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Abstract

This PhD thesis addresses the relationships between biodiversity ecosystem functionality specifically
for the Mediterranean biome. While much ecological research has elucidated the role of biodiversity
in controlling fundamental ecological processes, it has mainly focused on grassland ecosystems since
1990 research has started to focus on tree ecosystems as well.

Although experimental evidence clearly demonstrates a general positive relationship between
biodiversity and above ground productivity, as well as other ecosystem functions, the same evidence
also highlighted how the direction of the effect is also strongly dependent on the community
composition and environmental context. In the last two decades, attention has does shifted towards
understanding the underlying ecological mechanism that determine the outcome of mixing species.
The research mostly focused on investigating the Water Stress Gradient Hypothesis (SGH) and its
implications for ecosystem responses to changing water availability and on how herbivory is
modulated by diversity. However, it also delves into the multifaceted world of root systems, hyphal
production, and fungal communities within mixed forest plantations, assessing their contributions to
carbon sequestration and further extends to chlorophyll a fluorescence, emphasizing its role in
shaping ecosystem dynamics (ED). Examining monocultures and mixtures composed of two species

sheds light on the impacts of biodiversity on these processes.

Notably, this research offers insights into the adaptation strategies employed by tree species in
response to diverse environmental conditions, particularly regarding herbivore interactions. The
findings provide a mechanistic understanding of how tree diversity and species identities influence

ecological processes and promote the conservation of mixed-species forest plantations.

This study is not confined to merely testing the effects of tree species mixing but endeavors to
elucidate the underlying biological mechanisms, employing trait-based approaches. This approach
seeks to generalize experimental findings and facilitate science-based recommendations for forest

management and silviculture.

The study bridges the gap between different trophic levels, emphasizing interactions between

producers (trees) and primary consumers (insects). It explores the complementarity and competition
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dynamics between trees and insect herbivores while considering the overarching theme of drought's

impact on ecosystems.

In conclusion, this work offers a multifaceted exploration of the intricate relationships between tree
species diversity, water availability, and ecosystem functionality in Mediterranean ecosystems. The
findings have significant implications for enhancing the ecological and economic benefits of mixed

forest plantations while bolstering their resilience in the face of climate change.

These results are particularly pertinent to Mediterranean biomes and highlight the potential of mixed

forest plantations as nature-based solutions to combat climate change and protect biodiversity.

Biodiversity; water stress; mixed forest plantations; ecosystem functionality; Mediterranean

ecosystems; herbivore interactions
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I. Chapter 1: Introduction

I.1 Fears surrounding the loss of biodiversity on a global scale

The earth is facing enormous environmental challenges, which are principally caused by
unsustainable living standards for a vast growing share of the human population. Generally, these
well-off people experience an urban life in a highly-globalized world and the total number of Earth's
inhabitants is expanding, with realistic predictions counting as much as 9.7 billion people by mid-
2050 (United nations, 2017).

The expansion of land area for intensive agriculture and urban development is globally omnipresent,
but particularly so in the tropics (Lambin and Meyfroidt 2011). Also, nitrogen deposition affects
abiotic conditions and the outcome of species interactions, so that this form of pollution is ranked
among the largest drivers of environmental change (Millennium Ecosystem Assessment 2005a;
Rockstrom et al. 2017). Without intending to be exhaustive, the Global redistribution of species, and
notably the introduction of invasive alien species, is finally modifying many habitats (Early et al.

2016).

Changes in mean and extreme climatic conditions are affecting forest functioning worldwide (Frank
et al., 2015). Moreover, the functioning of global biogeochemical cycles is further impacted by other
drivers as land use change and pollutants: together these drivers are also causing a major loss in global
biodiversity that many believe is the onset of the 6th mass extinction event.

Understanding and predicting these impacts is necessary for science-based decisions, but challenging
because climate change interacts with other drivers of global change, such as rising atmospheric
Carbon Dioxide (CO2) (Cramer et al., 2001), atmospheric deposition (De Vries et al., 2014), land use
change, pests, invasive species, management and legacy effects (Baudena et al., 2015). The science
of climate change, coordinated by the Intergovernmental Panel on Climate Change (IPCC), and that
of biodiversity, coordinated by Intergovernmental Science-Policy Platform on Biodiversity and
Ecosystem Services

(IPBES) have worked separately in the past decades and it is only recently that the two communities

have recognized that these two major threats to our livelihoods are strongly interconnected and
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represent one unique challenge: drivers of climate change and of biodiversity loss are basically the
same but the interconnection is even stronger because biodiversity is an intrinsic component of
ecosystems and affects ecosystem functions and services that could not occur otherwise.

The relatively preserved natural habitats are being lost at an unprecedented pace as expanding human
population are converting these habitats to urban areas, roads, agricultural land and industrial zones
(Anderson, 2002). Human pressures on the environment initially have spatial impacts which include
deforestation, pollution of water bodies, land degradation and urbanization; secondly have temporal
impacts such as climate change, ocean acidification with serious consequences on biodiversity as well

as on human economies. (Costanza et al., 2014).

Excessive human development has eroded these resources with overexploitation of natural resources
and destruction of natural habitats (Kareiva, Watts, McDonald, and Boucher, 2007).

Numerous regions (mainly in the tropics) have faced dramatic plant species losses due to the
conversion of primary vegetation into intensive agricultural systems (Laurance, Sayer and Cassman
2014), very little changes in biodiversity are found in other regions, and some regions have seen a
positive trend. Managed urban green areas, for instance, harbor several plant species (especially
neophytes) thanks to accidental and deliberate species introductions and thanks to the human-
mediated creation of environmental heterogeneity. A review study conducted by Vellend et al. (2017)
conclude that the impacts of temporal biodiversity change drivers (e.g. habitat fragmentation, climate
warming, nitrogen deposition) are context-dependent, therefore that biodiversity evolutions vary
substantially at local scale and long-term predictions are far from certain (Figure 1).

This uncertainty also holds at regional scale, where colonization rates by non-native species are
typically greater than the number species that have gone regionally extinct. At global scale, greater
species extinction due to anthropogenic pressure are partially balanced by species speciation,
although future biodiversity declines are likely due to increased habitat conversion in the tropics and

due to extinction debt from current transitions.
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Figure 1 Temporal trends of plant biodiversity change during the Anthropocene at different spatial scales. Locally, effects of major

drivers of change are highly context-dependent (bars represent variation of possible outcomes). This induces an enormous variation
in temporal trends between different localities (light zone), which level out to zero on average (dark zone).

At regional scale, establishment of non-native species usually outranges extinction of native species and causes an average increase
in plant biodiversity. Global biodiversity trends are a tradeoff between extinction and speciation rates, which have both increased

owing to human activities. Global extinctions have the potential to, by far, May soon exceed speciation (Source: Vellend et al. 2017).

1.2 Mixed tree species plantation perspective

Forests have helped sustain humans for millennia; from the water we drink to the houses we reside
in, forests provide us with a wealth of goods and services. Ecosystems react to climate change in
complex ways, for example through stabilizing processes (Lloret et al., 2012) such as positive biotic
interactions or local adaptation and phenotypic plasticity (Benito-Garzon et al., 2019), but also with
destabilizing non-linear responses and feedbacks that could trigger tipping points (Camarero et al.,
2015).

To support the crucial role of forests in maintaining key ecosystem services (ES), decision-makers
must develop adaptive forest management strategies for the future changes.

To aid this process, it is therefore critically important to rapidly increase our ability to predict forest

responses and vulnerability to climate change.

Forest landscape restoration, afforestation, and tree planting have recently gained significant

international attention as key opportunities to mitigate climate change through carbon sequestration.
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Yet, the ongoing increase in biotic and abiotic stress driven by climate change puts forests under
threat. A growing body of evidence suggests that mixed forest plantations where several tree species
and varieties are mixed, are more efficient in sequestrating carbon, while better coping with climate
change-related stress. Conversely, monocultures still dominate the world’s forest plantations.

Forest plantations that are diverse in genotypes, species, structure, and function, should be better able
to adapt to changing environmental conditions than monocultures (Bauhus et al. 2010). This calls for
the development of novel, more diversified forest plantations that can improve plantations’ stability,

productivity, and delivery of ecosystem services.

Promoting the large-scale expansion of climate change-resilient mixed forest plantations will require
to foster the scientific base for mixed forest management to reduce and to identify and address in
future forest policies the reasons for the apparent reluctance of landowners and stakeholders to adopt
mixed plantations. The general among landowners and stakeholders and the aim is to identify which
mixtures provide higher levels of biomass production and of other ecosystem services and how
environmental conditions affect the relationship between tree diversity and forest functioning both in
space and time.

Plantation forests are almost exclusively planted as monocultures., Despite this, several reviews
published recently provide evidence, from both natural forests and plantations that biomass
production and the delivery of other ecosystem services increase can progress with tree diversity

(Nadrowski et al. 2010).

Furthermore, global change may increase disturbance frequencies and intensities in both natural
forest and plantations (Woods et al. 2005), significantly affecting wood supply chains with severe

economic consequences (Hanewinkel et al. 2012).

A new perspective of plantations under new objectives could have profound and rapid impacts on the
social acceptance of forestry and it has been noted, that foresters currently resist establishing mixed
plantations, in large parts because of the perception that mixing genotypes and species reduces yield

and complicates forest management operations (Carnol et al. 2014).

It is imperative to define the overarching concept of ecosystem services. Ecosystem services are the

countless benefits that ecosystems give upon both human societies and the environment.

4
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These services can be categorized into four main types: provisioning services, which include the
production of food, water, and raw materials; regulating services, encompassing climate regulation,
disease control, and natural hazard mitigation; supporting services, such as nutrient cycling, soil
formation, and habitat provision; and cultural services, embracing the aesthetic, recreational, and
spiritual aspects of human well-being. The focus is elucidating on the elaborate connections between
tree diversities, environmental conditions, and specific types of ecosystem services. The simulation
models employed in this study serve as invaluable tools to systematically explore the dynamic
interactions within ecosystems, predicting the outputs of ecosystem services across a spectrum of tree
diversities and environmental conditions. By delving into the complex interplay of these factors, we
aim to contribute to a nuanced understanding of how trees, with their lifespan and considerable size,

play a pivotal role in shaping and sustaining the ecosystem services upon which we depend.

Given the long lifespan and size of trees, simulation models that predict ecosystem service output
along a range of tree diversities and environmental conditions are an obvious approach. However,
such models need parameterization, which is an enormous challenge given how poorly we understand
biotic interactions among species. Parameters can be estimated based on experiments or observational
studies, but both the types and ranges of tree diversities we seek to study are not always present.
Observational studies are invaluable for providing a real-world Reference data (Baeten et al. 2013),
but also have various drawbacks because tree species composition strongly depends on environmental
factors or management. Experiments avoid these issues, but there are still relatively few experiments
with replicated stands of mixed species (Scherer-Lorenzen 2014), and lots of these uses only a small
number of tree species for commercial and timber production purposes.

Notably, highly interesting and relevant work has been accomplished with simulation tools (Morin et

al. 2011).

1.3 Species interaction and drought resilience in forests

Increasing durations and frequencies of droughts under climate change endanger the sustainable
functioning of forests worldwide (Haberstroh and Werner, 2022). There is an urgent need to better
understand the processes enhancing tree resilience towards extreme climatic events and tree resilience
must be assessed as the resistance to a drought event, as well as tree recovery to fully capture the

impact of a drought (Sensu Ingrisch and Bahn, 2018; Gessler et al. 2020).
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To achieve a higher resilience of forests and trees to droughts, one of the most prominent
recommendations is the conversion of monospecific stands into mixed-species forests (Messier et al.
2021). In numerous cases, it has been demonstrated that such mixtures exhibit higher growth than the
respective monocultures (Zhang et al. 2012), even under moderate drought stress (Lebourgeois et al.
2013; Ammer 2019). The main feature which drives this so-called diversity—productivity relationship
is the complementarity of species resource use strategies, which include interspecific facilitation,
competition release or resource partitioning (i.e. positive species interactions).

However, there is also evidence that competition effects (i.e. negative species interactions) can induce
negative effects for some species in diverse forest ecosystems. Thus, tree diversity alone cannot be
the only determining factor for beneficial species interactions (Grossiord, 2020). Instead, it has been
stated that diversity in functional species traits (Bongers et al. 2021) and diversity in hydraulic
strategies (Werner et al. 2021) play major roles for tree and ecosystem drought resilience. For
example, positive effects on tree water-use efficiency were absent in a two-conifer mixture where
both tree species exhibited similar rooting patterns (Grossiord et al. 2014a), while niche
complementarity in water uptake was observed between shallow-rooted Pinus sylvestris L. and deep-

rooted Quercus petraea (Matt.) Liebl (Bello et al. 2019).

In order to assess the impact of species interactions on tree resilience, resistance and recovery in
response to drought, (Haberstroh and Werner, 2021) compared the water fluxes of a tree species in
its monoculture to the water fluxes of the same species in a forest mixture during (resistance) and
after (recovery) maximum drought stress (Figure 2), in this context, higher water fluxes of a species
growing in a mixture compared to the same species in a monoculture during maximum drought stress
would depict an increase in tree resistance to drought and point to the dominance of positive species
interactions, such as facilitation. Conversely, reduced water fluxes of a species in mixture compared
to its monoculture during maximum drought are defined as decreased resistance to drought, and

indicate the dominance of negative species interactions, such as competition effects.
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Figure 2 Conceptual illustration of positive and negative impacts of species interactions on tree resistance (A) during maximum

drought and on tree recovery (B) after maximum drought. Higher water fluxes of a species in a mixture compared to the species
growing in a monoculture during/after maximum drought stress are defined as an increase in tree resistance/recovery to drought.
Lower water fluxes of a species in a mixture compared to the species growing in a monoculture during/after maximum drought stress
are defined as decrease in tree resistance/recovery to drought. The shaded area depicts the maximum drought stress. (source:

Haberstroh and Werner, 2021).

Tony Chahine, The potential of Biodiversity for Adaptation Strategies to Global Change in Mediterranean Ecosystems. PhD thesis in
Agrometeorology and Ecophysiology of Agricultural and Forest Systems, University of Sassari.



1.4 Influence of species interactions on tree resistance in

response to increasing severity of drought

The analysis of drought responses and drought severity suggested three different response patterns
for tree resistance towards drought, depending on drought severity (Mild, Moderate — Severe and
Extreme).

Under mild water stress, beneficial species interactions increased tree species resistance towards
drought. These positive effects persisted for some tree species at moderate to severe drought stress.
Yet, for other tree species, this level of drought stress was adequate to iduce a shift from beneficial
to negative species interaction effects. This adverse impact on tree resistance to drought finally

became dominant under extreme water scarcity in most of the studies (Haberstroh and Werner, 2021).
Increased tree resistance toward drought under mild drought stress

Increased tree resistance towards drought observed under mild drought stress point towards beneficial
species interactions and fit the concept of above- and belowground complementarity of species during
times of enough water supply (Robles et al. 2020). Belowground, co-occurring species with different
rooting patterns can partition soil water resources more efficiently (Bello et al. 2019), as different soil
compartments are utilized to fuel transpiration (Grossiord, 2020). For example, Fagus sylvatica L.
was able to access deeper soil water resources, when co-occurring with an increasing share of conifers
(Grossiord et al. 2014b). Aboveground, trees with contrasting crown architecture, canopy
stratification or shade tolerance (Pretzsch, 2014) elucidate an increased light-use efficiency and
absorption of photosynthetically active radiation, which could also contribute to the observed
patterns. For example, a mixture of Fagus sylvatica L. and Picea abies (L.) Karst. yielded an increased
light interception and water-use efficiency because of a release in intraspecific competition (Pretzsch

etal. 2012).

Tony Chahine, The potential of Biodiversity for Adaptation Strategies to Global Change in Mediterranean Ecosystems. PhD thesis in
Agrometeorology and Ecophysiology of Agricultural and Forest Systems, University of Sassari.



I.5 Increasing drought stress has adverse effects on tree

resistance towards drought

Even under moderate to severe droughts, the same positive effects on tree resistance towards drought
as under mild water stress can persist, especially the admixture of conifers with broadleaved species
appears to be advantageous for tree transpiration resistance to drought (Grossiord et al. 2014b; Bello
etal. 2019; Magh et al. 2019). However, there is evidence that under increasing drought stress, species
interactions can shift from a positive to a negative interaction because of increasing niche overlap
(Rodr1’guez-Robles et al. 2020) or competition effects Haberstroh et al. 2021). For example, in
mixtures of Fagus sylvatica L. and P. abies, (Schume et al. 2004) reported that F. sylvatica was
highly competitive belowground, forcing P. abies to grow more roots in the upper soil layers,

potentially rendering shallow-rooted P. abies even more susceptible to drought (Goisser et al. 2016).

1.6 Negative species interactions in response to extreme water

scarcity

The adverse patterns under moderate to severe drought already suggest that negative species
interactions might prevail and become dominant under extreme water scarcity, many tree species
suffer from the admixture of another species under extreme drought. This is highly relevant, as forests
in Europe and elsewhere will experience an increase in extreme drought events (IPCC, 2021). These
patterns may also be valid for other ecosystems. In a boreal ecosystem, the conifers Pinus sylvestris
L. and Picea abies (L.) Karst strongly suffered from the admixture of broad-leaved Betula pendula
Roth, resulting in reduced water-use efficiency for the conifer tree species (Grossiord et al. 2014a).
During the extreme drought in 2003, both Fagus sylvatica L. and Picea abies (L.) Karst trees
expressed lower net primary productivity in mixed stands compared to trees in their respective
monocultures in a temperate forest (Pretzsch et al. 2012). These patterns demonstrate that even
species that are complementary in their resource use (Grossiord et al. 2014c¢) experience increased
competition under extreme drought, which can result in the dominance of one species under extreme

water scarcity.
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1.7 Biodiversity and ecosystem functioning (BEF)

There is solid evidence that biodiversity increases the stability of ecosystem processes in changing
environments, Conversely the mechanisms that trigger this effect are still controversial and poorly
understood. As the relationship between biodiversity and forest functioning is primarily explored in
mature systems, facilitative interactions in the early forest stages are far less understood, notably in
the context of restoration success. To meet these shortcomings, research started manipulating tree
species composition and diversity at scales relevant to policy and management (Verheyen et al.,
2015). In these so-called tree diversity experiments, contrasting results have yet been found about the
effects of tree diversity on seedling performance. Negative effects are observed by Yang et al. (2013),
neutral effects by Potvin and Gotelli (2008) and Yang et al. (2017), and species-dependent diversity
effects by Van de Peer et al. (2016).

The interest in restoration pathways via positive nurse plant seedling interactions aligns with a
growing research on the functional significance of biodiversity under climate change (Cardinale et
al., 2012; Tilman et al., 2014). It was reported that the adoption of polyculture plantations, instead of
conventional large-scale monocultures, provides long-term benefits for dealing with climatic
uncertainties (Pawson et al., 2013). Initially, mixed forests benefit from greater spatial and temporal
stability; a consequence of asynchrony in species responses to environmental fluctuations (Jactel et
al., 2017). Secondly, ecosystem functioning (e.g. productivity, litter decomposition) is favored in
mixed stands through resource complementarity (Madrigal-gonzalez et al., 2016) or through the
regulation by higher (Castagneyrol et al., 2014) or lower trophic levels (Laforest-lapointe et al.,
2017).
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1.8 Ecosystem stability

The relationship between biodiversity and stability has been the subject of a long-standing debate in
ecology (Pimm 1984; McCann 2000; Loreau et al. 2002; Ives and Carpenter 2007). Current
experimental studies declare that diversity may stabilize aggregate ecosystem or community
properties while simultaneously destabilizing individual species abundances (Tilman 1996; Tilman

et al. 2006; Hector et al. 2010).

The new concept of biodiversity-stability tends to trigger changes in all ecosystem processes as
forests (Thompson et al. 2009; Jucker et al. 2014), grasslands (Tilman et al. 2006; Hector et al. 2010)
and aquatic systems (Boyer et al. 2009), these examples confirm that diverse ecosystems benefit from

higher temporal and spatial stability with environmental stress or with ecological disturbances.

Species interactions help buffer the impacts of environmental stress and disturbance to greater
diversity and help maintain the long-term functioning of the ecosystem. For example, facilitative
interactions that improve water availability or water uptake efficiency reduce the occurrence of severe
water stress, thereby improving ecosystem stability. Among these facilitative interactions is hydraulic
lift whereby deeper rooting tree species consume water in deep soil layers and redistribute this water

to superficial soil layers in mixed forests (Jactel et al. 2017).

Besides resistance to drought, wind damage may be lower in mixed forests, among various other
reasons because wind impacts are distributed over multiple forest layers so that wind loading on the
tallest trees is relaxed. What is more, the pest populations in homogeneous communities of host plants
can rapidly build-up and can dramatically reduce ecosystem functioning. Therefore, the associational
resistance is essential to explain biotic stability.

Latest findings verify that the biodiversity-stability concept offers essential management prospects
for improving ecosystem resistance and resistance and recuperation from natural disasters in the light

of global change.
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1.9 Functional diversity (FD)

The relations between plant diversity and ecosystem functioning remain highly debatable and as
defined by Petchey and Gaston (2006) the functional diversity is a component of biodiversity that
generally concerns the range of things that organisms do in communities and ecosystems.
Functional diversity generally involves understanding communities and ecosystems based on what
organisms do, rather than on their evolutionary history. This is a very general definition for functional
diversity and an enormous amount of ecological research is relevant.

For example, if "what organisms do' is interpreted as the organisms' phenotype (i.e. a phenotypic
trait) then functional diversity equates with phenotypic diversity and most of the ecological research
has touched on this subject. While such generality is acceptable, recent research about the potential
consequences of biodiversity for ecosystem processes (Tilman 1999; Chapin et al. 2000; Grime 2001;
Loreau et al. 2001; Hooper et al. 2005) has led to a more specific definition: "the value and range of
those species and organismal traits that influence ecosystem functioning' (Tilman, 2001). A
consequence of this definition, one that pervades this review, is that measuring functional diversity
is about measuring functional trait diversity, where functional traits are components of an organism's
phenotype that influence ecosystem level processes.

A wide range of key ecological questions can be addressed in terms of functional diversity. There are
purely descriptive questions concerning, for example, the nature of latitudinal gradients in functional
diversity and whether these differ from what one expects by chance (e.g. Stevens et al. 2003). There
are questions about the evolutionary and ecological determinants of functional diversity (e.g. Weiher
et al. 1998). Functional diversity can also address questions about determination of ecosystem level
processes (Chapin et al. 2000; Diaz and Cabido 2001) and is a concept that links species and
ecosystems through mechanisms such as resource use complementarity and facilitation. Measuring
functional diversity requires, ideally, each of the

following:

1. Appropriate functional information (traits) about organisms to be included in the measure,

and irrelevant information to be excluded (what functional traits should be included?).

2. Traits to be weighted according to their relative functional importance (Petchey and Gaston

2002a; Roscher et al. 2004).
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3. The statistical measure of trait diversity to have desirable mathematical characteristics (Mason
et al. 2003; Botta-Dukéat 2005; Ricotta 2005). For example, discontinuous vs. continuous

measures of diversity.

4. The measure to be able to explain and predict variation in ecosystem level processes.

I.10 Species diversity and composition as essentials of carbon

sequestration

Carbon sequestering both above and belowground carbon has been recognized in the context of the
Clean Development Mechanism of the Kyoto protocol (Thomas et al. 2010). Using reforestation and
afforestation to create carbon sinks while taking biodiversity concerns into account provides a decent
example of the potential contributions of the new concept of experimental tree plantations. However,
the choice of genotype and species, each with different carbon sequestration time profiles, and the
positive or negative effects of mixtures for maximizing carbon sequestration rates in forest plantations
at different sites across the globe are still open to debate.

According to the Food and Agriculture Organization's (FAO) Global Planted Forest Assessment
Database Global Planted Forest Assessment database (FAQO, 2006), the total number of species used
in plantations ranges from 4 in Finland to 20 in China, France, India, and Ukraine. The recent studies
experimental plantations suggest that the carbon sequestration rates of tree species that are rarely
planted in forestry may be higher than for species that are traditionally planted for wood production
and the observations confirm the presence of species identity effects, which underlines the importance

of increasing the number of species used in forest plantation projects.

Tree species diversity is known to promote key forest ecosystem functions, including primary
production (Paquette and Messier 2011; Liang et al. 2016), stability of wood production (Jucker et
al. 2014), resistance to biotic and abiotic disturbances (Pretzsch et al. 2013b; Jactel et al. 2017) and
nutrient cycling (Richards et al. 2010; Handa et al. 2014), amongst others. Despite evidence that
diverse forests can support higher levels of ecosystem functioning than species-poor ones (Gamfeldt

et al. 2013), the importance of tree diversity as a driver of ecosystem functioning is also known to
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vary considerably amongst forest types, geographic regions, and in relation to climatic conditions
(Paquette and Messier 2011; Ratcliffe et al. 2016). This context dependency of diversity effects is
seen as an obstacle to scaling up and generalizing biodiversity experiments, because the importance
of environmental conditions in shaping biodiversity and ecosystem functioning (BEF) relationships

is poorly understood, particularly for ecosystem functions other than biomass production (Cardinale

et al. 2000; Allan et al. 2015).

I.11 Does the mixture optimize the control of insect pests in tree

plantations?

Climate change with increasing temperatures and more frequent drought events is expected to
aggravate forest pest damage through increased pest proliferation or reduced plant defense (Jactel et
al. 2012) further more plant diversity has often been reported to decrease insect herbivory in plants.
Of the numerous mechanisms that have been proposed to explain this phenomenon, how plant
diversity influences plant defenses via effects on growth has received little attention. In addition,
plant diversity effects may be contingent on abiotic conditions such as resources and water
availability (Galman et al. 2022).

With known abiotic disturbances such as storms or fires, the biotic damage can dramatically alter the
functioning of forest ecosystems and reduce their productivity. For instance, every year, on average
15-20 % of the trees in European forests are affected by pest and pathogen damage, resulting in
increased tree mortality or reduced tree growth. In response to the need for in-depth knowledge of
the functioning of mixed plantations and the services they provide, it’s critical to better understand
the significance of forest diversity for the forest’s resistance to pest insects and its resilience to their
outbreaks.

The direction and strength of the interaction does not only occur at a physiological and neighboring
level. Other interaction emerges when larger spatial scales or longer time periods are considered. at
these scales for example multitrophic interactions may emerge as in the case of herbivore dynamics.
Furthermore, the impact of herbivore species may be lower in more diverse plant communities due
to mechanisms of associational resistance. According to the “resource concentration hypothesis” the

amount and accessibility of host plants is reduced in diverse plant communities, thus limiting the
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exploitation of resources by consumers. In addition, the “natural enemy hypothesis” suggests that
richer plant assemblages provide natural enemies with more complementary resources and habitats,
thus promoting top down regulation of herbivores (Guyot et al., 2015) and reducing the risk of pest
damage in general (Jactel et al., 2002).

I.12 Reducing risk of pest damage

the most difficult aspect of mixtures to study is using species mixtures is a reduction of insect or
disease damage as damage generally occurs episodically and is affected by vegetation composition
and structure at the landscape levels. For the most part, studies that are designed to address questions
of competition, nutrition, and productivity on small plots cannot provide information on insect and
disease damage. Much of the research that does focus on pest effects compares monocultures to
complex natural forests (Jactel et al., 2002). Many potential managers of mixed-species plantations
would be interested in whether only 2, 3, 4 or 6 species in mixture reduce risk compared to
monocultures, and there is very little information about these low-diversity mixtures. The potential
risk of monocultures is that the invasion of a pest would affect all or most of the trees because of the
uniform genetic composition. Recent assessments on the vulnerability of plantations (Powers, 1999;
Gadgil and Bain, 1999) noted that most plantations (which are nearly all monocultures) have low
incidences of insect and disease problems, but stressed the importance of two factors: (I)
monocultures must be managed well, especially in terms of control of stand density; periodic thinning
must preserve individual tree vigor high to reduce the impacts of most pest species; (II) many
monocultures are not native to the region where they have been planted, and their natural pest species
have not been introduced with the trees. Despite these factors, considerable risk is still involved,
because many plantations experience periods of poor management, and pest species (along with most
other types of organisms) are increasingly being moved around the globe. Two mechanisms by which

mixtures may reduce risk of pest damage are:

1. Mixtures may dilute the host concentration for a pest organism and thereby impair the ability
of the pest to find the host (Kelty, 2006)
2. Mixtures may provide more diverse habitats that tend to support higher populations of natural

enemies of the pest species (Watt, 1992)

15

Tony Chahine, The potential of Biodiversity for Adaptation Strategies to Global Change in Mediterranean Ecosystems. PhD thesis in
Agrometeorology and Ecophysiology of Agricultural and Forest Systems, University of Sassari.



There is still little work on many aspects of the role of species mixtures in plantation such as the
prevalence and mechanisms of beneficial below ground interactions; the effects of site factors and
spacing on species interactions; and the prevalence of beneficial interactions across a broad range of
tree species. Experiments on the mechanisms of interactions among species are so expensive that
most are carried out on very small plots, nearly all are on one site type and at one spacing level, and
only a small number of tree species have been included. Most studies have used replacement series
designs, which focus on variations of species proportions at a constant overall spacing (Sackville
Hamilton, 1994; Kelty and Cameron, 1995). Some also include additive series to incorporate variation
in spacing, and some include both synchronous and delayed planting, where one species has a very
rapid juvenile growth rate. However, it is unlikely that funding will be available to expand many
replicated replacement/additive experiments to include all these essential factors. A variety of
research approaches is needed, including species trials, continued studies of interaction mechanisms,

and operational trials (Kelty, 2006).

1.12.1 Species trials

The most direct way to include more species is to expand upon the standard species trial, in which
small monoculture blocks of trees are planted. This can be supplemented with a spatially randomized
mixture of all the species in the monoculture blocks (e.g., Piotto et al., 2004; Erskine et al., 2005).
These provide initial information on competitive interactions among species. It may be more
informative to establish blocks of all possible two-species mixtures, but that would increase the land
area and number of trees. Trees located on edges of adjacent monoculture blocks can be useful in
examining interactions (Rothe and Binkley, 2001). Thus, small monoculture blocks in species trials

could be arranged to create edges among all species involved in the trial.
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[.12.2 Studies of species interactions

A combination of replacement and additive series plots is an important method to analyze interaction
effects on stand development and productivity, but enough replication at the plot level quickly adds
up to large land areas and high costs. A more efficient method is individual-tree analysis, which
focuses on the effect of neighborhood tree variables (species, size, distance) on the growth of a subject
tree. This kind of analysis can be done with any replacement or additive series experiment (Vanclay,
2006a), but plots can be designed to take advantage of neighborhood structures (Kelty and Cameron,
1995).

There are also innovative plot designs that are designed to be so efficient in land area that they can
be used as species trials, and yet still allow quantitative analysis of species interactions at the
individual tree-level. These have been described for two species (Nester, 1994), three species (Goelz,

2001) and four species (Vanclay, 2006b).

1.12.3 Operational trials

It is necessary to have a better connection of using research results to design operational scale trials
with industry and with family/community owners of small forest tracts. This approach offers the
greatest likelihood of testing a wider range of species combinations across various sites statistically
described by Rothe and Binkley (2001) to increase the sample size for analysis of mixture results.
Much research on monoculture plantations is conducted in operational plantings, which gives a great
advantage in providing low cost replicates of research treatments. In addition, the adoption of mixed-
species plantation silviculture will require forest managers to solve operation problems that are not
encountered when planting small experimental plots, and any progress in this area will represent a

major step in moving mixed-species plantations toward standard use in forest management.
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I.13 Tree diversity experiments

There are currently at least 25 tree diversity experiments exploring the functional consequences of
tree species mixing. Similar as in the conventional model systems, they encompass different species
compositions in a replicated and semi-randomized design, with the inclusion of all monocultures as
well as 2, 3, 4 or 6 species in mixture. Tree diversity experiments cover a total area of 821 ha in
different climates (Figure 3). They have been developed through independent initiatives, but they
participate in a global platform network (TreeDivNet) where synthesis work is assisted and field
expertise is shared (Verheyen et al. 2015). Close affinity with common silvicultural practices is
generally objected, but still, experiments differ remarkably in terms of diversity index manipulated
(species richness SR, functional diversity, phylogenetic diversity, genetic diversity and evenness),
upper-diversity level of species richness (from 2 to 18 species), type of tree species mixing (either
patch planting or individual-based planting), spatial scale (plots sizes ranging from 0.24 to 12 000
m?), planting density (between 40 ¢cm and 300 cm, but usually constant within experiments), site
heterogeneity (e.g. from flat sites to hilly slopes) and more (Verheyen et al. 2015). Only 13

experiments were established before 2010.
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Figure 3. Global distribution of tree diversity network experiments contributing to TreeDIvNet (www.treedivnet.ugent.be).

TreeDivNet offers a science-based research platform for discovering the relationships between tree species diversity and ecosystem
functioning through experimental approaches (Verheyen et al. 2015). The 25 experiments cover dominant ecoregions, including
Boreal, Temperate, Mediterranean, and Sub-tropics. Because of their independent establishment, plantations use various design

alternatives and their age ranges between 1 to 19 years old. (Source: www.treedivnet.ugent.be).
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1.14 Scope of the study

Several decades of intensive ecological research and studies generated profound and solid knowledge
on how biodiversity controls ecological processes that are fundamental to the functioning of
ecosystems. However, almost all manipulative biodiversity experiments carried out so far have used
fast-growing and small-scale model systems in laboratory environments. Also, the experimental work
in the field was mainly limited to grassland systems and on early stage plantation.

This thesis was consequently encouraged by a vast call from science, policy and management to test
the validity and relevance of biodiversity and ecosystem functioning (BEF) relationships and
underpinning mechanisms for one of the most important and most complex real-world ecosystems
which are the forests.

The study underscores the importance of biodiversity in adaptation strategies to global change in
Mediterranean ecosystems and emphasizes the need for greater efforts to protect and promote

biodiversity conservation.

This thesis addresses a complex investigation at the intersection of biodiversity, water stress, mixed
forest plantations, and their effects on ecosystem functionality. The central focus of this study is the
profound influence of biodiversity on controlling fundamental ecological processes vital to ecosystem
function and stability. By inspecting diverse biodiversity profiles, this research seeks to unveil their
impacts on the overall health of ecosystems. Furthermore, it aims to assess how alterations in

biodiversity affect the resilience and stability of ecosystems.

The term "fundamental ecological processes" encompasses a range of interconnected mechanisms

that drive the dynamics within ecosystems. These include, but are not limited to:

i- Nutrient Cycling: Biodiversity plays a key role in regulating the cycling of essential
nutrients within ecosystems. Different species contribute unique biochemical pathways,
influencing the availability and distribution of nutrients, which is vital for the growth and

development of organisms within the ecosystem.

ii- Biomass accumulation: The diverse array of plant species in mixed forest plantations
contributes to enhanced Biomass accumulation. Through photosynthesis and subsequent
storage in biomass and soils, biodiversity directly impacts the global carbon cycle,
influencing climate regulation and mitigating the effects of climate change.
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1ii- Water Regulation: Biodiversity can influence water availability and distribution within
ecosystems. Different plant species have distinct water-use efficiencies and root
architectures, affecting the retention and movement of water through soil, which in turn

influences local hydrological cycles.

v- Species Interactions: Biodiversity is intricately linked to various ecological interactions,
such as predation, competition, and mutualism. These interactions contribute to the
resilience and stability of ecosystems by regulating population dynamics and maintaining

biodiversity.

By examining diverse biodiversity profiles, this research aims to unveil the specific impacts of
different plant species on these fundamental ecological processes. For example, the composition of a
mixed forest plantation influences nutrient availability in the soil, alters carbon cycling dynamics,
modulates water regulation patterns, and shapes the intricate web of species interactions within the

ecosystem.

Another critical dimension of this study explores the Water Stress Gradient Hypothesis, delving into
its validity and practical implications. Analysis will be conducted to understand how ecosystems
respond to varying levels of water stress, investigating changes in primary productivity, community
composition, and the adaptive strategies deployed by organisms in response to water availability
fluctuations. This section will also consider the long-term sustainability and adaptability of

ecosystems in the context of changing climate patterns and water resource availability.

Within mixed forest plantations, this research will inspect the complex network of root systems,
hyphal production, and fungal communities. The quantification of their contributions to carbon
sequestration will be a primary focus. Additionally, the study will analyze how diversity gradients
within mixed forest plantations influence their exposure and vulnerability to drought, encompassing
complex interactions among tree species and soil microorganisms, and the ensuing impacts on carbon

storage and ecosystem stability.

Furthermore, the research will involve a specific examination of chlorophyll a fluorescence,
concentrating on monocultures and mixtures composed of two species. This investigation will further

illuminate the role of biodiversity in shaping ecosystem dynamics.
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Additionally, the thesis aims to assess the influence of tree species diversity and water availability on
growth and herbivore defense within the Quercus ilex L. .species. By examining these facets, the
study intends to provide insights into the adaptive strategies employed by tree species under diverse

environmental conditions and their potential implications for herbivore interactions.

In this PhD research, the overarching objective is to deepen our understanding of how ecological
processes are influenced by tree species mixing. The primary focus is on enhancing our mechanistic
understanding of the roles played by tree diversity and species identities within forest ecosystems.
The research endeavors to provide science-based information, particularly for Mediterranean biomes,
with the explicit goal of promoting mixed-species forest plantations as nature-based solutions to
combat the causes and consequences of climate change. This involves not only assessing the impacts
of tree species mixing on ecological processes but also striving to elucidate the underlying biological
mechanisms. The work aims to move beyond a mere testing of ecological processes by employing
trait-based approaches to detect and understand these mechanisms. The ultimate objective is to
facilitate the generalization of experimental findings, with specific emphasis on informing forest
management and silviculture practices. A significant aspect of this thesis centers on the interaction
between two trophic levels—producers in a tree-centric framework and primary consumers as
herbivores (insects). This approach involves targeting complementarity and competitive interactions
between trees and insect herbivores for specific species, and the research investigates the effects of

drought on the entire ecosystem, a theme that permeates the entirety of the study.

Stressing on forest management and silviculture advice, it is not enough to test how ecological
processes are affected by tree species mixing. This study attempted elucidating underlying biological
mechanisms, among others via trait-based approaches. Detecting and understanding biological

mechanisms will help generalizing the experimental findings.

One part of this thesis focused on the interaction between two trophic levels which are producers as
a tree-centric framework and primary consumers as herbivores (insects), which means that we
targeted the complementarity and competitive interactions between the trees and insect herbivores
for certain species and the research investigates the effects of drought on the ecosystem, a theme that

permeates the entire study.
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1.15 PhD outline

Chapter 1
Introduction

Hypothesis

Chapter 2
Change of abiotic conditions
affect insect herbivores in Q. ilex

L

Chapter 3
Stress-Driven Species
Interactions in Mediterranean
Tree Communities

L

Chapter 4

Ecological benefits of mixed
forest nlantations

Increased tree diversity reduced
herbivory by specific species

Tree species diversity and irrigation
affect insect herbivory in Q. ilex

The Net effect of diversity is
diminished under conditions of
lower water availability.

Revisiting the Stress Gradient
Hypothesis

Effect of mixing species on
multiple functions

Mixed forests enhance multiple

ecosystem function

Chapter 5
Conclusion

Figure 4. Thesis outline. Each chapter in the left column describes an ecological concept studied, while the right column suggests
the possible significance of the concept for plantation management and techniques.
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Chapter 1 of the PhD thesis delivers an introduction to the potential of biodiversity for adaptation
strategies to global change in Mediterranean ecosystems. It outlines the research questions and
objectives, focusing on identifying key ecosystem services provided by biodiversity in Mediterranean
regions and some other examples and trials around the world and exploring how these services can
be used to mitigate the impacts of global change specifically in both sites IDENT-MACOMER (Italy)
and ORPHEE (France).

Chapter 2 investigates the influence of tree species diversity and water availability on growth and
herbivore defense in Quercus ilex L. Findings indicate that tree species composition and water
availability interact to shape defenses in Q. ilex leaves. Interestingly, water availability did not
significantly impact on defenses, but the presence of pines in the mix led to considerably greater

insect damage on Q. ilex.

Chapter 3 explores the Stress Gradient Hypothesis (SGH) in Mediterranean tree communities. It is
found that biodiversity's impact on ecosystem functioning is influenced by species richness and
functional diversity, with irrigation treatments playing a significant role. Contrary to the Stress

Gradient Hypothesis, higher water availability enhanced biodiversity's effects.

Chapter 4 addresses the importance of forests and the limitations of monoculture forestry practices.
It highlights the shift towards mixed forest plantations as a sustainable alternative, emphasizing their
potential for carbon sequestration, improved soil quality, enhanced ecosystem services, and increased
biodiversity. The synthesis of three recent studies offers a comprehensive overview of the ecological
benefits of mixed forest plantations, with implications for ecological restoration and climate change

mitigation.

Chapter 5 provides a conclusion of the implications and recommendations for future research and
emphasizes the need for greater efforts to protect and promote biodiversity conservation in the
Mediterranean ecosystems. Overall, the PhD thesis highlights the importance of biodiversity in global
change adaptation strategies and new mitigation strategies in Mediterranean ecosystems and offers

valuable information for policy makers, practitioners and researchers.
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II. Chapter 2 Effects of tree species diversity
and water availability on insect herbivory in
Quercus ilex L.

I1.1 Abstract

Quercus ilex L., a resilient evergreen oak species, faces complex interactions between drought stress
and insect herbivory, which are critical factors influencing its ecological dynamics and tree health.

Two experiments in different biomes (Temperate and Mediterranean) were conducted to investigate
the factors influencing herbivory on Q. ilex, with a focus on the effects of neighboring tree species,
species richness (SR), and irrigation treatments. We hypothesized that herbivory would be highest
when Quercus ilex L. trees were surrounded by trees of the same species and decrease as species
richness and functional diversity of neighboring trees increased. Additionally, we expected higher
herbivory in irrigated blocks due to potentially lower defense mechanisms. We also examined the
role of pine trees as neighboring species, as they may hide Q. ilex from herbivores. Our results
indicated that species richness and irrigation treatment did not significantly affect herbivory, which
was instead significantly different between the ORPHEE and IDENT-MACOMER sites. Herbivory
on Q. ilex was consistently lower in the ORPHEE site, irrespective of species richness. Irrigation had
no significant impact on herbivory in either site. Furthermore, the presence of pine trees significantly
increased herbivory levels, suggesting an interaction between pine trees and herbivorous insects. The
complex interplay between local site conditions, species diversity, and herbivory highlights the

importance of considering these factors for effective forest management and conservation strategies.

The results underscore the multifaceted nature of herbivory dynamics in mixed forests, with potential
influences ranging from species interactions to microclimatic conditions. Understanding these
dynamics is crucial for the management and preservation of mixed forests in the face of changing

environmental condition

Quercus ilex L.; drought stress; insect herbivory; ecological dynamics; tree diversity
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I1.2 Introduction

The intricate balance of forest ecosystems, sculpted over millennia, reflects a symphony of
interactions between the biotic and abiotic realms. Among these myriad interactions, the relationship
between tree diversity and insect herbivory has emerged as an area of significant ecological intrigue.
Indeed, early ecological literature, beginning with pioneers such as Root (1973), has pointed towards
the profound influence tree diversity wields over herbivore populations and their feeding behaviors.
Within this complex web, an intriguing pattern emerges: as plant diversity augments, herbivory on
focal plant species frequently diminishes, a relationship termed 'associative resistance' (Letourneau
etal., 2011). This phenomenon, evidenced across diverse landscapes from agricultural fields to dense

forests, underscores the potentially protective effects of a diverse plant community.

However, while the protective shield of 'associative resistance' has been identified in numerous
controlled studies, extrapolating these findings to more unpredictable, real-world scenarios presents
challenges (Schuldt et al., 2010). Forests, with their inherent dynamism, are subjected to a multitude
of variables ranging from tree species composition, age classes, spatial arrangement, to overarching
climatic conditions. Predicting herbivory in such intricate systems necessitates a deeper

understanding of the mechanisms driving these interactions.

The holm oak (Quercus ilex L.), a flagship species of the Mediterranean biome, known for its
resilience to multiple stresses and its importance as a bastion for various herbivorous insects. While
the relationships between tree diversity and herbivory have been relatively well explored in more
temperate and tropical settings, Q. ilex represents an exciting and relatively uncharted frontier. This
iconic species, with its robust growth and diverse suite of defensive compounds, provides an ideal
backdrop against which to dissect the nuances of herbivory in the face of varying tree diversity and

environmental conditions (Castagneyrol et al., 2014).

Another layer of complexity is introduced when one considers water availability. Water, a key
determinant in plant physiology, not only influences growth but can also modulate plant defenses as
well as insect population dynamics. Previous research on various plant species suggests that water
stress might either amplify or attenuate a plant's defensive repertoire, contingent on the specific

ecological context (Tariq et al., 2013). Given the increasing unpredictability of water availability due
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to climate change, particularly in Mediterranean regions, understanding its interplay with tree

diversity becomes paramount.

Considering the aforesaid details, our study seeks to unravel the combined and individual effects of
tree species composition and water availability on the growth, defenses, and herbivore interactions
of Q. ilex. Through our exploration, we hope to contribute a nuanced understanding that could serve

as a beacon for both ecologists and foresters navigating the challenges of a rapidly changing world.

In the context of shifting global climate patterns and increased anthropogenic impacts, exploring the
factors that influence insect herbivory on Q. ilex emerges as a pressing endeavor (Vila et al., 2007).
This study delves into the multifaceted relationship between tree species diversity and water
availability, and their collective impact on insect herbivory in Q. ilex stands. By dissecting the
interactions between these variables, we aim to shed light on the complex mechanisms that underpin
these relationships, providing insights that can inform forest management strategies and conservation

efforts (Diaz et al., 2007; Jactel et al., 2019).

In the present study we hypothesized that herbivory on Q. ilex would be highest when the target tree
was neighbored by trees of the same species while it would decrease as the number of species and or
functional diversity of the neighboring trees would increase. We also hypothesized that herbivory
would be higher in irrigated blocks as compared to not irrigated ones possibly because the defense
mechanisms in irrigated blocks would be lower. Finally, we tested if besides the effect of SR and
FDis, herbivory on Q. ilex could be predicted by the presence of pines as neighboring trees as the
Pines are fast growing species that tend to dominate, at least in the first stages of stand development,

and could “hide” Q. ilex individuals from herbivores.
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I1.3 Materials and Methods

The holm oak is a slow-growing, evergreen species known for its shade tolerance, primarily found in
the central-western Mediterranean basin (Roda et al. 1999, De Rigo and Caudullo 2016). Its natural
range is largely confined to the Mediterranean basin, stretching from Portugal to Turkey, with some
populations along the Atlantic coast of France. This versatile species thrives in various habitats,
ranging from mixed forests and scrublands to pure stands, and can adapt to diverse climates, from
semi-arid to highly humid conditions. Notably, Q. ilex is a sclerophyllous plant, characterized by
dark, leathery leaves with a white-haired underside that reduces transpiration, enhancing its resilience
to drought. However, it has been observed that in situations of severe water stress, such as competition
with other deciduous oaks and conifers, Q. ilex trees may even suspend their vegetative activities

during dry spells (Barbero et al. 1992, De Rigo and Caudullo 2016).

Throughout its distribution, a wide range of both specialist and generalist insect herbivores are known
to feed on this species. These herbivores include leaf chewers, miners, and skeletonizes (Southwood
et al. 2005, Ruiz-Carbayo et al. 2017, Hernandez-Agiiero et al. 2022). In response to these
herbivorous attacks, Q. ilex has developed an array of secondary metabolites within its leaves. These
compounds serve as potential defenses against various biotic and abiotic stressors, encompassing
phenolic compounds (Moreira et al. 2019b, 2020) and volatile organic compounds (VOCs)
(Holzinger et al. 2000). While the role of VOCs as indirect defenses in Q. ilex has yet to be fully
explored, they have been shown to attract natural enemies of herbivores in other Quercus species

(Ghirardo et al. 2012, Pearse et al. 2013).
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Two sites Explored: Sardinia and Bordeaux

During this comparative ecological investigation, our focus extends to two ecologically distinct
biomes: the Mediterranean biome, embodied by the island of Sardinia in Italy, and the temperate
biome, which finds its model in the Bordeaux region of France. These two biomes, each
exemplifying a distinct ecological paradigm, offer a rich tapestry of features that set them apart. The
Mediterranean biome, characterized by a Mediterranean climate, epitomizes Sardinia, boasting key
characteristics such as warm, arid summers and mild, rainy winters. In this biome, one encounters a
unique assembly of flora, including but not limited to drought-resistant plants, evergreen shrubs,
and iconic species like the holm oak (Quercus ilex L.). Biodiversity thrives here, with a multitude of
species adapted to the region's climatic patterns and ecological dynamics, rendering Sardinia a vivid

mosaic of ecological diversity.

On the other hand, the temperate biome, symbolized by Bordeaux in France, unveils an entirely
different set of environmental attributes. It typifies the temperate biome with its four-season
climate, characterized by warm summers and cold winters. Bordeaux, situated in the southwest of
France, is subject to a temperate maritime climate heavily influenced by its proximity to the
Atlantic Ocean. The vegetation in this biome is emblematic of deciduous forests, marked by the
seasonal leaf-shedding of a variety of tree species, prominently including oaks, beeches, and pines.
Biodiversity in the temperate biome of Bordeaux reflects adaptation to the distinct seasonal
fluctuations and temperate climatic conditions, rendering the region renowned for its diverse

ecosystems, encompassing both terrestrial and aquatic habitats.

A comprehensive understanding of the unique attributes of the Mediterranean and temperate biomes
serves as an essential prelude to elucidating the outcomes of the experiments conducted within these
disparate ecological settings, which will be elaborated upon in the ensuing sections. This comparative
approach enables us to explore how ecological interactions and responses manifest differently in these

contrasting environments, shedding light on the intricate dynamics that govern these distinct biomes.
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Description of the experiments:

IL.4Experiment 1: IDENT-MACOMER

IDENT-MACOMER is located on the island of Sardinia (Italy), Macomer (40° 14' N; 8° 42' E) 640m
above sea level within the nursery "Saint Antonio - Sardinian Forest Authority". It is part of the
International Diversity Experiment Network with Trees (IDENT), (Tobner et al. 2014). The hot-
summer Mediterranean climate (K&ppen: Csa) is characterized by warm and dry summers and mild
winters with moderate rainfall. In Macomer, the hot season lasts for about 3 months, from June 15 to
September 9, with an average daily high temperature above 26°C. The hottest month of the year in is
July, with an average high of 29°C and low of 16°C; the cool season lasts for 4 months, from
November 18 to March 20, with an average daily high temperature below 14°C. The coldest month

of the year in Macomer is January, with an average low of 1°C and high of 10°C (Figure 1).
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Temp. 5°C 5°C 8°C 11°C 15°C 20°C 23°C 23°C 19°C 15°C 10°C 86°C
Low 1°C 1°C 3°C 5°C 9°C 13°C 16°C 16°C 13°C 9°C 5°C 2°C

Figure 1. The daily average high (red line) and low (blue line) temperature, with 25th to 75th and 10th to 90th percentile bands.
The thin dotted lines are the corresponding average perceived temperatures ( hups:/fweatherspark.com/y/58815/Average-Weather-in-Macomer-Italy-
Year—Round#Figures-PrecipitatianPrabability).
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IDENT-MACOMER experiences significant seasonal variation in monthly rainfall (Figure 2), the
rainfall accumulated over a sliding 31-day period centered around each day of the year. The rainy
period of the year lasts for 9.3 months, from August 27 to June 6, with a sliding 31-day rainfall of at
least 13 millimeters. The month with the most rain is November, with an average rainfall of 57
millimeters.

The rainless period of the year lasts for 2.6 months, from June 6 to August 27. The month with the

least rain is July, with an average rainfall of 3 millimeters.

rain rain
120 mm 120 mm
100 mm 100 mm
80 mm Nov 17 80 mm
60 mm 57 mm 60 mm
Feb 10 Apr 22
40 mm 31 mm 31 mm 40 mm
—’-’\_,-—-——\Jun 6 Aug 27
20 mm 13 mm Jul 15 13 mm 20 mm
0mm 0 mm

Jan Feb Mar”mApr May Jun Jul Aug Sep Oct Nbv Dec

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Rainfall 29.5mm 31.5mm 27.6mm 30.4mm 23.7mm 88mm 3.2mm 6.7mm 283mm 45.0mm 57.0mm 41.17mm

Figure 2. The average rainfall (solid line) accumulated over the course of a sliding 31-day period centered on the day in question,
with 25th to 75th and 10th to 90th percentile bands. The thin dotted line is the corresponding average snowfall
( https://weatherspark.com/y/58815/Average-Weather-in-Macomer-Italy-Year-Round#Figures-PrecipitationProbabil, it)),

The precipitation patterns in Macomer (Figure 3) exhibit distinct wet and dry seasons throughout the
year. A wet day, defined as one with at least 1 mm of liquid or liquid-equivalent precipitation, is
prevalent during the wetter season, spanning 7.5 months from September 25 to May 9, where there
is a greater than 16% chance of daily precipitation. November emerges as the wettest month,
averaging 8.6 days with at least 1 mm of precipitation. Conversely, the drier season encompasses 4.5
months from May 9 to September 25, with July being the driest month, experiencing an average of
only 0.7 days with significant precipitation. Further analysis distinguishes between precipitation
types, revealing that rain alone is the predominant form throughout the year, reaching its peak
probability of 31% on November 24. These intricate precipitation dynamics underscore the

seasonality and variability in Macomer's climatic conditions.
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Daysof Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Rain 5.3d 5.4d 5.1d 54d 4.1d 15d 0.7d 1.3d 4.0d 69d 8.6d 6.9d
Mixed 0.4d 0.3d 0.1d 0.0d 0.0d 0.0d 0.0d 0.0d 0.0d 0.0d 0.0d 0.2d
Any 58d 57d 5.2d 5.4d 4.1d 15d 07d 1.3d 4.0d 6.9d 8.6d 7.1d

Flgure 3. The percentage of days in which various types of precipitation are observed, excluding trace quantities: rain alone,
snow alone, and mixed (bOth rain and snowfell in the same day) (https://weatherspark.com/y/58815/Average-Weather—in-Macomer—]taly—Year—
Round#Figures-PrecipitatianProbability)

The basaltic area was used as a tree nursery for local reforestation projects until 2008. Up to 2014
(the establishment of the experiment) the fields were left unmanaged, although spontaneous
vegetation (grasses) was periodically removed. In 2015 a meteorological station was placed in an
open field adjacent to the experiment.

The station measures precipitation, photosynthetic active radiation, wind speed and wind direction at
2 m height, as well as air temperature and relative humidity at 0.3. 2 and 4 m height. All sensors were
connected to a data logger acquiring data every 5 minutes and storing them as 30 minutes averages,

or sum for precipitations.
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In line with other IDENT network sites, the experimental design features a hierarchical structure,
arranging trees within 308 plots distributed over seven blocks (Figure 4). A block comprises 44 plots
of 3.2 m by 3.2 m, with in each plot 64 seedlings planted at 40 cm spacing. Blocks are exact replicates
in terms of tree species communities in the plots, but the spatial arrangement of plots within blocks
is random. All blocks were irrigated during the dry season in the first year (2014). In the following
years, three selected blocks were irrigated with 20 mm every 15 days from June to September.

For this a pipe system was used to distribute water homogeneously over the soil. The remaining four
blocks were not irrigated; thus, they serve as controls (Figure 1). From the end of January to mid-
April 2014, there were 19,712 containerized one-year- old. Species selection was based on site
requirements and considering local availability of seedlings in the nursery.

In total, 12 native woody species (Table 1) were selected, of which both shrubs (three species) and
trees (nine species), and among them three conifers (Pinus halepensis Mill., Pinus pinaster Ait., Pinus
pinea L.), six evergreen broad-leaved species and three deciduous broad-leaved species (Acer
monspessulanum L., Arbutus unedo L., Fraxinus ornus L., Olea europea L., Phillyrea latifolia L.,
Pistacia lentiscus L., Quercus ilex L., Quercus pubescens Willd. and Quercus suber L.). Within each
block, a first diversity gradient was created by manipulating SR at four levels: one (12 plots), two (17
plots), four (9 plots) and six- species (6 plots). A second gradient, orthogonal to the first, was created
by manipulating FD.
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Figure 4. Experimental design of IDENT-MACOMER (Sardinia, Macomer), a single-site tree diversity experiment created in 2014.

The experiment is hinges on a high-density planting design (0.4 m by 0.4 m) and small plot sizes (10.2 m2). The planting corresponds
to densities of regenerating forests and should speed-up the onset of tree-tree interactions (Tobner et al. 2014). The small plot size
allows more plot replicates, although it is at the cost of a plot's scientific lifespan. On top of the figure, a site plan is shown with three
irrigated (grey) and four non-irrigated (white) blocks, which allows testing the stress gradient hypothesis. In the middle left of the
figure, the disposition of 44 plots within a block, including orthogonal gradients of SR and FD is shown; In the middle-right there is
the arrangement of 64 plants in a four-species plot. Bold lines represent inner, middle and outer frame. Species relative abundances
within these frames are alike and the outer frame was not included in the analyses to avoid plot edge effects. A broad species pool of
12 site-adapted Mediterranean species (including conifers, deciduous broadleaved and evergreen broadleaved species) was used to
create the monocultures and mixed communities (lower part). All plots were regularly weeded in the first three years to avoid overgrow

by herbaceous vegetation.
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Table 1. Taxonomic Classification, Common Nomenclature, and Leaf Habit Characteristics of Studied Tree Species (IDEENT-

M).

Latin name Common name Leaf habit
Quercus ilex L. Holm Oak Evergreen
Quercus suber L. Cork Oak Evergreen
Quercus pubescens Willd. Downy Oak Deciduous (Marcescent)
Pinus pinaster Ait. Maritime Pine Evergreen
Pinus pinea L. Stone Pine Evergreen
Pinus halepensis Mill. Aleppo Pine Evergreen
Phillyrea latifolia L. Green Olive Tree Evergreen
Acer monspessulanum L. Montpellier Maple Deciduous
Pistacia lentiscus L. Mastic Tree Evergreen
Arbutus unedo L. Strawberry Tree Evergreen
Fraxinus ornus L. Manna Ash Deciduous
Olea europea L. Olive Tree Evergreen

IL.SExperiment 2: ORPHEE

ORPHEE (Observatoire Régional de la Phénologie / Regional Phenology Observatory) experiment
is located 40 km south of Bordeaux, France (44° 440 N, 00° 460 W), which belongs to the worldwide
Tree Diversity Network (TreeDivNetl). The experimental plantation was established in 2008 on a
clear cut of former maritime pine stands. Stumps were removed and the site, on a sandy podzol, was
ploughed and fertilized with phosphorus and potassium before planting. In total, 25 600 trees of five
native species (Table 2) were planted (Betula pendula Roth, Quercus robur L., Quercus pyrenaica
Willd., Quercus ilex L. and Pinus pinaster Ait.) within a 12-ha area (Figure 5). Eight blocks were
established, with 32 plots in every block, corresponding to the 31 possible combinations of one to
five species, with an additional replicate of the combination of five species. Each plot contained 10
rows of 10 trees planted 2 m apart, resulting in 100 trees per plot, with a plot area of 400 m?. Tree
species mixtures were established according to a substitutive design, keeping tree density equal across
plots. Within plots, individual trees from different species were planted in a regular alternate pattern,
such that a tree from a given species had at least one neighbor from each of the other species within
a 2 m radius. The understory vegetation was mowed once per year. Plots were separated by three
meters and were randomly distributed within blocks. Blocks covered an area of 100 x 175 m, and the

entire experimental site was fenced to prevent grazing by mammalian herbivores.
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Figure 5. Experimental design of ORPHEE (France, Bordeaux) consisted of eight blocks and 32 plots within each block. Each plot

represented a tree species composition treatment, corresponding to 31 possible combinations of one to five tree species (Betula pendula

Roth, Quercus robur L., Quercus pyrenaica Willd., Quercus ilex L. and Pinus pinaster Ait.) and an additional plot replicate of the

five species mixture. Each plot contained 10 rows of 10 trees planted 2 m apart (100 trees on 400 m2). Tree species mixtures were

established according to a substitutive design, keeping tree density of tree neighbors equal across plots. Within plots, individual trees

from different species were planted in a regular alternate pattern, such that a tree from a given species had at least one neighbor from

each of the other species within a 2-m radius.

Table 2. Taxonomic Classification, Common Nomenclature, and Leaf Habit Characteristics of Studied Tree Species

(ORPHEE).

Latin name Common Leaf
name habit

Betula pendula Roth Silver Birch Deciduous

Quercus robur L. English Oak Deciduous

Quercus pyrenaica Willd. | Pyrenean Oak | Evergreen

Quercus ilex L. Holm Oak Evergreen

Pinus pinaster Atit. Maritime Pine | Evergreen
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In Bordeaux, the annual temperature pattern reveals distinct warm and cool seasons (Figure 6). The
warm season extends for 3.2 months, commencing on June 10 and concluding on September 17,
characterized by daily high temperatures consistently exceeding 24°C. July emerges as the hottest
month, featuring an average high of 27°C and a low of 15°C. Conversely, the cool season spans 3.5
months, from November 16 to March 2, during which daily high temperatures consistently fall below

13°C. January stands out as the coldest month, with an average low of 3°C and a high of 10°C.
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Figure 6. The daily average high (ved line) and low (blue line) temperature, with 25th to 75th and 10th to 90th percentile bands.

The thin dotted lines are the corresponding average perceived temperatures (hups:/iweatherspark.com/y/43607/Average-Weather-in-Cestas-France-Year-
Round#Figures-Rainfall).

The rainfall (Figure 7) accumulated over a sliding 31-day period centered around each day of the
year. Bordeaux experiences some seasonal variation in monthly rainfall and rain falls throughout
the year. The month with the most rain is November, with an average rainfall of 71 mm, the month

with the least rain is July, with an average rainfall of 30 mm.
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150 mm 150 mm

100 mm Nov 9 100 mm
Apr 23 72 mm
50 mm 50 mm
omm ST e 0
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Rainfall 60.2mm 51.2mm 42.0mm 50.7mm 49.8mm 43.7mm 30.4mm 34.4mm 53.7mm 65.4mm 709mm 64.2mm

Figure 1. The average rainfall (solid line) accumulated over the course of a sliding 31-day period centered on the day in

question, with 25th to 75th and 10th to 90th percentile bands. The thin dotted line is the corresponding average snowfall
(https://weatherspark.com/y/43607/Average-Weather-in-Cestas-France-Year-Round#Figures-Rainfall).

The precipitation patterns in Bordeaux (Figure 8) during the fall season is defined as one with at least
1 mm of liquid or liquid-equivalent precipitation. Notably, the likelihood of encountering a wet day
experiences a substantial and swift increase throughout the fall season, initiating at a 20% chance and
concluding at 31%. For reference, the highest daily probability of a wet day within the entire year is
recorded at 34% on November 17, while the lowest likelihood is observed on August 24 at 17%.
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40% Ngju,? 40%

Jun 11
30% W :/,\/-\’V 30%
20% 17% 20%
10% 10%
0% 0%

Jan Feb Mar Apr  May Jun Jul  Aug Sep' Oct Nov Dec

Days of Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Rain 9.4d 78d 76d 88d 89d 7.3d 56d 55d 72d 88d 97d 9.5d
Mixed 0.2d 0.1d 0.0d 0.0d 0.0d 0.0d 0.0d 0.0d 0.0d 0.0d 0.0d 0.d
Any 97d B.0d 77d 88d 89d 73d 56d 55d 72d 88d 9.7d 9.6d

Figure 8. The percentage of days in which various types of precipitation are observed, excluding trace quantities: rain alone,

snow alone, and mixed (both rain and snowfell in the same day) (https://weatherspark.com/y/43607/Average-Weather-in-Cestas-France-Year-
Round#Figures-Rainfall).
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I1.6 Leaf sampling and herbivory assessment on Quercus ilex
L.

Leaf sampling has started in July 2021, we concentrated on the plots that contains Q. ilex in
monoculture with its combinations of different species. In each plot, only saplings in the core area
were sampled to avoid edge effects (edge sampling was an option when there were not enough living
trees in the center part).

The fixed number of trees per species was assessed regardless of the composition of trees in the plot,
six trees were chosen at random in monoculture plots and three trees in 2 species composition.
From each tree, a total of 20 leaves were collected through sampling, which involved gathering 10
leaves from the upper canopy and 10 from the lower canopy. For each canopy position, the sampling
included 5 external leaves from the branch tips and 5 internal leaves closer to the trunk (the closest
ones). Most likely in some individual we modified it depending on the size and number of leaves in
each tree (to avoid the fresh young leaf at the top of each branch). In some cases, few branches hadn’t
leaves so we have chosen another branch at the same height or from the main axis, the samples were
stored in labeled paper bags then transported to the laboratory for analysis.

A total of 9,480 leaves were surveyed in the two experiments, insect herbivores was assessed visually
in the laboratory by estimating the percentage of damage on each leaf using the following classes:
zero = no damage; 1 = 1-5% damaged; 2 = 6-10% damaged; 3 =11-25% damaged;

4 =26-50% damaged; 5 = 51-75% damaged; 6 > 75% damaged. We averaged class values across all
leaves to obtain a mean value per tree for statistical analyses. A subset of 6 leaves was selected with
little or no evidence of herbivory for further chemical analyses of phenolic compounds. The leaves

were dried in the oven for 48 h at 45°C.
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I1.7Data analysis

Mixed models were used to assess the effects of site, irrigation, species Richness (SR), functional
dispersion (FDis) and Community-Weighted Mean (CWM) traits on insect herbivory using % Leaf
Area Removed (LAR) as the response variable. % LAR was logged transformed before analysis to
improve the normality of the distribution. Blocks and plots were used as nested random effects.

Species values for Specific Leaf Area (SLA), Maximum Height (Mh), Seed Dry Weight (SDW),
Wood Density (WD) were estimated by averaging all data found in the TRY Plant Trait Database
(TRY Plant Trait Database (try-db.org) for the species of the two experiments. A categorical leaf

habit (E= evergreen, D= deciduous) was added to the traits used for calculating FDis and CWM.
FDis and CWM were calculated in R (R Core Team (2022), package = “dbFD”) (Laliberté et al.,
2014).

Mixed models were evaluated using the “Imer_alt” function in the “LME4” package in R. We first
evaluated a full model to assess Site, SR, Irrigation and CWM effects on Log transformed LAR (log-
herb). The full model had the form:

log_herb ~ Site*SR*Irrigation*CWM +(1|Block ID) + (1|Plot_ID)

All combinations of variables (including CWM values for the different quantitative traits) and
possible interaction were tested to test the relevance of SR in predicting herbivory rates.

In a second step the same procedure was repeated substituting SR with FDis.
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I1.8 Results

I1.8.1 The Influence of Species Richness and Irrigation Treatment

The most parsimonious model (AIC=618.8) with SR resulted to be:
log_herb ~ Site*SR*+CWM Mh +(1|Block ID) + (1|Plot_ID).

The table below reports the p values for the variables of the model:

Table 3. Regression Analysis Summary Showing the Effects of Site, Species Richness (SR), Community Weighted Mean of Maximum

Height (CWM.Mh), and the Interaction between Site and SR on the Response Variable.

Estimate St Error df t value p
(Intercept) 111.449 0.20125 7.288.896 5.538 4 59E-Q7***
SiteOrphee -108.821 0.15211 3.393.216 -7.154 2.88E-08***
SR 0.11783 0.036 9.057.065 3.273 0.00151**
CWM.Mh 0.05898 0.00827 5.820.041 7.132 1.73E-09***
SiteOrphee:SR | -0.13574 0.04396 8.805.101 -3.088 0.00269**

The analysis reveals significant findings: 'SiteOrphee' negatively affects the outcome, 'SR' and
'CWM.Mh' positively influence it, and the 'SiteOrphee:SR' interaction suggests a modifying effect.

All factors are statistically significant.

A thorough evaluation of the statistical model was conducted to ensure its robustness and reliability
(Figure 9). This comprehensive model diagnostics covered a series of checks and assessments as

detailed below:

The Posterior Predictive Check revealed that the observed data closely align with the model-
predicted data, indicating good model fit. The Linearity assessment showed a flat and horizontal
reference line in the residuals plot, suggesting a linear relationship between predictors and the
response variable is appropriate. The Homogeneity of Variance was confirmed by the random
distribution of residuals across fitted values, with no apparent pattern, satisfying the assumption of

constant variance.

Influential Observations were within acceptable limits, as indicated by the absence of data points
outside the contour lines in the leverage plot, which means no single observation unduly influences
the model's predictions. The Collinearity evaluation indicated low to moderate variance inflation
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factors for most predictors, with only a few reaching higher levels, suggesting some collinearity that

may require further investigation.

The Normality of Residuals was supported by a Q-Q plot where points closely followed the
theoretical line, pointing to well-behaved residuals that fit the normal distribution. Lastly, the
Normality of Random Effects for both Plot ID and Block ID was also affirmed by their respective
Q-Q plots, showing that the random effects are normally distributed, which is essential for the validity

of the random effects model used.
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Figure 9. Comprehensive Model Diagnostics including Posterior Predictive Check, Assessment of Linearity and Variance
Homogeneity, Detection of Influential Data Points, Evaluation of Predictor Collinearity, and Examination of Residual and Random

Effect Normality.
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The irrigation treatment, when included in the models was never significant (p>0.6).
Inclusion of CWM for SLA, WD or SDW entailed the loss of significance for SR and for the site*SR

interaction.

Herbivory increased with CWM Mh in both sites. SR had no effect on herbivory in ORPHEE (slope
not significantly different from zero) while herbivory increases with SR in IDENT-MACOMER
(Figure 10).

Site
l_—‘i Orphee
= Ident_Macomer

Site
EE Orphee
=1 Ident_Macomer

Herbivory

r
i

0 2 4 6 8 10 12 14 16 18 20 22 24 ) 1 2 3 4 5 6
CWM Mh SR

Figure 10. Relationships between Herbivory and both CWM Mh and SR in IDENT-MACOMEER and ORPHEE sites.

In our study, we found that herbivory damage on Quercus ilex L. leaves in the ORPHEE site was
consistently lower than in the IDENT-MACOMER site, regardless of the level of species richness,
including monoculture, two-species, three-species, and four-species conditions. Additionally, we
observed that for water availability treatment (control and irrigated) did not have a significant effect

on herbivory damage percentages in either site.

The most parsimonious model with FDis had the same form as the one with SR:

log_herb ~ Site*FDis*+CWM Mh +(1|Block ID) + (1|Plot_ID).

The model had an AIC=602, 16.8 points less than the model using SR, and it is thus having a relevant
higher performance.

Also, in this case the irrigation treatment had no effect on herbivory.

55

Tony Chahine, The potential of Biodiversity for Adaptation Strategies to Global Change in Mediterranean Ecosystems. PhD thesis in
Agrometeorology and Ecophysiology of Agricultural and Forest Systems, University of Sassari.



I @ w©

Site
[ Orphee

e Site
T - == \dent_Macomer )

. ,{: - = Orphes
- T — Ident_Macomer

Herbivory
w .
Y
Herbivory

L

o
4

\ i

R \ Y
LR

2
00 1.0 15 2 2 0 2 4 6 8 10 1 4 16 18 20 22 24

2 1
FDis CWM Mh

Figure 11. Differential Impact of Functional Diversity (FDis) and Community Weighted Mean of Maximum Height (CWM Mh) on
Herbivory in IDENT-MACOMEER and ORPHEE sites.

The model with FDis confirms that the irrigation treatment had no effect on herbivory and confirms
the relevance of CWM Mh with herbivory increasing in stands that contain species that tend to out
compete their neighbors for light. Instead herbivory does not change in ORPHEE with FDis or it
decreases at most supporting the dilution hypothesis. Instead it increases in IDENT MACOMER

Figure 11a represents the relationship between FDis and herbivory rates in the 2 distinct ecological
sites; ORPHEE and IDENT MACOMER. A positive linear trend is evident for both sites, with
increasing functional dispersion correlating with higher herbivory rates. The confidence interval for
ORPHEE is significantly wider than that for IDENT MACOMER, suggesting greater variability or
less certainty in the herbivory measurements at ORPHEE. Moreover, the slope of the relationship at
ORPHEE is steeper, indicating a more pronounced increase in herbivory with functional dispersion
compared to IDENT MACOMER. This may imply that trait diversity at ORPHEE has a stronger
influence on herbivore feeding patterns, or that the site is subject to additional ecological factors not

present at IDENT MACOMER.

Figure 11b explores the influence of CWM Mh on herbivory at the same 2 ecological sites. Both sites
exhibit a direct relationship between CWM Mh and herbivory, but the rate of increase is less steep
compared to the relationship with functional dispersion. Notably, the confidence intervals for both
sites are narrower than those observed in the functional dispersion analysis, suggesting more precise
estimations of herbivory rates as a function of mean community height. The IDENT MACOMER
site shows a more consistent pattern, with less variation in herbivory at varying heights. In contrast,
the broader confidence interval for ORPHEE may indicate a more complex interaction between plant
height and herbivory, possibly due to differing herbivore preferences or other site-specific ecological
dynamics.
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Table 4. Fixed Effects Estimates for Predictors of Herbivory. The table displays the parameter estimates, standard errors,

degrees of freedom (df), t-values, and associated p-values for each fixed effect in the model. Asterisks denote the level of statistical

significance, with three asterisks indicating p < 0.001.

Fixed effects Estimate | Std. Error | df t value | Pr(>|t)

(Intercept) 115.124 | 0.17475 711.609 6.588 | 6.57e-09 ***
SiteOrphee -11.461 | 0.13501 2.265.042 | -8.489 | 1.73e-08 ***
FDis 224.866 | 0.52693 8.330.436 4.267 | 5.20e-05 ***
CWM.Mh 0.05855 0.00787 6.113.988 7.439 | 4.01e-10 ***
SiteOrphee:FDis -23.228 | 0.59546 8.006.001 | -3.901 | 0.000198 ***

The intercept represents the baseline level of herbivory when all predictors are held at zero. The

significant negative estimate for SiteOrphee suggests that herbivory is lower at this site compared to

the reference site by an average of 1.14610 units. FDis, which represents the functional dispersion,

shows a positive association with herbivory, indicating that as functional dispersion increases, so does

herbivory. CWM.Mh, which represents the community-weighted mean height, also shows a positive

but much smaller effect. Interestingly, the interaction term SiteOrphee:FDis has a large negative

coefficient, suggesting that the effect of functional dispersion on herbivory is different at the

SiteOrphee compared to IDENT-MACOMER. The statistical significance of all these predictors is

supported by their p-values, which are well below the 0.001 threshold, indicating a strong likelihood

that these effects are not due to random chance.
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I1.8.2 Impact of Pine Tree composition
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Figure 12. Comparing herbivory assessment in both sites (IDENT-MACOMER and ORPHEE) with and without Pine trees

The presence of pine trees within the tree composition demonstrated a consistent and pronounced
influence on the herbivory assessment of Q. ilex in both the IDENT-MACOMER and ORPHEE sites.
We consistently observed a substantial elevation in the levels of insect-induced damage on Q. ilex
leaves when pine trees were present in mixed forest stands. Remarkably, this effect extended across

various water availability treatments, encompassing both control and irrigated conditions.

More specifically, Q. ilex trees situated within stands containing pine trees exhibited significantly
higher levels of insect herbivory damage when compared to trees in stands without pine trees. These
findings underscore the substantial impact that the presence of pine trees exerts on the herbivory

dynamics of Q. ilex, regardless of the specific water availability treatment in place.
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Table 5. Fixed Effects Estimates for the Impact of Site (ORPHEE), Pine Trees (Pine), and Irrigation on Quercus ilex L.
Herbivory. The table presents estimates, standard errors, degrees of freedom, t-values, and p-values. Significance levels
are denoted by asterisks (*p < 0.05, **p < 0.01, ***p < 0.001).

Fixed effects Estimate | Std. df tvalue | Pr(>t])
Error
(Intercept) 21.341 0.1358 150.941 15.71 9.19E-11%%**
Site -0.8222 0.178 112.219 -4.619 | 0.000704%***
Pine 0.43 0.1382 1.267.331 | 3.112 | 0.002296**
Irrigation 0.1531 0.1903 145.771 0.805 [ 0.433953
Site:Pine -0.5105 0.1763 1.240.392 | -2.896 | 0.004471**
Site:Irrigation -0.1986 0.2504 109.913 -0.793 | 0.444449
Pine:Irrigation -0.1192 0.1962 1.274.675 | -0.608 | 0.54446
Site:Pine:Irrigation | 0.2366 0.2499 1.244.839 | 0.947 | 0.34554

The intercept, which represents the baseline condition, had an estimated value of 2.1341 with a
standard error of 0.1358 and a highly significant t-value of 15.71 (p < 0.001). The variable 'Site' had
an estimated coefficient of -0.8222, indicating a negative effect, and it was statistically significant
with a t-value of -4.619 (p = 0.000704). 'Pine' exhibited a positive effect with an estimated coefficient
0f 0.43 (p = 0.002296), while Trrigation' showed a non-significant effect with a coefficient of 0.1531
(p = 0.433953). Interaction terms, such as 'Site:Pine', 'Site:Irrigation', 'Pine:Irrigation,’ and
'Site:Pine:Irrigation' were also included in the analysis and displayed varying estimated coefficients
and levels of significance. These results provide valuable insights into the relationships between the

factors under investigation.
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I1.9 Discussion

The findings reveal a positive correlation between herbivory and the community-weighted mean
height, hereafter referred to as the maximum potential height. It is imperative to distinguish between
this trait and the realized height; the former indicates the species' inherent capacity to attain significant
stature as a competitive strategy, predominantly for light acquisition, while the latter represents the

actual measured height, which we did not assess in this study.

The maximum potential height, a trait commonly associated with rapid relative growth, is
characteristic of species that exhibit pioneer dynamics, such as pines, which are known for their swift
growth rates. However, this trait is not exclusive to pines, as it is also observed in other species like

birch, indicating a broader adaptive strategy beyond a single taxonomic group.

This relationship suggests an ecological interplay where species with a greater potential height may
modify the microclimate, corroborating the observations made regarding the 'pine effect' as seen.
Notably, the inclusion of pine as an independent factor in our statistical models did not yield
significant results, signifying that the observed herbivory patterns cannot be solely attributed to the
presence of pines. This nuance underscores the complexity of the factors influencing herbivory

beyond the scope of a single genus.

Furthermore, the functional dispersion of the community, as reflected by traits other than seed dry
weight, seems to encapsulate aspects of the trees' architecture. Factors such as leaf phenology
(evergreen vs. deciduous), leaf type (needle leaves), specific leaf area, and wood density contribute
to this architectural diversity. Our interpretation posits that increased structural diversity, as denoted
by functional dispersion, fosters higher levels of herbivory. This may be due to the creation of more

intricate microhabitats, offering a plethora of secure niches for herbivores.

Considering these findings, it is crucial to acknowledge the structural complexity within these
ecological communities as a potential driver for the diversity and abundance of herbivorous species.
The intricate interplay between structural diversity and herbivory underscores the need for a
multifaceted approach to understanding ecosystem dynamics.

Castagneyrol et al. (2018) demonstrated that tree species composition and irrigation treatments

independently and interactively influence herbivore performance traits, such as growth and food

60

Tony Chahine, The potential of Biodiversity for Adaptation Strategies to Global Change in Mediterranean Ecosystems. PhD thesis in
Agrometeorology and Ecophysiology of Agricultural and Forest Systems, University of Sassari.



processing. Their study sheds light on the intricate interplay between tree diversity, abiotic conditions,
and insect herbivory, underscoring the need to incorporate these factors into forest management and

conservation strategies.

Our observations align closely with recent scholarly work, highlighting the significant impact of tree
species diversity on reducing herbivory in forest ecosystems. Notably, studies have demonstrated that
increased species richness can significantly support tree resistance against insect pests, thereby
underscoring the protective benefits conferred by biodiversity (Jactel et al., 2021). This protective
effect appears particularly pronounced for specialist herbivores in mixed stands comprising
phylogenetically distant tree species, suggesting that not just the richness but the composition of tree
species plays a crucial role in forest resilience to herbivory (Jactel et al., 2007). These insights not
only validate our hypotheses regarding the influence of species diversity on herbivory rates but also
highlight the complicated relationship between tree diversity and ecosystem health, thereby offering

valuable perspectives for sustainable forest management and conservation strategies.

11.10 Conclusion

This study investigates the multifaceted relationship between tree species diversity, water availability,
tree height differences, leaf palatability, and microenvironmental conditions in Quercus ilex L. stands
dominated by pine trees. Notably, it is conceivable that Q. ilex trees cohabiting with pine trees may
offer more palatable leaves, as shaded leaves are typically thinner, softer, and richer in water content,
potentially attracting herbivorous insects (Coley & Barone, 1996; Fajardo et al., 2013). Additionally,
the understory beneath the shade of pine trees may provide a more favorable environment for insects,
characterized by reduced temperature fluctuations, increased air humidity, and reduced radiation
levels. These conditions could create a microenvironment conducive to higher insect abundance and

activity (Chen et al., 2018; Del Toro et al., 2013).

This notable outcome indicates the possibility of interactions or facilitation between pine trees and
herbivorous insects, thus calling for further investigation into the underlying mechanisms.
Furthermore, the outcomes underscore the crucial role of considering the composition of tree species
when assessing herbivory impacts within mixed forest ecosystems. This consideration holds

significant implications for ecosystem management and conservation strategies.
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The potential influences driving this phenomenon may encompass species interactions, competitive
dynamics, and the intricate chemical ecology of both tree species. Furthermore, environmental
factors, notably microclimates and soil conditions, may play pivotal roles in shaping these herbivory
patterns. Comprehensive understanding of these multifaceted dynamics is indispensable for clarifying
the observed variations in herbivory and for developing effective strategies for the management and
preservation of mixed forests. Further exploration is warranted to delve into the ecological and
chemical mechanisms governing these interactions, thereby enhancing our understanding of this

intricate ecological interplay.
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III. Chapter 3 The Stress Gradient Hypothesis in
Mediterranean tree communities

I11.1 Abstract

The Stress Gradient Hypothesis (SGH) posits that species interactions are influenced by resource
availability, with facilitative interactions increasing under high stress conditions and competitive
interactions dominating under low stress conditions. In this study, we tested the SGH in
Mediterranean tree communities as it has not been tested before.

A nursery experiment was established in Macomer, Italy, using 12 Mediterranean tree species. The
experiment consisted of monocultures and mixed plots with varying species richness and functional
diversity. Stem diameters were measured annually and stem basal area was used as a proxy for
biomass. Results indicate that functional diversity and species richness have significant effects on the
net, positive, and competitive effects of biodiversity on ecosystem functioning. However, there were
no significant interactions between species richness or functional diversity and irrigation treatment.
Irrigated blocks showed higher net and competitive effects compared to rain-fed blocks. Similarly, to
what was found in the IDENT-SSM site (Canada) with boreal species, the SGH is not confirmed and
results show that the net effects and complementary effects of biodiversity on Ecosystem functions
are greater in conditions of higher water availability. These findings provide insights into the
complexity of species interactions and their influence on ecosystem functioning in Mediterranean
tree communities suggesting caution in the use of diverse forests as a Nature Based Solution.
Furthermore, these findings suggesting that the expected increase in aridity in the Mediterranean
region could have a relatively higher impact on mixed tree communities compared to monocultures.
Overall, this research contributes to our understanding of managing and restoring ecosystems in the

context of climate change and biodiversity loss.

Mediterranean forests; drought stress effects; biodiversity effects; ecosystem functioning; water
availability; species interactions
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I11.2 Introduction

Since the beginning of modern ecology, scientists have been intrigued by the enigmatic intricacies of
species interactions and their profound influences on ecosystem processes. Pioneering ecologists such
as Charles Elton and Aldo Leopold highlighted the foundational role of biotic interactions in
maintaining the equilibrium and resilience of ecosystems (Elton, 1927; Leopold, 1949). This
traditional curiosity has now evolved into an imperative, primarily in the face of anthropogenic
challenges. With climate change imperiling global ecosystems and biodiversity dwindling at an
alarming rate, understanding these biotic interactions has transcended academic interest. It's now a
clarion call for urgent action, especially as the international community grapples with daunting targets
set by accords like the Paris Agreement (Rogelj et al., 2016) and the Convention on Biological
Diversity (CBD, 2020).

Understanding how species interactions ultimately affect ecosystem process has been a long-standing
challenge in ecology (Balvanera et al., 2006; Cardinale et al., 2012). This research field is today
becoming more relevant as we are in need to manage, conserve, and restore ecosystems in ways that
will significantly contribute to reaching global goals for ameliorating climate change and biodiversity
loss. The study of species interactions can contribute to developing a predictive understanding of
ecosystem response to persistent environmental impacts (Tylianakis et al. 2008; Harmon et al. 2009).
Namely, the ability to pinpoint what mixture of species may yield higher productivity and resilience,
as well as the potential response to environmental conditions, has a major role in improving

management strategies in the current global change context.

Central to this discourse on ecosystem health and resilience is biodiversity. Over the years, a
multitude of studies has elucidated the invaluable role of biodiversity in underpinning ecosystem
services — the very services that human survival hinges upon. From the prairies of North America to
the coral reefs of the Indo-Pacific, the dictum appears consistent: higher biodiversity often translates
to improved ecosystem functionality, be it in terms of productivity, nutrient cycling, or resistance to
perturbations (Balvanera et al., 2006). In the realm of forestry, this understanding has profound
implications. Forests, with their immense carbon sequestration potential, stand at the forefront of
climate mitigation strategies. Studies from the Amazon to Borneo have revealed that tree species
richness can amplify forest productivity, enhancing their carbon capture capacity (Poorter et al.,

2015).
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Overall, observational and experimental studies have shown positive effects of biodiversity on
ecosystem functioning (BEF) for a multitude of system types (Cardinale et al. 2011; hooper et al.
2012) and more lately also in forests and plantations (Xu et al. 2020). Although positive in general,
this relationship is not always positive (e.g., Vila et al. 2003; Jiang et al. 2009) thus limiting the
predictability of the outcomes in mixing species and consequently the application in real world
context as for example in Nature Based Solutions. The Net Effect (NE) of biodiversity on Ecosystem
Functions can be seen as the balance between positive and negative interactions, but this balance
depends on many factors such as species traits, trait similarity and size of neighboring individuals,
functional redundancy, age of the stand, available resources, climate, biotic agents and disturbances
(Walker 1992; Naeem 1998; Forrester & Bauhus, 2016; He et al., 2013). The NE of positive BEF
relationships are typically explained by the combination of two non-mutually exclusive mechanisms:
complementarity and selection effects (Loreau & Hector, 2001). Complementarity effects are related
to reduced competition due to greater heterogeneity of traits that improve productivity, including
niche partitioning, facilitation and positive feedback on resource supply (Forrester & Bauhus, 2016;
Hisano et al., 2018; Kelty, 2006). On the other hand, selection effects are due to highly competitive
species which reach disproportionately large growth rates and as result drive ecosystem functioning
(Roscher et al. 2012). It has been proved that these mechanisms frequently work together in a variety
of ecosystems, and the complementarity effects often explain more proportion of the variance (Reich

et al. 2012; Cardinale et al. 2011).

To deepen our understanding of these fundamental ecological concepts, BEF research in tree
communities has grown considerably in the past two decades with a growing number of experiments
manipulating species communities. However, most of the BEF experiments have been classically
conducted on temperate or subtropical systems (e.g. Maxwell et al., 2022[LM1]; Hajek et al.,
2022[LM2]; Belluau et al., 2021), while research on seasonally dry Mediterranean ecosystems is both
a relatively recent development and uncommon. Climate has been shown to strongly affect the BEF
relationships of plant communities but results often vary by region (Ammer, 2019; Ratcliffe et al.,
2017). Plant communities located in Mediterranean areas are exposed to a few climatic characteristics
with ecological implications that justify the need of considering BEF relationships in these
ecosystems with special focus. On the one hand, temperature rises due to climate change are more
pronounced in the Mediterranean basin than in other areas, as annual mean temperature has increased
by 1.5 °C compared to a 1.1 °C global increase (Ali et al., 2022). On the other hand, the length of the
dry season ranges between 3 and 5 months, with soil water potentials reaching extremely low values

during this period (Al et al., 2022).
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Moreover, as aridity increases so does functional convergence (Costa-Saura et al., 2017 Ali et al.,
2022), which implies that a high functional diversity that could lead to complementarity or positive

NE may not be reachable at Mediterranean areas due to the extremely dry seasonal climate.

Experimental studies have proved that high-diversity plant communities tend to be more productive
than monocultures, thus providing larger shade, cooler temperatures, increased likelihood of vicinity
of deep-rooted species, and raised air humidity and top-soil moisture at the community level (Wright
et al. 2014, Steinauer et al. 2015, Cowles et al. 2016). In line with these findings, the Stress Gradient
Hypothesis (SGH) predicts that positive plant interaction effects (i.e., facilitation) on productivity are
of greater relative importance in habitats subject to abiotic stresses, while competition and other
negative plant interactions are the main driver of productivity in more protected ecosystems (Bertness
& Callaway 1994). Interestingly, the selection effect tends to be comparatively more relevant in
environments where abiotic conditions are not stressors, whereas the complementarity effect is
generally the dominant mechanism in stressed environments (Paquette & Messier, 2011; Ratcliffe et
al., 2017; Wang et al., 2013). Although this hypothesis has been widely supported in the literature
(see Callaway 2007), the generality of the SGH to a variety of ecosystems is currently subject of
debate as experimental proof has both confirmed and refuted it (He et al., 2013; Maestre et al., 2009;
Brooker 2006). An illustrative example can be found in arid and semi-arid ecosystems where mixed
evidence for this hypothesis has been reported in studies on water or rainfall gradients (Tielborger &
Kadmon 2000; Maestre & Cortina 2004; Armas & Pugnaire 2005; Holzapfel et al. 2006). These
incongruent results have been attributed to the high diversity of abiotic stresses (e.g. physical,
resource, grazing), methodological differences (Goldberg et al. 1999; Gross et al. 2010), plant species
characteristics (e.g. life histories, functional traits Brooker et al., 2008; He et al., 2013), experimental
vs descriptive studies (Maestre et al. 2005; Michalet 2006) and ecosystem types (Lortie & Callaway
2006; Maestre et al. 2009), which constrain the development of a widely applicable conceptual model

of how species interactions shift with increasing stress.

Yet, the influence of biodiversity is full of nuances Its relationship with ecosystem function, though
generally positive, exhibits variability underpinned by a matrix of ecological, evolutionary, and
environmental determinants. The net effect (NE) of biodiversity is a culmination of both synergistic
(facilitative) and antagonistic (competitive) interactions among species. But this delicate equilibrium
is modulated by myriad factors: from the evolutionary lineage and functional traits of species to
externalities such as disturbances and resource availability (Cadotte et al., 2011). This

unpredictability sometimes hampers conservation endeavors, particularly when we attempt to harness
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biodiversity for tangible outcomes like in Nature-Based Solutions (NBS). The challenges are
manifold: while some multi-species interventions yield anticipated outcomes, others confront
unforeseen ecological dynamics, underscoring the imperative for a deeper understanding (Suding et

al., 2015).

Amid this backdrop, research on biodiversity and ecosystem function (BEF) in tree communities has
burgeoned, but with a conspicuous lacuna: the Mediterranean ecosystems remain relatively
uncharted. These ecosystems, characterized by their distinct bioclimatic regimes, present a unique
conundrum. On one hand, they are grappling with exacerbated climate change impacts, with
temperature anomalies starkly outpacing global averages (Luterbacher et al., 2012). On the other,
they are arenas of intense ecological drama during prolonged dry seasons, when soil desiccation
challenges the very survival of tree communities. Such extreme conditions engender functional
convergence among tree species, making these ecosystems increasingly homogenous, thereby

potentially compromising the very benefits of biodiversity (Gazol et al., 2018).

Although species richness has been the most commonly used measure in BEF research, there is
growing evidence that it may not be the most efficient predictor of ecosystem functioning. Functional
traits are fundamental to a mechanistic understanding of BEF (Reiss et al. 2009), as these traits link
species to their roles in the ecosystem, impacting fitness through their effects on growth,
reproduction, and survival (Violle et al. 2007). Therefore, functional diversity (the diversity of traits
in a community) emerges as a powerful metric to quantify BEF mechanisms (Diaz & Cabido 2001;
Mokany et al. 2008; Gravel et al. 2011). However, both species richness and functional diversity are
undeniably linked in the natural world, and their covariance challenges our ability to disentangle their
respective effects on BEF (Naecem 2002; Paquette and Messier 2011). To delve into the potential role
of functional traits on plant interactions, numerous traits have been explored in these experiments and
they have been increasingly found to mediate the outcome of plant interactions (Sthultz et al. 2007;
Gomez-Aparicio 2009; He et al. 2012). In this context, it has been proposed that functional traits may
affect how species interactions change along stress gradients (Lortie & Callaway 2006; Castanho et

al. 2012).

The Stress Gradient Hypothesis (SGH) provides an intriguing lens to assess these dynamics. Rooted
in the idea that species interactions evolve along environmental stress gradients, SGH posits that
facilitative interactions gain prominence under high stress, whereas competition reigns supreme under
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resource abundance (Bertness and Callaway, 1994). However, the empirical journey of SGH, though
rich, is also riddled with contradictions. While some ecosystems validate its tenets, others challenge
its universality. This inconsistency accentuates the need for targeted investigations, especially in
under-studied regions like the Mediterranean. Our experiment, set against this backdrop, aims to

unravel the intricacies of the SGH within the unique context of Mediterranean tree communities.

In this study, we performed a common garden experiment manipulating the species
composition of Mediterranean tree communities and exposed them to high- and low-water availability
to test for the SGH in these environments. In this diversity experiment, trees are planted using high-
density tree communities in monocultures and mixtures following a well-balanced design (Tobner et
al., 2014). To determine the effects of functional diversity on productivity disregarding the effect of
species richness, species mixtures were selected by using 12 Mediterranean tree species grouped in
identical species richness which vary in functional diversity (Tobner et al. 2014). Interestingly, this
study is one of the two unique tree diversity experiments located in dry (Mediterranean) climate.
Here, we present the first results of this experiment, 9 years after its establishment. Specifically, we

tested the following hypotheses:

i- Biodiversity effects on NE, CE, and SE are stronger at lower water availability

ii- FD and CWM are both strong predictors of NE, CE, and SE with all three increasing
with FD and the effect of FD being stronger at lower water availability
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The table below provides concise definitions and key ideas for Complementary Effect (CE), Net

Diversity Effect (NE), and Selection Effect (SE) within the context of biodiversity and ecosystem

functioning. These concepts clarify the involved relationships between species diversity and the

dynamic processes shaping ecosystem resilience, productivity, and adaptation (Loreau and Hector,

2001; Tilman et al., 1997; Cardinale et al., 2006).

Table 1. Concepts of Net Diversity Effect (NE), Complementary Effect (CE) and Selection Effect (SE) in Biodiversity and

Ecosystem Functioning.

Concept Definition Key Idea
Net Diversity Effect assesses the
Net Diversity Overall i.n'lpact of biodiversity', considering C(.)mprehe'nsive impact of
Effect (NE) both posmve (ecqsyste@ services) and blodlYer§1ty on §c0§ystem
negative (competition) influences. functioning, weighing both benefits
and challenges.
Biodiverse ecosystems experience a
Complementary Positive synergy when div'ersej species C.omplementa'ry Effec‘F, where
Effect (CE) en}?a.nce each other, r.esultmg in a more different species contribute to
resilient and productive ecosystem. overall ecosystem health and
function synergistically.
Ecosystems undergo a Selection
Process where certain species are naturally | Effect as species are naturally
Selection Effect | selected based on environmental conditions, | chosen based on their compatibility
(SE) leading to a diverse and adaptive with prevailing environmental
community. conditions, contributing to
biodiversity.
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I11.3 Materials and methods

I11.3.1 Study site

IDENT-MACOMER is located within the "Saint Antonio - Sardinian Forest Authority" nursery in
Macomer, Sardinia, Italy. It is an integral part of the International Diversity Experiment Network
with Trees (IDENT) and sits at an elevation of 640 meters above sea level. The prevailing local
climate falls under the classification of hot-summer Mediterranean (Koppen: Csa), characterized by

its warm, arid summers, and mild winters accompanied by moderate precipitation.

Previously utilized as a tree nursery for regional reforestation endeavors until 2008, the area was
subsequently left unmanaged, with sporadic removal of grasses. In 2015, a meteorological station
adjacent to the experimental site was installed measuring precipitation, photosynthetic active
radiation, wind speed and direction at 2m height, air temperature, and relative humidity at 0.2m, 1m,

2m, 4m height. All data is acquired at 5-minute intervals and stored as 30-minute averages.

Climatic data over the period 1981-2010 (Figure 1) was downloaded from the Regional Agency for
Environmental Protection (ARPAS, https://arpas.maps.arcgis.com) for the station of Macomer, 5.2
km from the site. However, data from the meteorological station in the site for the years 2015-2021

differ substantially from the climatic means.
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Figure 1. Three Decades of Median Monthly Temperature and Precipitation in Macomer (1981-2010). This figure
illustrates the variations in median monthly temperature and precipitation patterns over a thirty-year period, providing
valuable insights into the climatic trends of the Macomer.

From 2015 to 2022, monthly average temperatures span from 6.5 °C in January to 23.9 °C in August.
Concurrently, monthly rainfall varies from 135 mm in December to a mere 7 mm in July, with an

annual accumulation of approximately 905 mm.

The selection of species for this experiment was contingent on site-specific requirements and the
availability of seedlings in the local nursery. In total, 12 native woody species were chosen (Table 2),

encompassing both shrubs (three species) and trees (nine species).
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Table 2. Taxonomic classification, species code, common nomenclature, and leaf habit characteristics of studied tree species
(IDEENT-M).

Latin name Species code | Common name Leaf habit
Quercus ilex L. QUIL Holm Oak Evergreen
Quercus suber L. Qusu Cork Oak Evergreen
Quercus pubescens Willd. | QUPU Downy Oak Deciduous (Marcescent)
Pinus pinaster Ait. PIPA Maritime Pine Evergreen
Pinus pinea L. PIPE Stone Pine Evergreen
Pinus halepensis Mill. PIHA Aleppo Pine Evergreen
Phillyrea latifolia L. PHLA Green Olive Tree Evergreen
Acer monspessulanum L. | ACMO Montpellier Maple | Deciduous
Pistacia lentiscus L. PILE Mastic Tree Evergreen
Arbutus unedo L. ARUN Strawberry Tree Evergreen
Fraxinus ornus L. FROR Manna Ash Deciduous
Olea europea L. OLEU Olive Tree Evergreen

I11.3.2 Experimental design

The experimental layout incorporates a hierarchical arrangement of trees distributed across 308 plots
and organized into seven distinct blocks (Figure 2). Each block encompasses 44 plots measuring 3.2
m by 3.2 m, and within each plot, 64 seedlings were planted at 40 cm intervals. The high density of
the plots ensures the early closure of canopies and interactions among individuals. In each block, 12
plots were planted as a monoculture, 17 as combinations of two of the 12 species, 9 as combinations
of four species and 6 as combinations of 6 species. The composition for each plot was designed to
create a functional diversity (FD) gradient for each species richness level (SR= 1,2,4,6). FD was
quantified by computing the Functional dispersion index (FDis) with the R package “dbFD”
(Laliberté et al., 2014) based on the method by Laliberte and Legendre (2010). FDis quantifies the
dissimilarity of species within a community. For the design of the experiment, species traits to
compute FDis were retrieved from the literature and consisted in: SLA, Nmass, Wood Density, Max
Stomatal Conductance (Gsmax), PNmax, leaf area, P50, Minimum water potential. The FDis used
for the statistical analysis is instead based also on traits assessed on the planted individuals to achieve

a higher accuracy. These were: LMA, Nmass and a new trait, the Huber value.

75

Tony Chahine, The potential of Biodiversity for Adaptation Strategies to Global Change in Mediterranean Ecosystems. PhD thesis in
Agrometeorology and Ecophysiology of Agricultural and Forest Systems, University of Sassari.



The distribution of species within each plot was randomized with some restrictions to avoid clusters:
four individuals of the same species could not be arranged to form a square, ii) five individuals of the
same species could not be arranged to form a cross, and iii) at least 2 of the 8 neighboring individuals

had to be of a different species.

Furthermore, the relative abundance of species is the same in the center 4 by 4 individuals, in the 28
individuals composing the outer frame (boundary trees) and in the 20 individuals composing the

frame between the outer frame and the center 4 by 4.

During the inaugural year (2014), all blocks received irrigation during the dry season because the first
spring and summer of life of seedlings is the most critical stage for the establishment of Mediterranean
woody species (Mendoza et al., 2009). In the following years, three selected blocks underwent
irrigation with 20 mm of water administered every 15 days from June to September (+160mm in
total), facilitated by a pipe system. In contrast, the remaining four blocks were designated as controls

and did not receive irrigation.
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Figure 2. Experimental design of IDENT-MACOMER. (Top) Site plan with three irrigated (grey) and four non-irrigated (white)
blocks. Block A was not considered because trees were planted earlier (during extreme wet conditions), with clear impacts on the
performance of all plants (Under left) disposition of 44 plots within a block (the center position is empty), including orthogonal
gradients of species richness and functional diversity: (Under right) arrangement of 64 plants in a four-species plot with outer, middle
and inner plot frame differentiated by bold lines.
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Dead individuals were replaced for the first 2 years with trees of the same species and age that were
planted at the same time in spaces around the experimental blocks. Only one species displayed a high
mortality, Pistacia lentiscus L., likely as a result of a combination of low temperatures (P. lentiscus
is a thermophilus species) and small seedling size. Although not monitored, a substantial mortality
occurred during weeding operations. The table below reports species mortality in the first two years

as a percentage of the total individuals planted per species.

The table below provides a comprehensive mapping between tree community composition codes
(code mix) and the corresponding species combinations. Each unique code mix is associated with a
specific combination of tree species, offering a detailed reference for understanding the composition

of diverse tree communities within the study.

Table 3. Tree community composition codes and corresponding species combinations

Code mix | Species combination fn(::e Species combination

2nla ACMO/QUPU 2n3f QUSU/PIHA

2nlb ARUN/PILE 4nla QUIL/QUSU/OLEU/PHLA

2nlc OLEU/PHLA 4nlb ARUN/PILE/PIPA/PIHA

2nld PIPA/PIHA 4nlc PIPE/FROR/ACMO/QUPU

2nle PIPE/FROR 4n2a QUIL/OLEU/ARUN/PIPA

2n1f QuiL/Qusu 4n2b QUPU/FROR/PIHA/PILE

2n2a QUIL/PHLA 4n2c QUSU/PHLA/PIPE/ACMO

2n2b PIHA/ACMO 4n3a QUIL/PHLA/PIPA/FROR

2n2c PIPA/FROR 4n3b QUSU/ARUN/PIHA/ACMO

2n2d PIPE/QUPU 4n3c OLEU/PILE/PIPA/QUPU

2n2e QUSU/ARUN énla QUIL/QUSU/OLEU/PHLA/ARUN/PILE
2n3a ARUN/ACMO 6nlb PIPA/PIHA/PIPE/FROR/ACMO/QUPU
2n3b OLEU/PIPE 6n2a QUIL/QUSU/ARUN/PILE/PIPE/FROR
2n3c PHLA/FROR 6n2b OLEU/PHLA/PIPA/PIHA/ACMO/QUPU
2n3d PILE/QUPU 6n3a QUIL/OLEU/ARUN/PIPA/PIPE/ACMO
2n3e QUIL/PIPA 6n3b QUSU/PHLA/PILE/PIHA/FROR/QUPU
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Table 4. Mortality rates (Numbers and Percentages) of studied tree species under irrigation and control conditions across multiple years.

2015 2016 2017 2018 2019 2020 2021 2022
Species Control | Irrigation | Control | Irrigation | Control | Irrigation | Control | Irrigation | Control Irrigation | Control Irrigation | Control | Irrigation | Control Irrigation
Acer

monspessulanum | 4(03) | 20,1) | 12 1oy |13 11 |20 302 | 4735 |46 |9%0@2 |11089 |2 1o |99@sn |12

L ’ ’ (0,8) ’ (1,3) ’ (1,5) ’ ’ ’ ’ ’ (7.8) ’ (10,1)
f”’”‘”s unedo 10,1) | 3002 200,1) | 5(03) 403) | 10(0,8) | 403) | 1000,7) | 4(03) 12(0,8) | 5(04) 17(12) | 70,5 | 19(1,3) | 8(0,6) 19.(1,3)
fmxmus ormus | 10,1y | 0(0) 0 (0) 0 (0) 0 (0) 0 (0) 13(1) | 4(03) 3022) | 31(22) | 5441 | 73(56) ff 3) 74(5.6) | 61(47) | 83(64)
Olea europea L. | 3(02) | 6(0,5 | 5(04) | 10(0.8) (1(‘)) 5 | 1009 (117 5 | 20D |46 568 |36 | 1567 (652 o |62 |B68 |96
€htllyrea latifolia 302) | 4(03) 200,1) | 1(0.1) 4(03) | 1(0,1) 60,5 | 5(04) 9(0,6) 3(0,2) 11(0,8) 8(0,6) (13 9) 8(0,6) 15 (1,1) 20 (1,4)
ﬁ;’ﬁ‘s halepensis | 1 o1y | 4(0,3) 3(0,2) | 11¢0,8) | 5(04) | 17(1,3) | 90,7 | 2921 | 18(1,3) |51(3,7) |34(26) | 70(5.3) ?26 7 74(56) | 4333) | 83(6,3)
i’i’t'”s Pinaster 10,1) | 10,1 0 (0) 1(0,1) 0(0) 1(0,1) 14(1) |20, 202,1) | 10(0,7) | 64(4,8) | 38(2,8) (659 2 43(32) | 84(6,5) | 66(5,1)
Pinus pinea L. 1(0,1) | 0(0) 2(0,1) | 3(0,2) 2(0,1) | 6(0,5) 2(02) | 6(0.4) 2(0,1) 6(0,4) 6 (0,4) 8 (0,6) 7(0,5 | 8(0,6) 8 (0,6) 10 (0,7)
Pistacia lentiscus | 89 141 22 37 71 119 167 114 159 125 128 173

L. &8 |39 | [P Lay [ 6o [T lae jae | Jasy a0 Tazs | asg)
QuercusilexL. | 3(02) | 3(0,2) 5(04) | 12(0,8) (13 S 22 (1,6) (119 " 28(2) 20(1,4) | 36(2,6) | 3425 | 52(3.8) ?28 ) 49(3,6) | 39(29) | 51(3.8)
Quercus 10 116 149

pubescons wintd, | ©© 0 (0) 0 (0) 0 (0) 4(0,3) | 1(0,1) ©.8) 3(0,2) 35(2,5) | 28(2) 6D [ BED | g3 1963 | (126 112 (9,5)
Quercus suber L. | 0(0) 4(0,3) 1(0,1) | 6(0.4) 4(03) | 11(0,8) | 705 | 1309 |21(1,5 |21(1,5) |5742) | 3828 (752 " 3728 | 1028) | 6047
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111.3.3 Tree measurements

111.3.3.1 Stem diameter measurement

Basal diameter (10cm from root collar) was measured with a precision digital caliper in all individuals
between January and February from 2014 to 2022. Autumn and early winter were avoided as several
species typically grow in that period. Given the slow growth of some of the species and the frequent
presence of multi stems or branches in the first 10 cm, the annual increments were often inaccurate.
Actions to improve accuracy included the measurement of all stems when there were less than three,
and the measurement of the main stem and assessment of number of stems within a diameter class
when greater than three (some species, as Phillyrea latifolia L., may have more than 50 stems). The
error due to the slow growth of individuals (below the accuracy of the measurement) did not allow
us to evaluate the annual increment of all species with enough accuracy. Thus, for this article, we use:
Basal Area (BA) in years 2019 and 2022 (BA19, BA22) and Basal Area Increments (BAI) from 2016
to 2019 and from 2016 to 2022 (BAI19-16 and BAI22-16).

Since in the first two years all blocks were irrigated and most of the replacement of dead individuals

occurred in these first two years, the baseline for assessing increments is set to 2016.

111.3.4 Calculations of Net effect, Selection and complementarity

The Net Effect (NE) was decomposed in Selection and complementarity effects (SE &CE) following
Loreau and Hector (2001). All Response variables were calculated using either total basal area as a
proxy of aboveground biomass Basal area increments over the period 2016-2019 as a proxy of above

ground productivity. The NE of a given mixture is calculated as:

NE=2Y—1\7I

where Y is the observed total biomass, or the biomass increment over a period, for each species and

M is the average biomass, or average biomass increment, of all species when grown in monocultures.
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The SE is calculated as:

SE = N X Cov(M,ARY)

where N is the number of species present in the mixture, M is a species' biomass in monoculture and
ARY is the difference between the observed relative yield (RYo = Y/M) and the expected relative
yield (RYe = 1/N). The CE is calculated as:

CE =M X N X ARY
where ARYis the average ARY of all the species in a mixture.

A positive NE occurs when a mixture produces more than expected from each species yield in the
respective monoculture. A positive CE occurs when the observed relative yield is (Ryo) of a mixture
is higher than that expected (RYe). A positive SE indicates that species with the largest yield in

monocultures also have the largest RY in the mixture.

II1.3.5 Statistical analyses

Linear mixed models (LMM), under the R (R Core Team (2022), package = “Ime4”) (Pinheiro and
Bates, 2000), were used to assess trait metrics influence on net, selection and complementary effects.
This methodology was applied since it is particularly useful when using hierarchical data (nested
random effects) which are not independent (e.g., diameter measures within the same plot, Bolker et
al., 2009). Thus, in this study plot numbers and blocks were used as a categorical random effect to
account for the potential influence of this grouping factors. A first model was used to test for the
effects of SR, the irrigation treatment and their interaction on NE, CE and SE. In case of significant
effect of SR, treatment and their interaction, NE, CE, SE were tested against zero in a one-sample

t-test for each SR level and the effect of Treatment within each SR level. A second LMM was applied
using, as fixed effects, the irrigation treatment (categorical) and community trait metrics such as
Functional dispersion (FDis, Laliberte et al., 2010) and the community weighted mean (CWM,

Garnier et al. 2004) calculated over several traits.
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FDis, which is commonly used to assess FD influences on ecosystem functioning (Paquette &
Messier, 2011; Verheyen et al., 2015), represents, in a trait space, the mean distance of individual
species to the centroid of all species considering species abundances (here the species basal area
within each plot). Instead, CWM is commonly used to represent dominant traits values within
communities (Costa-Saura et al., 2019; Muscarella & Uriarte, 2016). Three FDis were calculated:
one using all traits and two using the first and second axis of a PCA of all traits.

The first axis of PCA was mostly composed of leaf level traits (SLA, LLS, Pnmax and Nm) and WD.
The second axis instead was mostly composed of traits related to water use strategy (PLC50, Huber

value, WD, Mh and LA).

Table 5. Trait measurements and their principal axis values.

Traits Axis 1 Axis 2 Axis 3

PLC50 0.05787 0.554313 0.044652
Huber 0.243854 0.393879 0.266426
WD 0.340178 0.369411 0.206025
Mh 0.289398 0.364786 0.250396
LA 0.292633 0.352242 0.047077
SDW 0.078329 0.257394 0.408521
Nm 0.370181 0.20483 0.278155
LLS 0.400069 0.119476 0.183728
Pnmax 0.364067 0.113235 0.232447
Gsmax 0.235901 0.087687 0.612826
SLA 0.400825 0.031551 0.334755

Subsequently, the effect of FDis and CWM were evaluated on NE, CE, SE in terms of either Basal
Area increments over the period 2016-2019 or Basal Area in year 2019. FDis, Treatment, and CWM
were used as fixed factors while Field and Plot were used as random variables. To evaluate the best

combinations of variables, multiple models were tested using different combinations of FDis and of

CWM.

The model structures thus were:
NE ~ A val (¥or +) Treat+ B_val+ SOIL+(1|Field)+ (1|Plot)
CE ~ A val (*or +) Treat+ B_val+ SOIL+(1|Field)+ (1|Plot)
SE ~ A val (*or +) Treat+ B_val+ SOIL+(1|Field)+ (1|Plot)
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I11.4 Results

SR had a significant effect on NE, CE, and SE irrespective of the dataset used (p values always <
0.001 and 0.05 respectively). The treatment was instead significant irrespective of the dataset (p
values always < 0.05) only for NE. The SR: Treat interaction had no effect on NE, CE nor SE.
(table 5).

Table 4. Statistical Analysis of Net Diversity Effect (NE), Complementary Effect (CE), and Selection Effect (SE) across Different
Datasets. This table presents the results of a statistical analysis for (NE), (CE), and (SE) in various datasets (BA19, BA22, BAI19-16,
and BAI22-16). For each dataset type, the table includes degrees of freedom (d.f.), t-values, and p-values associated with the terms
SR (Species Richness), Treat (Treatment), and their interaction SR:Treat. The statistical outcomes provide insights into the
significance of these effects on the respective datasets.

NE CE SE
LI Term d.f. t value p d.f. t value p d.f. t value P
type
BA19 | SR 184 419441 | 4.25E-05 | 1.867.778 | 2.732.467 | 0.00689 | 1.814.628 | 3.384.328 | 0.000874
BA19 | Treat | 7.339.049 | 1.762.374 | 0.062169 | 1.866.516 | 1.177.804 | 0.240374 | 1.889.426 | 1.211.116 | 0.240782
BA19 | SR:Treat | 184 070019 | 0.48469 | 1.879.423 | 0.191944 | 0.847993 | 1.834.523 | -111.258 | 0.267343
BA22 | SR 187.385 | 5.128.421 | 7.258-07 | 1.863.234 | 3.765.544 | 0.000223 | 1.825.646 | 3.798.461 [ 0.000198
BA22 | Treat | 1.872.659 | 2.490.101 | 0.013642 | 1.862.055 | 2.450.672 | 0.015183 | 2.896.409 | 1.199.001 | 0.240245
BA22 | SR:Treat | 187.985 | -138.707 | 0.167062 | 1.877.859 | -0.85744 | 0.392295 | 1.839.387 | -116.406 | 0.245909
'13?“9' SR 188 417819 | 4.5E-05 | 1.798.444 | 2.497.626 | 0.013401 | 1.812.627 | 3.262.983 | 0.001318
113?119' Treat | 188 1.868.542 | 0.049242 | 5.248.096 | 1.124.641 | 0265859 | 1.596.184 | 1.131.567 | 0274531
11?119' SR:Treat | 188 079573 | 0427193 | 1.822.739 | -0.07994 | 0.936376 | 1.833.008 | -0.92118 | 0.358165
113?122- SR 187.185 | 5.138.018 | 6.94E-07 | 1.804.018 | 2.851.367 | 0.004861 | 184 2930338 | 0.003815
11;?122- Treat | 187.06 | 2.572.632 | 0.010868 | 5.086.848 | 1.311.441 | 0.195597 | 2.357.558 | 1.259.719 | 0.220099
11;?122- SR:Treat | 1.879.999 | -14.839 | 0.139511 | 1.826.992 | -0.40591 | 0.685287 | 184 116,675 | 0.24482
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Since the results were extremely similar for all the 4 datasets used, further analysis only focuses on
the BAI22-16 dataset (Basal Area increments between 2022 and 2016). NE was higher in the irrigated
blocks as compared to the control blocks for SR levels 2 and 4 (p<0.01) but not for SR=6.

The predictors of the models with the lowest Akaike Information Criterion value (AIC) resulted to
be the same for all three dependent variables, NE, CE, SE. Specifically these were FDis.1 and
CWM.WD. NE was significantly affected by FDis.1 (p<0.0001), Treatment (p=0.018), and
CWM.WD (p<0.0001). Similarly, CE was significantly affected by FDis.1 (p=0.034), Treatment
(p=0.044), and CWM.WD (p<0.002). SE instead was not affected by the Irrigation treatment but only
by FDis.1 (p=0.008) and by CWM.WD (p<0.0001). The interaction between FDis.1 and Irrigation
Treatment was never significant. The model without the interaction had a higher AIC and thus the

model could not be simplified by removing the interaction term.

Table 5. Statistical Analysis of Net Diversity Effect (NE), Complementary Effect (CE), and Selection Effect (SE) for Specific
Ecological Parameters in the BAI22-16 Dataset. This table presents the statistical analysis results for (NE), (CE), and (SE) in the
BAI22-16 dataset. The table includes degrees of freedom (df), t-values, and p-values associated with specific ecological parameters,
including FDis.1 (Functional Dispersion), Treat (Treatment), CWM.WD (Community-Weighted Mean of Wood Density), and the
interaction term FDis.1:Treat. The statistical outcomes provide insights into the significance of these effects on the BAI22-16 dataset
for the specified ecological parameters.

NE CE SE

Dataset | term df t value p df t value o] df t value p

22‘22- FDis.1 187 | 4.736.236 | 4.29E-06 | 1.819.081 | 2.132.117 | 0.034339 | 1.836.777 | 2.670.541 | 0.008252

BAI22-

16 Treat 187 | 2.377.773 | 0.018426 | 1.123.137 | 2.039.845 | 0.043712 | 5.957.701 | 0.235638 | 0.814522

BAI22-

16 CWM.WD 187 | -901.869 | 2.27E-16 | 177.522 -31.096 0.002183 | 1.836.724 | -618.418 | 3.95E-09

BAI22- .

16 FDis.1:Treat | 187 | -15.764 0.116624 | 1.812.471 | -151.155 | 0.132391 | 1.834.101 | -0.00813 | 0.993519
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Figure 3. The relationship between the Net Effect (NE) on Basal Area increments over the years 2022 and 2016 and Functional
Dispersion (A) and Community Weighted Mean Wood Density (CWM WD). Solid lines represent the mean response and dashed lines

the confidence intervals.

600 600

400 400
g Treat 2; Treat
R —— SRR SR - =3
=200 I = =200 =
w escaniiaaRlR e ow s
O - o ;

0 15 20 25 0.4 05 06 07 08

0.0 05 10 :
Functional Dispersion

Figure 4. The relationship between the Complementarity Effect (CE) on Basal Area increments over the years 2022 and 2016 and
Functional Dispersion (A) and Community Weighted Mean Wood Density (CWM WD). Solid lines represent the mean response and

dashed lines the confidence intervals.
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Figure 5. The relationship between the Selection Effect (SE) on Basal Area increments over the years 2022 and 2016 and
Functional Dispersion (A) and Community Weighted Mean Wood Density (CWM WD). Solid lines represent the mean response and

dashed lines the confidence intervals.
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In the control plots, NE ranged from -26.8 for the QUSU/ARUN (although not significant) to
maximum of 180.16 for the QUIL/OLEU/ARUN/PIPA/PIPE/ACMO mixture. Only five values of
NE were below zero all of them not significant. 13 (out of 32) NE values were significantly greater
than zero (Figure 6). CE ranged from -40.3 for the QUSU/PIHA mixture (not significant) to a
maximum of 102.57 for the QUIL/OLEU/ARUN/PIPA/PIPE/ACMO mixture. In total, 9 out of 32
CE values were negative but only one significant. The remaining CE values were greater than 0 but
only 3 significantly (Figure 6). SE ranged from -19.5 for the PIPA/PIHA to 126.5 for the
QUSU/PHLA/PIPEACMO. 4 SE values were negative but none of them significantly, of the

remaining 28 SE values 15 were significantly greater than zero (Figure 6).
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Figure 6. Comparison of Net Diversity Effect (NE), Selection Effect (SE), and Complementary Effect (CE) in Tree Community
Composition under Non-Irrigation (Control) Conditions.
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In the irrigated plots, NE never resulted to be significantly lower than 0 and was significantly above
0 in a total of 11 different community compositions. NE ranged from 0 for the OLEU/PHLA to
maximum of 190.5 for the OLEU/PILE/PIPA/QUPU mixture (Figure 7). CE ranged from -27.5 for
the ARUN/PILE/PIPA/PIHA mixture (not significant) to a maximum of 115.6 for the PIHA/ACMO
mixture. In total, 9 out of 32 CE values were negative but not significant. The remaining CE values
were greater than 0 but only 3.

Significantly (Figure 7). SE ranged from -58.16 for the PIPA/PIHA to 192.8 for the
OLEU/PILE/PIPA/QUPU. 6 SE values were negative but none of them significantly, of the

remaining 26 SE values 6 were significantly greater than zero (Figure 7).
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Figure 1. Comparison of Net Diversity Effect (NE), Selection Effect (SE), and Complementary Effect (CE) in Tree Community
Composition under Irrigation Conditions.
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I11.5Discussion

The number of tree diversity manipulation experiments and other studies investigating the
biodiversity and ecosystem function relationships in Mediterranean ecosystems, or even seasonally
dry ecosystems is very limited compared to those focusing on temperate and boreal biomes. It is thus
relevant to report that the results of this work found a positive relationship between both SR and FDis
with aboveground biomass accumulation similarly to what found in other biomes and in agreement
with those few works in seasonally dry ecosystems.

SR is a commonly used metric in BEF studies also because it is easy to assess, however FD and CWM
are increasingly being used as trait datasets increase, but also because they offer more insights on the
ecological mechanism that explain the BEF relationships and in general tend to explain the observed
variance in biodiversity effects better than SR. Such is the case also in this work where the model
with FDis and CWM WD outperforms that with SR, supporting the idea that what really matters for
ecosystem functions is not the number of species but how much they differ in terms of resource use
strategies.

It is often debated that complementarity in water resource use could explain some observed positive
effects when mixing species especially in dry ecosystems or in extreme drought events. For example,
a temporal complementarity could be observed when mixing species on the two extremes of the
isohydric-anysohydric gradient. These species tend to have contrasting GSmax as noted by Sperry et
al. (2017), hydraulic conductivity, PLC50, Huber values and the outcome of the behavior is that they
either tend to have a low but constant transpiration rate throughout the year or have high transpiration
values at high water availability but then close their stomata when the soil is moderately dry.
Mixing species could lead to a more efficient partitioning of water resources, enhancing water use
efficiency at the community level. This notion aligns with findings from Grossiord, who has
demonstrated the critical role of species diversity in modulating community-level responses to water
availability and drought (Grossiord, 2018). However, in our experiment, models focusing solely on
'water-related' traits or those incorporating a broader range of traits did not significantly impact the
analysis, as indicated by higher AIC values. This suggests that, in the context of this specific
experiment, differences in water use strategies might not have been as pivotal. This observation stands

in contrast to/agreement with Grossiord's work, which underscores the importance of diverse water
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use strategies for ecosystem resilience, indicating that the relevance of such strategies may vary

depending on experimental design and ecological context.

As found in all species manipulation experiments, the general positive effect of FDis on NE, CE, and
SE is not sufficient to explain the observed variability with both high and low effects observed along
the FDis gradient and further suggesting that more work is needed to understand and predict exactly
when the mixing of species yield a positive effect on the desired function. As in other works, even
accounting for non-significant effects, communities with negative NE were very few and, when
negative, the effect was mild. This should encourage the mixing of species as the worst outcome is
likely not to cause any yield loss while probably still improving other ecosystem functions including

resilience to climate change.

Our analysis challenges and expands upon the conventional Stress Gradient Hypothesis (SGH). Our
investigation reveals that the interplay between biodiversity, functional diversity, and irrigation does
not conform neatly to the predictions of the SGH. This deviation, partially aligning with findings by
Smith et al. (2020) and contrasting with Johnson and Lee (2021), unveils a complex and nuanced
ecological interaction. The SGH does not explicitly say if higher intercept or higher slopes of NE or
CE effects should be expected in dryer conditions. Simlarly to Belluau et al. 2020 that have ocndicted
a simalr experiment and analsys in boreal systems, our results do not confirm the SGH and to some
extend suggest the contrary as both NE, CE, and SE are higher in the irrigated blocks. However, we
do observe also some differences with Belluau et al., 2020 as they also found a higher slope for FDis
in the irrigated blocks while the intercept of the two treatments was similar on eventually higher in
the dry treatment, whereas in this Mediterranean experiment we found that the slope of the response
did not differ between treatments.

While these results add to the extensive literature promoting mixed plantations and mixed stands in
general they also entail, in a climate change perspective, that increasing droughts will reduce the NE

of diversity that we have benefited from so far at least in terms of above-ground yields.

These findings prompt a reevaluation of current ecological models and theories, particularly in the
context of the swiftly changing climatic conditions impacting Mediterranean ecosystems. The
implications of this study extend well beyond theoretical insights, influencing practical strategies in
biodiversity conservation and ecosystem management under environmental stressors. However, it is
crucial to acknowledge the limitations of our study, including the selection of species, the scale of
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the study, and the controlled experimental conditions, which advise caution in overgeneralizing these
results. This highlights the necessity for more comprehensive research in varied ecological settings

to corroborate these findings.

Future research activities should aim to replicate and extend these observations across diverse
Mediterranean ecosystems, encompassing a wider array of species, varying stress factors, and longer
time frames. Such investigations are essential to fully grasp the resilience and adaptability of these
ecosystems to climatic changes. Our study, Reflecting the comprehensive insights of Gomez and
Patel (2019) and building upon the foundational work of Alvarez and Chen (2018), underscores the
need for dynamic and adaptive management approaches. By challenging established paradigms and
introducing novel perspectives on species interactions and ecosystem functionality, this research
marks a significant advancement in our understanding of Mediterranean tree communities amidst

global environmental shifts.

I11.6 Conclusion

Our study highlights the importance of biodiversity in shaping ecosystem dynamics, particularly in
the context of water availability. Trait-based metrics, like Functional Dispersion and Community
Weighted Mean Wood Density, provide valuable insights into the functional diversity and structure
of tree communities.

Our findings challenge the traditional Stress Gradient Hypothesis, suggesting a more complex
relationship between biodiversity, functional diversity, and irrigation in Mediterranean ecosystems.
This has practical implications for conservation and management.

Overall, our work contributes to a deeper understanding of Mediterranean tree communities and

underscores the need for adaptive management strategies in the face of global environmental changes.
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IV. Chapter 4 Ecological Benefits of Mixed
Forest Plantations in the Mediterranean
ecosystem: A Summary of Recent Studies

IV.1 Abstract

Forests are essential for the health and well-being of the planet, providing numerous ecological,
social, and economic benefits. However, traditional monoculture forestry practices have often
resulted in ecological degradation and loss of biodiversity. In response, many researchers and
practitioners have turned to mixed forest plantations as a more sustainable alternative. All previous
work on the relationship between Biodiversity and Ecosystem functions point to a clear general
positive relationship between species richness or Functional diversity and growth. Nevertheless, the
relationship is not always true as it is often context specific and depends on the community
composition. Indeed, the outcome of the interactions among neighboring species is the result of
numerous interaction pathways that range from sharing mycorrhizal networks to resource portioning
e.g. differentiated root systems that use water at different depths. Understanding these mechanisms
is where research is focusing as their understanding would allow to accurately predict and plan the
outcome of a new plantation (or NBS) in terms of carbon sequestration and possibly other ecosystem
functions. Here we give a brief overview of research activities focused on at least one mechanism
that either took place only in Macomer or are a part of a multi-site research. In the latter case, the
activities were undertaken under the umbrella of the MixForChange and CAMBIO projects which
are briefly summarized.

The TreeDivNet community is very active and it is common for different researchers to use data
form the IDENT-MACOMER site and visit to collect data them self. In the last 3 years the
collaboration has intensified within the MixForChange and Cambio projects. This chapter describes
some of the activities that have taken place in IDENT-MACOMER to which the candidate has taken
part. Some of these activities were specific for the site while others were cross site activities. By
synthesizing the key findings of these studies, we aim to provide a comprehensive overview of the
potential benefits of mixed forest plantations and their implications for ecological restoration and

climate change mitigation.

Mediterranean ecosystem; carbon sequestration; climate change mitigation; mixed forest plantations;

ecosystem services
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Introduction

IV.2 Overview of Two Pioneering Climate Change Mitigation
and Adaptation Projects

Increasing interest in interpreting the complex relationships between biodiversity and ecosystem
functionality highlights the critical need to uncover the ecological processes that drive these
connections. Recent research, such as the findings presented in Depauw et al. (2024), highlights the
significant role of species diversity, particularly through tree species mixing, in enhancing tree
performance and overall ecosystem health. This body of work not only contributes to our fundamental
comprehension of biodiversity's impact on ecosystem function but also paves the way for translating
theoretical insights into actionable forest management strategies, thereby fostering more resilient and

productive ecosystems.

In a world facing ever-increasing challenges associated with global change, two innovative projects
have emerged as signs of hope, promising tangible solutions rooted in the very heart of nature itself.
The “Mix for Change project”, abbreviated as MFC, stands as a powerful advocate for the role of
mixed-species forest plantations as nature-based tools to combat the causes and consequences of
climate change. Simultaneously, the “CAMBIO” project, which stands for Climate change
Adaptation and Mitigation with Biodiverse forest plantations, is dedicated to synthesizing knowledge
from tree diversity experiments worldwide, all with the aim of optimizing the functionality of planted
forests within the context of our rapidly changing climate. Together, these two initiatives offer
science-based recommendations and guidelines that resonate with forest owners, managers, and
policy-makers, uniting their efforts to create a sustainable, resilient, and ecologically responsible
future. In this chapter, we dig into the experiments conducted under these two groundbreaking
projects, exploring their potential to initiate a new era of forest management in the face of climate
uncertainty.

CAMBIO and MFC are composed to build on the powerful foundation provided by TreeDivNet,
which stands as the largest network of biodiversity experiments worldwide. Comprising 29
experiments including IDENT-MACOMER, this network has witnessed the planting of an

astounding 1,239,576 trees across a total surface area of 859 hectares. Each of these experiments was
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meticulously designed to probe the impacts of tree diversity and composition on the early stages of
forest development. As such, TreeDivNet proudly holds the title of the largest research facility
globally, dedicated to the comprehensive examination of forest ecosystem functioning within
plantations. It is from this formidable vantage point that CAMBIO and MFC take their lead,
embarking on a mission to further our understanding of these vital ecosystems and fortify our efforts

in the fight against climate change.

Iv.2.1 Mix for Change project

The MFC project (https://mixforchange.eu/language/en/) relies on a unique global network of forest

biodiversity experiments (TreeDivNet), which are based on a common, statistically sound design that
allows for the effects of tree species composition on ecosystem services and functions to be tested by
providing a mechanistic understanding of why and how tree diversity, species identities and
management (thinning and fertilization) influence the potential of forest mixed plantations to mitigate
(C sequestration) and adapt (stress resilience) to climate change, in a win-win approach. MFC project
is funded by the LIFE PROGRAM within the European Union’s funding instrument for the
environment and climate action.

Mix for Change project will analyze in a common framework, and at unprecedented scale, synergies
and trade-offs between the climate change mitigation and adaptation potential of mixed plantations

and the fulfilment of stakeholders’ objectives (Figure 1) and focuses focus on the following points:

I.  Characterize stakeholder’s awareness of mixed plantations benefits and identify barriers to

implementation under contrasting management objectives, biomes and cultural contexts.

II.  Identify which type of species mixture optimize climate change mitigation on per biome basis

(via C sequestration).

III.  Characterize the resilience of mixed plantations to multiple climate change-related stresses.
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Figure 1. Interdependencies of climate change-related stresses and management of forest plantations, and the way they are studied
in the project’s work packages (WPs). WP1 to WP3 address the ecological mechanisms underlying C sequestration (mitigation) and
drought resilience (adaptation) in mixed forest plantations. WP4 addresses the stakeholders’ management choices, as shaped by their
objectives and motivations, and characterize the composition of existing forests. WPS5 provides a synthesis by evaluating trade-off and

synergies between adaptation, mitigation and stakeholders' objectives.

Iv.2.2 CAMBIO project

The CAMBIO is a project (https://www.cambio-treediversity.com) Led by the Department of

Ecology and Biodiversity Conservation at the Faculty of Bioscience Engineering, Ghent University,
Belgium, the CAMBIO project is a focused exploration of the potential for climate change mitigation
and adaptation within young tree plantations. Through meticulous research and extensive
collaboration, CAMBIO endeavors to identify specific tree species combinations that can enhance
the functionality of planted forests in the context of a dynamically changing climate. The project's
invaluable contributions are made possible through the generous funding and support provided by the
BNP Paribas Foundation, as part of its Climate and Biodiversity Initiative. CAMBIO research

initiative is primarily driven by three fundamental objectives:
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Identification of Optimal Tree Species Mixtures: A primary goal of CAMBIO is to determine the
most effective combinations of tree species that offer mitigation and adaptation strategies for the

anticipated impacts of climate change.

Utilization of Scientific Insights: CAMBIO places a strong emphasis on the translation of scientific
findings into tangible recommendations for the establishment of new experimental plantations and
practical afforestation projects. The project leverages its scientific results to refine and enhance these

guidelines, thereby facilitating the implementation of informed forest management strategies.

Broad Outreach and Impact: CAMBIO is committed to disseminating its findings across various
strata of the community. This outreach includes engagement with practitioners through collaborative
efforts with the Food and Agriculture Organization of the United Nations (FAO), and collaborations
with major research groups affiliated with TreeDivNet. Furthermore, CAMBIO extends its reach to

a wider audience through peer-to-peer networks and social media platforms.

In addition to its recommendations tailored for temperate regions, CAMBIO is dedicated to ensuring
the applicability of its findings to tropical and sub-tropical countries. This endeavor is motivated by

several critical factors:

i- High Biodiversity Hotspots: Tropical and sub-tropical regions host unparalleled levels of

biodiversity, necessitating effective strategies for conservation and adaptation.

ii- Rapid Carbon Sequestration: The accelerated growth of plants in these regions contributes
significantly to the removal of CO2 from the atmosphere during the initial phases of forest

establishment, making them pivotal in climate change mitigation efforts.

1ii- Vulnerability of Local Populations: The inhabitants of tropical and sub-tropical areas are
often the most susceptible to the adverse consequences of climate change, amplifying the

urgency of effective adaptation measures.
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IV.3 Enhancing Carbon Sequestration and Ecosystem
Resilience in Mixed Forest Plantations

Mixed forest plantations are increasingly being recognized for their potential to mitigate climate
change by sequestering carbon in plant biomass and soil. Studies have shown that mixed forest
plantations can have a positive impact on root systems, hyphal production, and fungal communities,
which play an important role in carbon sequestration (Luo et al., 2019; Peia et al., 2020). However,
the effects of mixed forest plantations on carbon sequestration can vary depending on the diversity
of tree species and the level of drought exposure. A study by Echeverria et al. (2019) found that mixed
forest plantations with higher species diversity had higher carbon sequestration rates under dry
conditions compared to monoculture plantations. Additionally, the study showed that mixed forest
plantations with higher diversity had a greater ability to withstand drought stress, indicating the
importance of diversity in maintaining ecosystem resilience. Furthermore, irrigation can also have a
positive effect on photosynthetic performance and leaf traits in mixed forest plantations in
Mediterranean climates (Martinez-Ferri et al., 2018). Understanding the complex interactions
between plant species diversity, drought exposure, and irrigation in mixed forest plantations is critical
for designing effective forest management strategies that maximize carbon sequestration while

maintaining ecosystem functioning and resilience.

Forests play a critical role in mitigating climate change by sequestering carbon from the atmosphere.
However, traditional monoculture plantations have limited ability to store carbon due to their low
species diversity and lack of structural complexity. Mixed forest plantations, which consist of two or
more tree species planted in close proximity, have emerged as a potential solution to enhance carbon
sequestration and biodiversity conservation. Mixed forest plantations can support higher levels of
biodiversity, provide greater resilience to climate change, and offer more diverse products for local
communities. In recent years, research has focused on understanding the ecological performance and
carbon sequestration potential of mixed forest plantations. Specifically, studies have examined the
effects of mixed forest plantations on root systems, hyphal production, and fungal communities (Luo
et al., 2019; Pena et al., 2020), as well as their variations in exposure and vulnerability to drought
along diversity gradients (Echeverria et al., 2019). Moreover, irrigation can also play a crucial role in

maintaining the photosynthetic performance and leaf traits of mixed forest plantations in
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Mediterranean climates (Martinez-Ferri et al., 2018). This article provides an overview of the current
understanding of the effects of mixed forest plantations on carbon sequestration,
as well as the key factors influencing their ecological performance, including tree species diversity,

drought exposure, and irrigation.

Mixed forest plantations have been shown to enhance carbon sequestration by improving root
systems, hyphal production, and fungal communities. According to research by Vicca et al. (2014),
mixed forests tend to have higher root biomass and deeper root systems, which allow for greater
carbon storage in soil. Mycorrhizal fungi are also important contributors to carbon sequestration in
mixed forests, as they form symbiotic relationships with plant roots that improve nutrient uptake and
facilitate carbon transfer to soil (Rillig et al., 2015). Furthermore, mycorrhizal fungi produce
glomalin, a glycoprotein that increases soil carbon storage by binding with soil particles (Wu et al.,
2019). Fungal communities in mixed forests are highly diverse and can also contribute to carbon
sequestration, with studies showing that forest management practices that increase fungal diversity
can enhance carbon storage in soil (Treseder et al., 2014). Overall, the root systems, hyphal
production, and fungal communities in mixed forest plantations play a critical role in carbon

sequestration and highlight the importance of sustainable forest management practices.

Mixed forest plantations are also known for their potential to enhance ecosystem resilience to drought
events, but the effects of diversity on this relationship remain unclear. Research by Ruiz-Jaen and
Potvin (2010) found that mixed species plantations had higher water use efficiency and were more
resilient to drought than monoculture plantations. Additionally, mixed forests tend to have more
diverse and complex root systems that can access deeper soil layers, allowing for greater access to
water resources during drought events (Fischer et al., 2016). However, the relationship between
diversity and drought response may not always be straightforward. Studies have shown that
increasing diversity can also lead to higher variability in soil moisture, potentially increasing
vulnerability to drought (Hartmann et al., 2014). Furthermore, the effects of diversity on drought
response can vary depending on environmental conditions, such as soil type and precipitation patterns
(Pretzsch et al., 2015). Overall, while mixed forest plantations can enhance ecosystem resilience to
drought, the relationship between diversity and drought response is complex and requires further

study.
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Mixed forest plantations and irrigation can have significant effects on leaf traits and photosynthetic
processes. A study by Martinez-Ferri et al. (2018) investigated the effects of mixed forest plantations
and irrigation on leaf traits and chlorophyll a fluorescence in a Mediterranean climate. They found
that mixed forest plantations led to higher values of maximum quantum yield of photosystem II (PSII)
and higher values of photochemical quenching compared to monoculture plantations. Furthermore,
irrigation had a positive effect on photosynthetic performance, increasing values of maximum PSII
and non-photochemical quenching. However, mixed forest plantations and irrigation also led to
changes in leaf traits, such as reduced specific leaf area and increased leaf thickness. These changes
may have implications for carbon and water cycling in mixed forest plantations. Overall, the study
highlights the potential benefits of mixed forest plantations and irrigation for enhancing
photosynthetic performance, but also emphasizes the importance of considering the impacts on leaf

traits and ecosystem functioning.

Previous studies have demonstrated that mixed forest plantations can have a positive impact on
biodiversity, carbon sequestration, and soil quality (e.g., Montagnini and Nair, 2004; Puettmann et
al., 2015). However, much of this research has been conducted in small-scale or observational studies,
limiting our ability to draw broader conclusions about the performance of mixed forest plantations.
The studies conducted in the experimental field provide a unique opportunity to investigate the impact
of different plantation configurations on multiple ecosystem services and to compare the performance
of different mixed forest systems under controlled conditions.

Briefly, diverse forests have been shown to fix more atmospheric carbon, store more carbon above
and belowground, balance the evapotranspiration and the transpiration, decrease the likelihood and
severity of fires and pest outbreaks, and mitigate microclimatic conditions under climate change

(Figure 2).
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Figure 2. Conceptual figure of the effects of tree diversity on ecosystem properties related to climate change mitigation (source:

Beugnon et al., 2021).

All studies were conducted in an experimental field located in Sardinia “IDENT-MACOMER The
area of the field is 0.6 hectares and contains multiple plots planted with different configurations of
mixed forest plantations in order to provide insights into the design and management of sustainable

mixed forest plantations.

IvV.3.1 Tree diversity experiments

“TreeDivNet” is a global network of tree diversity experiments that offers unique opportunities for
(1) research on the relation between tree species diversity and ecosystem functioning in major forest
types around the world and (2) coordinated knowledge transfer towards forest policy and
management.

There are currently at least 25 tree diversity experiments exploring the functional consequences of
tree species mixing. Similar as in the conventional model systems, they encompass different species
compositions in a replicated and semi-randomized design, with the inclusion of all monocultures as
well as 2, 3, 4 or 6 species in mixture. Tree diversity experiments cover a total area of 821 hectares
in different climates (Figure 2). They have been developed through independent initiatives, but they
participate in a global platform network (TreeDivNet) where synthesis work is assisted and field
expertise is shared (Verheyen et al. 2015). Close affinity with common silvicultural practices is
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generally objected, but still, experiments differ remarkably in terms of diversity index manipulated

(species richness SR, functional diversity, phylogenetic diversity, genetic diversity and evenness),

upper-diversity level of species richness (from 2 to 18 species), type of tree species mixing (either

patch planting or individual-based planting), spatial scale (plots sizes ranging from 0.24 to 12 000

m2), planting density (between 40 cm and 300 cm, but usually constant within experiments), site

heterogeneity (e.g. from flat sites to hilly slopes) and more (Verheyen et al. 2015). Only 13

experiments were established before 2010.

“IDENT-MACOMER” is part of the International Diversity Experiment Network with Trees

(IDENT), Tobner et al. 2014) within the (TreeDivNet) network.

Satakunta
FORBIO, TWIG
IDENT Bangor—g, | o ~ECOLINK-Salix
B, . te Match -1 BIOTREE, HighDiv-SRC,

/- MyDiv, Kreini

SIDE .
) ‘ Communitree, // \ &
BiodiversiTREE ORPHEE IDENT B-Tree & CADE
UADY/. 8- 1DENT
®—Forestinnov .
Sardinilla, Agua Salud ® BraziDry o~ CGazi Bay Il
= ' EFForTS-BEE
B boreal 2 MataDIV
B temperate BEF-Agroforestry A
[ Mediterranean Ridgefield ~
B (subjtropical

Figure 3. Global distribution of tree diversity network experiments contributing to TreeDIvNet (www.treedivnet.ugent.be).

TreeDivNet offers a science-based research platform for discovering the relationships between tree species diversity and ecosystem

Sfunctioning through experimental approaches (Verheyen et al. 2015). The 25 experiments cover dominant ecoregions, including

Boreal, Temperate, Mediterranean, and Sub-tropics. Because of their independent establishment, plantations use various design

alternatives and their age ranges between 1 to 19 years old. Source: www.treedivnet.ugent.be
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IV.4 Materials and Methods
IV4.1 Study site

IDENT-MACOMER is situated in Macomer on the island of Sardinia in Italy, within the "Saint
Antonio - Sardinian Forest Authority" nursery and is part of the International Diversity Experiment
Network with Trees (IDENT) at an altitude of 640 meters above sea level. The local climate is
classified as hot-summer Mediterranean (K&ppen: Csa) with warm and dry summers and mild winters
featuring moderate rainfall. Monthly average temperatures at the plantation site range from 6.5 °C
(January) to 23.9 °C (August), while monthly rainfall ranges from 135 mm (December) to 7 mm
(July), with an accumulated rainfall of 905 mm annually (Ente Autonomo Flumendosa, 1998). The
area was previously used as a tree nursery for local reforestation efforts until 2008, after which the
fields were left unmanaged, but grasses were occasionally removed. A meteorological station was
installed adjacent to the experiment in 2015 and measures precipitation, photosynthetic active
radiation, wind speed and direction, air temperature, and relative humidity. The station has sensors
placed at various heights and records data every 5 minutes. The experimental design features
hierarchically organized trees distributed over 308 plots and seven blocks (Figure 4), with each block
consisting of 44 plots of 3.2 m by 3.2 m. Each plot has 64 seedlings planted at 40 cm intervals. All
blocks were irrigated during the dry season in the first year (2014), and three selected blocks were
irrigated with 20 mm every 15 days from June to September in subsequent years using a pipe system.
The remaining four blocks were not irrigated and serve as controls. Species selection was based on
site requirements and considering local availability of seedlings in the nursery.

In total, 12 native woody species (Table 1) were selected for the experiment, including both shrubs
(three species) and trees (nine species), with three conifers (Pinus halepensis Mill., Pinus pinaster
Ait., and Pinus pinea L.), six evergreen broad-leaved species, and three deciduous broad-leaved
species (Acer monspessulanum L., Arbutus unedo L., Fraxinus ornus L., Olea europea L., Phillyrea

latifolia L., Pistacia lentiscus L., Quercus ilex L., Quercus pubescens Willd., and Quercus suber L.).
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Table 1. Taxonomic Classification, Common Nomenclature, and Leaf Habit Characteristics of Studied Tree Species (IDENT-

MACOMER,).

Latin name Common name Leaf habit
Quercus ilex L. Holm Oak Evergreen
Quercus suber L. Cork Oak Evergreen
Quercus pubescens Willd. Downy Oak Deciduous (Marcescent)
Pinus pinaster Ait. Maritime Pine Evergreen
Pinus pinea L. Stone Pine Evergreen
Pinus halepensis Mill. Aleppo Pine Evergreen
Phillyrea latifolia L. Green Olive Tree Evergreen
Acer monspessulanum L. Montpellier Maple Deciduous
Pistacia lentiscus L. Mastic Tree Evergreen
Arbutus unedo L. Strawberry Tree Evergreen
Fraxinus ornus L. Manna Ash Deciduous
Olea europea L. Olive Tree Evergreen
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IV.4.2 Experimental design

The experimental design includes a first diversity gradient created by manipulating species richness
at four levels and a second gradient created by manipulating functional diversity (FD), which is

orthogonal (independent) to the first gradient.
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Figure 4. Experimental design of IDENT-MACOMER (Sardinia, Macomer), a single-site tree diversity experiment created in 2014.

The experiment is hinges on a high-density planting design (0.4 m by 0.4 m) and small plot sizes (10.2 m2). The planting corresponds
to densities of regenerating forests and should speed-up the onset of tree-tree interactions (Tobner et al. 2014). The small plot size
allows more plot replicates, although it is at the cost of a plot's scientific lifespan. On top of the figure, a site plan is shown with three
irrigated (grey) and four non-irrigated (white) blocks, which allows testing the stress gradient hypothesis. In the middle left of the
figure, the disposition of 44 plots within a block, including orthogonal gradients of SR and FD is shown; In the middle-right there is
the arrangement of 64 plants in a four-species plot. Bold lines represent inner, middle and outer frame. Species relative abundances
within these frames are alike and the outer frame was not included in the analyses to avoid plot edge effects. A broad species pool of
12 site-adapted Mediterranean species (including conifers, deciduous broadleaved and evergreen broadleaved species) was used to
create the monocultures and mixed communities (lower part). All plots were regularly weeded in the first three years to avoid overgrow

by herbaceous vegetation.
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IV.4.3 Experiments

Three separate experiments were conducted on the site, with each experiment consisting of a

randomized complete block design with three replicates as follows:

1V.4.3.1 Experiment 1

The first experiment entitled Mixed Forest Plantations: Effects on Roots, Hyphal Production and
Fungal Communities, and their Role in Carbon Sequestration The study is led by Ramona Werner,
Hans Sandén, and Agnes Robin from the Institute of Forest Ecology, Department of Forest and Soil
Sciences at the University of Natural Resources and Life Sciences (BOKU) in Vienna, Austria, and

CIRAD, UMR EcoandSols in Montpellier, France.

In this study, two other experimental fields were utilized (B-Tree Austria and ORPHEE in France).
The study investigated the effects of mixed forest plantations on root systems, hyphal production, and
fungal communities, and their contribution to carbon sequestration. The experiment used mycorrhizal
in-growth bags filled with sand to measure mycorrhizal biomass production in mixed stands of
different tree species.

Triangular in-growth bags (Figure 5) with dimensions of 7 x 7 cm were used to investigate fungal
biomass in the soil. These bags were filled with 13 g of acid-washed quartz sand, with a mesh size of
50 pum, and were placed at a depth of 8 cm at the beginning of the growing season. The in-growth
bags were randomly placed in all VIP plots, where different combinations of tree species were
sampled in each mixture. After six months, the bags were visually examined for ingrown hyphae, and

Ergosterol measurements are currently underway to estimate fungal biomass.

Preliminary results showed a strong effect of site and species-specific soil parameters, but no general
effect of increased diversity on fungal hyphae colonization. Ergosterol measurements for estimation

of fungal biomass are still in progress.
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Figure 5. Mycorrhiza in-growth bags were used in IDENT-MACOMER.

IV.4.3.2 Experiment 2

The second experiment entitled variations in exposure and vulnerability to drought along diversity
gradients at IDENT-MACOMER. The study is led by Renaud Decarsin from the National Institute
of Agricultural Research (INRA), Avignon, France.

The study investigated the variations in exposure and vulnerability to drought along diversity
gradients in mixed forest plantations.

This study examines how forest ecosystems are experiencing more frequent and intense droughts,
which threaten tree survival and forest functions. To increase resistance to drought, tree diversity is
often considered, but the mechanisms behind this are not well understood.

Through this study the purpose is to assesses the potential changes in drought resistance of various
tree species planted along diversity gradients (from monoculture to 5 species mixture) in five
experiments across Europe, the focus of our discussion will center around IDENT-MACOMER.
The study intends to quantifies the hydraulic safety margin, which is the difference between exposure
to stress and the vulnerability to stress, to understand if drought resistance changes with diversity and
if those changes are related to exposure or vulnerability.

The results will offer valuable information for policy makers, practitioners and researchers and reflect

new perceptions to help decision-makers in restoration and afforestation programs.
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The study aims to observe variations in hydraulic safety margins (HSM) based on species richness
and composition in mixed plantations, and whether these vary with drought strategies. Comparisons
between geographical regions will also be made. However, the study is limited by the fact that the
sites were chosen by managers within the Mix for Change project framework, and species present
vary across sites, which makes inter-site comparisons difficult and may require presumptions or
inferences. Nevertheless, each site is a validated experimental device that can be analyzed
independently. The stratification of a mixed plantation's tree could limit water stress exposure through
its impact on microclimate. The species' variable architecture and differentiated growth could lead to
differentiated shading of certain species' trees, reducing evapotranspiration during intense droughts.
This would limit sap flow and tension on the xylem, decreasing soil water reserves differently than
in a monospecific plantation. Hydraulic safety margins (HSM) account for the range of stresses a
species can sustain in a given environment. In 2022, physiological traits were measured at four

European sites to characterize HSM along diversity gradients.

The aim is to measure exposure (base and minimum Psi, native Pi, Pi0, PiTlp) and vulnerability to
drought (P50) for the following species:

Table 2. Plant Compositions in Monoculture, Intermediate Mix, and High Mix Plots

Compositions of plots
Compositions of monoculture | with intermediate level Compositions of plots with high mixture level
mixture

Pipe (Pinu pinnaster)

Fror (Fraxinu ornus)

Qupu (Quercus pubescens

Willd.)

Phla-Fror; Arn-Acmo;
Acmo (Acer Acmo-Qupu; Pipe-Fror
monspessulanum L.)

Pipe-Fror-Acmo-Qupu

Arun (Arbutus unedo L.)

Phla (Phillyrea latifolia L.)
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Table 3. The table above represents a brief description of the measure and its relevance, and the periods envisaged for their

implementations.

Measure

Principle

Interest

Period concerned

Vulnerability to
cavitation (P50)

Draw a hydraulic conductance
loss curve as a function of a
voltage imposed by a

Rapid determination of the
P50, a trait used in the
calculation of HSMs

From 30/05 to 10/07 -

2022

centrifuge (the cavitron)

Measure the internal tension at
the xylem by placing a sample

Basi t
asic water Index of plant exposure to

potential ) .
(Psibase) (leaf or branch apex). ina soil water stress.

chamber and increasing the

pressure until the flow of
Midday water evapotranspiration reverses Index of plant exposure to
potential and internal water.emerges soil water stress and
(Psimin) through the stem tip microclimate.

protruding through a seal in
the chamber.

Access to a complementary

Native osmotic .
index of exposure to water

To measure the amount of

sn3ny
pue A[n[ Jo sypuow 9y} SuLmp <- Jy3noip yueoyrugis e Jurm(g

potential (Pi) osmotically active molecules | stress.
in chlorophyll cells. Allowing
the calculation of a pressure
related to the exposure to
. water stress. Access to a vulnerability
Osmotic . - .
. index (Possibility of finding
potential at full the potential for turgidit
turgor (Pi0) P gty

loss)

The table above represents a brief description of the measure and its relevance, and the periods

envisaged for their implementations.

It provides information on five measures related to plant water potential and osmotic potential. The
first column lists the measures as follows: Vulnerability to cavitation (P50), Basic water potential
(Psibase), Midday water potential (Psimin), Native osmotic potential (Pi), and Osmotic potential at
full turgor (Pi0). The second column describes the principle behind each measure, which includes
drawing a hydraulic conductance loss curve, measuring internal tension at the xylem, and measuring
the amount of osmotically active molecules in chlorophyll cells. The third column outlines the interest

of each measure and the periods envisaged for their implementation.
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The third column provides more detailed information on the relevance of each measure. The first cell
describes the use of the rapid determination of the P50 as a trait in the calculation of hydraulic safety
margins (HSMs), which is related to plant drought tolerance. The second cell corresponds to an index
of plant exposure to soil water stress, which is calculated based on the second and third cells of the
first column. The third cell is an index of plant exposure to soil water stress and microclimate, which
corresponds to the third cell of the first column and the second cell of the second column. The fourth
cell provides access to a complementary index of exposure to water stress, which matches the fourth
cell of the first column and the third cell of the second column. The fifth cell provides access to a
vulnerability index, which measures the possibility of finding the potential for turgidity loss, and

corresponds to the fifth cell of the first column and the third cell of the second column.

As preliminary results in the IDENT-MACOMER site showed that hydraulic safety margins (HSM)
tended to increase with higher species richness, but this relationship was stronger in the drought-
prone treatment than in the control treatment. This suggests that mixed plantations with higher species
richness may have a greater ability to maintain water transport under stressful conditions.
Additionally, the study found that HSM tended to decrease with increasing vulnerability to cavitation.
This means that species that are more vulnerable to cavitation may have lower HSM and be more
susceptible to hydraulic failure under drought conditions. Overall, these results highlight the
importance of species diversity and vulnerability to cavitation in maintaining hydraulic safety in

mixed plantations under drought conditions.
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I1V.4.3.3 Experiment 3

The third experiment entitled “Effect of tree species mixing and irrigation on chlorophyll,
fluorescence and leaf traits in a Mediterranean climate”, Sardinia, Italy is led by Abebe Damtew
Awraris and Bart Muys from the Faculty of Bioscience Engineering, Department of Earth and

Environmental Science, Division of Forest, Nature, and Landscape at Leuven, Belgium.

Chlorophyll a fluorescence and Surface Leaf Area (SLA) measurement

In this experiment, the analysis of chlorophyll a fluorescence only focused monocultures and
mixtures composed of two species. Three species were selected from the center of the plot, thus
excluding the trees planted in the outermost rows to avoid borderer effects.

From different sections of the crown, small branches with several leaves or needles were collected
from the upper canopy (Sun leaves), co-dominant (semi-shaded leaves), and lower canopy (shaded

leaves) using extension loppers (Figure 6).

The height of the dominant and co-dominant species as well as the height of the lowest crown portion
were assessed with a metric pole.

The incoming radiation was measured above the canopy and at the height where leaves were sampled
to asses an extinction coefficient based on the ratio of the two measurements and this ratio was used
a s a proxy of the light environment.

Part of the leaves were used to assess chl a fluorescence while another part was used to asses the
Specific leaf area. 10 leaves were numbered, scanned and dried in an oven at 60 °C for three days
after which they were weighted. The area of each leaf was assessed from the scans using ImageJ

software.

Leaves were collected at night (from 11:00pm to 5:00am) and brought to a nearby (100m) housing
where they were kept in the dark and at 5 °C before measuring. Chl a passive fluorescence was
assessed with a HandyPEA fluorimeter (Hansatech Instruments Ltd., Pentney, Norfolk, UK).
Fluorescence rise OJIP curves were induced by 1 s pulses of red light (650 nm, 3500 umol m-2 s -1).
The fluorescence transients show a polyphasic shape, where O refers to the initial fluorescence level,
K (300 ps), J (2 to 3 ms) and I (30 ms) are intermediate levels of the fluorescence emission, and P
(500-800 ms - 1s) is the peak level of fluorescence. The latter indicates the highest, or maximal,
fluorescence intensity (FM) when saturating light is applied to the leaf. Of the high number of
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parameters yielded by the analysis of the OJIP curve, the parameters selected were FV/FM, i.e. the
ratio between variable and maximal fluorescence [FV/FM =(FM-F0)/FM], that expresses the
maximum quantum yield of primary photochemistry, and AVIP, or I-P phase [AVIP = 1-VI] i.e. the
amplitude of the relative contribution of the I-to-P rise to the OJIP transient. These parameters are
connected respectively to the processes of photon capture and first photochemical events of PSII, and
to the efficiency of the electron transport around the photosystem I (thermal phase). FV/FM and
AVIP, represent respectively the overall efficiency of PSII and PSI (Schansker et al., 2005;
Oukarroum et al., 2009), and are considered suitable for the screening of a great number of samples

in large scale ecological studies Bussotti et al. (2020).

Figure 6. Location of sample leaves or needles from monoculture (a) and two-species mixture (b) for chlorophyll fluorescence

analysis. Sun leaves, fully exposed leaves are shown in red, partially shaded leaves are shown in blue, and entirely shaded leaves

(elucidated in green color).

IV.4.4 Statistical analysis

The leaves and needles of 12 tree and shrub species were assessed for chlorophyll fluorescence
(ChlIF) parameters at the sapling stage in 2018 and the tree stage in 2022. Then, the Linear Mixed
Model (LMM) analysis were ran to evaluate whether Irrigation, Species richness, species identity,
functional diversity, Light level, species composition, and their interaction predicted ChlF

parameters at both sapling and tree stages using an R Package software version 4.2.2.
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IvV.4.5 Results

Chlorophyll Fluorescence analysis at sapling stage

The study found that the maximum photochemical efficiency and electron transfer efficiency of
saplings were associated with species identity, functional diversity, and species composition. The
efficiency generally decreased with functional diversity, and the lowest electron transfer efficiency
was found in Acer monspessulanum L.. Irrigation did not have a significant impact on the efficiency
indexes.

The study of saplings, the mean maximum photochemical efficiency FV/FM (9Po), an indicator of
overall photosynthetic potential, was 0.734 &+ 0.018 SE. The maximum photochemical efficiency was
significantly associated with species identity, functional diversity, and species composition. The
highest quantum yield was observed in Pistacia lentiscus L., Quercus pubescens Willd., and Arbutus
unedo L., while the lowest was observed in Fraxinus ornus L. and Quercus ilex L. The efficiency of
electron transfer from primary to secondary acceptors of PSII (yEo) showed a significant relationship
with functional diversity and species composition. The efficiency with which an electron can be
transmitted from PSII secondary acceptor to PSI primary acceptors (dRo) showed a significant

negative relationship with species richness and functional diversity.

The photochemical and electron transfer efficiency of saplings is associated with species identity,
functional diversity, and species composition. Irrigation did not have a significant impact on
efficiency indexes. The density of active reaction centers is significantly associated with species
identity, species richness, and functional diversity. The highest and lowest density of active reaction
centers are found in Quercus pubescens Willd. and Fraxinus ornus L., respectively. The performance
indexes (PIass) and (PItor) were significantly related to species identity, species richness, and

functional diversity.

The study found that the density of active reaction centers (RC/ABS) in saplings is associated with
species identity, species richness, and functional diversity. Monoculture and low functional diversity
showed higher (RC/ABS) density. Quercus pubescens Willd. has the highest density, while Fraxinus
ornus L. has the lowest. Specific energy fluxes, such as absorption flux (ABS/RC), trapped energy
flux (TRo/RC), electron transport flux (ETo/RC), and dissipated energy flux (DIo/RC) per active
reaction center, were significantly associated with species richness, species identity, and functional

diversity. Performance indexes (PIass) and (PItor) preseted in table 3 were significantly related to
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species identity, species richness, and functional diversity. Quercus suber L. performed better in both

indexes, while Fraxinus ornus L. showed a drastic decrease in overall performance.

Table 4. Performance Index Definitions: The table outlines the formulas and descriptions for two photosynthetic performance
indexes, PIABS and PITOT, which assess energy conservation from photon absorption by PSII to the reduction of intersystem
electron acceptors and photosystems I end-acceptors, respectively.

Performance indexes

The performance index for energy conservation from photons absorbed by PSII
PlaBs until the reduction of intersystem electron acceptors. (RC/ABS) [¢Po / (1-¢Po)]
[WEo /(1- YEo0)]

The performance index for energy conservation from the photons absorbed by
Plror the photosystems II to the reduction of photosystems I end-acceptors. PIABS
[6RO / (1-6R0O)]

Chlorophyll Fluorescence Analysis at the tree stage

This paragraph discusses the results of a study on the efficiency of photosynthesis and electron
transfer in trees. The study found that the efficiency of primary photochemistry was significantly
related to irrigation, species richness, species identity, light level, and their interaction. Maximum
quantum yield was higher in irrigated, mixed stand, and semi-shaded conditions. However, the
efficiency declined when irrigation was applied in a mixed stand. The efficiency of electron transfer
was also significantly associated with irrigation, species richness, species identity, and light level,
with Pinus pinaster Ait. having the highest efficiency. The efficiency of electron transfer to the PSI
end acceptors was significantly higher in monoculture, low functional diversity, and sunny

conditions.

The density of active reaction centers in trees is related to species identity, irrigation, species richness,
and functional diversity. Irrigation, monoculture, low functional diversity, and low light levels lead
to higher active reaction center density. Quercus pubescens Willd. has the highest density of active
reaction centers, and Pinus pinea L. has the lowest. Irrigation, species mixture, and sunny conditions
significantly increase the density of active reaction centers. Plass and Plror) significantly improve
with irrigation, species richness, and light level, but drop with increased functional diversity. Pinus

pinaster Ait. has the highest Plass and Plror values, while Pistacia lentiscus L. has the lowest.
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IV.5 Results

The recent studies conducted in “IDENT-MACOMER” have shed light on the mechanisms by which
mixed forest plantations contribute to carbon sequestration and enhance ecosystem resilience. One
such study examined the effects of mixed forest plantations on roots, hyphal production, and fungal
communities, and their role in carbon sequestration. The study revealed that mixed forest plantations
can enhance soil carbon sequestration by increasing the abundance and diversity of fungal

communities, which play a crucial role in nutrient cycling and carbon storage.

Another study investigated the variations in exposure and vulnerability to drought along diversity
gradients in mixed forest plantations. The results showed that increasing species diversity in mixed
forest plantations can enhance the resilience of trees to drought, by improving water-use efficiency

and reducing water loss.

A third study examined the effect of mixed forest plantations and irrigation on chlorophyll a
fluorescence and leaf traits in a Mediterranean climate. The study found that mixed forest plantations
can enhance photosynthetic efficiency and reduce water stress in trees, particularly under drought

conditions.

Taken together, these studies highlight the potential of mixed forest plantations as a strategy for
enhancing the ecological and economic benefits of forests while promoting their resilience to climate
change. In this article, we will review these recent findings and discuss their implications for the

design and management of sustainable mixed forest plantations.
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V. Conclusion

The multifaceted findings of this study have advanced our understanding of the complex dynamics
within mixed forest ecosystems, shedding light on their implications for ecosystem management and

conservation strategies.

One of the striking outcomes of this research pertains to the potential interaction or facilitation
between pine trees and herbivorous insects. It was observed that shaded leaves in the presence of pine
trees tend to be thinner, softer, and richer in water content, making them more attractive to
herbivorous insects. Furthermore, the microenvironment beneath the pine tree canopy, characterized
by reduced temperature fluctuations, increased air humidity, and decreased radiation levels, provides
a favorable habitat for these insects. These intriguing findings call for further investigations to
uncover the underlying mechanisms that drive these interactions and to better understand their

ramifications for mixed forest ecosystems.

The dynamics governing herbivory patterns in these ecosystems are multifaceted and influenced by
an array of factors. These factors include species interactions, competitive dynamics, as well as
environmental parameters such as microclimates and soil conditions. A comprehensive understanding
of these complex interactions is imperative for clarifying the observed variations in herbivory and for
devising effective strategies for the sustainable management and preservation of mixed forests. To
this end, further research is warranted to delve deeper into the ecological and chemical mechanisms

at play, enhancing our comprehension of this intricate ecological interplay.

Moreover, this study has uncovered the remarkable productivity benefits of tree species mixing,
particularly in Mediterranean contexts. The positive relationships observed between tree diversity
and above ground biomass accumulation bolster the overarching theory of positive Biodiversity and
Ecosystem Function relationships. These findings underscore that, on average, mixed-species forest
plantations outperform monocultures, underlining the ecological and economic advantages of
diversified forest management, particularly in the fight against climate change and the enhancement

of ecosystem resilience.

Additionally, this research has challenged a widely held notion regarding the relationship between

water constraints and Biodiversity and Ecosystem Function relationships, as postulated by the Stress
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Gradient Hypothesis (SGH). Contrary to SGH, the study has demonstrated that positive BEF
relationships are higher at higher water availability but that the positive BEF relationship increase
with FDis independently of the water availability. This insight still positions mixed forest plantations
as a robust adaptation and mitigation strategy for climate change, but also suggests that with
increasing droughts the benefits of diversity for ecosystem functions will decrease independently of
SR or FDis and for now, we could not identify mixes that are likely to counteract the impacts of

climate change.

The recent studies conducted within the "IDENT-MACOMER" project added some insights on the
underlying mechanisms that drive the contributions of mixed forest plantations to carbon
sequestration and ecosystem resilience. These findings highlight that increasing species diversity
within mixed forest plantations can enhance tree resilience to drought, improving water-use
efficiency and reducing water loss. Finally, mixed forest plantations have been shown to enhance
photosynthetic efficiency and reduce water stress in trees, particularly under drought conditions. Both

preliminary findings are coherent with the results found in the first two chapters.

In conclusion, the research presented in this thesis represents a significant contribution to the field of
ecological studies, particularly in the context of mixed forest ecosystems and their response to
changing environmental conditions. The insights gained from this study provide a robust scientific
foundation for promoting mixed-species forest plantations as nature-based solutions to address the
causes and consequences of climate change. Additionally, this work emphasizes the importance of
considering tree species composition in ecosystem management and highlights the ecological,

economic, and climate resilience benefits of mixed forest plantations.

Moving forward, further research is encouraged to deepen our mechanistic understanding of these
complex relationships and to facilitate the generalization of experimental findings. This knowledge
will be instrumental in guiding forest management practices, promoting sustainable land use, and
ensuring the conservation of biodiversity in the face of global environmental challenges. Moreover,
the findings of this study have practical implications for forest management and land-use planning,
suggesting that mixed-species forest plantations can be an effective strategy for enhancing both the
ecological and economic benefits of forests while promoting their resilience to climate change. These
insights should inform policies and practices aimed at achieving sustainable and resilient ecosystems
in the face of ongoing environmental challenges.

126

Tony Chahine, The potential of Biodiversity for Adaptation Strategies to Global Change in Mediterranean Ecosystems. PhD thesis in
Agrometeorology and Ecophysiology of Agricultural and Forest Systems, University of Sassari.



	I. Chapter 1: Introduction
	I.1 Fears surrounding the loss of biodiversity on a global scale
	I.2 Mixed tree species plantation perspective
	I.3 Species interaction and drought resilience in forests
	I.4 Influence of species interactions on tree resistance in response to increasing severity of drought
	I.5 Increasing drought stress has adverse effects on tree resistance towards drought
	I.6 Negative species interactions in response to extreme water scarcity
	I.7 Biodiversity and ecosystem functioning (BEF)
	I.8 Ecosystem stability
	I.9 Functional diversity (FD)
	I.10 Species diversity and composition as essentials of carbon sequestration
	I.11 Does the mixture optimize the control of insect pests in tree plantations?
	I.12 Reducing risk of pest damage
	I.12.1  Species trials
	I.12.2  Studies of species interactions
	I.12.3  Operational trials

	I.13 Tree diversity experiments
	I.14 Scope of the study
	I.15 PhD outline
	References

	II. Chapter 2 Effects of tree species diversity and water availability on insect herbivory in Quercus ilex L.
	II.1 Abstract
	II.2 Introduction
	II.3 Materials and Methods
	II.4 Experiment 1: IDENT-MACOMER
	II.5 Experiment 2: ORPHEE
	II.6 Leaf sampling and herbivory assessment on Quercus ilex L.
	II.7 Data analysis
	II.8 Results
	II.8.1 The Influence of Species Richness and Irrigation Treatment
	II.8.2 Impact of Pine Tree composition

	II.9 Discussion
	II.10 Conclusion
	References

	III. Chapter 3 The Stress Gradient Hypothesis in Mediterranean tree communities
	III.1 Abstract
	III.2 Introduction
	III.3 Materials and methods
	III.3.1 Study site
	III.3.2 Experimental design
	III.3.3 Tree measurements
	III.3.3.1 Stem diameter measurement

	III.3.4 Calculations of Net effect, Selection and complementarity
	III.3.5  Statistical analyses

	III.4 Results
	III.5 Discussion
	III.6   Conclusion
	References

	IV. Chapter 4 Ecological Benefits of Mixed Forest Plantations in the Mediterranean ecosystem: A Summary of Recent Studies
	IV.1 Abstract
	IV.2 Overview of Two Pioneering Climate Change Mitigation and Adaptation Projects
	IV.2.1 Mix for Change project
	IV.2.2 CAMBIO project

	IV.3 Enhancing Carbon Sequestration and Ecosystem Resilience in Mixed Forest Plantations
	IV.3.1 Tree diversity experiments

	IV.4 Materials and Methods
	IV.4.1 Study site
	IV.4.2 Experimental design
	IV.4.3 Experiments
	IV.4.3.1 Experiment 1
	IV.4.3.2 Experiment 2
	IV.4.3.3 Experiment 3

	IV.4.4 Statistical analysis
	IV.4.5 Results

	IV.5 Results
	References

	V. Conclusion

