity and site factors in major European 
forest types. Forest Ecology and Management, 406, 330–350. https://
doi.org/10.1016/j.foreco.2017.09.017

Forde, B. G., & Lorenzo, H. (2001). The nutritional control of root de-
velopment. Plant and Soil, 232(1–2), 51–68. https://doi.org/10.1023/  
A:10103​29902165

Forrester, D. I., & Bauhus, J. (2016). A review of processes behind 
diversity—Productivity relationships in forests. Current Forestry 
Reports, 2(1), 45–61. https://doi.org/10.1007/s4072​5-016-0031-2

Forrester, D. I., Bauhus, J., & Cowie, A. L. (2006). Carbon allocation in 
a mixed-species plantation of Eucalyptus globulus and Acacia mearn-
sii. Forest Ecology and Management, 233(2–3), 275–284. https://doi.
org/10.1016/j.foreco.2006.05.018

Freschet, G. T., Cornelissen, J. H. C., van Logtestijn, R. S. P., & Aerts, R. 
(2010). Evidence of the ‘plant economics spectrum’ in a subarctic flora. 
Journal of Ecology, 98(2), 362–373. https://doi.org/10.1111/j.1365-  
2745.2009.01615.x

Freschet, G. T., Kichenin, E., & Wardle, D. A. (2015). Explaining within-
community variation in plant biomass allocation: A balance between 

https://doi.org/10.1016/j.tree.2018.10.013
https://doi.org/10.1016/j.tree.2018.10.013
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1139/cjfr-29-2-260
https://doi.org/10.1139/cjfr-29-2-260
https://doi.org/10.1126/sciadv.aba3756
https://doi.org/10.1016/S0953-7562(09)80141-X
https://doi.org/10.1007/s10342-005-0075-5
https://doi.org/10.1007/s10342-005-0075-5
https://doi.org/10.1007/s11104-008-9877-9
https://doi.org/10.1007/s11104-008-9877-9
https://doi.org/10.1093/jpe/rtw096
https://doi.org/10.3390/f10010030
https://doi.org/10.1371/journal.pone.0108873
https://doi.org/10.1073/pnas.1601006113
https://doi.org/10.1111/1365-2435.13041
https://doi.org/10.1111/1365-2435.13041
https://doi.org/10.1002/ecy.1514
https://doi.org/10.1111/j.1469-8137.2009.02799.x
https://doi.org/10.1016/0038-0717(92)90014-O
https://doi.org/10.1016/0038-0717(92)90014-O
https://doi.org/10.1007/s10531-010-9850-9
https://doi.org/10.1111/j.1365-2745.2011.01906.x
https://doi.org/10.1111/j.1365-2745.2011.01906.x
https://doi.org/10.1016/j.pedobi.2018.01.003
https://doi.org/10.1111/1365-2745.13407
https://doi.org/10.1111/1365-2745.13407
https://doi.org/10.1111/j.1469-8137.1991.tb00565.x
https://doi.org/10.1111/j.1469-8137.1991.tb00565.x
https://doi.org/10.1080/01904169209364361
https://doi.org/10.1080/01904169209364361
https://doi.org/10.1111/nph.13451
https://doi.org/10.1046/j.1469-8137.2000.00686.x
https://doi.org/10.1046/j.1469-8137.2000.00686.x
https://doi.org/10.1111/1365-2745.12953
https://doi.org/10.1111/1365-2745.12953
https://doi.org/10.1016/j.foreco.2017.09.017
https://doi.org/10.1016/j.foreco.2017.09.017
https://doi.org/10.1023/A:1010329902165
https://doi.org/10.1023/A:1010329902165
https://doi.org/10.1007/s40725-016-0031-2
https://doi.org/10.1016/j.foreco.2006.05.018
https://doi.org/10.1016/j.foreco.2006.05.018
https://doi.org/10.1111/j.1365-2745.2009.01615.x
https://doi.org/10.1111/j.1365-2745.2009.01615.x


     |  15Functional EcologyWAMBSGANSS et al.

organ biomass and morphology above vs below ground? Journal of 
Vegetation Science, 26, 431–440. https://doi.org/10.1111/jvs.12259

Freschet, G. T., Pagès, L., Iversen, C., Comas, L., Rewald, B., Roumet, 
C., Klimešová, J., Zadworny, M., Poorter, H., Postma, J., Adams, T., 
Bagniewska-Zadworna, A., Bengough, A., Blancaflor, E., Brunner, I., 
Cornelissen, J., Garnier, E., Gessler, A., Hobbie, S., … & McCormack, 
M. (2020). A starting guide to root ecology: Strengthening ecological 
concepts and standardizing root classification, sampling, processing 
and trait measurements. Hal, hal-029188.

Freschet, G. T., & Roumet, C. (2017). Sampling roots to capture plant 
and soil functions. Functional Ecology, 31(8), 1506–1518. https://doi.
org/10.1111/1365-2435.12883

Freschet, G. T., Violle, C., Bourget, M. Y., Scherer-Lorenzen, M., & Fort, 
F. (2018). Allocation, morphology, physiology, architecture: The mul-
tiple facets of plant above- and below-ground responses to resource 
stress. New Phytologist, 219(4), 1338–1352. https://doi.org/10.1111/
nph.15225

Ganault, P., Nahmani, J., Hättenschwiler, S., Gillespie, L. M., David, J.-
F., Henneron, L., Iorio, E., Mazzia, C., Muys, B., Pasquet, A., Prada-
Salcedo, L. D., Wambsganss, J., & Decaëns, T. (2021). Relative 
importance of tree species richness, tree functional type, and micro-
environment for soil macrofauna communities in European forests. 
Oecologia, https://doi.org/10.1007/s0044​2-021-04931​-w

Gardes, M., & Bruns, T. D. (1993). ITS primers with enhanced specificity 
for basidiomycetes – Application to the identification of mycorrhizae 
and rusts. Molecular Ecology, 2(2), 113–118. https://doi.org/10.1111/
j.1365-294X.1993.tb000​05.x

Germon, A., Guerrini, I. A., Bordron, B., Bouillet, J.-P., Nouvellon, Y., 
de Moraes Gonçalves, J. L., Jourdan, C., Paula, R. R., & Laclau, J.-
P. (2018). Consequences of mixing Acacia mangium and Eucalyptus 
grandis trees on soil exploration by fine-roots down to a depth of 
17  m. Plant and Soil, 424, 203–220. https://doi.org/10.1007/s1110​
4-017-3428-1

Guo, D., Xia, M., Wei, X., Chang, W., Liu, Y., & Wang, Z. (2008). 
Anatomical traits associated with absorption and mycorrhizal col-
onization are linked to root branch order in twenty-three Chinese 
temperate tree species. New Phytologist, 180(3), 673–683. https://
doi.org/10.1111/j.1469-8137.2008.02573.x

Hanif, M. A., Guo, Z., Moniruzzaman, M., He, D., Yu, Q., Rao, X., Liu, S., 
Tan, X., & Shen, W. (2019). Plant taxonomic diversity better explains 
soil fungal and bacterial diversity than functional diversity in restored 
forest ecosystems. Plants, 8(11), 479. https://doi.org/10.3390/plant​s 
8110479

Hartig, F. (2019). DHARMa: Residual diagnostics for hierarchical (multi-
level/mixed) regression models.

Hättenschwiler, S. (2005). Effects of tree species diversity on litter qual-
ity and quantity. In M. Scherer-Lorenzen, C. Körner, & E.-D. Schulze 
(Eds.), Forest diversity and function: Temperate and boreal systems (pp. 
149–164). Springer.

Hättenschwiler, S., Tiunov, A. V., & Scheu, S. (2005). Biodiversity and lit-
ter decomposition in terrestrial ecosystems. Annual Review of Ecology, 
Evolution, and Systematics, 36(1), 191–218. https://doi.org/10.1146/
annur​ev.ecols​ys.36.112904.151932

Hodge, A. (2004). The plastic plant: Root responses to heterogeneous 
supplies of nutrients. New Phytologist, 162(1), 9–24. https://doi.
org/10.1111/j.1469-8137.2004.01015.x

Ihrmark, K., Bödeker, I. T. M., Cruz-Martinez, K., Friberg, H., Kubartova, 
A., Schenck, J., Strid, Y., Stenlid, J., Brandström-Durling, M., 
Clemmensen, K. E., & Lindahl, B. D. (2012). New primers to amplify 
the fungal ITS2 region – Evaluation by 454-sequencing of artificial 
and natural communities. FEMS Microbiology Ecology, 82(3), 666–677. 
https://doi.org/10.1111/j.1574-6941.2012.01437.x

Jactel, H., Bauhus, J., Boberg, J., Bonal, D., Castagneyrol, B., Gardiner, B., 
Gonzalez-Olabarria, J. R., Koricheva, J., Meurisse, N., & Brockerhoff, 
E. G. (2017). Tree diversity drives forest stand resistance to natural 

disturbances. Current Forestry Reports, 3(3), 223–243. https://doi.
org/10.1007/s4072​5-017-0064-1

Jactel, H., & Brockerhoff, E. G. (2007). Tree diversity reduces herbiv-
ory by forest insects. Ecology Letters, 10(9), 835–848. https://doi.
org/10.1111/j.1461-0248.2007.01073.x

Joly, F.-X., Milcu, A., Scherer-Lorenzen, M., Jean, L.-K., Bussotti, F., 
Dawud, S. M., Müller, S., Pollastrini, M., Raulund-Rasmussen, K., 
Vesterdal, L., & Hättenschwiler, S. (2017). Tree species diversity af-
fects decomposition through modified micro-environmental condi-
tions across European forests. New Phytologist, 214(3), 1281–1293. 
https://doi.org/10.1111/nph.14452

Jucker, T., Avăcăritei, D., Bărnoaiea, I., Duduman, G., Bouriaud, O., & 
Coomes, D. A. (2016). Climate modulates the effects of tree diversity 
on forest productivity. Journal of Ecology, 104(2), 388–398. https://
doi.org/10.1111/1365-2745.12522

Jucker, T., Bouriaud, O., Avacaritei, D., & Coomes, D. A. (2014). Stabilizing 
effects of diversity on aboveground wood production in forest eco-
systems: Linking patterns and processes. Ecology Letters, 17(12), 
1560–1569. https://doi.org/10.1111/ele.12382

Kernaghan, G. (2005). Mycorrhizal diversity: Cause and ef-
fect? Pedobiologia, 49(6), 511–520. https://doi.org/10.1016/j.
pedobi.2005.05.007

Kernaghan, G., Widden, P., Bergeron, Y., Légaré, S., & Paré, D. (2003). 
Biotic and abiotic factors affecting ectomycorrhizal diver-
sity in boreal mixed-woods. Oikos, 102(3), 497–504. https://doi.
org/10.1034/j.1600-0706.2003.12415.x

Kong, D., Ma, C., Zhang, Q., Li, L., Chen, X., Zeng, H., & Guo, D. (2014). 
Leading dimensions in absorptive root trait variation across 96 sub-
tropical forest species. New Phytologist, 203(3), 863–872. https://doi.
org/10.1111/nph.12842

Laliberté, E. (2017). Below-ground frontiers in trait-based plant ecol-
ogy. New Phytologist, 213(4), 1597–1603. https://doi.org/10.1111/
nph.14247

Laliberté, E., & Legendre, P. (2010). A distance-based framework for 
measuring functional diversity from multiple traits. Ecology, 91, 299–
305. https://doi.org/10.1890/08-2244.1

Laliberté, E., Legendre, P., & Shipley, B. (2014). FD: Measuring functional 
diversity from multiple traits, and other tools for functional ecology.

Lambers, H., Raven, J. A., Shaver, G. R., & Smith, S. E. (2008). Plant 
nutrient-acquisition strategies change with soil age. Trends in Ecology 
& Evolution, 23(2), 95–103. https://doi.org/10.1016/j.tree.2007. 
10.008

Legay, N., Grassein, F., Arnoldi, C., Segura, R., Laîné, P., Lavorel, S., 
& Clément, J. C. (2020). Studies of NH4

+ and NO3
− uptake ability 

of subalpine plants and resource-use strategy identified by their 
functional traits. Oikos, 129(6), 830–841. https://doi.org/10.1111/
oik.07282

Leonhardt, S., Hoppe, B., Stengel, E., Noll, L., Moll, J., Bässler, C., Dahl, A., 
Buscot, F., Hofrichter, M., & Kellner, H. (2019). Molecular fungal com-
munity and its decomposition activity in sapwood and heartwood of 
13 temperate European tree species. PLoS ONE, 14(2), 1–21. https://
doi.org/10.1371/journ​al.pone.0212120

Li, L., McCormack, M. L., Chen, F., Wang, H., Ma, Z., & Guo, D. (2019). 
Different responses of absorptive roots and arbuscular mycorrhizal 
fungi to fertilization provide diverse nutrient acquisition strategies in 
Chinese fir. Forest Ecology and Management, 433, 64–72. https://doi.
org/10.1016/j.foreco.2018.10.055

Liu, B., Li, H., Zhu, B., Koide, R. T., Eissenstat, D. M., & Guo, D. (2015). 
Complementarity in nutrient foraging strategies of absorptive fine 
roots and arbuscular mycorrhizal fungi across 14 coexisting sub-
tropical tree species. New Phytologist, 208(1), 125–136. https://doi.
org/10.1111/nph.13434

Loreau, M., & Hector, A. (2001). Partitioning selection and complemen-
tarity in biodiversity experiments. Nature, 412(6842), 72–76. https://
doi.org/10.1038/35083573

https://doi.org/10.1111/jvs.12259
https://doi.org/10.1111/1365-2435.12883
https://doi.org/10.1111/1365-2435.12883
https://doi.org/10.1111/nph.15225
https://doi.org/10.1111/nph.15225
https://doi.org/10.1007/s00442-021-04931-w
https://doi.org/10.1111/j.1365-294X.1993.tb00005.x
https://doi.org/10.1111/j.1365-294X.1993.tb00005.x
https://doi.org/10.1007/s11104-017-3428-1
https://doi.org/10.1007/s11104-017-3428-1
https://doi.org/10.1111/j.1469-8137.2008.02573.x
https://doi.org/10.1111/j.1469-8137.2008.02573.x
https://doi.org/10.3390/plants8110479
https://doi.org/10.3390/plants8110479
https://doi.org/10.1146/annurev.ecolsys.36.112904.151932
https://doi.org/10.1146/annurev.ecolsys.36.112904.151932
https://doi.org/10.1111/j.1469-8137.2004.01015.x
https://doi.org/10.1111/j.1469-8137.2004.01015.x
https://doi.org/10.1111/j.1574-6941.2012.01437.x
https://doi.org/10.1007/s40725-017-0064-1
https://doi.org/10.1007/s40725-017-0064-1
https://doi.org/10.1111/j.1461-0248.2007.01073.x
https://doi.org/10.1111/j.1461-0248.2007.01073.x
https://doi.org/10.1111/nph.14452
https://doi.org/10.1111/1365-2745.12522
https://doi.org/10.1111/1365-2745.12522
https://doi.org/10.1111/ele.12382
https://doi.org/10.1016/j.pedobi.2005.05.007
https://doi.org/10.1016/j.pedobi.2005.05.007
https://doi.org/10.1034/j.1600-0706.2003.12415.x
https://doi.org/10.1034/j.1600-0706.2003.12415.x
https://doi.org/10.1111/nph.12842
https://doi.org/10.1111/nph.12842
https://doi.org/10.1111/nph.14247
https://doi.org/10.1111/nph.14247
https://doi.org/10.1890/08-2244.1
https://doi.org/10.1016/j.tree.2007.10.008
https://doi.org/10.1016/j.tree.2007.10.008
https://doi.org/10.1111/oik.07282
https://doi.org/10.1111/oik.07282
https://doi.org/10.1371/journal.pone.0212120
https://doi.org/10.1371/journal.pone.0212120
https://doi.org/10.1016/j.foreco.2018.10.055
https://doi.org/10.1016/j.foreco.2018.10.055
https://doi.org/10.1111/nph.13434
https://doi.org/10.1111/nph.13434
https://doi.org/10.1038/35083573
https://doi.org/10.1038/35083573


16  |    Functional Ecology WAMBSGANSS et al.

Ma, Z., & Chen, H. Y. H. (2016). Effects of species diversity on fine 
root productivity in diverse ecosystems: A global meta-analysis. 
Global Ecology and Biogeography, 25(11), 1387–1396. https://doi.
org/10.1111/geb.12488

Ma, Z., Guo, D., Xu, X., Lu, M., Bardgett, R. D., Eissenstat, D. M., Luke 
McCormack, M., & Hedin, L. O. (2018). Evolutionary history resolves 
global organization of root functional traits. Nature, 555(7694), 94–
97. https://doi.org/10.1038/natur​e25783

Mahaut, L., Fort, F., Violle, C., & Freschet, G. T. (2020). Multiple facets of 
diversity effects on plant productivity: Species richness, functional 
diversity, species identity and intraspecific competition. Functional 
Ecology, 34(1), 1–12. https://doi.org/10.1111/1365-2435.13473

McCormack, M. L., Adams, T. S., Smithwick, E. A. H., & Eissenstat, D. 
M. (2012). Predicting fine root lifespan from plant functional traits 
in temperate trees. New Phytologist, 195(4), 823–831. https://doi.
org/10.1111/j.1469-8137.2012.04198.x

McCormack, M. L., Dickie, I. A., Eissenstat, D. M., Fahey, T. J., Fernandez, 
C. W., Guo, D., Helmisaari, H.-S., Hobbie, E. A., Iversen, C. M., 
Jackson, R. B., Leppälammi-Kujansuu, J., Norby, R. J., Phillips, R. P., 
Pregitzer, K. S., Pritchard, S. G., Rewald, B., & Zadworny, M. (2015). 
Redefining fine roots improves understanding of below-ground con-
tributions to terrestrial biosphere processes. New Phytologist, 207, 
505–518. https://doi.org/10.1111/nph.13363

McCormack, M. L., & Iversen, C. M. (2019). Physical and functional 
constraints on viable belowground acquisition strategies. Frontiers 
in Plant Science, 10(October), 1–12. https://doi.org/10.3389/
fpls.2019.01215

McMurdie, P. J., & Holmes, S. (2013). Phyloseq: An R package for re-
producible interactive analysis and graphics of microbiome cen-
sus data. PLoS ONE, 8(4), e61217. https://doi.org/10.1371/journ​
al.pone.0061217

Meysman, F. J. R., Middelburg, J. J., & Heip, C. H. R. (2006). Bioturbation: 
A fresh look at Darwin's last idea. Trends in Ecology & Evolution, 21(12), 
688–695. https://doi.org/10.1016/j.tree.2006.08.002

Miller, A. J., & Cramer, M. D. (2005). Root nitrogen acquisition and 
assimilation. In H. Lambers & T. D. Colmer (Eds.), Root physiol-
ogy: From gene to function (Vol. 4, 1–36). Springer. https://doi.
org/10.1007/1-4020-4099-7_1

Munroe, J. W., & Isaac, M. E. (2014). N2-fixing trees and the transfer 
of fixed-N for sustainable agroforestry: A review. Agronomy for 
Sustainable Development, 34(2), 417–427. https://doi.org/10.1007/
s1359​3-013-0190-5

Nguyen, N. H., Song, Z., Bates, S. T., Branco, S., Tedersoo, L., Menke, J., 
Kennedy, P. G. (2016). FUNGuild: An open annotation tool for pars-
ing fungal community datasets by ecological guild. Fungal Ecology, 20, 
241–248. https://doi.org/10.1016/j.funeco.2015.06.006

Oksanen, J., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R., O'Hara, 
R. B., Simpson, G. L., Solymos, P., Stevens, M. H. H., & Wagner, H. 
(2013). Package vegan: Community ecology package. R package version 
2.3-1.

Ostonen, I., Truu, M., Helmisaari, H.-S., Lukac, M., Borken, W., 
Vanguelova, E., Godbold, D. L., Lõhmus, K., Zang, U., Tedersoo, L., 
Preem, J.-K., Rosenvald, K., Aosaar, J., Armolaitis, K., Frey, J., Kabral, 
N., Kukumägi, M., Leppälammi-Kujansuu, J., Lindroos, A.-J., … Truu, J. 
(2017). Adaptive root foraging strategies along a boreal–temperate 
forest gradient. New Phytologist, 215(3), 977–991. https://doi.
org/10.1111/nph.14643

Patoine, G., Bruelheide, H., Haase, J., Nock, C., Ohlmann, N., Schwarz, B., 
Scherer-Lorenzen, M., & Eisenhauer, N. (2020). Tree litter functional 
diversity and nitrogen concentration enhance litter decomposition 
via changes in earthworm communities. Ecology and Evolution, 10(13), 
6752–6768. https://doi.org/10.1002/ece3.6474

Pei, Z., Leppert, K. N., Eichenberg, D., Bruelheide, H., Niklaus, P. A., 
Buscot, F., & Gutknecht, J. L. M. (2017). Leaf litter diversity alters 
microbial activity, microbial abundances, and nutrient cycling in a 

subtropical forest ecosystem. Biogeochemistry, 134(1–2), 163–181. 
https://doi.org/10.1007/s1053​3-017-0353-6

Peterson, R. A. (2017). bestNormalize: A suite of normalizing transforma-
tions. Retrieved from https://github.com/peter​sonR/bestN​ormalize

Poorter, H., Niklas, K. J., Reich, P. B., Oleksyn, J., Poot, P., & Mommer, L. 
(2012). Biomass allocation to leaves, stems and roots: Meta-analysis 
of interspecific variation and environmental control. New Phytologist, 
193(1), 30–50. https://doi.org/10.1111/j.1469-8137.2011.03952.x

Prada-Salcedo, L. D., Goldmann, K., Heintz-Buschart, A., Reitz, T., 
Wambsganss, J., Bauhus, J., & Buscot, F. (2021). Fungal guilds and 
soil functionality respond to tree community traits rather than to 
tree diversity in European forests. Molecular Ecology, 30(1), 572–591. 
https://doi.org/10.1111/mec.15749

Prada-Salcedo, L. D., Wambsganss, J., Bauhus, J., Buscot, F., & Goldmann, 
K. (2021). Low root functional dispersion enhances functionality 
of plant growth by influencing bacteria activities in European for-
est soils. Environmental Microbiology, 23(4), 1889–1906. https://doi.
org/10.1111/1462-2920.15244

Prieto, I., Armas, C., & Pugnaire, F. I. (2012). Hydraulic lift promotes se-
lective root foraging in nutrient-rich soil patches. Functional Plant 
Biology, 39(9), 804–812. https://doi.org/10.1071/FP12070

R Core Team. (2018). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing.

Ratcliffe, S., Wirth, C., Jucker, T., van der Plas, F., Scherer-Lorenzen, 
M., Verheyen, K., Allan, E., Benavides, R., Bruelheide, H., Ohse, B., 
Paquette, A., Ampoorter, E., Bastias, C. C., Bauhus, J., Bonal, D., 
Bouriaud, O., Bussotti, F., Carnol, M., Castagneyrol, B., … Baeten, L. 
(2017). Biodiversity and ecosystem functioning relations in European 
forests depend on environmental context. Ecology Letters, 20(11), 
1414–1426. https://doi.org/10.1111/ele.12849

Read, D. J., & Perez-Moreno, J. (2003). Mycorrhizas and nutrient cycling 
in ecosystems – A journey towards relevance? New Phytologist, 157, 
475–492. https://doi.org/10.1080/00672​70850​9511360

Reich, P. B. (2014). The world-wide ‘fast-slow’ plant economics spectrum: 
A traits manifesto. Journal of Ecology, 102(2), 275–301. https://doi.
org/10.1111/1365-2745.12211

Reich, P. B., Tjoelker, M. G., Pregitzer, K. S., Wright, I. J., Oleksyn, J., & 
Machado, J. L. (2008). Scaling of respiration to nitrogen in leaves, 
stems and roots of higher land plants. Ecology Letters, 11(8), 793–
801. https://doi.org/10.1111/j.1461-0248.2008.01185.x

Richards, A. E., Forrester, D. I., Bauhus, J., & Scherer-Lorenzen, M. (2010). 
The influence of mixed tree plantations on the nutrition of individ-
ual species: A review. Tree Physiology, 30(9), 1192–1208. https://doi.
org/10.1093/treep​hys/tpq035

Salahuddin, S., Rewald, B., Razaq, M., Lixue, Y., Li, J., Khan, F., & Jie, Z. 
(2018). Root order-based traits of Manchurian walnut & larch and 
their plasticity under interspecific competition. Scientific Reports, 
8(1), 1–14. https://doi.org/10.1038/s4159​8-018-27832​-0

Scherer-Lorenzen, M. (2014). The functional role of biodiversity in the 
context of global change. In D. A. Coomes, D. F. R. P. Burslem, & 
W. D. Simonson (Eds.), Forests and global change (pp. 195–238). 
Cambridge University Press. https://doi.org/10.1017/cbo97​81107​
323506.011

Simard, S., Asay, A., Beiler, K., Bingham, M., Deslippe, J., He, X., Philip, L. 
J., Sony, Y., & Teste, F. P. (2015). Resource transfer between plants 
through ectomycorrhizal fungal networks. In T. R. Horton (Ed.), 
Mycorrhizal networks (Vol. 224, pp. 133–176). Springer. https://doi.
org/10.1007/978-94-017-7395-9

Sun, Z., Liu, X., Schmid, B., Bruelheide, H., Bu, W.-W.-S., & Ma, K.-P.-K. 
(2017). Positive effects of tree species richness on fine-root produc-
tion in a subtropical forest in SE-China. Journal of Plant Ecology, 10(1), 
146–157. https://doi.org/10.1111/j.1399-0012.2012.01641.x

Tedersoo, L., Bahram, M., Cajthaml, T., Põlme, S., Hiiesalu, I., Anslan, 
S., Harend, H., Buegger, F., Pritsch, K., Koricheva, J., & Abarenkov, 
K. (2016). Tree diversity and species identity effects on soil fungi, 

https://doi.org/10.1111/geb.12488
https://doi.org/10.1111/geb.12488
https://doi.org/10.1038/nature25783
https://doi.org/10.1111/1365-2435.13473
https://doi.org/10.1111/j.1469-8137.2012.04198.x
https://doi.org/10.1111/j.1469-8137.2012.04198.x
https://doi.org/10.1111/nph.13363
https://doi.org/10.3389/fpls.2019.01215
https://doi.org/10.3389/fpls.2019.01215
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1016/j.tree.2006.08.002
https://doi.org/10.1007/1-4020-4099-7_1
https://doi.org/10.1007/1-4020-4099-7_1
https://doi.org/10.1007/s13593-013-0190-5
https://doi.org/10.1007/s13593-013-0190-5
https://doi.org/10.1016/j.funeco.2015.06.006
https://doi.org/10.1111/nph.14643
https://doi.org/10.1111/nph.14643
https://doi.org/10.1002/ece3.6474
https://doi.org/10.1007/s10533-017-0353-6
https://github.com/petersonR/bestNormalize
https://doi.org/10.1111/j.1469-8137.2011.03952.x
https://doi.org/10.1111/mec.15749
https://doi.org/10.1111/1462-2920.15244
https://doi.org/10.1111/1462-2920.15244
https://doi.org/10.1071/FP12070
https://doi.org/10.1111/ele.12849
https://doi.org/10.1080/00672708509511360
https://doi.org/10.1111/1365-2745.12211
https://doi.org/10.1111/1365-2745.12211
https://doi.org/10.1111/j.1461-0248.2008.01185.x
https://doi.org/10.1093/treephys/tpq035
https://doi.org/10.1093/treephys/tpq035
https://doi.org/10.1038/s41598-018-27832-0
https://doi.org/10.1017/cbo9781107323506.011
https://doi.org/10.1017/cbo9781107323506.011
https://doi.org/10.1007/978-94-017-7395-9
https://doi.org/10.1007/978-94-017-7395-9
https://doi.org/10.1111/j.1399-0012.2012.01641.x


     |  17Functional EcologyWAMBSGANSS et al.

protists and animals are context dependent. ISME Journal, 10(2), 
346–362. https://doi.org/10.1038/ismej.2015.116

Tobner, C. M., Paquette, A., & Messier, C. (2013). Interspecific coordina-
tion and intraspecific plasticity of fine root traits in North American 
temperate tree species. Frontiers in Plant Science, 4(July), 1–11. 
https://doi.org/10.3389/fpls.2013.00242

Valverde-Barrantes, O. J., Freschet, G. T., Roumet, C., & Blackwood, C. B. 
(2017). A worldview of root traits: The influence of ancestry, growth 
form, climate and mycorrhizal association on the functional trait 
variation of fine-root tissues in seed plants. New Phytologist, 215(4), 
1562–1573. https://doi.org/10.1111/nph.14571

Vivanco, L., & Austin, A. T. (2008). Tree species identity alters forest lit-
ter decomposition through long-term plant and soil interactions in 
Patagonia. Argentina. Journal of Ecology, 96(4), 727–736. https://doi.
org/10.1111/j.1365-2745.2008.01393.x

Wagg, C., Jansa, J., Schmid, B., & van der Heijden, M. G. A. (2011). 
Belowground biodiversity effects of plant symbionts support abo-
veground productivity. Ecology Letters, 14(10), 1001–1009. https://
doi.org/10.1111/j.1461-0248.2011.01666.x

Wambsganss, J., Beyer, F., Freschet, G. T., Scherer-Lorenzen, M., & 
Bauhus, J. (2021). Tree species mixing reduces biomass but increases 
length of absorptive fine roots in European forests. Journal of Ecology. 
https://doi.org/10.1111/1365-2745.13675

Wang, C., McCormack, M. L., Guo, D., & Li, J. (2019). Global meta-
analysis reveals different patterns of root tip adjustments by an-
giosperm and gymnosperm trees in response to environmental 
gradients. Journal of Biogeography, 46(1), 123–133. https://doi.
org/10.1111/jbi.13472

Wang, R., Wang, Q., Zhao, N., Xu, Z., Zhu, X., Jiao, C., Yu, G., & He, N. 
(2018). Different phylogenetic and environmental controls of first-
order root morphological and nutrient traits: Evidence of multidi-
mensional root traits. Functional Ecology, 32(1), 29–39. https://doi.
org/10.1111/1365-2435.12983

Weemstra, M., Kiorapostolou, N., van Ruijven, J., Mommer, L., de Vries, 
J., & Sterck, F. (2020). The role of fine-root mass, specific root 
length and life span in tree performance: A whole-tree explora-
tion. Functional Ecology, 34(3), 575–585. https://doi.org/10.1111/  
1365-2435.13520

Weißbecker, C., Wubet, T., Lentendu, G., Kühn, P., Scholten, T., 
Bruelheide, H., & Buscot, F. (2018). Experimental evidence of func-
tional group-dependent effects of tree diversity on soil fungi in 
subtropical forests. Frontiers in Microbiology, 9, 1–16. https://doi.
org/10.3389/fmicb.2018.02312

Yan, H., Kou, L., Wang, H., Fu, X., Dai, X., & Li, S. (2019). Contrasting root 
foraging strategies of two subtropical coniferous forests under an 
increased diversity of understory species. Plant and Soil, 436, 427–
438. https://doi.org/10.1007/s1110​4-019-03936​-y

Zadworny, M., McCormack, M. L., Mucha, J., Reich, P. B., & Oleksyn, 
J. (2016). Scots pine fine roots adjust along a 2,000-km latitudinal 
climatic gradient. New Phytologist, 212(2), 389–399. https://doi.
org/10.1111/nph.14048

Zeng, W., Xiang, W., Fang, J., Zhou, B. O., Ouyang, S., Zeng, Y., Chen, L., 
Lei, P., Milcu, A., & Valverde-Barrantes, O. J. (2020). Species richness 
and functional-trait effects on fine root biomass along a subtropi-
cal tree diversity gradient. Plant and Soil, 446, 515–527. https://doi.
org/10.1007/s1110​4-019-04369​-3

Zhang, Y., Chen, H. Y. H., & Reich, P. B. (2012). Forest productivity in-
creases with evenness, species richness and trait variation: A global 
meta-analysis. Journal of Ecology, 100(3), 742–749. https://doi.
org/10.1111/j.1365-2745.2011.01944.x

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Wambsganss, J., Freschet, G. T., 
Beyer, F., Goldmann, K., Prada-Salcedo, L. D., Scherer-
Lorenzen, M., & Bauhus, J. (2021). Tree species mixing causes 
a shift in fine-root soil exploitation strategies across 
European forests. Functional Ecology, 00, 1–17. https://doi.
org/10.1111/1365-2435.13856

https://doi.org/10.1038/ismej.2015.116
https://doi.org/10.3389/fpls.2013.00242
https://doi.org/10.1111/nph.14571
https://doi.org/10.1111/j.1365-2745.2008.01393.x
https://doi.org/10.1111/j.1365-2745.2008.01393.x
https://doi.org/10.1111/j.1461-0248.2011.01666.x
https://doi.org/10.1111/j.1461-0248.2011.01666.x
https://doi.org/10.1111/1365-2745.13675
https://doi.org/10.1111/jbi.13472
https://doi.org/10.1111/jbi.13472
https://doi.org/10.1111/1365-2435.12983
https://doi.org/10.1111/1365-2435.12983
https://doi.org/10.1111/1365-2435.13520
https://doi.org/10.1111/1365-2435.13520
https://doi.org/10.3389/fmicb.2018.02312
https://doi.org/10.3389/fmicb.2018.02312
https://doi.org/10.1007/s11104-019-03936-y
https://doi.org/10.1111/nph.14048
https://doi.org/10.1111/nph.14048
https://doi.org/10.1007/s11104-019-04369-3
https://doi.org/10.1007/s11104-019-04369-3
https://doi.org/10.1111/j.1365-2745.2011.01944.x
https://doi.org/10.1111/j.1365-2745.2011.01944.x
https://doi.org/10.1111/1365-2435.13856
https://doi.org/10.1111/1365-2435.13856

