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Impact of tree species diversity on carbon 

and water relations in European forests 

To manage a system effectively, you might focus on the interactions of the parts rather than 

their behavior taken separately 

Russell Ackoff, On purposeful systems, 1972 
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1. General Introduction 

�)�R�U�H�V�W�V���F�R�Y�H�U�����������R�I���W�K�H���Z�R�U�O�G�¶�V���O�D�Q�G���D�U�H�D���D�Q�G�������������R�I���(�X�U�R�S�H�¶�V and include a great diversity 

of biotic and abiotic conditions across regions (FAO, 2010; EC, 2013). These ecosystems are 

considered multifunctional because they host habitats for animals and plants, they play a 

major role in mitigating climate change, and they offer us many benefits such as clean 

freshwater, improved health, and recreation and touristic opportunities. However, in order for 

forests to deliver these functions and services in a balanced way, it is essential to ensure a 

sustainable management of these ecosystems. During the last decades, forests policies in 

Europe have largely evolved in this direction and management objectives no longer favor 

wood production only, be it oriented toward quantity or quality (EC, 2013). To protect forests 

from the significant effects of storms, fires, scarce water resources and pests, forest 

management strategies also aim to maintain natural forest dynamics and to favor the 

conservation of species diversity. A conversion from pure- to mixed-species stands has 

already been put into practice by forest administrations and has led to an overall increase in 

the proportion of mixed species forests in Europe (Knoke et al. 2008). 

The general interest in the relationship between species diversity and ecosystem functions and 

services originally rose from the important loss of biodiversity occurring in most natural 

ecosystems world-wide (MEA 2005). More than 30 years of ecological studies have led to a 

consensus that ecosystem performance is highly dependent on species richness and/or 

functional diversity (Loreau et al. 2001; Hooper et al. 2005). Until recently, most of the 

research carried out on this subject concerned simple communities like grasslands (e.g. 

Tilman & Downing 1994; Hector et al. 2010). The ability to experimentally manipulate 

species in these ecosystems and the reasonable timeframe in which results are available 

explain �H�F�R�O�R�J�L�F�D�O���U�H�V�H�D�U�F�K�H�U�V�¶���H�Q�W�K�X�V�L�D�V�P���I�R�U���V�W�X�G�L�H�V���L�Q���W�K�H�V�H���H�F�R�V�\�V�W�H�P�V��(Scherer-Lorenzen 

et al 2007; Hector et al. 2010). Woody species, however, were largely excluded from these 

early experiments, despite the ecological and socioeconomic importance of forest ecosystems. 

Nevertheless, over the last 15 years, a body of evidence demonstrating the benefits provided 

by higher tree species diversity in forest ecosystems has started to accumulate as well. Greater 

tree species diversity has been found to be related to improvement in some vital forest 

ecosystem functions such as wood production (e.g. Zhang et al. 2012), efficiency of nutrient 

use (e.g. Menalled et al. 1998) and resistance to insect pests or diseases (e.g. Jactel & 

Brockerhoff 2007). 
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Several mechanisms have been put forward in the literature to explain how species 

composition and functional diversity can influence ecosystem functions and services. For 

example, higher species diversity can have a negative influence resulting in lower ecosystem 

performance driven by direct competition for the available resources among co-existing 

�V�S�H�F�L�H�V���� �7�K�H�V�H�� �³�Q�H�J�D�W�L�Y�H�´�� �L�Q�W�H�U�D�F�W�L�R�Q�V commonly arise when ecological niches overlap and 

neighboring species with the same functional characteristics are functionally redundant in the 

ecosystem (Vila & Sardans 1999). In contrast, higher species diversity can also result in 

improved ecosystem performance; here, two distinct mechanisms are commonly involved: 

complementarity and selection. Firstly, the complementary acquisition and use of resources 

among species includes both ecological niche partitioning, where species coexist without 

major interspecific competition for resources, and facilitation processes whereby the presence 

of a given species will be beneficial for the functioning of a neighboring species (Loreau & 

Hector 2001). Secondly, the selection effect states that a highly-performing species, i.e. one 

leading to improved ecosystem functioning, is more likely to occur in ecosystems with high 

species diversity (Loreau & Hector 2001). Complementarity and selection mechanisms are 

not mutually exclusive; both can simultaneously affect ecosystem functions. Therefore, 

separately quantifying complementarity and selection effects is important to understand what 

underlying mechanisms are driving tree species diversity effects. In 2001, Loreau & Hector 

proposed a convenient method to partition the net biodiversity effect observed on ecosystem-

level productivity into complementarity and selection effects. However, the application of this 

method has so far been limited to the study of only a few ecosystem functions because many 

ecological properties such as respiration, photosynthesis or the efficiency to acquire and use 

resources, are not additive as is productivity, and therefore cannot be calculated at the 

ecosystem level in the same way. 

In addition to competition and the complementarity and selection processes, local 

environmental conditions are also known to play a role in species diversity effects on 

ecosystem functions and services (Hooper & Dukes 2004; Belote et al. 2011). Indeed, the 

interactions between any given pair of species are dynamic, changing as resource availability 

�R�U�� �F�O�L�P�D�W�L�F�� �F�R�Q�G�L�W�L�R�Q�V�� �F�K�D�Q�J�H���� �,�W�� �L�V�� �Q�R�W�� �X�Q�X�V�X�D�O�� �I�R�U�� �³�S�R�V�L�W�L�Y�H�´�� �L�Q�W�H�U�D�F�W�L�R�Q�V�� �W�K�D�W�� �H�Q�K�D�Q�F�H��

ecosystem functioning to tu�U�Q�� �L�Q�W�R�� �³�Q�H�J�D�W�L�Y�H�´�� �L�Q�W�H�U�D�F�W�L�R�Q�V�� �X�Q�G�H�U�� �Q�H�Z�� �F�R�Q�G�L�W�L�R�Q�V���� �W�K�H�U�H�E�\��

reducing ecosystem performance. The reverse is also true. Under the assumptions of the 

�µ�µ�V�W�U�H�V�V���J�U�D�G�L�H�Q�W�¶�¶���K�\�S�R�W�K�H�V�L�V�����Z�K�L�F�K���S�U�H�G�L�F�W�V���W�K�D�W���W�K�H���Q�H�W���R�X�W�F�R�P�H���R�I���E�L�R�W�L�F���L�Q�W�H�U�D�F�W�L�R�Q�V���V�K�L�I�W�V��

from negative to positive along gradients of limiting abiotic conditions (Bertness & Callaway 
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1994), beneficial species diversity effects are expected to be more common under severely 

resource-limited conditions. This conceptual framework is of great interest because it suggests 

that the relationships between species diversity and ecosystem functioning that exist today are 

likely to change in the future with the more intense and severe drought episodes forecasted by 

climate models (Figure 1). A large body of evidence supporting such a shift in the outcome 

of species interactions under more stressful environmental conditions has already been 

accumulated for marine, freshwater and terrestrial habitats (He et al. 2013; Herbert et al. 

2004; Jucker & Coomes 2012; Steudel et al. 2012; Wang et al. 2013). However, observations 

�Z�K�L�F�K���G�R���Q�R�W���V�X�S�S�R�U�W���W�K�H���S�U�H�G�L�F�W�L�R�Q�V���R�I���W�K�H���³�V�W�U�H�V�V-�J�U�D�G�L�H�Q�W�´���K�\�S�R�W�K�H�V�L�V���K�D�Y�H���D�O�V�R���E�H�H�Q���I�R�X�Q�G��

(e.g. Maestre & Cortina 2004; Maestre et al. 2005; Tielbörger & Kadmon 2000). This 

indicates that the exact role of environmental conditions in the relationship between species 

interactions and ecosystem functioning remains unclear. 

 

                                                                

Figure 1: Increased 

frequency of drought by 

the end of the century in 

Europe. Projected changes 

in the 95th percentile of the 

length of dry spells (days) 

for 2071�±2100 compared to 

1971�±2000. Mean of 20 

regional EUROCODEX 

climate models (extracted 

from Jacob et al. 2014). 

 

 

The expected increase in the frequency and severity of drought episodes (IPCC 2013, Figure 

1) is one of the main changes in climatic conditions which could severely affect species 

interactions and consequently, ecosystem functioning in mixed habitats. The combined effects 

of changing temperatures and precipitation patterns will modify evaporative demand, gas 

exchange, carbon allocation, nutrient mineralization, and the growth and survival of plants in 

terrestrial ecosystems, among them forests (Saxe et al. 2000; Bréda et al. 2006; Rennenberg et 

al. 2006; McDowell et al. 2008). Tree species have a wide range of water use strategies in 
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order to cope with very dry environmental conditions involving leaf- or plant-level structural 

and/or physiological adaptations (e.g. Kramer 1983). These different strategies have been 

widely studied, but much less is known about how the interactions among species with similar 

(or contrasting) water-use strategies during drought stress will affect their physiological 

responses to water depletion in forest ecosystems. In recent years, some evidence of the 

influence of tree species composition and richness on functions related to the water and 

carbon cycle has been found. For example, in dry-climate mixed forests, combinations of 

species with different functional traits and/or higher tree species richness have been shown to 

improve water use and influence water use efficiency (Forrester et al. 2010; Kunert et al. 

2012). In a temperate wet-climate forests on the other hand, tree species richness itself was 

shown to have no direct impact on water use rates (Gebauer et al. 2012; Moore et al. 2011). 

These few case studies do not allow us to generalize these effects, but at least they have 

demonstrated the important influence of local climatic conditions on how tree species 

diversity affects the water and carbon cycle. Complementary studies are necessary to allow us 

to predict how tree species diversity will influence the response of forest ecosystems to drier 

climatic conditions and to prepare climate-smart management practices for the future. 

The overall aim of this thesis was to analyze the role of tree species diversity on forest 

ecosystem functions related to the water and carbon cycle at both tree and stand-level under 

contrasted environmental conditions. The study area was located along a North-South 

grad�L�H�Q�W�� �L�Q�� �(�X�U�R�S�H�� �D�Q�G�� �L�Q�F�O�X�G�H�V�� �(�X�U�R�S�H�¶�V�� �P�D�L�Q�� �I�R�U�H�V�W�� �W�\�S�H�V�� �D�Q�G�� �F�O�L�P�D�W�L�F�� �F�R�Q�G�L�W�L�R�Q�V���� �)�L�H�O�G��

measurements of tree transpiration, estimation of the depth of water uptake by trees and 

measurements of carbon isotope composition (a proxy for carbon and water trade-off) in 

foliar and woody material were conducted in forested sites including both young tree 

plantations and adult forest stands. The work was done within the framework of the European 

�S�U�R�M�H�F�W���³�)�X�Q�'�L�Y�(�8�5�2�3�(�´��(FP7/2007-2013). 

This thesis presents three years of work through a global overview and eight original papers 

(published or submitted). The different parts of this document complement each other 

although certain repetitions could not be avoided. A brief description of the material and 

methods is given before the main discussion. More detailed information on the experimental 

designs can be found in each related paper. 
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The specific aims of the different papers were to: 

1. Present the design and implementation of the FunDivEUROPE exploratory platform 

consisting of forest stands along tree species diversity gradients in six major European 

forest types (Paper I). Note here that my personal contribution to this paper was only 

minor. However, the paper is referred to in this overview since it explains the 

experimental approach and design used for this work. 
 

2. Adapt the original method proposed by Loreau & Hector (2001) in order to apply it to 

complex functional traits like stand-level water use efficiency (Paper II). 
 

3. Determine the impact of tree species diversity on tree- and stand-level transpiration, 

water use efficiency and carbon accumulation under favorable soil water conditions 

(Paper III ). 
 

4. Determine the impact of tree species diversity on tree-level transpiration under dry soil 

conditions (Papers IV & V). 
 

5. Compare the impact of tree species diversity on stand-level drought exposure across 

the main European forest types (Papers VI & VII ). 
 

6. Determine whether below-ground stratification in the depth of soil water uptake and a 

potential resulting complementarity for water use occurs in temperate mixed-species 

forests (Paper VIII ). 
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2. Overview of the Material & Methods 

2.1 Study sites  

�2�Q�H���P�D�M�R�U���D�L�P���R�I���W�K�H���³�)�X�Q�'�L�Y�(�8�5�2�3�(�´��project was to show the need for and subsequently 

implement a new generation of research that brings functional biodiversity research into the 

complex realm of the forest and examines ecosystem processes that provide important goods 

and services to humanity. More specifically, the scientists working within the framework of 

�W�K�H���³�)�X�Q�'�L�Y�(�8�5�2�3�(�´���S�U�R�M�H�F�W���D�U�H���W�U�\�L�Q�J���W�R���T�X�D�Q�W�L�I�\���W�K�H���H�I�I�H�F�W�V���R�I���I�R�U�H�V�W���W�U�H�H���V�S�H�F�L�H�V���G�L�Y�H�U�V�L�W�\��

on ecosystem functions and services in major European forest types (www.fundiveurope.eu). 

To do so, two research platforms were established in order to include both experimental and 

observational approaches. This thesis includes studies conducted in both platforms (Figure 2). 

 

 

Figure 2: Geographical 

distribution of the study sites 

included either in the 

experimental platform 

(plantations) or in the 

exploratory platform  (adult 

forests) of the FunDivEUROPE 

project. The experimental sites 

are the boreal plantation in 

Satakunta (Finland) and the 

BIOTREE temperate plantation 

(Germany). Going from North 

to South, the exploratory sites 

are a boreal forest (Finland), a 

hemi-boreal forest (Poland), a 

temperate beech forest 

(Germany), a mountainous 

temperate beech forest (Romania), a thermophilous deciduous forest (Italy) and a Mediterranean broadleaved-

coniferous forest (Spain). The colored background in the figure shows the distribution of the European forest 

categories (extracted from Casalegno et al. 2011). 
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The experimental platform relies on tree diversity experiments conducted within the 

TreeDiv_Net network, where tree plantations differing in tree species diversity were 

established since 1999. The present work was conducted at only two experimental sites in the 

experimental platform: a mixed boreal plantation in Satakunta (Finland) and the BIOTREE 

and BIOTREE-simplex mixed temperate plantations in Kaltenborn (Germany) (Figures 2 & 

3). More information on these sites can be found in Papers II, III  &  VIII . 

 

 

Figure 3: Pictures of the experimental sites: (a) the mixed boreal plantation in Satakunta (Finland), (b) the 

BIOTREE-simplex temperate mixed plantation and (c) the BIOTREE temperate mixed plantation, both in 

Kaltenborn (Germany). 

 

The exploratory platform  consists of a specifically designed network of approximately 300 

stands in mature forests in six different focal regions in Europe, replicated across wide 

gradients of tree species diversity. The six focal regions represent important European forest 

types along the gradient from boreal forests to Mediterranean forests (Figures 2 & 4). This 

approach maximizes representativeness at the continental scale. Within each focal region, the 

forest stands primarily differ in tree species richness (natural or management driven). 

Variations in other factors such as soil type, topography, land use history and spatial 

clustering, which may profoundly influence functions and services, were kept at a minimum. 

Some variability in these factors could not be avoided however, and they were therefore 

included in the statistical analyses as confounding factors. A detailed description of the 

exploratory platform can be found in Paper I while less detailed descriptions are presented in 

Papers IV, V, VI , &  VII . 

 

a b c
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Figure 4: Pictures of the exploratory sites: (a) boreal forest in Finland, (b) hemi-boreal forest in Poland, (c) 

mountainous beech forest in Romania, (d) temperate beech forest in Germany, (e) thermophilous deciduous 

forest in Italy and (f) Mediterranean broadleaved-coniferous forest in Spain. 

 

2.2 Sap flux measurements 

�$�W�� �D�O�O�� �V�L�W�H�V�� �L�Q�F�O�X�G�H�G�� �L�Q�� �W�K�H�� �H�[�S�O�R�U�D�W�R�U�\�� �S�O�D�W�I�R�U�P�� �D�V�� �Z�H�O�O�� �D�V�� �L�Q�� �W�K�H�� �H�[�S�H�U�L�P�H�Q�W�D�O�� �³�6�D�W�D�N�X�Q�W�D�´��

and BIOTREE sites, we used the thermal dissipation method to measure sap flux density. In 

the Satakunta plantation, this work was conducted by A. Granier, D. Bonal and L. Bes De 

Berc during the summer of 2011 and data were made available for my PhD. At the other sites, 

the work was conducted by myself and A. Granier, with the help of D. Bonal at some sites, 

and the occasional help of students, local technicians, or other scientists. Depending on the 

study site, a subsample of dominant and/or co-dominant trees, for a given species and in a 

given number of forest stands was equipped with sap flux sensors. For each selected tree, the 

two 20-mm-long probes of the thermal dissipation sap flux sensors (UP-Gmbh, Cottbus, GE) 

(Granier et al. 1987) were installed under the bark and the cambium at around 1.3 m above the 

ground with a 10-cm vertical spacing between the probes (Figure 5).  

 

 

a b c

d e f
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Figure 5: (a) Sap flux 

sensor insertion into the 

trunk of a Quercus cerris 

tree in the thermophilous 

deciduous forest in Italy 

(June 2012) and (b) into a 

Pinus sylvestris tree in the 

Mediterranean 

broadleaved-coniferous 

forest in Spain (May 

2013). (c) Two Quercus 

cerris trees in the 

thermophilous deciduous 

forest in Italy (June 2012) 

and (d) two Pinus nigra 

trees in the Mediterranean broadleaved-coniferous forest in Spain (May 2013) equipped with sap flux sensors 

after the covers had been put in place.  

 

Each sensor was supplied with a power of 0.2 W. Data were collected every five or ten 

seconds on CR800 and/or CR1000 data loggers (Campbell Scientific Inc, Loughborough, UK) 

for periods ranging from two to five days. These measurement periods were repeated over 

several months at some sites, when technical issues (power supply, for instance) could be 

easily solved. Volumetric sap flux density (FD, L dm-2 h-1) was calculated following Granier 

(1987). Daily tree-level transpiration values based on FD where converted into stand-level 

transpiration rates; however, because of the limited number of stands studied, no statistical 

analyses could be conducted on stand-level data. More information on the experimental 

�G�H�V�L�J�Q�� �I�R�U�� �W�K�H�� �³�6�D�W�D�N�X�Q�W�D�´�� �V�L�W�H�� ���)�L�Q�O�D�Q�G������ �W�K�H�� �W�K�H�U�P�R�S�K�L�O�R�X�V�� �G�H�F�L�G�X�R�X�V�� ���,�W�D�O�\���� �D�Q�G��

Mediterranean broadleaved-coniferous forest sites (hereafter called Mediterranean, Spain) can 

be found in Papers III, IV  &  V, respectively. At the other study sites, a protocol similar to 

the one at the Italian site was applied (Paper IV). However, as the data obtained at these other 

sites were not sufficiently reliable, these results are not presented in this overview and nor are 

they referred to in any paper. 

 

a b

c d
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2.3 Foliar analyses 

�$�W���D�O�O���H�[�S�O�R�U�D�W�R�U�\���V�L�W�H�V���D�Q�G���L�Q���W�K�H���H�[�S�H�U�L�P�H�Q�W�D�O���³�6�D�W�D�N�X�Q�W�D�´���D�Q�G���%�,�2�7�5�(�(-simplex sites, the 

�)�X�Q�G�L�Y�(�8�5�2�3�(�� �³�/�H�D�I�� �7�H�D�P�´�� �D�Q�G�� �,�� �V�D�P�S�O�H�G�� �W�H�Q�� �W�R�� �W�Z�H�Q�W�\�� �I�X�O�O�\�� �H�[�S�D�Q�G�H�G�� �V�X�Q�O�L�W�� �O�H�D�Y�H�V�� �I�R�U��

broadleaved species, or three to five 30-to-40-cm-long branches supporting fully mature 

needles for conifers, during the 2012 or 2013 summers on a subsample of dominant and/or co-

dominant trees in each selected stand. All samples were collected during summers when no 

water stress occurred or before water stress had started (i.e. thermophilous deciduous and 

Mediterranean forests). Leaf samples were collected with tree clippers connected to extension 

loppers, by shooting down branches (Romania only), or by professional tree climbers who 

were hired to work on the project (Figure 6).  

We used isotopic ratio mass spectrometers (IRMS) to measure the carbon isotope composition 

(�/13�&���� �Å���� �D�Q�G�� �Q�L�W�U�R�J�H�Q�� �F�R�Q�W�H�Q�W�V�� ��N%, %) on these foliar samples, and in addition, at the 

Satakunta site in Finland, the oxygen isotope composition (�/18�2���� �Å������ �6�D�P�S�O�H�� �S�U�H�S�D�U�D�W�L�R�Q��

(grinding, micro-weighing) was conducted by myself with the occasional help of local 

technicians at INRA Nancy. Isotopic analyses were done either at the PTEF Isotope Facility 

of INRA Nancy or at the Isotope Facility of UC Davis (CA, USA). 

�/13C is positively related to leaf intrinsic water use efficiency (Farquhar et al. 1982), which is 

defined as the ratio of net CO2 assimilation over stomatal conductance to water vapour. 

Therefore �/13C provides information on intrinsic water use efficiency (WUEint) integrated 

over various time periods depending on the turnover time of the organic matter pools assessed 

(Fotelli et al. 2003). However, the �/13C of organic matter is influenced by a large range of 

environmental factors including light intensity, atmospheric CO2 concentrations or water 

availability (reviewed in Ferrio et al. 2003b). To avoid effects related to gradients of light and 

CO2 concentrations within forest canopies, we only sampled sunlit leaves or needles at the 

canopy top. 
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Figure 6: (a) Sampling of 

canopy leaves with tree 

clippers connected to 

extension loppers in the 

Mediterranean forest in 

Spain (June 2013) and (b) 

sampling of canopy 

leaves by a tree climber in 

the thermophilous 

deciduous forest in Italy 

(June 2012).  

 

 

The combined measurement of �/18O and �/13C provides further insight into the changes in leaf 

�/13C (Farquhar et al. 1998; Saurer et al. 1997). Indeed, variations in �/18O are mainly driven by 

source water and changes in stomatal conductance (Farquhar et al. 1998). Measuring both 

�/18O and �/13C allowed us to distinguish between the stomatal and the photosynthetic origin of 

the changes in �/13C (Paper III ). 

At the BIOTREE-simplex site, we used two Scholander-type pressure chambers (PMS 

Instruments, Corvallis, USA and UP Analytics, Cottbus, Germany) to measure predawn leaf 

water potential on the sampled leaves or twigs of the studied species. More information on 

specific measurements conducted for each site on the leaf samples can be found in Papers II, 

III , IV , V &  VIII .  

 

2.4 Wood analyses 

At all the exploratory sites and with the help of �W�K�H�� �)�X�Q�'�L�Y�(�8�5�2�3�(�� �³�&�R�U�H�� �7�H�D�P�´, I 

extracted one 5-mm-diameter wood core at breast height (1.3 m) on a subsample of dominant 

and/or co-dominant trees for each species and in each forest stand (Figure 7).  

 

a b
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Figure 7: (a) Extraction of a wood core from a Castanea sativa tree in the thermophilous deciduous forest in 

Italy and (b) the wood core from a Pinus sylvestris tree from the boreal forest in Finland after being filed with a 

scalpel for tree-ring dating. 

 

For each site, A. Granier and I selected two years with contrasting soil water limitations 

during the summer (dry vs. wet year) based on local climatic date and a water balance 

modeling approach (BILJOU model, Granier et al. 1999). Daily meteorological data for each 

forest study site were obtained from the CGMS database of interpolated meteorological data 

(AGRI4CAST, http://mars.jrc.ec.europa.eu/mars). Then, from each wood core, I extracted the 

late-wood corresponding to the two selected years for each site and prepared the samples for 

isotope analysis. The samples from a given species within a given stand were pooled together 

before isotope analysis. Samples from Quercus ilex in the Mediterranean forest were not 

analyzed for isotope composition as there was insufficient material in the late wood for the 

isotope analyses, particularly for the dry year. Furthermore, tree-ring detection was very 

difficult for this species. �/13C values were measured at the Isotope Facility of PTEF (INRA 

Nancy) or UC Davis (CA, USA). More information on sample preparations and year selection 

for each site can be found in Papers VI &  VII . 

Plants typically react to a decrease in water availability by closing their stomata. Although 

carboxylation rates may also decline under water shortage, leaf conductance is usually 

affected to a larger extent, and this leads to a reduction in intercellular CO2 concentrations and 

a concomitant increase in �/13C (Farquhar et al. 1982). Therefore, the functional response of 

plants (at least in terms of CO2 and H2O exchange) to soil water deficit can easily be tracked 

by means of �/13C analyses during dry conditions. This strong increase in �/13C under dry soil 

conditions has been observed in many studies conducted either in growth-chambers or in the 

a b
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field (Ehleringer & Cooper 1988; Dupouey et al. 1993; Araus et al. 1997; Warren et al. 2001; 

Ferrio et al; 2003a). We therefore used the increase in �/13C from wet to dry conditions (�4�/13C) 

as a proxy for the level of soil drought exposure undergone by each tree species and forest 

stand (Papers VI & VII ). 

 

2.5 Deuterium labelling 

At the BIOTREE-simplex site, we conducted a labelling experiment in order to compare soil 

water extraction depth among species under different diversity levels (Paper VIII ). This 

experiment consisted of spraying highly enriched deuterium water to the superficial soil 

layers in order to create an artificial vertical profile of soil water deuterium isotope 

composition (�/2�+���� �Å������ �2�Q�H�� �G�D�\�� �S�U�L�R�U�� �D�Q�G�� �W�K�U�H�H�� �G�D�\�V�� �D�I�W�H�U�� �V�S�U�D�\�L�Q�J�� �W�K�H�� �K�L�J�K�O�\�� �H�Q�U�L�F�K�H�G��

solution, we extracted soil cores up to 150-m-depth and sampled twigs from a subsample of 

selected trees in the plantation. Water was extracted from the twig and soil samples with a 

cryogenic vacuum distillation system and the deuterium isotopic composition was measured 

on these water samples at the Isotope Facility of PTEF (INRA, Nancy). We then used a 

simple modelling approach to estimate the mean depth of soil water uptake for a given tree. 

More information on the experimental design and the overall labelling experiment can be 

found in Paper VIII . 

 

Specific measurements that were conducted for each site are presented in Table 1. 
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Table 1: List of measurements conducted for each site: maximum number of interacting species (NBmax), sap flux density (FD), foliar or wood carbon and 

oxygen isotope composition (�/13C and �/18�2�����U�H�V�S�H�F�W�L�Y�H�O�\�������I�R�O�L�D�U���Q�L�W�U�R�J�H�Q���F�R�Q�W�H�Q�W�����1���������S�U�H�G�D�Z�Q���O�H�D�I���Z�D�W�H�U���S�R�W�H�Q�W�L�D�O�����%pd), depth of water uptake (DW), total 

number of sampled trees (NBtree) and paper(s) corresponding to each study site. 

 Experimental Exploratory 

Forest type Boreal Temperate 

BIOTREE 

Simplex 

Temperate 

BIOTREE 

Boreal Hemi-boreal Mountainous 

beech 

Temperate 

beech 

Thermophilous 

deciduous 

Mediterranean  

NBmax 5 4 4 3 5 4 5 5 3 

FD ×  × × × × × × × 

Foliar �/13C × × × × × × × × × 

Foliar �/18O ×         

Wood �/13C    × × × × × × 

Foliar N% × × × × × × × × × 

�%pd  ×        

DW  ×        

NBtree 255 122 100 180 372 206 275 259 252 

Paper(s) III  VIII II  I & VI I & VII I & VII I & VII I, IV & VII I, V & VII 
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3. Discussion 

3.1 Functional diversity in water and carbon relations in European forests 

Forests host tree species that are known to exhibit a wide range of functional characteristics 

and features which dictate their patterns of growth and survival. These species-level 

differences in ecophysiological strategy are deemed to play a crucial role in the coexistence 

of tree species and in the overall community structure of forest ecosystems (Kraft et al. 2008). 

Beyond species richness per se, there is growing consensus that the effects of diversity on 

ecosystem functions and services can be largely attributed to the functional diversity of co-

existing species in diverse  ecosystems (Grime 1997). Therefore, before discussing tree 

species diversity effects on carbon and water relations in European forest ecosystems, I will 

first describe the functional diversity in water and carbon relations which exist in these 

forests. To do so, I will use direct measurements as well as information on functional traits 

extracted from the literature. As this thesis mainly focuses on species diversity effects under 

conditions of water stress, the functional traits discussed here are mostly those known to 

influence the response of tree species to drought. 

Tree species differ in growth rate, root architecture, gas exchange regulation, vulnerability to 

cavitation or seed dispersal, thus allowing their classification into different plant functional 

types. There is no universal functional type classification. Rather, the classification depends 

on the aim of the study, its scale (from local to global) and the ecosystem processes 

considered (Gitav & Noble 1997; Lavorel et al. 1997). For experimental studies and modeled 

predictions of community responses to a drier environment, certain tree species features such 

as life span or seed dispersal seem unrelated; instead, information on stomatal conductance, 

photosynthetic rates and carbon allocation patterns seems more suitable.  

A convenient way to characterize the functional diversity of tree species in relation to their 

water and carbon fluxes in mixed forest ecosystems is to use the carbon isotope composition 

(�/13C) of photosynthetically assimilated organic material. Indeed, �/13C integrates information 

about how a plant regulates carbon acquisition and water fluxes since it relates to the ratio of 

net CO2 assimilation during photosynthesis and to stomatal conductance for water vapour (i.e. 

WUEint, Farquhar et al. 1982). The mean values obtained for the foliar �/13C of the studied 

species in the pure stands of the exploratory platform are presented in Figure 8.  These values 

show a large variability in foliar �/13C (between �± �����������Å���I�R�U��Quercus faginea and �± �����������Å��

for Betula pendula) and thus in the compromise between carbon acquisition and stomatal 
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regulation among European tree species. This large variability is, of course, partly explained 

by differences in environmental conditions among sites. Nevertheless, for a given forest type, 

the maximum differences in foliar �/13C between species range from ���������Å���L�Q���W�K�H���E�R�U�H�D�O���I�R�U�H�V�W��

�W�R�� �������� �Å�� �L�Q�� �W�K�H�� �W�K�H�U�Pophilous deciduous forests (Figure 8). Furthermore, we observed that 

tree species with different phenology (conifers vs. broadleaved) exhibited important 

differences in �/13C, although this observation does not hold true for all forest types and clear 

variations can also be found within a given species and/or phenological group (Figure 8).  
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Figure 8: Mean foliar carbon 

isotope composition (�/13�&���� �Å����

and nitrogen content (N%, %) for 

each sampled species in the pure 

forest stands in the boreal, 

temperate beech (beech), 

thermophilous deciduous 

(thermophilous), hemi-boreal, 

mountainous beech and 

Mediterranean broadleaved-

coniferous (Mediterranean) 

exploratory platform forest sites. 

Note that three more species are 

present in the temperate beech 

forest type but no pure stands for 

these species exist within the 

region. Letters denote differences 

among species for a given forest 

type. Vertical bars are standard 

errors of the mean. 

-31.0

-29.0

-27.0

-25.0

�/
1

3
�&

���
��Å

��

a

b b
a

b

a

b b b

c

a

ab

b
b b

ab

a
b

c

a

a

b

0.0

1.0

2.0

3.0

B
e

tu
la

 p
e

nd
ul

a

P
ic

e
a

 a
bi

e
s

P
in

us
 s

yl
ve

st
ris

F
a

gu
s 

sy
lv

a
tic

a

P
ic

e
a

 a
bi

e
s

C
a

st
a

ne
a 

sa
tiv

a

O
st

ry
a

 c
a

rp
in

ifo
lia

Q
ue

rc
us

 c
e

rr
is

Q
ue

rc
us

 ile
x

Q
ue

rc
us

 p
e

tra
e

a

B
e

tu
la

 p
e

nd
ul

a

C
a

rp
in

us
 b

e
tu

lu
s

P
ic

e
a

 a
bi

e
s

P
in

us
 s

yl
ve

st
ris

Q
ue

rc
us

 ro
bu

r

A
bi

e
s 

a
lb

a

A
ce

r p
se

ud
op

la
ta

nu
s

F
a

gu
s 

sy
lv

a
tic

a

P
ic

e
a

 a
bi

e
s

P
in

us
 n

ig
ra

P
in

us
 s

yl
ve

st
ris

Q
ue

rc
us

 ile
x

Q
ue

rc
us

 fa
gi

ne
a

N
%

 (%
)

boreal beech thermophilous hemi-boreal moutainous beech mediterranean

a

b b

a

b

a ab

b

c

ab
a

b

c
c

b

a a

a

b
a

b

c

b

b



Discussion 

34 
 

A wide interspecific variability was also found for foliar N% content (between 0.8 % for 

Pinus nigra and 2.8 % for Quercus robur) (Figure 8). The variability in foliar N% within a 

given forest type ranged from 0.88 % in the temperate beech forest to 1.71 % in the 

Mediterranean forest (Figure 8). The most important differences within a given forest type 

seem to be between coniferous and broadleaved tree species. Additionally, we identified 

strong differences between broadleaved-deciduous and broadleaved evergreen species (i.e. 

Quercus ilex in the thermophilous deciduous and Mediterranean forests, Figure 8). N% 

content is generally known to affect the photosynthetic performance of plants across a wide 

range of life-forms (Reich et al. 1992); these results are consistent with the wide variability in 

growth performance we observed among these tree species (FundivEurope data, not shown 

here).  

 

I also researched the literature for functional traits related to water and carbon relations and to 

the response of our studied tree species to drought (Table 2). Some of these traits are either 

quantitative and corrected �I�R�U�� �Y�D�U�L�D�E�L�O�L�W�\�� ���L���H���� �%50), or simple observations (i.e. phenology). 

However, it should be noted that some traits could be influenced by both biotic and abiotic 

conditions (e.g. rooting depth) and therefore might not always represent the potential values 

encountered in our experimental forest stands.  
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Table 2: Species functional characteristics in the exploratory platform. Forest types in which the tree species 

occur are presented in Section 1 of the Supplementary Information (SI). Description of light preference is given 

�L�Q�� �6�H�F�W�L�R�Q�� ���� �R�I�� �6�,���� �%50 represents the water potential level causing a 50% loss of conductivity in stems and 

reflects a measure of vulnerability to xylem embolism (Choat et al. 2012). Corresponding references for each 

trait are given in Section 3 of the SI. Blanks represent traits for which information could not be found (e.g. �%50 of 

C. sativa).  

 

The information shown below clearly points out potential contrasted functional responses to 

drought in the studied species within a given forest type (Table 2). In the boreal, hemi-

boreal, mountainous beech, temperate beech and Mediterranean forests, drought 

intolerant conifers (Picea abies and Pinus sylvestris) are interacting in mixed stands with 

drought tolerant conifers (Abies alba and Pinus nigra) and drought tolerant broadleaved 

species (Acer pseudoplatanus, Betula pendula, Carpinus betulus, Fraxinus excelsior, Fagus 

Species  Light 

preference 

Initial growth 

rate 

Phenology* Rooting depth �%50 (MPa) 

A. alba 3 Slow C Deep -3.6 

A. pseudoplatanus 4 Fast DB Medium -2.2 

B. pendula 7 Fast  DB Medium to deep -2.4 

C. betulus 4 Fast DB Medium -3.8 

C. sativa 5 Fast DB Deep  

F. sylvatica 3 Slow DB Medium -3.2 

F. excelsior 4 Fast DB Deep -2.8 

O. carpinifolia 4 Fast DB Shallow  

P. abies 5 Slow C shallow -3.9 

P. nigra 7 Fast C Medium to deep -2.8 

P. sylvestris 7 Slow C Shallow to medium -3.6 

Q. cerris 6 Fast DB Deep  

Q. faginea  Slow DB Deep  

Q. ilex 4 Slow DE Deep -2.2 

Q. petraea 6 Slow DB Deep -3.5 

Q. robur 7 Slow DB Deep -2.8 
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sylvatica, Quercus faginea, Quercus petraea and Quercus robur). However, even the 

broadleaved species have well known differences in ecophysiological strategies. We can 

hypothesize that the deepest-rooted species such as Fraxinus excelsior, Quercus faginea, 

Quercus petraea and Quercus robur will probably have a different response to drought stress 

than the other more shallow-rooted broadleaved species. The thermophilous deciduous 

forest has the particularity of hosting only broadleaved tree species. However, even these 

species seem to present considerable variability in their ecophysiological strategies. Here, 

drought tolerant broadleaved deciduous species (Castanea sativa, Quercus cerris and Quercus 

petraea) are interacting with a drought tolerant evergreen species (Quercus ilex) and a rather 

drought intolerant broadleaved deciduous species (Ostrya carpinifolia). 

 

In brief 

Within a given forest type, the tree species studied here present important functional 

dissimilarities and overall have different responses to fluctuating environmental conditions. 

One can therefore expect these species to show some degree of complementarity for resource 

acquisition and use. For example, we may expect shallow-rooted conifers to occupy different 

above- and below-ground ecological niches than do deep-rooted broadleaved species (e.g. 

Pinus sylvestris and Quercus faginea in the Mediterranean forest type). If each species 

occupies a different ecological niche in a given forest stand, the rate of ecosystem processes 

measured should depend linearly on species richness and evenness (i.e. the Shannon diversity 

index). Inversely, if most or even all species occupy the same ecological niche, the rate of 

ecosystem processes measured should not be dependent on the Shannon diversity index.  
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3.2 Effects of tree species diversity on water and carbon relations under non-limiting soil 

water conditions 

The important dissimilarities in functional characteristics observed among co-existing tree 

species in European forests presupposes an important effect of species diversity on ecosystem 

functioning. Under non-limiting soil water conditions, previous studies have successfully 

demonstrated that higher tree species diversity improves ecosystem productivity (e.g. Morin et 

al. 2011; Paquette & Messier 2011; Vilà et al. 2013). These studies did, however, raise the 

question of whether higher productivity in more diverse forests could partially be due to 

higher/better water use in these ecosystems. Such a response could be expected in species 

diverse forests since enhanced productivity is often associated with increased transpiration 

rates (Law et al. 2002). Simultaneously, we could hypothesize that changes in productivity 

and transpiration rates could themselves impact the water use efficiency of tree species. In 

this chapter, I will discuss how transpiration, productivity and water use efficiency are 

influenced by tree species diversity under non-limiting soil water conditions based on my own 

results and on previous observations from the literature. 

Two recent studies have shown that higher tree species diversity (Kunert et al. 2012) or the 

interaction of two species with highly contrasting functional traits (Forrester et al. 2010) 

improves stand productivity. These studies expand on previous ones by demonstrating that 

this enhanced above-ground wood production was mainly a consequence of improved 

transpiration rates. The authors mainly attributed changes in ecosystem functioning to both 

above- and below-ground niche stratification in mixed stands (i.e. complementarity 

processes). However, during periods when water resources are sufficiently available 

throughout the soil profile, complementarity in water acquisition and use through below-

ground processes does not seem to be the most probable cause for such improved 

transpiration rates. Instead, above-ground canopy stratification may explain these results.  

 

3.2.1 Effects at the tree-level 

Above-ground stratification in mixed-species forests takes place because tree species can 

have different phenology and/or canopy structures (Kelty 2006). As a consequence, different 

light gradients occur both vertically and horizontally in mixed vs. pure forest stands. These 

light gradients lead to different levels of light interception for trees in pure and mixed-species 

stands (Kelty 2006). Increasing light interception promotes plant photosynthesis and water 
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use and is therefore often considered to be one of the positive mechanisms underlying higher 

productivity and transpiration in mixed-species forest ecosystems (e.g. Forrester et al. 2010; 

Morin et al. 2011; Kunert et al. 2012; Zhang et al. 2012).  

The results from the study we conducted on the sap flux density of three tree species in a 

mixed boreal plantation (Paper III ) suggest that even if above-ground stratification of the 

canopy occurs in mixed stands, it does not always lead to improved functioning for all the 

interacting species. Above-ground stratification clearly occurred in the young plantation at 

Satakunta, with Betula pendula trees occupying the highest layers of the canopy and all the 

other species, particularly Picea abies, occupying a dominated and slightly shaded position 

(Figure 9).  

 

  

Figure 9: Schematic representation of the pure and the 3-species mixture studied for sap flux density in the 

mixed boreal plantation at Satakunta (Finland) (Paper III ). Betula pendula trees occupied the top layers of the 

canopy while the two conifers occupied a dominated and slightly shaded position in the mixed stands. 

 

We found that transpiration for Picea abies was lower in the mixed than in the pure stand, and 

a similar, although not significant, pattern was observed for Pinus sylvestris trees (Fig. 4 in 

Paper III ). On the contrary, Betula pendula trees did not exhibit a change in sap flux density 

between the mixed and pure stands. As water availability was not limiting for tree 

transpiration during these measurements, we attributed the differing levels of sap flux density 

to changes in light regimes between mixed and pure stands. This hypothesis was confirmed by 

patterns in foliar �/13C (Fig. 6 in Paper III ). Higher radiation is known to increase �/13C values, 

mainly through its direct effect on photosynthetic activity (Farquhar et al. 1982). The conifers 

exhibited lower �/13C (a proxy for WUEint) in the mixtures, which we attributed to impaired 

Betula pendula Picea abies Pinus sylvestris Mixed 
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photosynthetic activity. In contrast, the reverse pattern was found for Betula pendula: Betula 

pendula trees encountered less competition for light in mixed stands since the interacting trees 

of the companion species were shorter (Figure 9), and Betula pendula WUEint was higher in 

mixed stands than in pure ones. It should be noted, however, that the differences in WUEint 

and transpiration among stands were rather small and did not lead to significant differences 

among stands in above-ground biomass production (Fig. 2 in Paper III ). Similar contrasted 

responses among species to diversity were also found by Forrester et al. (2010) in Australia. 

These authors found that mixing light-demanding Eucalyptus trees with shade-tolerant Acacia 

trees improved the transpiration of Eucalyptus but seemed to decrease that of Acacia. 

Furthermore, similar to our observations in the boreal plantation, differences among species in 

their response to diversity were also reflected in water use efficiency levels: the water use 

efficiency of Eucalyptus improved in mixed stands whereas that of Acacia decreased slightly.  

In the mature forests of the exploratory platform, we measured both foliar �/13C under non-

limiting soil water conditions and �/13C of late wood samples during a year when no water 

stress occurred. For both measurements, we found no evidence of an effect of tree species 

diversity on �/13C (i.e. WUEint) for any species except one (Castanea sativa in the 

thermophilous deciduous forest). Rather than species diversity, we found that other 

environmental factors that could not be controlled for when selecting the stands (leaf area 

index, competition intensity, altitude, soil C/N ratio) explained part of the variability in �/13C 

among forest stands (Section 4 in SI). In any case, our results suggest that no clear above-

ground stratification occurred in these mature forests in comparison to the young boreal 

plantation. Even if above-ground stratification had occurred in these stands, the mechanism 

�Z�R�X�O�G�� �K�D�Y�H�� �E�H�H�Q�� �R�I�� �V�X�F�K�� �O�R�Z�� �L�Q�W�H�Q�V�L�W�\�� �W�K�D�W�� �L�W�� �Z�R�X�O�G�� �Q�R�W�� �K�D�Y�H�� �D�I�I�H�F�W�H�G�� �W�K�H�� �W�U�H�H�V�¶�� �Z�D�W�H�U�� �D�Q�G��

carbon acquisition and use. The only species that showed any significant effect of species 

diversity on �/13C (with a negative relationship) was Castanea sativa in the thermophilous 

deciduous forest. It is quite difficult to interpret this result since Castanea sativa is suffering 

from large die-off events in this region caused by Phytophthora�����D�O�V�R���F�D�O�O�H�G���³�L�Q�N���G�L�V�H�D�V�H�´�����+����

Jactel and V. Guyot, perso. comm., Figure 10). Although we only sampled trees that looked 

healthy, we cannot exclude that some of them might have been affected by the disease; 

indeed, infected trees usually suffer from extensive necrosis of the root system before any 

apparent above-ground symptoms occur (Vannini & Vettraino 2001).  
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 Figure 10: (a) Branch sample of a Castanea sativa tree affected with ink disease, (b) extraction of a wood core 

from a Castanea sativa tree affected with ink disease, (c) dead Castanea sativa trees killed by ink disease near 

the exploratory platform in the thermophilous deciduous forest (Italy). 

 

 

3.2.2 Effects at the stand-level 

At the stand-level, neither of the studied traits (productivity and �/13C) were influenced by 

species diversity in any of our experiments (Fig. 3 & 5 in Paper III ). 

The lack of any effect on stand �/13C in the young boreal plantation (Fig. 3 in Paper III ) 

suggests that individual species responses to species diversity compensated for each other at 

the stand-level. Interestingly, this was consistent with the lack of effect on productivity which 

was less surprising since no significant effect of diversity on productivity had been detected at 

the tree-level. Statistical analyses could not be performed on stand-level transpiration because 

of the limited number of stands where transpiration measurements were taken. It seems, 

however, that the more diverse stands did not exhibit higher transpiration rates than what 

would have been expected based on pure stands (Fig. 5 in Paper III ).  

In the adult forest stands of the exploratory platform, variations in foliar and wood �/13C 

among stands were not explained by species diversity levels under non-limiting water 

conditions (Table 3). However, they were explained to some extent by differences in nutrient 

availability (i.e. C/N ratio in the boreal and Mediterranean forests) or light regime (i.e. leaf 

area index in the hemi-boreal, temperate beech and Mediterranean forest). Our results in 

mature forests for these six European regions do not, therefore, confirm the findings of 

Forrester et al. (2010) for stand-level water use efficiency. It should be noted, however, that in 

�)�R�U�U�H�V�W�H�U�� �H�W�� �D�O���¶�V�� �V�W�X�G�\�� ���������������� �D�Q�� �L�P�S�R�U�W�D�Q�W�� �S�D�U�W�� �R�I�� �W�K�H�� �L�P�S�U�R�Yed water use efficiency was 

explained by the presence of a nitrogen-fixing species in the mixture (i.e. Acacia). 

Furthermore, Kunert et al. (2012), who also observed higher transpiration and productivity in 

a b c
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mixed species stands, could not identify a clear pattern of response for stand-level water use 

efficiency. Whether species diversity deeply affects ecosystem functions under non-limiting 

environmental conditions remains an open question. FunDivEUROPE colleagues (i.e. T. 

Jucker, D. Coomes and O. Bourriaud) are currently analysing these effects on productivity. 

 

 

In brief 

These observations suggest that under favourable soil water conditions, species diversity has 

no clear direct effect on species- or stand-level �/13C - and consequently, no clear effect on 

water-use efficiency - in mature forests across Europe. Nevertheless, the data from the boreal 

plantation indicates that some effects on �/13C and transpiration might appear at a young 

developmental stage and at the tree-level only. This single case does not allow me to draw any 

conclusions as to whether the occurrence of species effects under non limiting soil water 

conditions could be dependent on ontogeny; conducting further studies on a chronosequence 

could help fill in this gap.  

In the boreal plantation, diversity effects seem to be driven by above-ground complementarity 

processes that affect light acquisition and use by the co-existing tree species. In a recent study, 

del Rio et al. (2014) suggested that under high soil water conditions, species diversity effects 

are mostly explained by differences in light supply. However, these differences can only 

occur if the neighbouring species have very different canopy structures which result in 

important above-ground space partitioning.  
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Table 3: Results from the statistical tests on stand-level foliar and wood carbon isotope composition for each forest type under non-limiting soil water conditions. Mixed 

linear models were used to determine the effects of the Shannon diversity index, altitude, leaf area index (LAI), competition intensity (i.e. stand basal area) and soil C/N ratio on 

stand-level foliar carbon isotope composition (�/13CSF) and on stand-level wood carbon isotope composition (�/13CSW). Stand was used as a random factor. Slopes of the fitted 

relationships between �/13CSF or �/13CSW and the factors are given when the effect is significant (P < 0.05). Significant P-values for each factor included in the model are presented in 

bold characters. 

Factors Boreal Hemi-boreal Mountainous beech Temperate beech 
Thermophilous 

deciduous 
Mediterranean 

�/13CSF F-value P-value Slope F-value P-value Slope 
F-

value 

P-

value 
Slope F-value P-value Slope F-value P-value Slope F-value P-value Slope 

Shannon 2.52 0.127  0.33 0.564  4.10 0.069  0.01 0.975  4.93 0.061  0.03 0.850  

Altitude 1.80 0.193  0.51 0.476  0.23 0.632  0.03 0.862  4.02 0.068  3.72 0.067  

LAI 3.12 0.092  2.04 0.161  0.02 0.872  0.99 0.262  0.06 0.801  5.25 0.029 -0.28 

Basal area 4.77 0.073  1.05 0.310  0.01 0.909  2.04 0.165  1.50 0.230  3.71 0.069  

C/N 20.27 < 0.001 0.09 1.99 0.167  0.43 0.518  0.11 0.740  0.01 0.955  4.92 0.034 0.05 

�/13CSW                   

Shannon 0.48 0.498  2.43 0.127  4.04 0.059  0.62 0.437  0.03 0.873  4.52 0.056  

Altitude 1.04 0.318  1.28 0.266  0.08 0.776  0.10 0.750  2.57 0.120  0.01 0.936  

LAI 0.34 0.568  14.26 < 0.001 -0.28 2.42 0.135  7.06 0.012 -0.31 1.70 0.203  6.46 0.022 -0.16 

Basal area 0.55 0.467  0.35 0.560  0.43 0.520  0.01 0.909  3.09 0.089  0.53 0.476  

C/N 0.39 0.541  0.97 0.331  0.43 0.520  0.01 0.993  6.90 0.013 0.06 1.41 0.253  
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3.3 Effects of tree species diversity on water and carbon relations under limiting soil 

water conditions  

The influence of climatic conditions on species diversity effects has received growing interest 

by ecologists in the last decade. It is now well agreed that climatic conditions are directly 

influencing the outcome of species interactions, and therefore the relationship between 

diversity and ecosystem functioning. Considering the forecasted drier and warmer climatic 

conditions that will occur in the next decades worldwide (IPCC, 2013), we may expect to 

observe a change in species diversity effects on ecosystem functioning in the future. Whether 

interactions among species will translate into beneficial or detrimental effects on tree and 

ecosystem functioning remains unclear. In this chapter, based on observations acquired 

during my thesis and on results from the literature, I discuss whether tree species diversity 

influences tree-level transpiration and tree- and stand-level drought exposure in forest 

ecosystems under limiting soil water conditions. 

 

3.3.1 Effects at tree-level 

3.3.1.1 Transpiration 

I conducted two experiments to test the impact of species interactions on the decrease in 

transpiration during a summer drought (Papers IV & V ). These experiments were carried out 

in the two southernmost sites of the exploratory platform (Spain & Italy) where severe soil 

drought occurs frequently during the summer months (Fig. S1 & Table S4 in Supplementary 

Information of Paper VII ).  

In the thermophilous deciduous forest (Italy) during a dry summer, we followed the seasonal 

variations in sap flux density of two co-existing drought-tolerant oak species (Quercus cerris 

& Quercus petraea) in pure and mixed stands. Quercus cerris suffered from higher drought 

exposure (i.e. a greater decrease in sap flux density) when interacting with Quercus petraea 

than when growing in monospecific conditions (Fig. 3 in Paper IV), whereas Quercus 

petraea was unaffected by inter-specific interactions (Fig. 3 in Paper IV). We suspect that the 

negative effect of the mixture on Quercus cerris transpiration is in part explained by the fact 

that the roots of Quercus petraea might out-compete those of Quercus cerris in the deep soil 

layers when the two species are interacting. Differences in the lateral spread of the roots in the 

two oak species could also have played a role in the observed responses. We were not able to 
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directly study this effect during our research, but Quercus petraea is known to have a rooting 

system that explores both shallow and deep soil layers, and to extend its shallowest roots long 

distances from its trunk (Bréda et al.1995). Such a mechanism can allow this species to better 

acquire soil resources and can be detrimental to co-existing species that do not spread their 

root systems so widely. However, very little information on Quercus cerris can be found in 

the literature and even less concerning its rooting capacity and structure. Although any of the 

processes cited above could have partially explained the response we found for the two oak 

species, no clear conclusion can be drawn here on these mechanisms. 

In the study that we conducted in the Mediterranean forest (Spain), we followed the variations 

in sap flux density of one drought-tolerant broadleaved species (Quercus faginea), one 

drought-tolerant conifer (Pinus nigra) and one less drought-tolerant conifer species (Pinus 

sylvestris) during the 2013 summer drought. We found that Quercus faginea clearly benefited 

from the interactions with the two other species (i.e. less marked decrease in sap flux density) 

while Pinus sylvestris was more exposed to drought stress when interacting with non-

conspecific neighbors (i.e. a greater decrease in sap flux density) (Fig. 4 in Paper V). Pinus 

nigra showed only a benefit from the interaction with a shallower tree species such as Pinus 

sylvestris (Fig. 4 in Paper V). The important differences among these three species in water 

requirements and rooting strategy could explain part of their different responses to species 

interactions. Shallow-rooted species such as Pinus sylvestris seem to be negatively impacted 

by the interactions with deeper-rooting and more water-consuming species such as Quercus 

faginea and Pinus nigra. Inversely, more drought-tolerant species (i.e. Quercus faginea & 

Pinus nigra) should experience less competition for water in the deep soil layers when they 

are mixed with shallower rooting species that take up less soil water.  

Taken together, these two studies demonstrate that the effect of species interactions in 

response to water deficit can be beneficial, detrimental or non-existent. Our results suggest 

that species interaction effects at the tree-level during drought periods can vary widely 

depending on local site characteristics and the species considered. 

3.3.1.2 Drought exposure levels 

The very few studies interested so far in the relation between tree species diversity and forest 

ecosystem response to drought have focused on productivity. Among them, Lebourgeois et al. 
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(2013) observed beneficial species mixture effects for Abies alba in the Vosges mountains 

where interactions with Fagus sylvatica slightly reduced the decrease in growth of Abies alba 

under dry conditions. The authors attributed this effect to a below-ground root stratification 

and a lower canopy rainfall interception in the mixed stands. Similarly, in southern Germany, 

Pretzsch et al. (2013) found that mixing Fagus sylvatica with Quercus petraea improved the 

�I�R�U�P�H�U���V�S�H�F�L�H�V�¶���U�H�V�L�V�W�D�Q�F�H���D�Q�G���U�H�V�L�O�L�H�Q�F�H���W�R���G�U�R�X�J�K�W���D�V���F�R�P�S�D�U�H�G���W�R���S�X�U�H���V�L�W�X�D�W�L�R�Q�V�����'�X�U�L�Q�J���W�K�H��

severe drought in 1976, Fagus sylvatica showed a 72% reduction in growth in pure stands 

compared to a reference period, but only a 63% reduction in the mixtures. The authors 

attributed this effect mainly to hydraulic lift performed by Quercus petraea which benefited 

the Fagus sylvatica trees. When studying the same species combination, Zapater et al. (2011) 

also found that Quercus petraea performed hydraulic lift; however, they were unable to detect 

any direct benefit to Fagus sylvatica during a summer drought.  

My PhD research objective was to test whether tree species in more diverse stands are less 

subjected to water depletion during intense droughts than when they occur in less diverse 

stands, applied to as broad a range of tree species and diversity levels as possible. The 

exploratory platform of the FunDivEUROPE project was a great opportunity. As a proxy for 

drought exposure level for all species and all stands, we used the increase in �/13C in tree-rings 

between wet and dry years (�4�/13C) (see Papers VI & VII  for results at stand-level). Under 

the assumption that complementarity for water use takes place, one should observe a smaller 

�4�/13C with increasing tree diversity (i.e. a negative relationship between �4�/13C and diversity). 

Inversely, if tree species occupy redundant ecological niches and highly compete for water 

resources, one would expect to observe a similar or even greater �4�/13C with increasing 

diversity (i.e. a null or positive relationship between �4�/13C and diversity). 

When considering all six focal regions across Europe, we found a large variability in the 

response of species �4�/13C to tree species diversity under drought conditions (Section 5 in SI). 

Some species exhibited a clearly detrimental effect of diversity (i.e. a higher increase in �/13C 

in the more diverse stands) while others exhibited a beneficial effect (i.e. a lower increase in 

�/13C in the more diverse stands) or no effect at all (Table 4; Section 5 in SI). Furthermore, an 

important variability in the intensity of this effect was found among species (slopes between 

the Shannon index and �4�/13C varying from �± ���������� �Å�� �I�R�U��Fagus sylvatica in the temperate 

�E�H�H�F�K���I�R�U�H�V�W���W�R�������������Å���I�R�U��Picea abies in the mountainous beech forest, Table 4). 
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Table 4: Results from the statistical tests on species-level increase in carbon isotope composition between 

wet and dry conditions. Mixed linear models were used to determine for each species within each forest type 

the effects of the Shannon diversity index (calculated with the basal area of each species) on species-level 

increase in carbon isotope composition from a wet to a dry yea�U�� ���û�/13C). The global model also included the 

effects of altitude, leaf area index, competition intensity and soil C/N ratio (Section 5 in SI). Significant P- 

values are shown in bold.  

Forest type Species 
F- values for the 

Shannon index  

P- values for the 

Shannon index  
Slope 

Boreal 

B. pendula 0.05 0.813  

P. abies 5.94 0.034 0.88 

P. sylvestris 4.17 0.040 0.72 

Hemi-boreal 

B. pendula 1.48 0.241  

C. betulus 0.03 0.859  

P. abies 1.27 0.275  

P. sylvestris 2.03 0.173  

Q. robur 0.32 0.578  

Mountainous 

beech 

A. alba 0.01 0.962  

A. pseudoplatanus 0.01 0.907  

F. sylvatica 3.81 0.076  

P. abies 1.46 0.271  

Temperate 

beech 

A. pseudoplatanus 0.24 0.633  

F. sylvatica 10.14 0.007 - 0.78 

F. excelsior 7.74 0.016 - 0.18 

P. abies 0.09 0.776  

Q. petraea 1.35 0.274  

Thermophilous 

deciduous 

C. sativa 5.55 0.041 - 0.66 

O. carpinifolia 0.80 0.393  

Q. cerris 4.06 0.061  

Q. ilex 10.11 0.006 - 0.14 

Q. petraea 12.59 0.004 - 0.38 

Mediterranean 

P. nigra 0.04 0.833  

P. sylvestris 0.29 0.607  

Q. faginea 5.21 0.045 - 0.05 
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Within a given site, a large range of responses was observed among species, pointing to an 

important variability in the responses of co-existing tree species to species interactions during 

drought stress. We also observed that a given tree species can exhibit contrasting responses to 

species interactions in terms of drought exposure in different forest types. For example, Pinus 

sylvestris showed higher drought exposure with increasing tree diversity in the boreal forest 

(where it is interacting with Betula pendula and Picea abies), but was unaffected by species 

interactions in the Mediterranean and hemi-boreal forests (interaction with Pinus nigra and 

Quercus faginea or with Abies alba, Fagus sylvatica and Acer pseudopltanus, respectively). 

This result highlights the importance of interacting species identity and local environmental 

conditions in species diversity effects.  

Our results confirmed that under limiting soil water conditions, some species clearly benefit 

from the presence of other species in the stands and are subsequently less affected by drought 

conditions (lesser increase in �4�/13C). This pattern is consistent with previous findings 

(Lebourgeois et al. 2013; Pretzsch et al. 2013). In contrast, we also found that some species 

clearly do not benefit from these interactions, or even underwent more severe drought impact 

in species diverse stands (Picea abies & Pinus sylvestris in the boreal forest). Therefore, one 

cannot conclude that there is a general pattern for beneficial species diversity effects. The 

response of a given tree species seems to be highly context-dependent and to vary with local 

climatic, and undoubtedly edaphic conditions and with the identity of the other co-existing 

species. How these different responses are reflected at the stand-level when the individual 

species responses are combined and what underlying mechanisms potentially drive these 

responses are discussed in the following chapter.  

 

3.3.2 Effects at stand-level 

We found considerable variability among forest types in the effects of drought on the 

relationship between species diversity and forest drought exposure levels (Papers VI & VII ). 

For some forest types (i.e. temperate beech and thermophilous deciduous forests), more 

diverse stands are less subjected to intense droughts (Fig. 1 in Paper VII ; Figure 11). This 

result implies that at stand level, water availability was higher in diverse stands than in pure 

ones under drought conditions in these regions. In contrast, other sites showed no effect (i.e. 

hemi-boreal, mountainous beech and Mediterranean forests) or even showed a higher drought 

exposure with increasing diversity (i.e. boreal forest) (Fig. 1 in Paper VII ; Figure 11). As for 



Discussion 

48 
 

the species level, no general pattern in the effect of tree species diversity on drought exposure 

at stand-level was detected.  

In the forest types that showed no response to diversity levels, we hypothesize that most, if 

not all the species, are functionally redundant for water acquisition and use. Indeed, it seems 

that interactions among different species in these forests have the same effect on drought 

exposure levels than interactions among conspecific neighbours. However, for both the hemi-

boreal and mountainous beech forests, the variability among stands in �4�/13CS was partly 

explained by competition intensity, which reflects a higher competition for water (i.e. basal 

area, Fig. S3 in Paper VII ). Stands with higher basal area showed the greatest increase in 

�4�/13CS, and consequently, the most severe soil water limitation. 

Beneficial or detrimental effects of species diversity on drought exposure levels are driven by 

various interaction mechanisms among species. As I did not directly measure these underlying 

processes, the explanatory patterns I present hereafter are purely hypothetical. 

 

 

Figure 11: Stand-level carbon isotope composition under dry and wet conditions in relation to tree species 

diversity for each forest type. Relationships between stand-level carbon isotope composition (�/13CS�����Å�����I�R�U���Z�H�W��

(blue) and dry (red) years and the Shannon diversity index for the boreal, hemi-boreal, mountainous beech, 

Mediterranean, temperate beech and thermophilous deciduous forest types. Solid lines show the statistically 

significant relationships (P < 0.05).  
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3.3.2.1. Potential underlying mechanisms 

Among potential explanatory mechanisms, one can suppose that the lower drought exposure 

in more diverse stands for the temperate beech and thermophilous deciduous forests might be 

partially explained by below-ground complementarity processes. Indeed, evidence of below-

ground stratification among tree species has already been found in temperate European forests 

(e.g. Bolte & Villanuena, 2006; Hendricks & Bianchi, 1995; Reyer et al., 2010; Schmid & 

Kazda, 2002). In Paper VIII,  we studied the impact of species interactions on water 

extraction depth in a young temperate plantation. Though the results from this experiment 

must be taken with caution since they were obtained in a young plantation, we showed that a 

vertical stratification due to rooting habits among broadleaved and coniferous species takes 

place and leads to different water extraction depths among different plant functional types 

(Fig. 4b & 5 in Paper VIII ). From these observations, it seems that below-ground 

complementarity for water uptake could occur when species with important functional 

differences co-exist. Furthermore, in the same study we showed a difference in the water 

uptake depth for Fagus sylvatica when competing with a varying percentage of conifers (Fig. 

5 in Paper VIII ): the soil water extraction depth for Fagus sylvatica was deeper when 

surrounded with a large proportion of conifers than when it was mainly surrounded by 

broadleaf trees. This result points to the existence of plasticity-mediated responses to inter-

specific interactions.  

Apart from stratification in below-ground space occupancy, other structural and functional 

differences among stands could explain both the positive and negative responses to species 

diversity. I briefly recall them here: i) Differences in species composition between mixtures 

and monocultures could lead to dissimilar rain water interception levels. ii) Soil water storage 

could be modified if mixed stands develop a thicker or thinner organic horizon. iii) Hydraulic 

lift could take place in mixed stands if a deep rooting species takes up water and redistributes 

it to drier superficial soil layers. iv) As tree water uptake is partially dependent on 

mycorrhizal symbiosis (Lehto & Zwiazek 2011) and species diversity can positively influence 

the fungal community (Buée et al. 2011), we could also envisage that a change in mycorrhizal 

composition in mixtures vs. monocultures could influence tree species water availability as 

well.  
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3.3.2.2. Variability of diversity effects across Europe 

Environmental conditions are highly variable along the North-South gradient considered in 

this study. Here I address whether differences in climatic and environmental conditions 

among study sites could account for the inconsistency of response among the different forest 

types. Negative relationships (i.e. beneficial effects of diversity on drought exposure) 

occurred in the temperate beech and thermophilous deciduous forests, the two sites that 

showed the highest mean drought stress intensity and highest frequency of drought stress over 

the past 15 years (Table S4 in Paper VII ). In contrast, drought events in the boreal and hemi-

boreal forests are moderate and rather rare (Table S4 in Paper VII ), and these are the sites 

where we observed either a positive relationship (i.e. detrimental diversity effects on drought 

exposition) or no effect of species interaction. Although this study was not designed to test the 

�³�V�W�U�H�V�V-�J�U�D�G�L�H�Q�W�� �K�\�S�R�W�K�H�V�L�V�´�� �G�L�U�H�F�Wly (He & Bertness 2014), this global pattern seems 

consistent with the hypothesis: potential complementarity and facilitation processes should 

prevail under stressful conditions while competition should be more important in favorable 

conditions. However, the Mediterranean forest site, which is also characterized by a high 

drought stress intensity and frequency (Table S4 in Paper VII ), showed no effect of species 

interaction. It therefore seems that the local climatic conditions at each site do not solely 

explain the variability of responses to diversity across Europe. The Mediterranean site is 

situated on very shallow soils which could prevent the establishment of below-ground 

complementarity and facilitation processes such as root stratification or hydraulic lift. Finally, 

local tree species associations probably interact with local climatic and edaphic conditions to 

explain the complexity of the relationship between biodiversity and forest adaptation to 

drought stress across Europe (Figure 12). 
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Figure 12: Maximum number of interacting species in mixed stands (NBmax), frequency and intensity of 

drought episodes over the last 15 years, approximate soil depth and hypothetical dominant type of inter-specific 

interactions under conditions of water stress (Paper VII ) 

 

 

In brief 

The important finding here is that higher diversity offers benefits during extreme drought 

events for some European tree species and/or forest types but no general pattern for the 

impact of species diversity on tree-level transpiration and tree- and stand-level drought 

exposure can be derived for forest ecosystems. Depending on the identity of the interacting 

�V�S�H�F�L�H�V�����H�Q�Y�L�U�R�Q�P�H�Q�W�D�O���V�L�W�H���F�K�D�U�D�F�W�H�U�L�V�W�L�F�V�����V�R�L�O���W�\�S�H�����W�H�[�W�X�U�H�����S�R�U�R�V�L�W�\�«�������F�O�L�P�D�W�L�F���F�R�Q�G�L�W�L�R�Q�V��

(dry regions from the Mediterranean basin vs. wet regions in north and central Europe) or 

forest management practices (which influence canopy openings, stand basal area, tree 

density), beneficial, detrimental or no effects of species interactions on tree water acquisition 

and use during drought stress can be expected. Local site characteristics, climatic conditions 

and tree species composition are obviously interacting, thus adding to the complexity of the 

�³�G�L�Y�H�U�V�L�W�\���V�L�J�Q�D�O�´���L�Q���I�R�U�H�V�W���H�F�R�V�\�V�W�H�P�V�� 

 

Forest type NBmax Frequency and 
intensity of 
droughts

Soil depth Hypothetical 
dominant type 
of interactions

Boreal 3 Low Medium Negative

Hemi-boreal 5 Low Deep Neutral

Mountainous 
beech

4 Medium Deep Neutral

Mediterranean 3 High Shallow Neutral

Temperate beech 5 High Deep Positive

Thermophilous 
deciduous

5 High Deep Positive
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4. Conclusions

Several important findings can be drawn from this work that contribute to improving our 

knowledge of the impact of tree species diversity on forest ecosystem water and carbon 

relations under close to optimum or stressful soil water conditions.  

First, our results highlight that diversity can have an important influence on the functioning of 

tree species in young forest ecosystems in terms of water and carbon acquisition and use 

under non-stressful conditions. Nonetheless, this effect is characterized by considerable 

variability in the responses of co-existing tree species. In mature forest ecosystems, in 

contrast, no species diversity effect on water and carbon relations were found under these 

same conditions. Even though one should be cautious when generalizing, taken together, these 

results suggest that ontogenic stage may affect the interactions among species in forest 

ecosystems. Positive or negative interactions may occur during the establishment phase in 

plantations or naturally regenerating stands, then these mechanisms may evolve, change, or 

disappear as the ecosystems mature.  

My second important finding is that water availability plays an important role in shaping tree 

species response to diversity. Drawing hypotheses based on observations made under non-

stressful conditions can be misleading. This is not surprising if one considers the concept of 

the stress-�J�U�D�G�L�H�Q�W�� �K�\�S�R�W�K�H�V�L�V�� �G�H�Y�H�O�R�S�H�G�� �L�Q�� �W�K�H�� �����¶�V�� ���%�H�U�W�Q�H�V�V�� �	�� �&�D�O�O�D�Z�D�\�� �������������� �7�K�L�V��

concept has been widely discussed since then, and our work and the experimental design we 

used across Europe was not designed to test it. Nevertheless, I believe that it is not 

coincidental that we detected beneficial interactions in the very sites in Europe that have 

undergone the most frequent and severe droughts over the past 15 years, while detrimental 

interactions occurred at a northern site with very rare or weak soil drought conditions. My 

work suggests that forest management practices that favour mixed forest ecosystems should 

be preferred in the context of climatic changes and the expected increase in the intensity and 

frequency of drought events in some regions in Europe and North America, not only to 

preserve biodiversity but also to reduce the risk or delay the negative effect of drought stress 

in dry ecosystems.  

For further research, I would suggest the following areas of investigation:  

First, in order to improve our knowledge on species diversity effects, future experiments will 

have to focus specifically on the processes that are at work in mixed-species forests rather 

than simply measuring ecosystem functions. For example, certain below-ground mechanisms 
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like root stratification and hydraulic lift can easily be measured in forests with simple labeling 

approaches which do not necessitate work-intensive excavation. The information obtained 

will undoubtedly enlighten our understanding of why certain species or forest types show a 

strong beneficial response to species diversity while others exhibit the opposite trend in terms 

of water and carbon acquisition and use.  

Second, future research should also explore the consequences of the significant effects found 

in the present work in relation to ecosystem functions such as productivity which are 

important in forest management. In my opinion, responses should not only be looked at 

during extreme climatic events themselves, but should also be investigated over time after 

important drought stresses to determine long-term ecosystem resilience. 

Third, the ecological and ecophysiological research focusing on drought stress and overall 

climate change has begun to look into tree mortality and considerable effort is currently being 

made to understand the underlying mechanisms driving mortality events. Whether widely 

observed tree mortality events differ between monocultures and mixtures also remains to be 

studied. 
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6. Supplementary Information

Section 1: Species information 

Latin name Common name Forest type 

Abies alba Mill. Silver fir Hemi-boreal 

Acer pseudoplatanus L. Sycamore maple Temperate beech, mountainous beech 

Betula pendula Roth. Silver birch Boreal, hemi-boreal 

Carpinus betulus L. Common hornbeam Hemi-boreal 

Castanea sativa Mill. Sweet chestnut Thermophilous deciduous 

Fagus sylvatica L. European beech Temperate beech, mountainous beech 

Fraxinus excelsior L. European ash Temperate beech 

Ostrya carpinifolia 

Scop. 

Hop hornbeam Thermophilous deciduous 

Picea abies (L.) 

H.Karst. 

Norway spruce Boreal, hemi-boreal, temperate beech 

Pinus nigra J.F.Arnold Black pine Mediterranean broadleaved-coniferous 

Pinus sylvestris L. Scots pine Boreal, hemi-boreal, Mediterranean 

broadleaved-coniferous 

Quercus cerris L. Turkey oak Thermophilous deciduous 

Quercus faginea Lam. Portuguese Oak Mediterranean broadleaved-coniferous 

Quercus ilex L. Holm oak Thermophilous deciduous 

Quercus petraea 

(Matt.) Liebl. 

Sessile oak Temperate beech, thermophilous 

deciduous 

Quercus robur L. Pedunculate oak Hemi-boreal 
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Section 2: Light preferences. 

Presence of a plant in relation to the relative light intensity (translated from Ellenberg & 

Leuschner, 2001). 

1 Deep shade plants. Less than 1% of light interception and rarely 

more than 30%. 

2 Between 1 and 3 

3 Shade plants. Mostly with less than 5% of light interception. 

4 Between 3 and 5 

5 Medium-shade plants. Exceptionally in direct light and mostly 

with more than 10% of light interception. 

6 Between 5 and 7. Rarely with less than 20% of light interception. 

7 Medium-light plants. Mostly in direct light but exceptionally in 

the shade with 30% of light interception. 

8 Light plants. Only exceptionally with less than 40% of light 

interception 

9 Full-light plant. Only in direct light, never less than 50% of light 

interception 
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Section 3: References for each functional trait and each species in Table 2. 

  

Species Abbr. Initial growth rate Rooting depth �%50 (MPa) 

A. alba Escher et al. 2004 Elling et al. 2009 Cochard 1992 

A. pseudoplatanus Hein et al. 2009 �ý�H�U�P�i�N���	���)�p�U���������� Lens et al. 2011 

B. pendula Hester et al. 2004 Kalliokoski et al. 2008 Herbette & Cochard 2010 

C. betulus Rameau et al. 2008 �ý�H�U�P�i�N���	���)�p�U���������� Herbette & Cochard 2010 

C. sativa Mousseau et al. 1996 Martins et al. 2010  

F. sylvatica Mousseau et al. 1996 �ý�H�U�P�i�N�� �	�� �)�p�U�� ��������������

Rust & Savill 2000 

Cochard et al. 1999 

F. excelsior Dobrowolska et al. 2011 Bréda et al. 2002;  Rust 

& Savill 2000 

Cochard et al. 1997 

O. carpinifolia Bernetti 1995 Bernetti 1995  

P. abies Li et al. 2003 Kalliokoski et al. 2008 Mayr et al. 2006 

P. nigra Vallet et al. 2009 Peñuelas & Filella 2003 Cochard 2006 

P. sylvestris Hester et al. 2004 Kalliokoski et al. 2008 Martínez-Vilalta et al. 

2009 

Q. cerris Rameau et al. 2008 Epron & Dreyer 1993  

Q. faginea Rameau et al. 2008 Rameau et al. 2008  

Q. ilex Faria et al. 1998 Pemán et al. 2006 Martínez-Vilalta et al. 

2002 

Q. petraea Vallet et al. 2009 Bréda et al. 1993 Cochard et al. 1992 

Q. robur Pons & Westbeek 2004 �ý�H�U�P�i�N���	���)�p�U���������� Cochard & Tyree 1990 
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Section 4: Results from the statistical tests (P-values) on foliar and wood tree-level carbon isotope composition for each species in each 

forest type under non-limiting soil water conditions. 

For each species in each forest type, mixed linear models were used to determine the effects of the Shannon diversity index calculated with the 

basal area of each species, altitude, leaf area index (LAI), competition intensity (i.e. stand basal area) and soil C/N ratio on tree-level foliar 

carbon isotope composition (�/13CF) and wood carbon isotope composition (�/13CW). Stand was used as a random factor. P-values are given for

each factor. The slopes of the fitted relationships between �/13CF or �/13CW and the factors are given when the effect is significant (P < 0.05; bold

values). 

Site Species 
Shannon 

index 
Altitude LAI  Basal area C/N 

�/13CF �/13CW �/13CF �/13CW �/13CF �/13CW Slope �/13CF �/13CW Slope �/13CF �/13CW Slope 

Boreal B. pendula 0.94 0.39 0.27 0.11 0.49 0.02 - 0.37 0.82 0.07 0.74 0.11 
P. abies 0.16 0.43 0.46 0.48 0.82 0.07 0.24 0.38 0.58 0.89 
P. sylvestris 0.06 0.31 0.31 0.37 0.15 0.79 0.86 0.82 0.12 0.53 

Hemi-boreal B. pendula 0.54 0.51 0.75 0.11 0.28 0.71 0.17 0.33 0.14 <0.001 -0.11 
C. betulus 0.18 0.26 0.99 0.38 0.42 0.07 0.28 0.53 0.36 0.63 
P. abies 0.19 0.31 0.51 0.86 0.40 0.87 0.34 0.03 -0.89 0.86 0.29 
P. sylvestris 0.69 0.44 0.57 0.61 0.43 0.49 0.90 0.18 0.65 0.72 
Q. robur 0.63 0.15 0.96 0.63 0.29 0.63 0.44 0.98 0.82 0.69 

Mountainous beech A. alba 0.81 0.35 0.94 0.56 0.30 0.80 0.11 0.11 0.18 0.87 
A. pseudoplatanus 0.41 0.45 0.69 0.48 0.45 0.24 0.79 0.45 0.46 0.40 
F. sylvatica 0.51 0.21 0.24 0.86 0.53 0.44 0.12 0.78 0.51 0.61 
P. abies 0.09 0.06 0.80 0.98 0.59 0.29 0.53 0.24 0.16 0.24 
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Site Species Shannon index Altitude LAI  Basal area C/N 

�/13CF �/13CW Slope �/13CF �/13CW �/13CF �/13CW Slope �/13CF �/13CW Slope �/13CF �/13CW Slope 

Temperate 
beech 

A. 
pseudoplatanus 

0.72 0.90 0.34 0.34 0.76 0.89 0.87 0.94 0.62 0.67 

F. sylvatica 0.79 0.87 0.55 0.70 0.44 0.88 0.05 0.03 0.25 0.04 0.12 0.72 
F. excelsior 0.25 0.88 0.59 0.64 0.12 0.01 -0.69 0.05 0.02 -0.46 0.53 0.78 
P. abies 0.29 0.94 0.99 0.81 0.86 0.97 0.71 0.35 0.89 0.84 
Q. petraea 0.35 0.28 0.68 0.44 0.98 0.73 0.34 0.84 0.45 0.95 

Thermophilous 
deciduous C. sativa 0.05 0.04 -1.27 0.56 0.36 0.29 0.34 0.52 0.24 0.57 0.45 

O. carpinifolia 0.79 0.41 0.21 0.08 0.41 0.06 0.23 0.09 0.58 0.87 
Q. cerris 0.06 0.47 0.43 0.53 0.13 0.71 0.33 0.01 -0.35 0.12 0.26 
Q. ilex 0.54 0.06 0.80 0.56 0.55 0.04 -0.31 0.11 0.54 0.53 0.08 
Q. petraea 0.47 0.76 0.42 0.17 0.51 0.15 0.86 0.15 0.14 0.22 

Mediterranean 
forest P. nigra 0.22 0.17 0.89 0.52 0.30 0.71 0.67 0.26 0.05 0.86 

P. sylvestris 0.07 0.14 0.43 0.17 0.60 0.16 0.84 0.51 0.42 0.10 
Q. faginea 0.94 0.10 0.32 0.37 0.79 0.03 -0.04 0.70 0.34 0.38 0.31 
Q. ilex 0.48 0.08 0.95 0.52 0.56 
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Section 5: Results from the statistical tests on species-level increase in carbon isotope composition between wet and dry conditions. 

For each species within each forest type, mixed linear models were used to determine the effects of the Shannon diversity index calculated with 

the basal area of each species, altitude, leaf area index (LAI), competition intensity (i.e. stand basal area) and soil C/N ratio on the species-level 

increase in carbon isotope composition from a wet to a dry year (�4�/13C) (Papers VI & VII ). Stand was used as a random factor. P-values are 

given for each factor. The slopes of the fitted relationships between �4�/13C and the factors are given when the effect is significant (P < 0.05; bold 

values). 

 

 

 

 

Site Species Shannon index Altitude LAI  Basal area C/N 

  P-value Slope P-value Slope P-value Slope P-value Slope P-value Slope 

Boreal B. pendula 0.81  0.86  0.13  0.43  0.06  
 P. abies 0.03 0.88 0.43  0.26  0.25  0.40  
 P. sylvestris 0.04 0.72 0.94  0.91  0.66  0.83  
Hemi-boreal B. pendula 0.24  0.74  0.93  0.09  0.49  
 C. betulus 0.85  0.79  0.98  0.05  0.51  
 P. abies 0.27  0.60  0.74  0.03 0.10 0.19  
 P. sylvestris 0.17  0.39  0.49  0.03 0.68 0.14  
 Q. robur 0.57  0.67  0.005 -0.57 0.07  0.87  
Mountainous beech A. alba 0.96  0.09  0.35  0.78  0.12  
 A. pseudoplatanus 0.90  0.85  0.56  0.005 0.12 0.14  
 F. sylvatica 0.07  0.42  0.83  0.20  0.12  
 P. abies 0.27  0.43  0.11  0.007 1.10 0.15  
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Site Species Shannon index Altitude LAI  Basal area C/N 

P-value Slope P-value Slope P-value Slope P-value Slope P-value Slope 

Temperate beech A. pseudoplatanus 0.63 0.30 0.39 0.04 0.12 0.45 
F. sylvatica 0.007 -0.78 0.06 0.47 0.21 0.61 
F. excelsior 0.01 -0.18 0.36 0.42 0.10 0.06 
P. abies 0.77 0.72 0.69 0.81 0.82 
Q. petraea 0.27 0.33 0.72 0.41 0.75 

Thermophilous 
deciduous C. sativa 0.04 -0.66 0.47 0.22 0.93 0.59 

O. carpinifolia 0.39 0.28 0.76 0.76 0.91 
Q. cerris 0.06 0.13 0.27 0.33 0.38 
Q. ilex 0.006 -0.14 0.79 0.82 0.39 0.98 
Q. petraea 0.004 -0.38 0.73 0.19 0.74 0.98 

Mediterranean P. nigra 0.83 0.82 0.50 0.54 0.62 
P. sylvestris 0.60 0.36 0.83 0.009 0.05 0.97 
Q. faginea 0.04 -0.05 0.57 0.96 0.65 0.91 
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a b s t r a c t

One of the current advances in functional biodiversity research is the move away from short-lived test
systems towards the exploration of diversity-ecosystem functioning relationships in structurally more
complex ecosystems. In forests, assumptions about the functional signi“cance of tree species diversity
have only recently produced a new generation of research on ecosystem processes and services. Novel
experimental designs have now replaced traditional forestry trials, but these comparatively young exper-
imental plots suffer from speci“c dif“culties that are mainly related to the tree size and longevity. Tree
species diversity experiments therefore need to be complemented with comparative observational stud-
ies in existing forests. Here we present the design and implementation of a new network of forest plots
along tree species diversity gradients in six major European forest types: the FunDivEUROPE Exploratory
Platform. Based on a review of the de“ciencies of existing observational approaches and of unresolved
research questions and hypotheses, we discuss the fundamental criteria that shaped the design of our
platform. Key features include the extent of the species diversity gradient with mixtures up to “ve species,
strict avoidance of a dilution gradient, special attention to community evenness and minimal covariation
with other environmental factors. The new European research platform permits the most comprehen-
sive assessment of tree species diversity effects on forest ecosystem functioning to date since it offers a
common set of research plots to groups of researchers from very different disciplines and uses the same
methodological approach in contrasting forest types along an extensive environmental gradient.

© 2013 Elsevier GmbH. All rights reserved.

Introduction

The past two decades of research on biodiversity and ecosys-
tem functioning (BDEF) have shown that biodiversity is not only a
passive consequence of the environmental conditions and inter-
actions between species ( Naeem, 2002; Loreau, 2010 ), but that
differences in biodiversity can largely affect ecosystem function-
ing. Several hundreds of published effects have provided ample
evidence that plant biodiversity can in”uence key ecosystem pro-
cesses such as biomass production, nutrient cycling and pest
regulation ( Cardinale et al., 2012 ). While it is now generally
accepted that plant diversity can affect function, the importance
of BDEF relationships in complex natural ecosystems and their
relevance to ecosystem management and conservation have been
debated ( Srivastava and Vellend, 2005; Duffy, 2009; Hillebrand and
Matthiessen, 2009 ). Many of these concerns have arisen because
early experiments and models on functional biodiversity lacked
environmental and biological complexity and did not consider
ecosystem multifunctionality, i.e., the maintenance of multiple
functions ( Hillebrand and Matthiessen, 2009 ). A new generation
of studies therefore attempts to investigate BDEF relationships in
real-world settings ( Solan et al., 2009 ). Short-lived test systems
such as microcosms, mesocosms and grasslands have dominated
previous research ( Balvanera et al., 2006 ), but much greater empha-
sis is now being placed on structurally more complex systems
containing long-lived plants, including forests ( Scherer-Lorenzen
et al., 2005a ).

Trees are text book examples of ecosystem engineers capa-
ble of modifying aspects of their environment, yet surprisingly
little is known about the functional signi“cance of tree species
diversity in forests ( Nadrowski et al., 2010 ). Experimental forestry
trials comparing monocultures with two-species mixtures have
existed for many decades ( Pretzsch, 2005 ), but large-scale exper-
iments with more species richness levels were only installed
during the past decade (e.g., Scherer-Lorenzen et al., 2005b ;
www.treedivnet.ugent.be ), meaning that these systems are still

far from maturity. While important diversity-functioning patterns
have already been reported from these experiments ( Vehviläinen
and Koricheva, 2006; Potvin et al., 2011; Lei et al., 2012 ), the results
might differ considerably from those found in mature forests, when
trees are older and the species diversity affected the environment
for several decades. Furthermore, experimental tree communities
face several speci“c limitations including small plot size, simpli-
“ed age distributions and simpli“ed stand structure compared with
mature forest (reviews: Scherer-Lorenzen et al., 2005b; Leuschner
et al., 2009 ). Studying existing, mature forests in real landscapes
would therefore complement the results from these experiments.
To this end, two approaches seem to be promising. First, regional
or national forest inventory databases are ready-to-use and have
now also been explored to examine BDEF relationships in mature
forest ( Caspersen and Pacala, 2001; Vilà et al., 2005; Paquette
and Messier, 2011; Gamfeldt et al., 2013 ). However, they suffer
from the disadvantages that tree diversity is generally confounded
with many environmental variables and that usually only a few
functions are measured. The second approach, comparative obser-
vational plots set up along tree diversity gradients in mature
forests while maximally controlling other environmental factors,
would allow to better isolate potential diversity effects from
confounding environmental conditions. This approach would com-
plement the existing networks of experimental research sites and
inventories.

A “rst case study in a central European beech forest compared
forest patches on similar soils, in which past ownership and for-
est use had created a small-scale mosaic of tree species diversity
(Leuschner et al., 2009 ). However, this study used a complete dilu-
tion design ( Nadrowski et al., 2010 ; see Glossary ) where the only
monocultures were the ones of Fagus sylvatica and this tree species
was present in all mixtures. This does not allow for separating
effects of increasing species diversity from the confounding effects
of decreasing dominance of F. sylvatica. At present few other local-
scale comparative research platforms exist and most do not allow
for disentangling the diversity signal from confounding factors such
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as environmental gradients and species identity (see review by
Nadrowski et al., 2010 ). A more extensive comparative approach,
which goes considerably beyond typical observational studies, was
recently adopted in the German Biodiversity Exploratories, which
focus on the effects of land-use change on biodiversity and ecosys-
tem processes in forest and grassland ( Fischer et al., 2010 ). A similar
comparative approach could be used to allow for comparisons of
stands of different tree species diversity in mature forest, in analogy
to the land-use comparisons in the German Biodiversity Explorato-
ries.

A comparative approach with study sites varying in tree species
diversity and replicated at the continental scale would address
many of the de“ciencies in forest functional biodiversity research
outlined above. Here we present the design and implementation
of the FunDivEUROPE Exploratory Platform, a network of forest
plots along tree species diversity gradients in six major Euro-
pean forest types (FunDivEUROPE: Functional signi“cance of forest
biodiversity; www.fundiveurope.eu ). With the additional asset of
studying forest types of very different European regions, the plat-
form will contribute to answering some of the most important
unsolved questions in BDEF research: does tree species diversity
affect ecosystem functioning and the provisioning of ecosystem
services? Do the effects of differences in resource use and facilita-
tion among species (i.e., complementarity effects) vary along broad
environmental (climatic, soil) gradients? Using forest inventory
data bases, Paquette and Messier (2011) showed that comple-
mentarity may be more important for tree productivity in boreal
compared with temperate forests, while Zhang et al. (2012) found
similar complementarity effects across biomes. Furthermore, there
are virtually no data available on ecosystem processes other
than productivity. In the FunDivEUROPE project we will there-
fore measure a large and comprehensive spectrum of different
functions and related services in each plot of our platform. The
Exploratory Platform provides further added value because it is
combined with two complementary platforms that are studied
in parallel ( Fig. 1): (i) a network of European tree species diver-
sity experiments (Experimental Platform) and (ii) a compilation
of national and regional forest inventories (Inventory Platform).
As the Exploratory Platform was set up as a hypothesis-driven
network of plots, we begin this contribution with an overview of
the speci“c research questions and hypotheses we are aiming to
test. The rationale of the platform and the design are subsequently
discussed.

Guiding research questions and hypotheses

The research platform was designed to test “ve general
hypotheses that have been highlighted as unresolved in recent
review and opinion papers (e.g., Hillebrand and Matthiessen, 2009;
Nadrowski et al., 2010; Cardinale et al., 2012 ). The “rst four
hypotheses have been explored extensively in other systems but
need further attention in forest ecosystems, while the “fth is espe-
cially relevant to trees and forests:

(1) Tree species mixtures outperform ecosystem functioning of
monocultures, including the stocks and ”uxes of energy and
materials and their stability over time ( Pacala and Kinzig, 2002 ).
Mixtures have a higher probability of containing key species
with a large impact on ecosystem functioning (i.e., identity
and sampling/selection effect) and resource partitioning and
positive interactions among heterospeci“c neighbouring trees
further in”uence function (i.e., complementarity effect).

(2) The relative importance of species identity effects and
complementarity effects is not consistent for forests at

different positions along extensive environmental gradients.
For instance, the strength of BDEF relationships is expected
to increase with environmental stress ( Paquette and Messier,
2011; Jucker and Coomes, 2012 ).

(3) Mixtures of tree species enhance associational resistance to
pests and diseases via reduced host colonization and increased
top down regulation by natural enemies. Likewise, their resis-
tance and resilience towards abiotic environmental stressors
and disturbances such as drought are increased compared with
monocultures (the relative importance of the potential mech-
anisms are debated; Grif“n et al., 2009 ).

(4) The number of species needed to support a single ecosystem
function is lower than the number of species needed to support
multiple functions simultaneously. The signi“cance of forest
tree species diversity for ecosystem functioning increases when
multiple functions are considered.

(5) Mixtures create larger environmental heterogeneity at the
scale of several individual trees compared with monospeci“c
stands because trees are autogenic ecosystem engineers and
individuals may modify their immediate environment (e.g., via
root processes, litter input, light penetration and rain intercep-
tion). Diversity effects are therefore not only expressed in terms
of mean values, but also in terms of variability within forest
stands.

A test of this set of hypotheses will provide the most com-
prehensive assessment of BDEF relationships in forests to date.
Furthermore, interactions among coexisting species are at the
heart of any diversity effect on ecosystem functioning. Testing the
importance of species interactions therefore requires recognizing
individuals, not only species, as a relevant level of observation.
The size of trees makes them preferred study objects to explic-
itly explore the interactions between individuals. We are thus also
interested in how tree performance and a tree•s impact on its imme-
diate environment are in”uenced by the diversity and structure of
its neighbourhood.

Rationale: maximizing three fundamental design criteria

A research platform designed to answer the questions above
should comprise a systematic network of research plots in existing
forests that maximizes three fundamental criteria: comprehen-
siveness, representativeness and orthogonality ( Nadrowski et al.,
2010 ; see Glossary ). First, comprehensiveness refers to the spec-
trum of ecosystem functions and services that can be quanti“ed.
Ecosystems inherently exhibit a multitude of functions, so increas-
ing the relevance of BDEF studies requires a multifunctional
perspective ( Gamfeldt et al., 2008; Hillebrand and Matthiessen,
2009 ). Since functions are expressed at different spatial scales, the
challenge is to establish plots with a layout matching the particular
measurement requirements of a diverse set of functions, some of
which need a certain number of trees while others need particular
plot sizes. Low comprehensiveness is generally a limitation of exist-
ing observational (inventory) networks, which focus on a limited
number of ecosystem processes such as productivity. The second
criterion, representativeness, is achieved for plots established in
characteristic forest types as we “nd them in landscapes, allowing
a credible translation of results to the real world. Representative-
ness thus relates to the relevance of the results for managers and
policy makers. This is an important design element and is the fun-
damental reason for complementing planned experiments with
comparative studies in existing forest. Representativeness in our
platform is maximized in three directions: (i) the forests are at
least historically managed for forestry and are currently in the
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Fig.  1.  Locations  of  the  study  sites  that  form  the  different  research  platforms  in  the  FunDivEUROPE project:  the  Exploratory  Platform  (“lled  circles),  the  Experimental  Platform
(stars)  and  Inventory  Platform  (dark  grey  countries).  The  six  exploratory  regions  were  selected  to  represent  major  European  forest  types  (see Table  1)  and  are  described
in  detail  in  this  paper.  Some  of  the  experiments  were  in  fact  established  in  several  localities  within  a region  (FORBIO, BIOTREE) and  the  “gure  indicates  their  approximate
location.

mid  to  late  stem  exclusion,  understory  reinitiation  or  old-growth
development  stage  (i.e.,  excluding  very  young  stands;  Oliver  and
Larson,  1996 ),  (ii)  six  major  European  forest  types  (EEA, 2007 )  are
studied  and  (iii)  focus  is  on  sets  of  target  tree  species  that  are
regionally  common  and/or  important  from  a silvicultural  point  of
view.  The  third  criterion,  an  orthogonal  design,  permits  separat-
ing  diversity  effects  from  other  variables  that  in”uence  ecosystem
functioning.  The  general  idea  is  to  include  plots  that  primarily  dif-
fer  in  (stochastic  or  management  driven)  tree  species  diversity
while  keeping  the  variation  in  confounding  factors  (topography,
soil,  disturbances)  at  a minimum.  For  example,  a design  where
the  more  diverse  species  mixtures  are,  by  chance,  situated  on  the
most  productive  soils  would  be  problematic  (Vilà  et  al.,  2005 ).
Along  this  species  diversity  gradient,  the  compositional  variation
among  plots  should  include  true  species  turnover,  not  species  dilu-
tion.  These three  fundamental  criteria  were  fully  integrated  in  the
design  and  implementation  of  the  platform  and  will  emerge  in  the
subsequent  sections.  This  rationale  is  also  re”ected  in  the  term
•exploratoryŽ  (coined  for  the  German  Biodiversity  Exploratories;
Fischer  et  al.,  2010 ),  which  was  explicitly  chosen  to  illustrate  the
hybrid  nature  of  the  platform,  combining  strengths  of  true  observa-
tories  (representativeness)  and  experiments  (comprehensiveness
and  orthogonality).

Design  and  implementation  of  the  diversity  oriented
Exploratory  Platform

Six European  forest  types

The  Exploratory  Platform  covers  the  major  forest  regions  of
Europe  that  extend  from  southern  Mediterranean  Europe  (•Alto
Tajo• in  Spain  and  •Colline  Metallifere•  in  Italy)  to  the  northern
Boreal  (subarctic)  region  •North  Karelia•  in  Finland  (Fig. 1).  The
European  Environment  Agency  classi“cation,  which  is  based  on
the  distribution  and  classi“cation  of  the  natural  vegetation  and
ecological  site  conditions,  was  used  to  select  the  different  types
(EEA, 2007 ;  Table  1).  The  selected  focal  regions  cover  large  soil  and
climatic  gradients  as they  occur  across  Europe.  The  mean  annual
temperatures  range  from  ca. 2 � C in  North  Karelia  (Finland)  at
62.6 � N,  to  ca. 13 � C in  Colline  Metallifere  (Italy)  at  43.2 � N  (Table  1).
Together,  the  regions  host  many  important  European  broadleaved
(e.g., F. sylvatica , Quercus petraea/robur , Quercus ilex, Betula  pen-
dula/pubescens)  and  coniferous  tree  species  (e.g., Pinus sylvestris ,
Picea abies),  with  most  tree  species  occurring  in  several  exploratory
regions.  Certain  less  representative  forest  types  such  as mire,
swamp  and  ”oodplain  forests  and  alpine  coniferous  forests  were
excluded,  but  they  may  be  included  later  on.
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Table 1
Description of the six exploratory regions and region-speci“c design of the new research platform, including the pool of species used to create a gradient in species diversity.

North Karelia Bia›owie �za Hainich Râş ca Colline Metallifere Alto Tajo

(a) Site description
Country Finland Poland Germany Romania Italy Spain
Latitude/longitude ( � ) 62.6, 29.9 52.7, 23.9 51.1, 10.5 47.3, 26.0 43.2, 11.2 40.7, Š1.9
Forest type a Boreal Hemiboreal,

nemoral
coniferous, mixed
broadleaved-
coniferous

Beech Mountainous
beech

Thermophilous
deciduous

Mediterranean
mixed

Ownership State, large private
forest companies

State State State State State

MAT, MAPb 2.1 � C, 700 mm 6.9 � C, 627 mm 6.8 � C, 775 mm 6.8 � C, 800 mm 13 � C, 850 mm 10.2 � C, 499 mm
Topography, altitude c Flat, 80…200 m Flat, 135…185 m Mainly ”at,

500…600 m
Medium-steep
slopes,
600…1000 m

Medium-steep
slopes, 260…525 m

Flat-medium
slopes,
960…1400 m

Study area size (km × km) 150 × 150 30 × 40 15 × 10 5 × 5 50 × 50 50 × 50
Responsible site manager L. Finér B. Jaroszewicz H. Bruelheide O. Bouriaud F. Bussotti F. Valladares

Stand developmental stage d

(1) Mid/late stem exclusion x x x x x
(2) Understory reinitiation x x x x x
(3) Old growth x
Tree cohorts Single Multiple Multiple Single Multiple Multiple

(b) Platform design
Species richness levels 3 5 4 4 5 4
Number of plots 28 43 38 28 36 36
Plots per richness level 11/14/3 6/11/13/11/2 6/14/14/4 8/10/8/2 9/10/9/7/1 11/18/4/3

Species pool
(1) Coniferous
Abies alba ×
Picea abies × × × ×
Pinus nigra ×
Pinus sylvestris × × ×

(2) Broadleaved
Acer pseudoplatanus × ×
Betula pendula/pubescens × ×
Carpinus betulus ×
Castanea sativa ×
Fagus sylvatica × ×
Fraxinus excelsior ×
Ostrya carpinifolia ×
Quercus robur/petraea × × ×
Quercus cerris ×
Quercus faginea ×
Quercus ilex (evergreen) × ×

aCategories of the European Environment Agency ( EEA, 2007).
bMAT: mean annual temperature, MAP: mean annual precipitation.
cAltitude in metres above sea level.
d Stand developmental stages according to Oliver and Larson (1996) .

A nested platform design

An appropriate design for the Exploratory Platform that allows
determining how species identity and species interactions in”u-
ence ecosystem functioning should control for the variation in
species composition along the tree species diversity gradient. If
every species in the pool is not present in about the same number
of plots at every species richness level … with a complete dilu-
tion design being the most extreme example … there is the risk
that the effect of the presence of a particular species cannot be
separated from the effect of species diversity. Similarly, testing
for tree species diversity effects has to be done against different
community compositions, i.e., including different species combi-
nations at every species richness level, to allow distinguishing the
effects of particular species combinations from species diversity
(Schmid et al., 2002 ). To create a sound design, the basic setup of
experiments in terms of the compositional variation between the
plots was mimicked in the Exploratory Platform. This means we
aimed to include the monocultures of all the tree species, replicate

each species richness level with different mixtures and have every
species represented at each richness level, preferably in similar fre-
quencies (ORPHEE experiment: Castagneyrol et al., 2013 ; FORBIO
experiment: Verheyen et al., 2013 ; BIOTREE experiment: Scherer-
Lorenzen et al., 2007 ). Such a design avoids complete dilution, but
comprises a series of dilution gradients that can be used, among
others, to look at pathogen or herbivore effects on focal species.
For the majority of species combinations we included two or more
•realizationsŽ (not strict replicates, because species abundances
may differ), which will allow comparing the importance of species
diversity with that of species composition for this subset of plots
(e.g., model by Hector et al., 2011 ). The strength of the interactions
among particular species can be quanti“ed for the full design, i.e.,
also including the species combinations with only one realization
(e.g., model by Kirwan et al., 2009 ).

A “xed pool of target species needed to be selected for each
region to establish the species diversity gradient. With the design
that was put forward, the maximum size of this species pool was
constrained by the total sample size. Biological and logistic realities
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impose  a natural  limit  to  the  number  of  plots  that  can  be  mea-
sured  within  each  of  the  six  regions  and  desired  time  window
(e.g., phenological  period  versus  the  3200  km  travelling  distance
between  the  Finnish  and  Spanish  region).  We  proposed  ca. 40  plots
per  region  as a feasible  sample  size.  Preliminary  power  analyses
using  simulated  data  (Gelman  and  Hill,  2007 )  were  performed  to
determine  the  maximum  number  of  species  richness  levels  that
still  allows  for  the  detection  of  a diversity  effect  with  about  40  plots,
i.e., a longer  gradient  would  have  less  realizations  at  each  richness
level,  reducing  the  statistical  power.  For  instance,  using  the  •species
identity  model•  from  Kirwan  et  al.  (2009)  and  realistic  productivity
differences  of  ± 20% between  “ve  species  (coef“cient  of  variation  of
15%), the  probability  to  detect  the  species  identity  effects  was  >95%.
Designs  with  larger  species  pools  would  require  even  stronger
species  effects  and  not  all  of  the  other  ecosystem  properties  and
processes  we  will  measure  are  expected  to  vary  that  much  between
species.  Furthermore,  similar  analyses  using  •species interactions
models•  showed  that  the  diversity  effects  become  small  and  indis-
cernible  at  very  unequal  relative  abundances  of  the  species  in  the
community,  i.e., at  low  evenness  (Kirwan  et  al.,  2007,  2009 ;  see
below).

A  pool  of  “ve  regionally  important  species  co-occurring  in  sim-
ilar  forest  habitats  were  selected  in  three  regions  (Bia›owie �za,
Hainich  and  Colline  Metallifere;  Table  1).  The  naturally  restricted
species  pool  in  North  Karelia  limited  the  pool  to  three  species,  while
in  Alto  Tajo  and  Râş ca four  species  were  included  as we  would
have  needed  to  move  to  quite  different  environmental  conditions
if  a “fth  species  was  to  be  included.  Some  species  are  represented
in  several  regions  (e.g., 3  ×  P. sylvestris , 3  ×  Q. robur/petraea , 4  ×  P.
abies),  so their  identity  and  interaction  effects  can  be  compared
between  bioclimatic  regions.  Furthermore,  each  region  except
Colline  Metallifere  combines  one  or  two  evergreen  coniferous
species  with  broadleaved  species.  To  allow  for  direct  comparisons
between  the  six  regions  differing  in  the  size  of  their  species  pool,
we  opted  for  a nested  platform  design.  The  rationale  is  that  the
design  of  a region  with  a smaller  species  pool  is  a hierarchically
nested  subset  of  the  more  species  rich  regions,  i.e., the  design  (not
the  species  combinations)  of  the  regions  with  large  species  pools
can  always  be  reduced  to  the  low-species  regions  simply  by  leaving
out  certain  plots.  This  was  put  into  practice  by  searching  for  each
possible  species  combination  at  each  species  richness  level.  For
North  Karelia  this  means  for  instance  that  the  three  monocultures,
the  three  different  two-species  combinations  and  the  full  three-
species  mixture  were  included.  The  optimal  number  of  realizations
per  combination  was  adjusted  to  have  adequate  sample  sizes  in  the
more  species  poor  regions  (e.g., four  in  North  Karelia,  two  or  three
in  the  other  regions)  and  balance  sample  sizes  between  species
richness  levels  (Table  1;  Appendix  1).  While  for  experiments  it  is
initially  no  problem  to  establish  and  maintain  all  possible  mixtures
(Scherer-Lorenzen  et  al.,  2007 ),  the  challenge  of  working  in  exist-
ing  forests  is  to  “nd  rare  combinations  (e.g., Castanea sativa/Ostrya
carpinifolia  mixtures  in  the  Italian  study  area)  and,  at  the  same
time,  to  meet  all  other  selection  criteria.  Ultimately,  we  selected
209  plots  across  Europe.

Selection criteria

Focus of  this  research  platform  is  on  forest  stands  that  were
at  least  historically  managed  for  forestry  and  are  currently  either
managed  by  low  frequency  thinning  or  minimal  intervention.  They
are  at  least  in  the  late  to  mid  stem  exclusion  stage,  the  under-
story  reinitiation  or  old-growth  stage  (Oliver  and  Larson,  1996 ).
All  sites  are  considered  ancient  forest,  i.e., they  have  been  continu-
ously  forested  at  least  since  the  oldest  available  land-use  maps.  The
implementation  of  the  platform  further  required  a rigorous  set  of

Fig.  2.  Boxplots  of  the  Shannon  index  of  diversity  for  each  of  “ve  species  richness
levels  in  the  209  selected  plots.  The  number  of  plots  in  each  species  richness  level  is
shown  for  each  box.  Here  we  used  the  total  basal  area  of  each  species  as a measure
of  abundance  and  omitted  (low  abundance)  admixed  species.  The  upper  line  shows
the  maximum  theoretical  Shannon  diversity  for  each  richness  level  attained  at  per-
fect  evenness  (i.e.,  basal  areas  of  the  species  are  equal);  the  lower  line  delineates
60% of  this  maximum.  At  low  Shannon  values  one  of  the  species  dominates  and
the  mixture  rather  has  a monoculture  signature.  Evenness  was  a central  selection
criterion  during  plot  selection.

criteria  to  evaluate  the  suitability  of  forest  stands  in  the  “eld.  The
central  principle  for  selection  was  to  have  silvicultural  manage-
ment  and/or  pure  random  species  assembly  to  be  the  key  drivers
of  the  diversity  gradient.  Covariation  between  an  environmental
factor  (e.g., soil  variation,  topography)  and  species  richness  levels
was  strictly  avoided,  whereas  covariation  with  species  composition
was  avoided  as much  as possible.  Because the  spatial  clustering  of
particular  species  richness  levels  and  species  combinations  would
increase  the  probability  of  covariation,  no  clustering  was  allowed.

There  were  three  important  criteria.  First,  we  have  put  much
emphasis  on  the  evenness  of  the  community  composition,  which
expresses  the  distribution  of  the  relative  abundances  of  the  tree
species  in  a mixed  stand.  Few  experiments  have  investigated  the
importance  of  evenness  for  ecosystem  processes  directly  and  the
outcomes  are  still  inconclusive  (Mulder  et  al.,  2004;  Kirwan  et  al.,
2007;  Hillebrand  et  al.,  2008 ).  Zhang  et  al.  (2012)  showed  in  a meta-
analysis  that  forests  productivity  increases  with  evenness,  but  the
speci“c  mechanisms  still  need  to  be  tested.  Evenness  is  considered
an  important  design  issue  here  because  tree  species  that  are  present
in  low  numbers  or  as small  individuals  probably  do  not  in”uence
the  ecosystem  processes  much  either  directly  or  via  interspeci“c
interactions  (Mulder  et  al.,  2004 ).  Mixtures  strongly  dominated  by  a
single  species  rather  exhibit  a monoculture  signature,  which  would
be  especially  problematic  if  a species  with  high  monoculture  per-
formance  also  tends  to  be  the  dominant  in  most  mixtures  (i.e.,  a
high  selection  effect).  Whereas  experiments  can  manipulate  rela-
tive  species  abundances  quite  easily,  one  or  few  tree  species  usually
dominate  forest  stands.  This  is  why  we  did  not  apply  random  or
grid-based  plot  selection,  but  particularly  looked  for  sites  where
the  target  species  had  similar  abundances,  setting  a lower  limit  of
60% of  maximum  evenness  based  on  basal  area  (Fig. 2).  The  species
also  needed  to  be  represented  by  at  least  two  trees  in  the  mix-
tures  allowing  measurements  that  use  individuals  as the  level  of
observation  to  have  replicates  of  •species identity•.
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