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Abstract

Global change threats affecting forests require better understanding of mechanisms
driving species environmental responses, but also species effects on ecosystems, to
identify optimal management strategies for safeguarding the services they provide.
Thus, this thesis serves on trait ecology and tools as Species Distribution Modelling,
Remote Sensing, and Climate Change Modelling to explore ecological concepts that
prove useful for determining specific management actions. Specifically we hypothesised
about three main aspects: 1) the capacity of several traits to explain the characteristics of
species niche in the Mediterranean; 2) the influence of trait diversity on the temporal
stability of forest productivity in Temperate and Boreal zones; and 3) current and future
effects of climate on the mean traits of Mediterranean forest communities. Forest
inventories from Spain and Quebec (eastern Canada) were used to obtain species
distribution and community composition whereas species traits values were retrieved
from the literature. Main results showed that: 1) Specific Leaf Area (SLA) can be used
to accurately represent species aridity limits in the Mediterranean; 2) trait diversity
provides stability in Temperate forests; and 3) climate change may reduce SLA values
of forest communities suggesting notable impacts on ecosystem functioning in the
Mediterranean. The thesis suggests that management strategies should be based on trait

ecology in order to best adapt to global change.
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Riassunto

Le minacce del cambiamento globale sulle foreste richiedono una migliore
comprensione dei meccanismi attraverso i quali le specie rispondono ai cambiamenti
ambientali e influiscono sulle funzione ecosistemiche, permettendo di mettere in pratica
delle strategie di gestione migliori per salvaguardare i servizi che loro forniscono. In
questa tesi vengono utilizzati la trait ecology (cio¢ una ecologia basata sugli attributi
funzionale delle piante) e tools come Species Distribution Modelling (Modelli di
Distribuzione di Specie), Remote Sensing (Telerilevamento), e Climate Change
Modelling (Modelli di Cambiamento Climatico) per esplorare dei concetti ecologici che
servono per determinare le azioni specifiche di gestione forestale. Tre sono gli aspetti
principali presi in esame: 1) la capacita di diversi tratti funzionali per spiegare le
caratteristiche della nicchia in specie del Mediterraneo; 2) I’influenza della diversita di
tratti funzionali sulla stabilita temporale nella produttivita delle foreste Temperate e
Boreali; e 3) gli effetti attuali e futuri del clima sui tratti funzionali medi delle comunita
forestali nel Mediterraneo. Gli inventari forestali della Spagna e del Quebec (est del
Canada) sono stati utilizzati per ricavare la distribuzione geografica delle specie e la
composizione delle comunita, mentre i valori dei tratti funzionali per ogni specie sono
stati ricavati dalla letteratura scientifica. I risultati principali della tesi mostrarono che:
1) I’area specifica fogliare (Specific Leaf Area, SLA) potrebbe essere utilizzata per
rappresentare accuratamente i limiti massimi di aridita che le specie del Mediterraneo
possono tollerare; 2) la diversita funzionale procura stabilita nella produttivita delle
foreste Temperate; e 3) il cambiamento climatico puo ridurre i valori medi di SLA nelle
comunita forestali del Mediterranco, influenzando notevolemente le funzioni
ecosistemiche. I risultati di questa tesi suggeriscono che, per un migliore adattamento al
cambiamento globale, le strategie di gestione forestale devono essere basate su la trait

ecology.
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Resumen

Las amenazas del cambio global sobre los bosques requieren una mejor compresion de
los mecanismos a través de los cuales las especies responden a cambios ambientales, y
que a su vez influyen sobre los ecosistemas, con el objetivo de aplicar estrategias de
gestion Optimas que permitan salvaguardar los servicios que estos proveen. El presente
trabajo se sirve de la “trait ecology” (es decir una ecologia basada sobre los rasgos
funcionales de las plantas) y de herramientas como Species distribution Modelling
(Modelos de Distribucion de Especie), Remote Sensing (Teledeteccion), y Climate
Change Modelling (Modelos de Cambio Climético) para explorar conceptos ecoldgicos
que son utilies para determinar acciones concretas de gestion forestal. En esta tesis se ha
hipotizado sobre tres aspectos principales: 1) sobre la capacidad de ciertos rasgos
funcionales para explicar las caracteristicas de nicho en especies forestales del
Mediterraneo; 2) la influencia de la diversidad funcional sobre la estabilidad temporal
de la productividad en comunidades forestales, tanto en zonas Templadas como
Boreales; y 3) los efectos actuales y futuros del clima sobre los valores medios de los
atributos funcionales en las comunidades forestales del Mediterraneo. Los datos del
Invenatario Forestal Espafiol y del Quebec (Este de Canada) fueron utilizados para
obtener la distribucion geografica de las especies de estudio asi como para determinar la
composicion de especies de las comunidades forestales. En cambio los valores de los
rasgos funcionales de las especies fueron adquiridos a través de la literatura cientifica.
Los resultados principales de la tesis han mostrado que: 1) El area especifica foliar
(Specific Leaf Area, SLA) puede ser utilizada para representar la maxima aridez que las
especies en el Mediterraneo pueden tolerar; 2) la diversidad funcional proporciona
estabilidad temporal en la productividad de los bosques Templados; y que 3) el cambio
climatico podria reducir los valores medio de SLA en las comunidad forestales del
Mediterraneo sugiriendo notables impactos en el funcionamiento de los ecosistemas de
esta region. Los resultados de la tesis muestran que para una mejor adaptacion al

cambio global las estrategias de gestion forestal pueden basarse en la “trait ecology”.
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Key Abbreviations

AMT Annual Mean Temperature

AP Annual Precipitation

CV  Coefficient Variation

CWM Community Weighted Mean

EVI  Enhanced Vegetation Index

FD  Functional Diversity

FT Functional Traits

Nmass Nitrogen leaf content per unit of mass
PLCso The water potential at which 50% of hydraulic conductivity is lost
RCP Representative Concentration Pathways
SDM Species Distribution Models

SLA  Specific Leaf Area

SM  Safety Margin

WD  Wood Density
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Chapter 1. Introduction

A General Overview

Forests benefits on humans are numerous and range from direct, tangible and traded
products to indirect, less palpable and not marketed services (Bartczak et al., 2014). For
instance, wood, cork, mushrooms, and resin are some examples of direct goods
provided by forest, instead carbon store and sequestration, hydrological regulation,
biodiversity conservation, soil protection, recreational services and cultural heritage
represent those “less quantifiable” forest externalities from which humans also benefit
(Bartczak et al., 2014). In addition, forests also provide work to 54 million people
across the world, contribute to the shelter of 1.3 billion people, accounts for the 27% of
the primary energy supply in Africa and about 90 million people in Europe and North

America use energy coming from forests for domestic heating (FAO, 2014).

However, despite all those benefits, consequences of human activities as land use
change, air pollution, and climate change are predicted to cause losses in biodiversity,
and losses or deterioration of a number of services provided by forests (Liang et al.,
2015). Indeed, deforestation is found to cause habitat alterations in terms of quality,
amount and spatial configuration, which directly influence population vital rates
(Hansen et al., 2001). Even so, forest area has decreased approximately 66 million ha
during the period 1990-2005 (Lindquist et al., 2012) and the rate of loss has increased
from 9.5 million ha year” in the decade 1990-2000 to 13.5 million ha year' in the
period 2000-2005 (Fig.1.1).

At the same time, because of human activities pre-industrial era greenhouse gas
emissions have increased and reached the highest known atmospheric concentrations at
least in the past 800,000 years (IPCC, 2014). Their consequences haven been already
observed, and the period from 1993 to 2012 was warmest in the last 1,400 years (IPCC,
2014). In addition, nine of the ten warmest years have occurred since year 2000 (Hansen
et al.,, 2010). Thus, models projected under different climatic scenarios predict an

increase of global surface temperature (Fig.1.2) at the end of the 21* century from 0.3°
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to 4.8°C for 2.6 and 8.5 RCP scenarios, respectively (IPCC, 2014). Extreme events,
(droughts, heat waves, storms) are also projected to increase in frequency while their
magnitude has already increased in some areas by three to five standard deviations
beyond historical averages (Hansen et al., 2013). Both extreme events and changes in
climatic means have the potential to modify species distribution, forest age structure and
species composition (Bakkenes et al., 2002; Thuiller et al., 2005), increase fire risk
(Pifiol et al., 1998) and pest attacks (Volney and Fleming, 2000), and consequently

impact on ecosystem functioning (Chapin et al., 2000; Grimm et al., 2013).

Scale
1 million ha
Net loss Net gain
D 1990-2000 1990-2000
[l 2000-2010 (million hayr) [l 2000-2010
D Africa |:| Asia |:| Europe l:l North and Central America |:| Oceania |:| South America

Figure 1.1: Annual change in forest area by region (from FAO 2010)

Species mechanisms to respond to climatic changes involve acclimatization and
phenotypic plasticity, adaptation, and migration (Bussotti et al., 2014): failure in these
mechanism likely implies extinction (Thomas et al., 2004). Phenotypic plasticity (i.e.
the diversity of phenotypes expressed by single genotype) allows fast and plastic
response to environmental changes which is basic to plant acclimatization (Nicotra et
al., 2010). However, plasticity is not equal for all traits and it “saturates” at specific

limits (Chevin et al., 2010). Adaptation instead, reflects new genotype selection

José Maria Costa Saura. A trait-based approach for forest ecology and management. Tools for theoretical and
applied ecology.

Tesi di Dottorato in Agrometeorologia ed Ecofisiologia dei Sistemi Agrari e Forestali — XXVIII ciclo — Universita
degli Studi di Sassari



11

according to the new environmental conditions but it is also constrained by genetic
variability and genetic correlation among traits (i.e. two traits can be adaptive but
negative genetically related, Etterson and Shaw, 2001). Migration, which refers to
species geographical displacements, depends both on species dispersal ability and biotic
interactions (Aitken et al., 2008). Thus, is not clear which mechanism will prevail under
the great amount of different situations. Numerous studies analyzed the possible
impacts of climate change on species distribution. For instance, Benito Garzon et al.,
(2009) studying Iberian tree species observed higher risks on Mountainous and
Temperate species which are genetically different from central Europe populations,
which suggest potential losses on genetic diversity. Thuiller et al., (2005) studying 1350
plant species from Europe also observed high threatens for Mountainous regions and
predicted greatest changes in the transition between the Mediterranean and Euro-
Siberian regions. Accordingly to projected changes in species distributions, species
composition it is also expected to change (Walther, 2010). Bakkenes et al., (2002)
predicted for large areas of Europe that more than 50% of the species composition will
be formed by new species, and Frenette-Dussault et al., (2013) for Morocco steppes
predicted changes from ruderal to stress-tolerant sub-shrubs species. Changes in species
composition will likely lead to changes in ecosystem processes since species via their
attributes mediate the energy and element fluxes on ecosystems (Chapin et al., 2000).
Indeed, studies based on dynamic global vegetation models (DGVM) project reductions
in net ecosystem production because of changes on vegetation types (Cramer et al.,
2001). Despite the importance of DGVM for assess climate change impacts on
ecosystem functioning, drawbacks due to functional simplifications of communities and
coarse resolutions limit their use. Indeed, different studies suggest a trait-based
approach for scaling up from community composition to ecosystem functions in order
to best predict the consequences of global change (Chapin, 2003; Diaz and Lavorel,
2007; Suding et al., 2008).

Thus, these frameworks rely on trait based ecology which is promoting an exciting new
research approach to classical questions in ecology and a promising tool to study the
effect of climate change on forests and the services that they provide (Lavorel, 2013).

Trait ecology is based on functional traits (FT), which are species-specific
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characteristics (morphological, structural, physiological) that reflect the eco-physiology
of the species and its ecological strategy (Violle et al., 2007). The great advantage of
traits based ecology is that it unleashes the analysis from the species level and sets the
ecological distance among species along a continuous axis represented by the value of
one trait or a multidimensional space represented by multiple traits. Additionally, all the
emerging links between one or multiple traits with specific eco-physiological process
are giving a great contribution to the current trend towards a predictive ecology (Enquist
et al., 2015) allowing to reduce uncertainties around the effects of global change on
ecosystems. For instance, a trait-based approach proves useful to identify which plant
attributes determine species environmental limits, that allow to predict changes in
species composition and consequently their effects on ecosystem functioning. Indeed,
trait ecology is required for forest management in order to deal with the challenges
posed by climate change (Bussotti et al., 2014). For instance in restoration plans, the
selection of appropriate species genotypes and provenances are suggested to be done
according to the identification and quantification of those traits providing adaptation to
future climatic conditions (Bussotti et al., 2014). Silvicultural strategies are also
suggested to be oriented to improve competition of species with future suitable traits in
order to accommodate changes adaptively (Millar et al., 2007). In addition to those
adaptation actions, mitigation efforts can be improved with “trait-based silvicultural
treatments” (i.e. managing species abundances to promote trait diversity and specific
traits values) in order to increase carbon store and sequestration (Diaz et al., 2009; Ruiz-

Benito et al., 2014).

Finally, it is noted that social awareness demands that scientists and public authorities
unify efforts to halt the loss of biodiversity and to develop forest management policies
oriented towards an optimization of ecosystem services while safeguarding from the
effects of climate change. Indeed, a number of European policies and directives promote
better understanding of ecological process for determining proper adaptation actions.
For instance, 1) The European Commission's White Paper ‘Adapting to climate change —
Towards a European framework for action’ (2009) recommends member states to
include the development of methods, models and data sets to increase the predictive

capacity to assess the cost and benefits of adaptation options; and ii) The EU Green
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Paper on “Forest Protection and Information in the EU: Preparing forests for climate
change” (EFI, 2010) states that “Safeguarding forest multi-functionality requires
balanced management approaches based on adequate forest information”. Thus, this
thesis explores the potentialities of trait-based ecology for understanding different

ecological process that prove useful for forest management under this changing world.

RCP2.6 RCP8.5
(a) Change in average surface temperature (1986-2005 to 2081-2100)

(b) Change in average precipitation (1986—2005 to 2081-2100)

(%)

Figure 1.2: Change in average surface temperature (a) and in average precipitation (b) based on
multi-model mean projections for 2081-2100 relative to 19862005 under the RCP2.6 (left) and
RCP8.5 (right) scenarios (from IPCC 2014).
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Objectives and Thesis Structure

The main objective of this thesis is to integrate trait based ecology with well stabilised
tools (i.e. Species Distribution Modelling, Remote Sensing, and Climate Change
Modelling, see chapter 2 for a general overview of these tools) in order to investigate
the role of plant functional traits on different ecological aspects that closely link with
the environmental response and functioning of forests. Thus, this thesis through its three
research works, explores different ecological theories to provide forest managers new
instruments and background information for dealing with the challenges posed by

global change.

The first research work, addressed in chapter 3, serves on Species Distribution Models
(SDM) to determine how specific functional traits (FT) shape species niche in the
Mediterranean. Despite the great number of literature addressing general patterns of
trait variability across environmental gradients (Cornwell and Ackerly, 2009; Reich et
al., 2003; Wright et al., 2005), little is known about how FT determine the different
characteristics of species niche, e.g. species climatic limits or climatic optimums (but
see Stahl et al., 2014). Thus based on environmental filtering theory (Keddy, 1992), we
explore if traits associated with drought adaptation can explain those niche
characteristics related with aridity (i.e. the arid limits of species and their optimal
values). In addition, it was studied if those niche predictions can be improved
combining different traits. The study allow forest managers to identify which traits
determine species arid limits providing useful information for species selection in

restoration plans and climate change adaptation actions.

The second research work, addressed in chapter 4, uses remote sensing data to assess if
communities with a higher diversity in traits are more temporal stable in terms of
productivity (i.e. stable against climate fluctuations). Despite accumulated evidence on
biodiversity positive effects on forest productivity (Paquette and Messier, 2011; Ruiz-
Benito et al., 2014), much less evidence exists regarding its effect on forest stability.
Indeed, studies have been focalized on grass communities (Cardinale et al., 2013;
Hector et al., 2010; Tilman, 1996) and only Jucker et al., (2014) explored those effects

on forests. In addition, the diversity effect has been traditionally tested using species
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richness or broad functional characterization of communities (i.e. into categorical plant
functional types) which not account for the potential effect of species differences in trait
values (i.e. a continuous axis of functioning). Thus, for Temperate and Boreal forests
we assess the biodiversity-stability effect (i.e. the insurance hypothesis, Yachi and
Loreau, 1999) controlling simultaneously the influence of potential confounding factors
such as dominant trait values within communities and climatic effects. The approach
used in this study is easily applicable on other regions and provides foresters an
approach to orient silvicultural strategies for dealing with climatic fluctuations induced

by global change.

Finally, the third research work which is addressed in chapter 5, presents a novel
approach based on environmental filtering theory (Keddy, 1992; Weiher and Keddy,
1995) for assessing climate change impacts on the functional structure of woody plant
communities in the Mediterranean. The study stress the hypothesis that dominant trait
values of communities (i.e. community weighted mean trait, CWM) will change in
future because of new environmental conditions (i.e. climate change) suggesting
important changes in ecosystem functioning. The approach overcomes drawbacks of
others approaches as functional simplifications (Scheiter et al., 2013) or assumptions on
variations in species pools (Frenette-Dussault et al., 2013). Thus, this study provides
forest managers an approach to identify major risk zones predicting the magnitude of
change in CWM values which proves useful to orient forest management practices in

order to adapt to climate change.
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Chapter 2. Background theory and methods

Trait-Based Ecology

Functional traits (FT) are species-specific characteristics (morphological, physiological
and phenological) that reflect the ecological strategy of species but also its effects on
ecosystems (Violle et al. 2007). The great advantage of traits based ecology is that it
unleashes the analysis from the species level and sets the ecological distance among
species along a continuous axis represented by the value of one trait (or in a
multidimensional space when multiple traits are used). Additionally, since FT are
proxies of eco-physiological processes, there use allows to identify the underlying
biological mechanisms reducing the hidden uncertainty of empirical models and

favouring the current trends towards a more predictive ecology (Enquist et al. 2015).

FT represent plant “decisions” on where to allocate resources with consequences in
terms of growth and survival (Fig. 2.1 and Table 2.1, Reich, 2014). For instance, species
with low Specific Leaf Area (i.e. low leaf area per unit of mass, SLA) are common in
harsh environments (e.g. dry or cold, Niinemets, 2001; Reich et al., 2003; Wright et al.,
2005). Low SLA values (i.e. expensive leaves, Villar and Merino, 2001) are associated
with tissue reinforcement which prevents cell damages during dry events enhancing
plant performances in arid environments (Poorter et al. 2009; Micco & Aronne 2012).
PLC50 (i.e. the water potential at which 50% of hydraulic conductivity is lost) is also a
trait usually correlated with precipitations (Maherali et al. 2004; Choat et al. 2012),
indeed, species with low PLC50 have great xylem cavitation resistance which is an

advantage in arid environments.

However, plant investment in one trait is often not independent from investment in
other traits resulting in trade-offs among traits and their functions (Fig. 2.1). For
instance, species with low SLA (i.e. species investing in expensive stress adapted
leaves) are also found to have low relative growth rates suggesting a trade-off between
fast growth and stress resistance (Poorter 1989). Instead, greater cavitation resistance

(i.e. low PLC50) is associated with low hydraulic conductance suggesting a trade-off
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among hydraulic dysfunction resistance and efficiency (Hacke & Sperry 2001; Nardini
et al. 2012). In addition, multiple traits can also vary simultaneously evidencing single
axis of traits co-variation. For instance, the best know example is the “worldwide leaf
economic spectrum” (Wright et al. 2004) which shows the co-variation at global scale
of SLA, leaf nitrogen content (Npass), leaf photosynthetic capacity (Amass), and leaf life-
span (LLS), which represents a trade-off among the “construction and maintenance
costs of leaves, and duration of photosynthetic returns from those investments”
(Westoby et al. 2013). The existence of a “worldwide wood economic spectrum” has
been also suggested, which relates traits as wood density, PLC50, conduit diameter and
size, hydraulic conductivity and the modulus of elasticity and rupture of wood (Chave et
al. 2009). However the same authors suggested that more empirical support is needed to

evidence trade-offs among hydraulic efficiency, cavitation resistance and mechanical

resistance.
a) Traits adaptive value b) Trade-offs among traits ¢) Traits spectrums of co-variation
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Figure 2.1: Correlations within traits and environment. a) Leaf Mass Area (LMA, i.e. 1/SLA)
increased with site aridity (from Niinemets, 2001), b) trade-offs among SLA and species relative
growth rate (RGR, from Poorter and Remkes, 1990), and c) the worldwide correlations among leafs

traits (from Wright et al., 2004).

The co-variation among traits may be due to causal links. For instance, A, co-varies

with Ny, since photosynthesis (Apmass ) largely depends on the concentration of
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photosynthetic enzymes on leaves (i.e. Nyass, Reich et al., 1999). Instead, PLC50 co-
varies with conduit wall strength since cavitation resistance depends (among other
factors) on conduit implosion resistance (Hacke et al. 2001). Nevertheless, co-variation
may be observed even if traits are mechanistically and/or physiological independent
because different combinations of traits may be adopted by species to maximize their
performance in a given environmental condition (Maire et al. 2013). Thus, despite leaf
and hydraulic traits can represent independent trait dimensions (Brodribb et al. 2003; Li
et al. 2015), their coordination under drought conditions might improve fitness
(Manzoni 2014). Indeed, Markesteijn et al., (2011) in tropical dry forest observed that
species with greatest xylem cavitation resistance had also lowest leaf turgor loss point

and great modulus of elasticity (i.e. great leaf wilting resistance).

FT are also seen as species mechanisms through which they influence ecosystems
(Table 2.1). Since specific traits directly represent resource processing at plant level
(e.g. light, carbon and nitrogen) they directly mediate energy and material fluxes on
ecosystems (Chapin et al. 2000; Garnier et al. 2004). Indeed, Garnier et al., (2004)
showed how leaf traits (i.e. SLA, Ny,ss and leaf dry matter content) correlated with net
primary productivity, litter decomposition rate, and soil carbon and nitrogen content in
grass communities. Lavorel et al., (2011) also observed that several traits influenced
different ecosystem properties in the French Alps. Thus, a trait-based approach proves
useful for scaling up from species organs to ecosystems functions (Chapin 2003; Diaz &

Lavorel 2007; Suding et al. 2008).

Indeed, functional characterization of communities (i.e. how traits are distributed within
communities) has been used to assess trait effects on ecosystems. The most common
index for functional characterization of plant communities is the community weighted
mean (CWM, Leps et al., 2011). CWM is the averaged trait value weighted by species
relative abundances within a community. CWM is closely related with the mass ratio
hypothesis which states that dominant traits in a community are the main contributors of
different ecosystem functions (Grime 1998). Grime, (1998) suggested that since
dominants account for the highest proportion of biomass in the community, they also

determine in an “overwhelming extent” some ecosystem functions as primary
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production. Indeed, the study of Garnier et al., (2004) showed how strongly dominant
traits influence ecosystem functioning and Mokany et al., (2008) and M4jekova et al.,
(2014) also evidenced this “identity effect” on functions as productivity and stability,

respectively.

Table 2.1: Association of plant traits with plant responses, competition, protection and effects on

ecosystem process (from Lavorel et al., 2007)

Climate co, Response Response Compe- Plant Effectson  Effectson
response  response  tosoil to disturb- titive defence/  biogeo- disturb-
resources ance strength protection chemical ance

cycles regime

Whole-plant traits

Growth form * * * " * * * o
Life form " # " " " » .
Plant height * * * * * * * *
Clonality = ? * * * 2
Spinescence * 7 * * 7
Flammability ? * ? * *
Leaf traits

Specific leaf area - < * * . "

Leaf size * 7 * * * %

Leaf dry matter content * ? * * * *
Leaf N and P concentration * & * #* * ® *

Physical strength of leaves = ? * * * *

Leaf life-span * * * * * * * *
Leaf phenology - * " " *
Photosynthetic pathway * < *

Leaf frost resistance = * *

Stem and below-ground traits

Stem specific density * 7 ? * * * "
Twig dry matter content * ? ? ? ® * *
Twig drying time : ? ? 5 *
Bark thickness * * * 7
Specific root length * 7 * * * ?
Diameter of fine root * ? *

Distribution of rocting depth ~ * 8 & * * * *
95% rooting depth e ? * * *
Nutrient uptake strategy * * o * * #
Regenerative traits

Dispersal mode #

Dispersule shape and size *

Seed mass * * * *

Resprouting capacity
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However, diversity it is also pointed to play an important role in ecosystem functioning
(Hooper et al. 2005). Two key mechanism, complementarity (Tilman 1997) and
selection effects (Loreau & Hector 2001), are invoked for explaining the positive effects
of diversity on ecosystem functions. Complementarity influences ecosystem processes
in two ways: by favorably shaping species interactions and by increasing resource use
efficiency as a result of niche partitioning. Indeed, mixing tree species with contrasting
ecological strategies can therefore increase annual wood production by alleviating
competitive inhibition among neighboring trees (Potvin & Gotelli 2008; Pretzsch &
Schu 2009; Gomez-Aparicio et al. 2011), and by allowing diverse forest patches to use
a greater portion of available resources and growing space (Morin et al. 2011; Brassard
et al. 2013; Vila et al. 2013; Tobner et al. 2014). However, at higher diversity levels
there is also a higher chance of including highly productive species, thus the positive
effect of diversity may be confounded by the inclusion of a highly productive species

that drives the ecosystem function (i.e. the selection effect).

Thus, functional diversity indexes instead of species richness “per se” are recently used
for testing the long-standing hypothesis of a positive relationship between Biodiversity
and Ecosystem Functions (since it accounts for differences on species attributes that
may mediate ecosystem functioning). Functional diversity refers to the kind, range, and
relative abundance of functional traits present in a given community. Metrics to capture
aspects of functional diversity are numerous (Table 2.2) including: functional richness,
evenness, divergence, Rao’s quadratic entropy, and dispersion (Lalibert¢ & Legendre
2010; Mouchet et al. 2010). Functional richness represents the range of trait values
inside a community (the minimum convex hull in a multi-trait space) but its drawback
relies on not providing information about how trait space is filled. Instead, functional
evenness and divergence account for this aspect, and represent the regularity (i.e.
evenness) and the spread (i.e. divergence) of abundances along this space, respectively
(Villéger et al. 2008). However, since those indexes have limitations as dealing with
both quantitative and qualitative data, and with missing values, Laliberté and Legendre
(2010) proposed a new index called functional dispersion (FDis). FDis, which is closely
related with Rao’s quadratic entropy, represents species mean distance from the multi-

trait space centroid. Indeed, FDis is currently one of the most common used as diversity
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metric in BEF. For instance, Paquette and Messier, (2011) and Ruiz-Benito et al.,(2014)

used FDis to detect the positive effects of functional diversity on forest productivity.

Table 2.2: dj: is the dissimilarity between species i and j. S: species richness. /V: the number of
functional units. p; the relative abundance of species i. x: trait values. dG: mean distance to the
center of gravity. Ad: sum of abundance-weighted deviances. PEW: partial weighted evenness. i’:

branch presence/absence row vector. i,: branch length vector. z;: the distance of species i from the

weighted centroid (adapted from Mouchet et al., 2010).

Abundance
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Modified Functional MFEAD  Sum of pairwise disiances WONT Dristance Mo
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Species Distribution Models

Species Distribution Models (SDM) are numerical models “that relate species
distribution data (occurrence or abundance at known locations) with information on the
environmental and/or spatial characteristics of those locations” (Elith & Leathwick
2009). Thus, SDM allow to analyze theoretical and practical issues relating species and
environment (Higgins et al. 2012). For instance, SDM has been used to test the effect of
extreme events on species distributions (Zimmermann et al. 2009), assess facilitative
mechanisms among species (Pellissier et al. 2010), or evaluate potential impacts of
climate change on species distribution, vegetation types, and diversity (Thuiller et al.
2005; Thuiller et al. 2006; Thuiller et al. 2011). The First study relating species
distribution and environment dates back to 1924, when Johnston studied the invasive
spread capacity of cactus species in Australia (reference in Guisan and Thuiller, 2005).
However, was during the 80’s when this “discipline” started to growth mainly due to
developments on computational and statistical sciences. Latterly, in the turn of century,
greatest improvements were carried out on theoretical and technical related issues as
clarifications over the niche concept or implementation of new statistical methods (see
reviews from Guisan & Zimmerman 2000; Guisan & Thuiller 2005; Elith & Leathwick
2009; Zimmermann et al. 2010).

SDM have been also referred as “ecological niche models”, “habitat suitability models”,
or “predictive distribution models”, mainly due to different interpretations of what is
being modeled and what they are predicting, i.e. if SDM represent species niche or
simply species potential distributions (Franklin, 2009). However, it is recognized that
SDM are strongly linked with Hutchinson definition of species niche (Araujo & Guisan
2006). Hutchinson, (1957) defined the fundamental niche of species as a hypervolume
representing the ‘n’ environmental dimensions in which species can exist (accordingly
to Grinnell 1917). Nevertheless, Hutchinson also distinguished the realized niche, i.e.
the restricted part of the fundamental niche because of distributional constrains imposed
by biotic interactions (Fig. 2.2). Thus, since SDM are based on the realized distribution

of species (i.e. after overcoming biotic and abiotic filters), SDM are commonly
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interpreted as a representation of species realized niche (Franklin, 2009; Guisan and

Zimmerman, 2000).

Fundamental niche

Temperature

Realized niche

2

Figure 2.2: The niche concept. Hutchinson defined the fundamental niche as a hypervolume

Precipitation

representing the ‘n’ environmental dimensions in which species can exist (in these example it is
represented over three dimensions). He also distinguished the realized niche, i.e. the restricted part

of the fundamental niche because of distributional constrains imposed by biotic interactions.

The modeling procedure can be dived into different steps (see Guisan and Zimmerman,
2000 for further details). Conceptual formulation is the first step and sets the underlying
theories, assumptions and factors controlling species distribution. Their consideration is
necessary for an appropriate model design and proper interpretation of results. For
instance, assumptions on species pseudo-equilibrium with the environment (Araujo et
al. 2005) and theories regarding general patterns constraining species range limits
(Brown et al. 1996) should be considerate for an appropriate geographical and

physiological interpretation of SDM.

Following steps are data collection and algorithm selection which also should be in
agreement with the purpose of the model (Austin 2007). Data used should cover an
appropriate area extent (at least the whole species environmental range) and the
resolution or work scale should be adequate enough to detect the underlying ecological

process (Franklin 2009). For instance, coarse resolutions and ‘“un-sampled”
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environmental gradients might not allow detecting species environmental responses.
Instead, the selection of statistical model is important since it conditions the kind of
relationship among species and environment (e.g. if it is linear, quadratic, or
asymmetric). Traditionally, it was considerate that species response to a resource
gradient was bell shaped (it was assumed that competition constrained the range but not
the optima), however, theoretical and applied studies had showed that species responses
may take numerous forms (e.g. skewed or even bimodal, Fig. 2.3, Austin & Smith
1990). Thus, it is suggested that statistical algorithms used in SDM should not constrain
species environmental responses to specific shape (specially without explicit theoretical

justification, Austin 2007).
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Figure 2.3: Species environmental responses modulated by biotic interactions. Species fundamental
responses (dotted line) could have different realized shapes depending on how other species affect
it. A) Traditional assumption suggesting that the optimum is not affected by biotic interactions; B)
and C) bimodal and unimodal realized responses with alterations on species physiological optimum

(adapted from Austin and smith 1990).

Different algorithms are used to fit SDM, for instance regression based models (e.g.
Generalized Linear and Additive Models), classification techniques (e.g. Classification
and Regression Trees), environmental envelopes (e.g. BIOCLIM) or machine learning
approaches (e.g. MAXENT, Artificial Neural Networks, Boosted Regression Trees and
Random Forests). These techniques differ in several aspects (see Franklin 2009 for
more deep insights) but the main difference relies on how the relationships among
species and environment is ‘“structured” (Fig. 2.4). Indeed, the complexity of the

algorithms has conditioned their use in ecology. For instance, despite machine learning
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techniques might outperform traditional methods (Elith et al. 2006), their “black box”
nature has promote more comprehensive techniques as regression methods since they
easily allow to understand how species relates with environment (Elith & Leathwick

2009).
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Figure 2.4: Representation of how different algorithms structure the relationships among species
and environment. A) Envelope models create a “bioclimatic surface” which envelopes the
conditions over which species can be found; B) regression models fit an equation relating the
probability to find a species based on environmental data; C) classification techniques create
“conditional trees” which classify locations as a presence or absence according to their
environmental values; D) Machine learning techniques (e.g. neuronal networks), create hidden

cause-effect relationships among variables as consequence of a learning process.

The last steps for building SDM are model calibration (i.e. parameters estimation) and
evaluation. Since is not common to have independent datasets to use for each step
(despite it will be the most optimal practice, Fielding & Bell 1997), usually data are

split into calibration and evaluation datasets to avoid the overestimations problems
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caused when using the same dataset for both tasks. However if the dataset is not large
enough, other techniques like Jack-Knife, cross-validation, or bootstrapping, which are
based on the stability of the model, are considered more approapirate (for further details
see Guisan and Zimmerman, 2000). The most common parameters used for evaluate the
accuracy of SDM are the Area Under the Curve (AUC) and Kappa statistic (Elith &
Leathwick 2009). Both methods depend on the confusion matrix, i.e. a contingency
table with the correct predicted and wrong predicted presence, and correct predicted and
wrong predicted absence. However, Kappa is a threshold dependent method and thus it
explicitly needs to set a probability threshold to transform occurrence probability into
presence and absence (see Valverde-Jimenez & Lobo 2007 for different methods) .
Instead, AUC is a method which provides a single measure of overall accuracy without
depending upon a particular threshold (Fielding & Bell 1997). Both methods have their
own drawbacks since their performance depend on data characteristics. For instance,
since Kappa is influenced by species prevalence (i.e. the ratio among presence and
absences), its performance might depend on the method used to set the threshold
(Valverde-Jimenez & Lobo 2007). Instead, AUC largely depends on the extent of
analysis (i.e. higher AUC scores are obtained increasing the geographical extent outside
species environmental domain, Lobo et al. 2008). Thus, it is usually recommended to
jointly use different evaluation parameters to assess the accuracy of SDM (see

suggestions in Fielding and Bell, 1997).
Remote Sensing

Remote sensing is referred to the acquisition of electromagnetic signals from satellite or
airborne sensors, which allows inferring information about land properties (Turner et al.
2003). Remote sensing is based on “objects” spectral properties to absorb, transmit and
reflect different wavelengths of the electromagnetic spectrum. Thus, since “objects” like
vegetation, water and soil differ on their spectral response (Fig. 2.5), remote sensing
proves useful for study different aspects of natural earth systems. The use of remote
sensing for vegetation analysis dates back to 2" World War when color infrared films
were used to detected vegetation health (Ustin and Gamon, 2010). However, was in the

70’s when the global digital imagery begun thanks to the first land observing satellite,
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the Earth Resources Technology Satellite (ERTS 1, later renamed LANDSAT, Ustin &
Gamon 2010). Since that moment, developments on sensors characteristics, advances in
informatics, launching of new satellites, and a better understanding of objects spectral

behaviors have allowed to globally and routinely monitor ecosystems.

The main characteristics of satellite sensors that condition analysis are spatial, temporal
and spectral resolutions. Spatial resolutions of sensors characterize the landscape levels
of analysis, with the highest resolution (< 1 m) able to identify individual tree plants and
lowest resolution (e.g. lkm) to infer information at ecosystem level. Temporal
resolution identifies vegetation under different aspects, wherein with monthly image
detections is possible to observe seasonal changes in phenology, while image detection
over the years reveal longer term changes associated with anthropic activities (land use
changes) or climate trends. Instead, spectral resolution refers to the number of bands
discriminated by the sensor which allow to detect, in the case of hyperspectral sensors,
subtle difference among objects proving useful information for assessing species

composition (Wang et al. 2010).
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Figure 2.5: Typical spectral reflectance curves for vegetation, soil and water.
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Plants spectral response is characterized by the absorption at the visible region of the
light spectrum (mostly on blue and red, and less on the green portion of spectrum) while
reflecting most of the light in the near infrared (750-1400 nm, Fig. 2.5). The absorption
in the visible is due to chlorophylls and carotenoids located in the palisaded parenchyma
whereas reflection is consequence of spongy parenchyma structure (cell wall air
interfaces), which allows reflecting the excess of energy that arrives via the near
infrared region (Jensen 2000). However, stress conditions (e.g. drought, cold, or
pathogens) might lead to reductions on chlorophyll content and changes on spongy
parenchyma structure resulting on changes in plant spectral responses. Thus, these

changes allow the identification of stress effects on plant performance.

NIR band — RED band

NDVI = e band + RED band

NIR band — RED band

EVI =G
“NIR band + C, = RED band — C, * BLUE band + L

Equations note: L is the background adjustment coefficient for near infrared (NIR) and red
radiant transfer through the canopy; C; and C, are the aerosol correction coefficients for red and

blue bands, respectively; and G is a gain scaling factor. The coefficients adopted by MODIS are
L=1, C,=6, C,=7.5, and G=2.5.

A great number of vegetation indexes have been developed using combinations of
reflectance values at different wavelengths allowing stress effects to be monitored.
Among these indexes, the most widely used is the Normalized Difference Vegetation
Index (NDVI). NDVI is the normalized difference between near infrared and the visible
reflectance (equation 1). However, some limitations have been observed in the NDVI
(i.e. saturates at well vegetated areas and it does not consider background effects on
reflectance, Gao et al., 2000). Thus, new indexes, like the Enhanced Vegetation Index

(EVI) or Soil-Adjusted Vegetation Index (SAVI), have been suggested for monitoring
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vegetation as they overcome some of the limitations of NDVI. EVI, which also uses
information on the blue band to remove atmospheric and soil influences (equation 2),
has been proved to be more sensitive to canopy variations than NVDI or SAVI (Huete

et al. 2002; Jiang et al. 2008).

Vegetation indexes are provided by different sensors having different characteristics
(i.e. in spatial and spectral resolution, temporal series and to be or not free of charge;
see Table 2.3 for a summary of some characteristics of different sensors and Xie et al.,
2008 for further details). Thus, the scope and availability of economic resources
determines which sensor to use. For instance, MODIS provides data at a resolution of
250-500 m but from the year 2000, however AVHRR, can provide data from 1980 but
at coarse resolution (1000 m). Instead LANDAST can supply data at great resolution
(30 m), but data availability may be limited by weather conditions especially on
tropical/subtropical areas where cloud conditions may be persistent over long periods
and rare satellite passes (once every 16 days) limits acquisition of cloud-free data. On
the other hand, options like SPOT or IKONOS had very fine resolution but also the

disadvantage of being relatively expensive.

Different studies have demonstrated the scientific utility of these products comparing
data retrieved by sensors with both field biophysical and top-of-canopy reflectance
measures (Huete et al. 2002; Dong et al. 2003; Fensholt et al. 2009). For instance,
NDVI and EVI from MODIS showed great correspondence with top-of canopy
reflectance in different biomes (Huete et al. 2002). In addition, Dong et al., (2003) in
Boreal and Temperate forest observed that NDVI accurately represented forest biomass
across different spatial and temporal scales. Thus, vegetation index retrieved from
remote sensing has been proved useful to study different vegetation aspects as
phenology, diversity, productivity and for monitoring trends (Pettorelli et al. 2014). For
instance, Gaitan et al., (2014) used inter-annual differences on the yearly cumulated
NVDI to assess species richness effect on ecosystem functioning. Instead Huesca et al.,

(2015) using also MODIS data, assessed the functional behavior of different forest
types.
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Table 2.3: Main features of image products from the different sensors products (from Xie et al.

2008).

Products (sensors)

Features

Vegetation mapping applications”

Landsat TM

Landsat ETM+

(Landsat 7)

SPOT

MODIS

AVHER

IKONOS

QuickBird

ASTER

AVIRIS

Hyperion

Medium to coarse spatial resolution with multispectral data
(120 m for thermal infrared band and 30 m for multispectral
bands) from Landsat 4 and 5 (1982 to present). Each scene
covers an area of 185 % 185 km. Temporal resolution is 16 days.

Medium to coarse spatial resolution with multispectral data

(15 m for panchromatic band, 60 m for thermal infrared and 30 m
for multispectral bands) (1999 to present). Each scene covers
an area of 185 km * 185 km. Temporal resolution is 16 days.

A full range of medium spatial resolutions from 20 m down to
2.5 m, and SPOT VGT with coarse spatial resolution of 1 km.
Each scene covers 60 % 60 km for HRV/HRVIR/HRG and

1000 % 1000 km {or 2000 % 2000 km) for VGT. SPOT 1, 2,

3, 4 and 5 were launched in the year of 1986, 1990, 1993,
1998 and 2002, respectively. SPOT 1 and 3 are not providing
data now.

Low spatial resolution {250-1000 m) and multispectral data from
the Terra Satellite (2000 to present) and Aqua Satellite (2002
to present). Revisit interval is around 1-2 days. Suitable for
vegetation mapping at a large scale. The swath is 2330 km
(cross track) by 10 km (along track at nadir).

1-km GSD with multispectral data from the NOAA satellite series
(1980 1o present). The approximate scene size is 2400 % 6400 km

Tt collects high-resolution imagery at 1 m {panchromatic) and
4 m (multispectral bands, including red, green, blue and near
infrared) resolution. The revisit rate is 3-5 days {off-nadir).
The single scene is 11 % 11 km.

High resolution (2.4-0.6 m) and panchromatic and multispectral
imagery from a constellation of spacecraft. Single scene area is
16.5 % 16.5 km. Revisit frequency is around 1-3.5 days depending
on latitude.

Medium spatial resolution (15-20 m) image with 14 spectral
bands from the Terra Satellite (2000 to present). Visible to

near-infrared bands have a spatial resolution of 15 m, 30 m
for short wave infrared bands and 90 m for thermal infrared

bands.

Adrborne sensor collecting images with 224 spectral bands

from wvisible, near infrared to short wave infrared. Depending
on the satellite platforms and latitude of data collected, the
spatial resolution ranges from meters to dozens of meters and
the swath ranges from several kilometers to dozens of kilometers,
It collects hyperspeciral image with 220 bands ranging from
visible to short wave infrared. The spatial resolution is 30 m.
Data available since 2003,

Regional scale mapping, usually capable of mapping vegetation
at community level.

Regional scale mapping, usually capable of mapping vegetation
at community level or some dominant species can be possibly
discriminated.

Regional scale usually capable of mapping vegetation at
community level or species level or global/national/regional
scale (from VGT) mapping land cover types {i.e. urban area,
classes of vegetation, water area, e1c.).

Mapping at global, continental or national scale. Suitable for
mapping land cover types (i.e. urban area, classes of
vegetation, water area, eic.),

Global, continental or national scale mapping. Suitable for
mapping land cover types {i.e. urban area, classes of
vegetation, water area, etc.).

Local to regional scale vegetation mapping at species or
community level or can be used to validate other classification
result,

Local to regional scale vegetation mapping at species or
community level or used to validate vegetation cover
extracted from other images.

Regional to national scale vegetation mapping at species or
community level.

At local to regional scale usually capable of mapping vegetation
at community level or species level. As images are carried out
as one-time operations, data are not readily available as it is
obtained on an ‘as needs’ basis.

At regional scale capable of mapping vegetation at community
level or species level.

? Many sensors provide imagery for producing VI (e.g. NDVI) that is calculated from the bands in the visible and near-infrared regions.
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Climate Change Modeling

Climate change modeling refers to the projection of Global Circulation Models (GCM)
into different future scenarios (i.e. into different human development paths), which
allows to predict how socio-economic human activities will affect climate (IPCC 2014)
and the different process with which it closely links (Cramer et al. 2001). Despite
greenhouse gasses (GHQG) effects on climate was early notice by Svante Arrhenius in
1896, the implementation of warming predictions started only during 70’s (Bodansky
1992). However, from that moment and thanks to great developments on computer
science, models have increased their complexity (i.e. including more process affecting
energy transfer) and feasibility at high spatial and temporal resolutions improving the

confidence of their results (Treut et al. 2007).

GCM are based on mathematical equations, regulating climate, hydrology and bio-
geochemical cycles, and representing physical laws that govern the state (i.e.
conservation of the mass, energy and momentum, and gases kinetics) of atmosphere,
landforms and oceans. GCM use a three dimensional grid over the globe with several
vertical layers in the atmosphere and oceans to calculate vertical and horizontal mass
and energy exchanges based on those equations (Fig. 2.6; Edwards 2011). Climatic
models are typically classified as Atmosphere-Ocean General Circulation Models
(AOGCM) or Earth System Models (ESM), which differ in complexity and
computational cost. ESM expand AOGCM, since they can include biogeochemical
cycles. Both AOGCM and ESM provide hourly, daily and monthly climate data at a
spatial resolution varying between 100 and 600 km. In order to provide more
information at a finer scale for climate impact assessment, these models are usually
downscaled using three main methods: Dynamic downscaling (Regional Circulation
Models, RCM), Statistical downscaling and simple methods (e.g. Delta method). RCM
typically “re-model” general circulation models for a regional extent at higher
resolution, whereas statistical methods derive from empirical relations the regional
spatial trends of climate as function of key climate variables at global level. Instead,

simple methods like the Delta method, create a smoothed surface of change on climate
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based on anomalies and then applies to high-resolution baseline climates (i.e.

WorldClim).
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Figure 2.6: Schematic representation of a Global Circulation Model (From Edwards 2011)

In order to assess how socio-economic human activities will affect climate, GCM are
projected into different future scenarios (i.e. as input data). Scenarios refer to different
future trends on socio-economic development (e.g. population growth, economic
activity, or technology) that will affect climate trough GHG emissions and atmospheric
concentrations, air pollutant emissions and land use (IPCC 2014). From SA90 (used in
the 1* IPCC report), passing through IS92 and SRES (used in the 2™ and 3"-4™ IPCC
reports, respectively), different scenarios have been specified in order to adapt to the
new specificities of climatic models and for exploring different approaches on how to
reach specific climate change targets. Thus, the advantage of the current RCP scenarios
(i.e. the Representative Concentration Pathways) is that allow to assess how different
combinations on social, economic and technological circumstances are compatible with

a specific pathway or temperature target but at the same time allow climatic modelers to
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continue to assess the effect of radiative forces on climate and ecosystems (van Vuuren
etal. 2011). The new four RCP cover a wide range of GHG concentration (and radiative
forcing) trajectories noticed in the scientific literature (Fig 2.7). For instance, RCP 2.6
represents a future scenario where efforts have been done to reduce emissions and
content temperature increase below preindustrial era. Instead, RCP 4.5 (associated to
SRES BI1) and 6.0 (associated to SRES B2) represent intermediate scenario whereas
RCP 8.5 (associated to SRES A1F1) represents continuity on high GHG emissions.
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Figure 2.7: Emissions of carbon dioxide (COj)for the different Representative Concentration
Pathways (RCP) and the associated categories from the Working Group III (WGIII, i.e. cumulative
anthropogenic CO,; emissions predicted; from IPCC 2014).

Since different climate models have been used to predict climatic changes contradictory
results were caused as model uncertainties, by the reliability different assumptions taken
by models (e.g. clouds, Cess et al., 1989). Thus, in order to intercompare model
predictions the Coupled Model Intercomparison Project (CMIP) was established (Taylor
et al. 2012). CMIP, which it is at its 5t phase, set a standardized protocol for explaining

the mechanism responsible for model differences on climatic projections (i.e. why
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different models give different output in response to the same input data). Models
projections from different GCM used in the CMIP5 and downscaled with the Delta
method at 1 km resolution are freely available at WorldClim website
(http://www.worldclim.org/), specifying monthly average over 2045-2065 period of
precipitation, minimum and maximum temperature. Thus, climatic data from CMIP
allow to assess uncertainties on climate change impacts in vegetation and ecosystem
dynamics, e.g. Yu et al., (2014) evaluated vegetation responses joining dynamic

vegetation models and CMIP climatic predictions.
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Chapter 3. Specific leaf area and hydraulic traits explain
niche segregation along an aridity gradient in
Mediterranean woody species

Abstract

Despite the great interest shown by the scientific community on the role of plant
functional traits in plant strategies, community ecology and ecosystem functioning, the
way in which they determine species environmental niches remains little understood.
Given the potential of niche-traits relationships to contribute developing basic ecology,
as well as forest management and climate change adaptation policies, the following
questions were addressed: Are traits related with drought resistance adequate to predict
species environmental niche in Mediterranean environments? Can the predictor power
be increased using combinations of different traits? Are functional traits better related
with the limits of the species environmental niche? The environmental niches of 21
Mediterranean species were characterised using Species Distribution Models and
regressed against species traits values retrieved from literature. Species leaf traits,
mostly Specific Leaf Area (SLA), were highly correlated with species niche
characteristics regarding aridity (especially with the more arid limit). Instead hydraulic
traits, i.e. the water potential at which a species loses 50% of xylem hydraulic
conductivity due to cavitation (PLCs), and species hydraulic safety margins (SM) were
better correlated with species arid optimums. Niche predictions improved when SLA
was combined with PLCsy or SM. The study shows how in the Mediterranean region
traits commonly associated with drought responses strongly affect species distribution
and consequentlly their environmental niches evidencing the close link between some
FT and species niches. By setting the environmental limits of the species distribution
range, the proposed approach relies on the physiological limit of a species and, to a
certain extent, on the mechanisms behind it, adding robustness and accuracy to predict
species distribution and mortality under climate change scenarios. We also introduced
new elements for the study of the interplay between the fundamental and the realized

niche.
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Introduction

Functional Traits (FT) may be defined as the “morpho-physio-phenological” plant
attributes that drive species success on the environment (Violle et al. 2007). Despite the
great interest on the role of plant FT in plant strategies, community ecology, and
ecosystem functioning (Keddy 1992; Westoby et al. 2002; Lavorel et al. 2007), the way
in which they determine species environmental niches remains less understood (but see
Thuiller et al. 2004; Violle & Jiang 2009; Pollock et al. 2012; Stahl et al. 2014).
Whereas species’ physiological responses to abiotic factors determine their fundamental
niche (Austin et al. 1984; McGill et al. 2006) and consequently their distribution
(Woodward & Williams 1987), it is reasonable to hypothesise that a relationship
between specific FT and species environmental niche should exist, which may provide
insights on the mechanisms governing plant communities assemblage and species

distribution (McGill et al. 2006; Westoby & Wright 2006).

The role of FT in determining species establishment in a given ecological space was
early underlined by Keddy's (1992) assembly rules, who suggested that environmental
filtering eliminates species with unsuitable traits. Many studies have shown that species
living in different environments display different trait values. For instance, Specific
Leaf Area (SLA) usually decreases with site aridity and nutrient scarcity (Fonseca et al.
2000;Wright et al. 2001; Niinemets 2001) because low SLA are associated with drought
resistance and also increase nutrient residence time (Poorter et al. 2009). Similarly, the
water potential at which a species loses 50% of xylem hydraulic conductivity due to
cavitation (PLCs) tends to be lower in species from arid areas (Maherali et al. 2004;
Choat et al. 2012). Besides the observed patterns among species, traits values within
species (i.e. intraspecific trait variability) also tend to vary across environments (Jung et
al. 2010; Laforest-Lapointe et al. 2014), with specific relationships depending on the
traits and species under consideration (Albert et al. 2010). For instance, SLA and wood
density (WD) vary in Nothofagus pumilio according to temperature and moisture

gradients, respectively (Fajardo & Piper 2011).

Some functional traits have been shown to co-vary, giving origin to global spectrums of

traits (Wright et al. 2004; Chave et al. 2009; Reich 2014). Indeed, the FT value of a
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species reflects adaptive “decisions” on where to allocate resources, with consequences
in terms of growth and survival, but also represents trade-offs between plant strategies
(Wright et al. 2004; Reich 2014). Correlations among FT may reflect causality or
coordination between FT (Reich et al. 2003). An example of causal link is that species
photosynthetic rate largely depends on photosynthetic enzymes concentration in leaves,
1.e. their leaf nitrogen content. Instead, coordination reflects an improvement of species
response when two or more specific traits that appear to be mechanistically independent
co-vary (Reich et al., 2003). For instance, in tropical dry forests, xylem cavitation
resistance in evergreen species coordinate with leaf turgor loss point and modulus of
elasticity (Markesteijn et al. 2011). Coordination among FT may imply that different
combinations of traits may be adopted by species to maximize their performance in a

given environment (Maire et al. 2013; Manzoni 2014).

Since FT determine the success of a species in a given environment they should affect
as well the species’ environmental niche. However, it is not clear what specific
characteristics of the niche will be better reflected by species traits and, in particular,
whether FT will reflect mostly the optimal conditions or the environmental limits over
which a species can strive. Indeed, several studies suggested that along a gradient,
competition mostly affect species performance on the high-resource end part of the
gradient, whereas their low-resource boundary would be mostly influenced by species
physiological tolerance (Brown et al. 1996; Normand et al. 2009). Cornwell & Ackerly
(2010) observed that SLA scaled with species abundance across different plant
communities in coastal California, suggesting that SLA accurately represented species
optimal conditions in those environments. However, species are not always abundant at
their physiological optimal because biotic interactions affect species realized niche
(McGill et al. 2006). For instance, Pinus sylvestris is commonly displaced from its
optimal temperature location due to competition processes (Rehfeldt et al. 2002). Thus,
the accuracy and reliability of studies in land-plant ecology (Westoby & Wright 2006),
community ecology (McGill et al. 2006), or climate change impacts (Guisan & Thuiller
2005) would benefit from a deeper understanding of how FT, or combinations of FT,
relate with their niche characteristics e.g. the optimal value or the upper and lower

limits.
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Species Distribution Models (SDM) is a well-established method in ecology to establish
species niche and to address theoretical and applied issues (Higgins et al. 2012). SDM
are based on species occurrences data and the environmental values at those locations
allowing to predict species distribution across the territory (Guisan & Zimmerman
2000). Caution must be put in interpreting the results as their interpretation requires
knowledge of underlying ecological processes (Guisan & Thuiller 2005; Elith &
Leathwick 2009), nevertheless they have been used to answer a number of hypothesis

including e.g. niche stability and evolution (Pearman et al. 2010).

The objective of this study was to determine the relationship between several FT and
the environmental niche of 21 woody species in the Mediterranean region, where water
availability is the main limiting factor for plants. We hypothesize that: 1) the
environmental niche of Mediterranean species is better predicted by traits related to
drought resistance rather than by traits related to other functions; ii) since coordination
among traits implies that traits may contribute to the performance of a species
independently, or at least partially independently, from other traits we expect that
predictions of species environmental niches will improve when a combination of traits
is used rather than a single trait; iii) finally, since niche characteristics are not equally
set by competition and species physiological tolerance, we also expect that drought
resistance traits would be better correlated with the arid limit of species rather than with
other niche characteristics as the optimum or the high-resource limits (i.e. the humid

limit).
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Materials and Methods

Study area and datasets

The study area covered the Spanish continental territory, located between 36° N and
44°N of latitude, and between 10° W and 3 ° E longitudes. The main Koppen climatic
domains are Dry and Temperate, with annual mean temperatures ranging from ~3 to
~17°C and precipitations from ~300 to ~2200 mm/year (Chazarra 2011).
Biogeographically more than three quarters of the territory belong to the Mediterranean
region being conifers, and sclerophyllous shrubs and forest the main vegetation types

(Rivas-Martinez 1987).

Species distribution data (i.e. presence and absence) were obtained from the Third
Spanish National Forest Inventory (IFN3) (http://www.magrama.gob.es/; Direccion
General de Conservacion de la Naturaleza 2006). IFN3 includes periodical surveys
(every ~10 years) of the whole forested area of Spain for reporting exhaustive
information about stand composition, structure, and productivity. IFN3 has a regular
sampling design with one sample plot every ~1km” accounting for more than 90 000
plots in total. We selected 21 of the most abundant Mediterranean woody species from
ten different families and six functional groups (Table 3.1). For all selected species the
Spanish environmental range represents a substantial portion of the variation across the
overall environmental (climate) species’ range (i.e., species such as Quercus robur and

Fagus sylvatica were excluded).

WorldClim data were downloaded for the area of interest (http://www.worldclim.org/).
The dataset includes 19 bioclimatic variables at a resolution of 30 arc-seconds (Hijmans
et al. 2005). A soil pH dataset at a resolution of 5 km® was downloaded from the
European Soil Portal (http://eusoils.jrc.ec.europa.eu/, Panagos et al. 2012). The number
of potential explanatory variables was reduced to limit collinearity and obtain more
parsimonious models (Bolker 2008). Variables were selected based on their known
ecological relevance and pairwise correlations (Dormann et al. 2013). At the end of the
process, the variables selected were Annual Precipitation (AP), Mean Annual

Temperature (MAT), Precipitation of the Driest Quarter (PDQ), and pH.
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Niche models

SDM were generated for each species using the presence and absence dataset and the
selected environmental variables. Absences were randomly selected until reaching three
times the number of presences because some methods to evaluate SDM usually
outperforms at low prevalence (e.g. Kappa coefficient, Valverde-Jimenez & Lobo
2007). The algorithm used to build SDM were Generalized Additive Models (GAM)
since it is known not to constrain species response curves to a predetermined shape

(Austin 2007).

Goodness of fit of the models was evaluated by the deviance explained (D7), while their
accuracy was assessed after a 5 k-fold cross validation by the Area Under the Curve
(AUC) and Kappa coefficient. To convert predicted probabilities into presences and
absences the threshold selected was that which minimized the difference between

specificity and sensibility (Valverde-Jimenez & Lobo 2007).
Niche characteristics

Niche characteristics were calculated after projecting SDM over continental Spain and
associating each predicted location with its occurrence probability and its environmental
value (see Fig. 3.1 for details). Thus, for each species and environmental variable a set
of niche characteristics were obtained: a) the value at which the probability to find the
species was highest (i.e. the optimum), b) the lowest and highest values at which the
species can be found (i.e. the minimum and maximum, respectively), c) and the
difference among those limits (i.e. the range). In addition, in order to integrate in the
analysis the joint effect of the variables used in the SDM, niche characteristics were also
calculated for a latent variable (hereafter called aridity) obtained from the first axis of a
Principal Component Analysis of the four selected environmental variables (first axis
explained 60 % of variance, and loadings for each variable were 0.49, -0.56, -0.59, 0.32
for AMT, AP, PDQ, and pH, respectively).
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Figure 3.1: Work flow to obtain niche characteristics. Step 1. For each species a SDM was fitted
using the selected environmental variables in order to obtain the most accurate models. Step 2 and
3. The SDM was later projected into the Spanish territory and a threshold was set to remove
locations where species probability was so low that it was predicted to not occur (i.e. predicted
absences). Step 3. For each remaining location both presence probability and environmental
variables were associated (i.e. each environmental variables used in the SDM and the latent
variable, i.e. aridity). Step 4. Minimum and maximum limits were obtained selecting the 1° and 99™
percentiles of environmental values, respectively. The range was calculated as the difference
between both limits. Step 5. The optimum was calculated as the mean environmental value of the
locations with the highest probability (i.e. locations with probability of occurrence over the 97"

percentile).

Species functional traits

A set of 14 morphological and physiological FT for the 21 study species were extracted
from the literature (see Appendix 3.1 for sources used). Leaf level traits included
maximum photosynthetic rate per unit mass (Anass) and per unit area (Agrea), maximum
stomatal conductance (Gnax), intrinsic water use efficiency (WUE), leaf area (LA),

specific leaf area (SLA), and nitrogen content per unit of mass (Ny,ss). Traits related
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with plant hydraulics and cavitation resistance included Minimum Leaf Water Potential
(MLWP, leaf water potential measured at midday during the driest period of the year),
the water potential at which 50% of hydraulic conductivity is lost (PLCsg), and
hydraulic safety margin (SM, the difference between MLWP and PLCsy). Maximum
height (MH), seed dry weight (SDW), and wood density (WD), which are usually
related with competition and life history strategies, were also included. When more than
one value was found for a FT of a species, the average of the value was used for further

analysis.
Data analysis

Trait data normality was checked using Shapiro-Wilk normality tests, and we
transformed data when it ensured normality (i.e. log transformation for A, MH,
SDW, SM, and SLA, and root square transformation for LA). The independency among

traits was assessed by pairwise correlations and a PCA of FT.

We tested single correlations between FT values and niche characteristics among
species by linear regressions using P values and Pearson correlation coefficient to test
the statistical significance and strength of the relationships, respectively (Warton et al.
2006). The combined effects of multiple traits on niche characteristics were tested using
multiple linear regressions. Because gymnosperms and angiosperms greatly differ in
their wood anatomy and other relevant attributes (Brodribb et al. 2012; Carnicer et al.
2013), multiple regressions were performed including a dichotomic variable to assess
the phyla effect. Traits were standardized to assess their weights on regressions, and the
Akaike Information Criterion (AIC) was used as a measure of model performance in
multi-model selection (Burnham & Anderson 1998). All analyses were conducted using

R software (version 3.2.0., R Development Core Team 2015, www.R-project.org).
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Species Distribution Models
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The accuracy of the SDM were satisfactory (Fielding & Bell 1997) being Quercus

pubescens the species in which SDM performed best and Erica arborea the one in

which they performed worst (Table 3.1). Considering all species, mean D’ was 39%

(min 20%, and max 66%), mean AUC was 0.88 (ranging from 0.79 to 0.96) and mean

Kappa was 0.56 (ranging from 0.37 to 0.8).

Table 3.1: Species Distribution Models performance. Calibration and accuracy parameters for

each species, including Deviance explained (D), Kappa, and the Area Under the Curve (AUC).

Species Number of presence D’ Kappa AUC
Acer monspessulanum 1445 0.31 0.47 0.85
Arbutus unedo 8192 0.29 0.46 0.85
Erica arborea 9168 0.2 0.37 0.79
Erica multiflora 3171 0.46 0.67 0.92
Juniperus oxycedrus 20 694 0.41 0.57 0.9
Juniperus phoenica 9226 0.4 0.57 0.9
Olea europaea 7369 0.48 0.63 0.93
Pinus halepensis 16 386 0.62 0.76 0.96
Pistacia lentiscus 9172 0.51 0.66 0.93
Prunus spinosa 7443 0.25 0.42 0.83
Pistacia terebinthus 2565 0.27 0.47 0.84
Quercus faginea 14 885 0.23 0.42 0.82
Quercus pubescens 5040 0.66 0.8 0.96
Quercus pyrenaica 9829 0.4 0.59 0.9
Quercues suber 5694 0.49 0.66 0.93
Rosmarinus officinalis 17 851 0.44 0.62 0.92
Quercus coccifera. 12 311 0.44 0.62 0.91
Rhamnus alaternus 9703 0.35 0.52 0.88
Phyllerea latifolia 3245 0.39 0.55 0.9
Pinus pinea 5276 0.41 0.6 0.9
Quercus ilex 42 689 0.25 0.45 0.81
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Functional Traits

Pairwise comparisons between traits showed that leaf traits were correlated among each
other, whereas significant correlations among hydraulic traits were not always present
(see Appendix 3.2). There were no significant correlations between leaf and hydraulic
traits, but some of them were related with life history traits (i.e. WD, was correlated
with Agreas Gmax, and Niass;, and MH was correlated with LA, MLWP and PLCsj). PCA
performed on species FT showed similar results. Leaf traits were the largest contributors
to the first axis (40% of variance explained), whereas the second axis was mainly

determined by hydraulic traits and maximum height (20% of variance explained, Fig.

3.2).
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Figure 3.2: Principal Component Analysis of plant functional traits, including: maximum
photosynthetic rate per unit of mass (Ap.s), and per unit of area (A,..), maximum stomata
conductance (Gy,,), intrinsic Water Use Efficiency (WUE), Leaf Area (LA), Specific Leaf Area
(SLA), Leaf LifeSpan, (LLS), nitrogen content per unit of mass (N,,.s), Minimum Leaf Water
Potential (MLWP), Maximum Height (MH), Seed Dry Weight (SDW), water potential at which
50% of hydraulic conductivity is lost (PLCs), hydraulic safety margin (SM), and wood density

José Maria Costa Saura. A trait-based approach for forest ecology and management. Tools for theoretical and

applied ecology.

Tesi di Dottorato in Agrometeorologia ed Ecofisiologia dei Sistemi Agrari e Forestali — XXVIII ciclo — Universita

degli Studi di Sassari



61

(WD). The perpendicularity of hydraulic and leaf traits shows their relative independence. The first
axis was mostly determined by leaf traits and explained 40 % of the total variance; the second axis

explained 20% of the variance%, and was mostly explained by hydraulic traits.

Functional traits and niche characteristics

Single traits

FT showed correlations with the niche characteristics computed for each environmental
variable considered (focus is given on aridity, i.e. the latent variable obtained from the
PCA, since it integrates the effects of precipitation and temperature). However, not all
of the fourteen FT were equally correlated with the niche characteristics of species
being SLA almost always the traits most strongly related (Table 3.2). All leaf traits,
except Aqrea, significantly scaled with niche aridity values. Thus, species with more arid
distribution had lower SLA, Nmass, Amass» Gmax, and LA, and greater LLS and WUE (Fig.
3.3). The hydraulic traits that displayed the best correlations with the aridity niche were
PLCsy and SM (Table 3.2), while MLWP was not correlated. SDW, MH, and WD did
not show significant correlations with the aridity niche of species, and only MH and
WD appeared to be related with the aridity niche when the phyla effect was considered.
Overall, similar patterns were observed when analysing traits correlations with the niche
characteristics of the other environmental variables, such as AP, PDQ, and AMT (i.e.
traits values that decreased with aridity, also decreased with precipitations and increased

with temperatures, see Appendix 3.2 for the complete correlation matrix).

Leaf traits were most strongly correlated with species maximum aridity (i.e. the most
arid conditions that species reach), whereas hydraulic traits were best correlated with
species optimum (i.e. the aridity conditions that species are more likely to occupy).
None of the considered FT showed a correlation with species aridity range, but some
traits were correlated with the niche ranges of other environmental variables e.g. WUE
was inversely correlated with the annual precipitation range or SLA with the annual

mean temperature range (see Appendix 3.3).
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Trait combinations

Multiple regression analysis showed that SLA combined with traits perpendicular to it
(Fig. 3.2) performed better than SLA alone in explaining species niche characteristics
(Table 3.3). Best-fitting models for the optimum and minimum aridity niche
characteristics were obtained when combining SLA with SM, while the best model for
the maximum of aridity was a combination of SLA with PLCsy. SLA weights on
regressions were almost always greater than the other traits, except for species optimum.
Combinations with WD or MLWP did not increase the goodness of fit of the models. In
addition, separating gymnosperms from angiosperms did not enhance model

performance (data not shown).
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Table 3.2: Pearson correlation coefficient between functional traits and aridity niche characteristics.* significant relationships (P values < 0.05). Values between brackets

report significant correlation coefficients when only angiosperms were considered. Abbreviations as in Fig. 2.

Aridity Leaf traits Hydraulic traits Life history traits

miche  Tog(SLA) LLS Sqri(LA) Npws L0Z(Ams) Awa Gmm WUE  PLCy, MLWP Log(SM) WD LogMH)  Log(SDW)
Opitimum -0.73* 0.39 -0.5%  -0.36 -0.66* -0.38  -0.52* 0.52% -0.59*  -0.18 0.74%* -0.14 -0.31 -0.19
Minimum -0.65% 0.62*  -037  -0.37 -0.56* -0.29  -0.54* 0.64* -0.48  -0.19 0.57* -0.17 [0.38%] -0.14 0.08
Maximum -0.8%* 0.59*  -0.61* -0.5% -0.73* -0.44  -0.62* 0.67* -0.52* 04 0.59* -0.17 -0.31 [-0.47%*] -0.24

Range -0.26 0.42 0.01 -0.1 -0.17 -0.02 -0.27 0.38 -0.3 0.04 0.44 -0.1 0.1 0.38

Table 3.3: A AIC for models of niche characteristics as a function of functional traits (model with smaller values are preferable). Models including only SLA as the

explanatory variable (first column) are compared with models combining SLA with PLCs,, WD, SLA SM, and MLWP (columns 2 to 5, respectively). Traits are

standardized. D’ is the deviance explained. Abbreviations as in Fig. 2.

Traits combined with SLA

Aridity
niche SLA +PLCs, +WD +SM + MLWP
Optimum 7.4 2.7 9.4 0 93
Minimum 1.5 0.2 2.1 0 2.3
Maximum 6.1 0 7.2 4 32

Note: equations of the best models
Optimum= -0.44*SLA + 0.55* SM; D’ =69%
Minimum = -0.71 *SLA +0.28*SM; D’=74%

Maximum = -0.67*SLA -0.41* PLCs,; D’=78%
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Figure 3.3: Scatterplot and regression lines of different characteristics of the species’ aridity niche as a function of species functional traits. Only the significant regression lines

are shown (P values < 0.05). Crosses represent species optimum, and filled squares and open circles the species maximum (more arid) and minimum (less arid) limits,

respectively. The variance explained is also given for each regression line. Abbreviations as in Fig. 2.

José Maria Costa Saura. A trait-based approach for forest ecology and management. Tools for theoretical and applied ecology.

Tesi di Dottorato in Agrometeorologia ed Ecofisiologia dei Sistemi Agrari e Forestali — XXVIII ciclo — Universita degli Studi di Sassari



65

Discussion

The results of the present study highlight the close link between FT and species niches,
confirming our first hypothesis and demonstrating how in the Mediterranean region
traits commonly associated with drought responses (i.e. SLA, PLCsy, and SM, Micco &
Aronne 2012; Nardini et al. 2014) strongly affect species distribution and consequentlly
their environmental niches. Such finding was possible thanks to the use of an appraoch
that combined trait based ecology with niche modelling, highlighting the potential of
functional traits to predict species environmental niches and suggesting that an approach
based on niche-trait relationships could improve our understanding of how traits govern
species niche (McGill et al. 2006; Westoby & Wright 2006; Violle & Jiang 2009).
Furthermore, by setting the environmental limits of the species distribution range, the
approach used relies on the physiological limit of a species and, to a certain extent, on
the mechanisms behind it, adding robustness and accuracy to predict species distribution

and mortality under climate change scenarios (Williams et al. 2008).

Relatively few previous studies have analysed the relationships between species
environmental niches and FT, but their results were generally promising. For instance,
Mabharjan et al. (2011) observed that the optimum of rainforest species along a rainfall
gradient scaled with wood density of the different species. Thuiller et al. (2004)
observed that in the Cape Florist Region species from Leucadendron taxa that occupy
more arid niches had lower leaf areas than those with more humid niches. Stahl et al.
(2014), observed that WD, SDW, and MH of North American flora were related with

species distribution limits regarding temperature and humidity.

Of all traits considered, SLA proved to be the one with the strongest ability to explain
the distribution of species along the aridity gradient. It is perhaps not surprising for SLA
to have a key role in setting species niche in arid environments since SLA has been
associated with several important aspects of plant drought resistance. Low SLA values
are mainly consequence of high leaf density, which is acquired by increasing
concentration of lignin and structural carbohydrates in leaves (Poorter et al. 2009).

Thus, SLA is considered a good index for leaf sclerophylly (Groom & Lamont 1999): a
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tissue reinforcement that prevents mechanical cell damages during dry events and thus
enhances leaf wilting resistance, which extends leaf photosynthesis under drought stress
(Micco & Aronne 2012). This result is consistent with global patterns showing that
species from dry and hot environments (low water availability) tend to have low SLA

values (Niinemets 2001; Wright et al. 2005).

SLA is known to be causally linked with other leaf traits and to reflect trade—offs
between construction and maintenance costs of leaves, and duration of photosynthetic
returns from those investments (Reich et al. 1997; Niinemets 2001; Wright et al. 2004).
It is thus not simple to separate the individual contributions of single traits to trait-
environment relationships, and rather than observing these traits separately they should
be viewed as a constellation of traits, most of which are known to be involved in
drought resistance mechanisms (Markesteijn et al. 2011; Nardini et al. 2014). Low SLA
leaves are known to also have longer leaf life span, higher Ny,ass and lower Ap,g and
stomatal conductance (Wright et al. 2004). It is thus not surprising that also these leaf
traits were correlated with the environmental niche in our study. The observed
increment of WUE with aridity is consistent with species from drier sites having greater
photosynthetic rates for a given stomatal conductance (Dudley 1996), which is part of a
water saving strategy that involves N use efficiency (Wright et al. 2001). LA also
decreased with aridity, most likely because it facilitates energy exchange and prevents

excessive leaf temperature (Givnish 1987; Thuiller et al. 2004).

Although SLA was the FT that showed the highest degree of correlation with the aridity
niche (and in general with the overall environmental niche; see Appendix 3), other
functional traits, which did not co-vary with SLA, explained part of the variability in
species aridity niche. Results were in agreement with studies that report how species
from arid places tend to have a greater resistance to cavitation (i.e. low PLCsy, Maherali
et al. 2004; Choat et al. 2012): low PLCsy allows species to maintain hydraulic
functionality in dry conditions and thus to sustain leaf gas exchange, potentially
improving their performances and survival (note however that drought-induced
mortality mechanisms are complex stressors McDowell 2011; Klein 2015). In addition,

our results showed that species occupying more arid niches also maintain wider
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hydraulic safety margins, which is common in plants living in water limited
environments, including the Mediterranean (Vilagrosa et al. 2012). This finding would
suggest a higher resilience of drought adapted species to climate change. However,
species with a higher WUE and a lower SLA were found to strive over a narrower range
of annual precipitations and annual mean temperatures respectively, suggesting a lower
intrinsic adaptation potential to climate change by those species that are mostly

specialized for warm and dry environments.

As initially hypothesized, our results also showed that trait combinations (in our case
SLA with PLCsy or SM) improved the ability to explain the different characteristics of
species aridity niche and highlight the complementarity among mechanisms to deal with
drought in the Mediterranean. In addition, despite the known coordination between leaf
transpiration and xylem water transport (Martinez-Vilalta et al. 2014), our results
showed that both kind of traits were poorly correlated, in agreement with (Li et al.
2015). All these results suggest that leaf and hydraulic mechanisms may act somewhat
independently. Brodribb et al. (2003) already observed that leaf wilting point and PLCs,
are not necessarily related. Thus, not only increasing leaf wilting resistance (i.e. low
SLA) but also hydraulic adjustments during drought periods would enhance species
probability to reach more arid locations. In fact, species ability to avoid or resist
embolism, and to compensate or repair embolized conduits, have been suggested as
complementary strategies driving species performance in the Mediterranean (Nardini et
al. 2014). Therefore, specific combinations of traits may be adopted by species to
maximize their performance under a given environment (Maire et al. 2013; Manzoni
2014). Although they were not considered in this study, rooting habits are likely to be
an important component to understanding niche segregation over aridity gradients. E.g.
rooting depth gives access to water stored in deeper soil layers richer in water, while
superficial roots give access to sporadic and light rain events that may occur during
summer (Mereu et al. 2009). Other roots traits as specific root length also seem to play a

role in plant water relations (Burgess 2006; Nardini et al. 2014).

Finally, leaf traits were better correlated with the arid limit of species niche rather than

with the niche optimum. Similarly to our results, Stahl et al. (2014) also observed that
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some traits of North America flora are related with species’ niche limits but not with
their optimums. As also other authors suggested, we add evidence to the idea that leaf
traits and possibly physiology set the environmental limit over which species can strive,
while other traits are influencing species performance at their niches optimums. Some
studies have indeed suggested that competition plays a major role at the high-resource
end of species distributions, whereas physiological tolerance sets the limits at the low-
resource end (Brown et al. 1996; Normand et al. 2009). Interestingly, and despite their
known role in drought resistance, hydraulic traits were best correlated with optimal
niche conditions, again suggesting that drought resistance is multifaceted and that
hydraulic traits per se are not enough to describe the species tolerance limits to drought,
in agreement with previous results in Mediterranean ecosystems (Miranda et al. 2010).
Our results also showed that species’ ranges do not seem to be constrained by any of the
traits considered in this study, likely evidencing that species environmental ranges are
more related to trait variability or plasticity within species (not considered here) than

with trait averages (Sultan 2000).
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Conclusions

Environmental filtering in the Mediterranean mostly affects leaf-level traits (mainly
SLA) and, secondarily, hydraulic traits such as SM or PLCs,, whereas traits as MH or
WD appeared to be less important. The relevant FT show a greater influence on setting
the low resource limit of species’ environmental niche (rather than its optimum),
reinforcing the idea that such limit is mostly determined by physiological process, while
interaction among species have a greater role in the rest of the niche. However,
environmental niches are better predicted by combinations of different FTs, rather than

any FT alone.

Future studies including traits more commonly associated with interspecific competition
are likely to increase our understanding on species distribution with practical
consequences for forest management and climate change adaptation policies. Growth of
trait databases both in terms of species accounted for and number of traits together with
accessibility to forest inventories would further expand the potential of combining
species distribution models with trait-based ecology. In addition, since different aspects
can affect the observed distribution of species also at scales different than the one used
in this study, including sink-source process (Pearman et al. 2008), species non-
equilibrium with the environment (Aratjo & Pearson 2005) and extreme events
(Zimmermann et al. 2009), a multi-level characterization of the relationships between
niche attributes and FT at different spatial scales may help to better understand these

processes.
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Appendix 3.1

Table 3.1.1:Traits values used in the analysis. Maximum photosynthetic rate per unit leaf mass (A ,,s;), and per unit leaf area (A,,.,), maximum stomata conductance
(Gmay), intrinsic Water Use Efficiency (WUE), Leaf Area (LA), Specific Leaf Area (SLA), Leaf LifeSpan, (LLS), nitrogen content per unit leafmass (N ),
Minimum Leaf Water Potential (MLWP), Maximum Height (MH), Seed Dry Weight (SDW), water potential at which 50% of hydraulic conductivity is lost
(PLCs), Safety Margin (SM), and Wood Density (WD)

SLA  SDW LLS Agrea Ginax Ninass WD LA MH PLGCs WUE MLWP A, SM

pmol Mol pmol pmol
m*/kg mg days coym>  h,0/m? mgg glem’  cm’ m mpa coy/mol mpa coy/g mpa

seg seg h,0 seg
Acer monspessulanum 10.7 10.2 180.7 8.8 0.1 19.4 0.7 16.5 11.0 -3.3 67.8 -4.1 93.3 -0.8
Arbutus unedo 6.5 1.9 330.0 13.2 0.3 12.9 0.8 10.1 9.5 -2.2 63.4 -2.8 85.5 -0.6
Erica arborea 7.8 0.2 360.0 11.0 0.2 12.4 0.7 0.0 6.0 2.7 65.9 -3.6 85.4 -0.9

Erica multiflora 3.7 0.1 300.0 8.4 0.2 0.8 0.1 2.3 67.1 -4.5 31.0
Juniperus oxycedrus 4.0 60.7 548.2 5.5 0.1 6.6 0.5 0.3 9.0 -9.0 79.5 -3.9 22.0 5.1

Juniperus phoenica 6.3 27.5 897.0 4.9 0.1 8.4 0.6 0.2 6.7 67.9 -5.5 30.7
Olea europaea 4.7 278.0 912.0 13.5 0.2 19.0 0.9 10.0 10.0 -7.2 96.8 -4.2 63.1 3.0
Pinus halepensis 5.1 22.0 1083.0 7.6 0.1 12.5 0.5 30 193 -3.1 79.1 -2.6 38.9 0.5
Phyllerea latifolia 7.1 43.9 1007.3 143 0.2 17.8 0.9 43 8.0 -6.7 73.9 -6.7 101.0 -0.1
Pistacia lentiscus 4.9 21.4 735.0 12.0 0.2 14.5 0.8 1.2 3.0 -5.1 72.0 -5.0 59.3 0.1
Pinus pinea 3.3 718.0  1050.0 9.7 0.2 12.5 0.5 6.0 25.0 -3.7 77.3 2.5 31.9 1.2

Prunus spinosa 12.5 2258 157.0 13.0 0.3 21.7 0.9 13.5 45 53 55.0 163.0
Pistacia terebinthus 7.5 13.8 171.8 17.9 0.3 23.1 0.8 8.3 7.5 -8.4 56.2 -3.8 133.9 4.6
Quercus coccifera. 5.4 1446.0 441.0 8.3 0.1 16.6 0.8 0.9 3.3 -6.9 83.3 -6.3 453 0.7

Quercus faginea 8.9 1639.0  206.0 14.9 0.2 20.9 0.6 6.4  20.0 69.0 -2.6 132.5
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Table 3.1.1.

(continuation)

Quercus ilex
Quercus pubescens
Quercus pyrenaica

Quercues suber
Rhamnus alaternus

Rosmarinus officinalis

SLA SDW LLS Aurea Ginax Ninass WD LA MH PLCsg WUE  MLWP A SM
pmol Mol pmol pmol
m*/kg mg days coy/m>  hy0/m’s mgg g/lem’  cm2 m mpa coy/mol mpa coy/g mpa
seg eg h,0 seg
50 19257  758.0 13.1 0.2 13.6 0.9 127 178 2.0 62.3 3.1 66.1 -1.1
14.8 7298 206.0 15.5 0.2 18.4 0.6 25.1 224 -2.9 64.5 -3.0 229.7 -0.1
9.8  2999.0 162.0 16.8 0.3 244 0.8 145 205 -2.8 46.6 -3.2 164.1 -0.4
6.5 32495 4593 13.7 0.2 17.6 0.8 88 195 62.4 -3.2 89.1
7.3 9.1 11.7 0.2 18.1 0.8 8.2 6.0 -8.1 70.2 -4.0 85.3 4.1
4.8 0.5 330.0 9.7 0.1 12.0 0.5 1.8 9.4 69.8 -4.6 46.3 4.8
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Source used to extract species FT values
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Adame, P., del Rio, M., & Catfiellas, 1. 2008. A mixed nonlinear height—diameter model
for pyrenean oak (Quercus pyrenaica Willd.). Forest Ecology and Management 256:
88-98.

Awada, T., Radoglou, K., Fotelli, M.N., & Constantinidou, H.I. a. 2003. Ecophysiology
of seedlings of three Mediterranean pine species in contrasting light regimes. Tree
physiology 23: 33—41.

Baquedano, F.J., & Castillo, F.J. 2007. Drought tolerance in the Mediterranean species
Quercus coccifera, Quercus ilex, Pinus halepensis, and Juniperus phoenicea.
Photosynthetica 45: 229-238.
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Appendix 3.2

Table 3.2.1 Pearson correlation coefficients between functional traits. * represent significant relationships between traits (P value < 0.05). Maximum photosynthetic
rate per unit leaf mass (A,,), and per unit leaf area (A,.,), maximum stomata conductance (G,,,), intrinsic Water Use Efficiency (WUE), Leaf Area (LA), Specific
Leaf Area (SLA), Leaf Life Span, (LLS), nitrogen content per unit leaf mass (N,,ss), Minimum Leaf Water Potential (MLWP), Maximum Height (MH), Seed Dry
Weight (SDW), water potential at which 50% of hydraulic conductivity is lost (PLCs,), Safety Margin (SM), and Wood Density (WD).

LA LLS SLA Ame  Awea  Gmx Nmes WUE WD PLCs, MLWP SM  SDW

LLS  -0.27
SLA  0.62* -0.59%

Amss  0.74%  -0.56* 0.88%

Awea  0.65% -037  0.5%  0.85%

mx 039 -0.51*  0.46* 0.68% 0.76*

Niass  0.67%  -0.51%  0.64*  0.83*  0.79% 0.64*

WUE -034 0.62* -0.56* -0.57* -0.46* -0.7* -0.4

WD 027 -027 0.8 043 051* 0.54* 057* -0.24

PLCs, 042 0 029 029 015 019 003 -034  -0.05

MLWP 0.46* -0.19 0.13 023 026 022 008 -029 -035 0.55*

SM  -03 007 -039 -036 -0.16 -025 -0.07 036 -027 -0.89* -0.16

SDW 0.54* 0.2 021 029 034 006 037 -001 -002 018 019 -0.12
MH 0.61* 017 024 03 032 006 0.18 0.1 0.4  0.61* 0.67* -036 0.64*

®
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Appendix 3.3

Table 3.3.1 R squared between functional traits and niche characteristics (using traits as explanatory variables).* significant relationships (P values < 0.05). Between

bracket the sign of the relationships. . Maximum photosynthetic rate per unit leaf mass (A ,,,5;), and per unit leaf area (A,.,), maximum stomata conductance (G ),

intrinsic Water Use Efficiency (WUE), Leaf Area (LA), Specific Leaf Area (SLA), Leaf LifeSpan, (LLS), nitrogen content per unit leafmass (N ;,5s), Minimum Leaf
Water Potential (MLWP), Maximum Height (MH), Seed Dry Weight (SDW), water potential at which 50% of hydraulic conductivity is lost (PLCsy), Safety
Margin (SM), and Wood Density (WD).

APopt
APmin
APmax
APrng
PDQopt
PDQmin
PDQmax
PDQrng
AMTopt
AMTmin
AMTmax
AMTrng

SLA LLS LA Nonass Anmass Auea G WUE WD PLCs,  MLWP SM MH SDW
0.44*  (0.11  0.38* 0.22% 0.53* 0.3% 033* (018  0.13 0.32* 005 ()051* 0.14 0.07
0.67*  (-)0.22*%  0.35* 0.13 0.49% 0.12 011  (90.18 0.0l 0.22 003  (-03* 008 0.01
022% (9 027%  0.04 0.11 0.21* 0.09 0.34* (9 0.32*  0.09 0.28* 003  (-04* 001  (-)0.03
0.05  (-)0.19 0 0.06 0.08 0.05 0.32*  (-)026* 0.1 0.21 002  (-)0.3* 0 (-) 0.05
0.32*  (-0.06  0.08 0.01 0.19 0.01 007  (-)0.07 0 0.26* 0 () 0.44% 0 (-) 0.01
04*  (021%  0.22% 0.1 0.25% 0.05 009 (014 (90 0.06 004 (003 001 0.03
031*  (-)0.34*  0.15 0.15 0.22% 0.06 02%  (-)0.28* 0.2 0.14 002  (-)0.18 0 (-) 0.01
001  (-)0.12 0 0.03 0.01 0.01 011  (-0.14  0.05 0.06 0 (0.18 (9001 ()0.16
(-)0.43*  024* (0.1 (011 (-)021* (0.03 (90.13  0.34% 001 (008 (002 016  (-0.06 (0.1
(-)0.53*  023*  (-)0.08 (-)0.03 (-)0.22* (-)0.01 ()0.05  0.22% 004 (9012 (003 017 (005 (-)0.01
(-)0.57%  0.42*  (-)0.26* (-)027* (-)036* (-)0.07 ()0.19  0.31* ()0 (017 (0.1 023  (-0.08 (-)0.05
0.25%  (-)0.05 0 (0.02 006 (0.0l ()0 (007 (-)0.11 0.04 0 (-)0.06 0.1 )0
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Table 3.3.1 (continuation)

pHopt
pHmin
pHmax
pHrng
a2opt
a2min
a2max

a2rng

SLA LLS LA Nmass Amass Aarea Gmax WUE WD PLC50 MLWP SM MH SDW
(-)0.14 0.03 (-) 0.2* (-)0.13  (-)0.28* (-)0.27* (-) 0.36* 0.22* (-) 0.05 (-) 0.4* (0.1 0.36* (-) 0.22* () 0.06
-0 0.07 (-)0.06 (-)0.15 (-)0.14  (-)0.29* (-)0.42%* 0.11 (-)0.33*  (-)0.16  (-)0.04 0.27* () 0.01 0
(-)0.18 0.11 (-) 0.05 (0.1 (-)0.24* () 0.17  (-) 0.24%* 0.24* (-)0.03 (-)0.23 (-) 0.06 0.29* (- 0.11 (-) 0.02
(-) 0.04 0.01 0.03 0.09 0.02 0.17 0.24%* () 0.01 0.36%* 0.03 0.01 (-)0.07  (-)0.01 (-)0.03
-0 0.01 0.07 0.04 0.05 0.19 0.14 (-) 0.01 0.08 0.21 0.06 (-)0.13 0.12 0.02
(-)0.12 0.03 (-)0.03 0 () 0.01 0.04 0.04 0 0.04 0.01 0.02 () 0.01 0 -0
(-) 0.04 0 0.01 0.04 0.02 0.19 0.15 (-) 0.01 0.29%* 0.08 0.01 (-)0.12 0 -0
0 0.01 (-)0.1 (-0.14 (-0.12 (- 0.3* (-)0.22% 0.03 (-) 0.49* () 0.12 )0 0.24 0 0
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Chapter 4. Functionally diverse forest stabilize
productivity against inter-annual climatic variability

Abstract

Increasing concern for the impacts of global change on biodiversity has recently reopen
the interest to understand the effects of diversity on the stability of ecosystem
functioning. Despite the great evidence of this positive effect on grass communities
much less is known for forest. Here, we use data from the Quebec Forest Survey and the
Enhanced Vegetation Index from MODIS (i.e. our proxy of productivity) for assess the
effect of functional diversity on the temporal stability of forest productivity. Results
showed, after controlling for climatic effects, that stability was due to the positive effect
of functional diversity and functional identity of communities (i.e. dominant trait values
within communities). These findings provide new information about the diversity-
stability effect on forest which is of clear interest for forest managers and mitigation

strategies for climate change.
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Introduction

The unprecedented rate of loss of species raises concerns for the possible consequences
on ecosystem functions and stability and future provision of ecosystem services (Isbell
et al. 2011; Lavorel 2013; Balvanera et al. 2014). Consensus is building over the idea
that loss of biodiversity may impact ecosystem functions at an order of magnitude
comparable to that of other environmental drivers of global change (Cardinale et al.
2012; Hooper et al. 2012; Tilman et al. 2012). In the last 25 years, research on
Biodiversity and Ecosystem Function (BEF) relationships has produced an increasing
body of evidence and mathematical theory of how biodiversity and functional diversity
have an effect on ecosystem processes (Balvanera et al. 2006; Cardinale et al. 2012). A
positive effect of diversity on productivity has been widely observed across
environmental gradients and over different ecosystem types, e.g. grasslands, aquatic
systems and forests. Indeed, in forest ecosystems it was found that mixed species stands
have a greater above-ground productivity (Morin et al. 2011; Paquette & Messier 2011;
Ruiz-Benito et al. 2014) store higher amounts of carbon below ground (Gamfeldt et al.

2013), and in general have a 25% higher productivity (Zhang et al. 2012).

Although less represented in the literature, diversity is thought to also affect the stability
of ecosystems (Cottingham et al. 2001; Jiang & Pu 2009; Hector et al. 2010). Yachi &
Loreau (1999) proposed the insurance hypothesis as a theoretical background to explain
why more diverse ecosystems would be more stable over time (also refer as statistical
averaging, portfolio effect or species asynchrony, Doak et al. 1998; Tilman et al. 2006;
Hector et al. 2010). They stated that “biodiversity insures ecosystems against declines in
their functioning because many species provide greater guarantees that some will
maintain functioning even if others fail”. Indeed, Allan et al. (2011) observed in grass
communities that diversity promoted stability because species relative contribution to a
given function (i.e. productivity) changed over time. Yachi & Loreau (1999) also
pointed that strength of the insurance effect depend on species individual responses to
environmental fluctuations, asynchronicity of these responses, and the shape of these
responses. Other mechanism suggested to promote a positive diversity-stability effect is

overyielding (Tilman et al. 1999). Overyielding refers when species mixtures perform

José Maria Costa Saura. A trait-based approach for forest ecology and management. Tools for theoretical and
applied ecology.

Tesi di Dottorato in Agrometeorologia ed Ecofisiologia dei Sistemi Agrari e Forestali — XXVIII ciclo — Universita
degli Studi di Sassari



92

better than expected from their constituent species on monocultures. Thus, since
variability (the complementary term of stability) is commonly measured by the
coefficient of variation of a time series (i.e. standard deviation/mean), mechanisms
buffering productivity in relation to its variability will promote stability. Indeed, this
mechanism was observed in forest and grass communities (Tilman et al. 2006; Hector et

al. 2010; Jucker et al. 2014).

It has been suggested that stability can also depend on the responses of dominant
species to environmental fluctuations (Hillebrand et al. 2008). Referred as “the selection
effect”, the hypothesis states that natural selection might promote dominant species
being more stable over time. Thus, stability of ecosystem functions may largely depend
on the stability of dominant species (Grime 1998). Indeed, Sasaki & Lauenroth (2011)
handling the relative abundances of dominants, observed that stability scaled with their
abundances but not with diversity. The effect of dominants on stability has also lead to
try to understand which functional traits (i.e. morphological, physiological, and
phonological plant attributes, Violle et al. 2007) might determine stability. For instance,
Mijekova et al. (2014) and Polley et al. (2013) found in grasses that communities with
greater LDMC were more stable (i.e. the functional identity effect). They suggested that
conservative slow growing species will be more stable since they respond slowly to

environmental fluctuations (i.e. storage effect; Chesson 2000; Majekova et al. 2014).

The concept of ecosystem stability actually embraces the concept of resistance to
perturbations, resilience (i.e. the ability of a system to return its equilibrium after a
perturbation) and dynamic stability (i.e. the ability of a system to sustain a constant
function despite small environmental perturbations). Biodiversity was found to increase
the resistance, resilience and dynamic stability of grassland ecosystem productivity to
climate extremes across a wide range of climatic zones (Isbell et al. 2015). As other
ecosystem types, more diverse forests are found to be less prone to pest attacks (Jactel
& Brockerhoff 2007) and more resistant to drought (but not always, see Grossiord et al.
2014). Diversity was also found to have a positive effect on stability of ecosystems

(Cardinale et al. 2013), but to the best of our knowledge, the effect of diversity on
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dynamic stability has being tested only once in forest ecosystems by Jucker et al. (2014)

using tree ring data.

The difficulty in obtaining annual measurements of productivity may be overcome
using remote sensing products as Normalized Vegetation Index (NDVI) or the
Enhanced Vegetation Index (EVI). These products have been previously used to assess
ecosystem productivity (Yang et al. 2008; Gaitan et al. 2013; Gaitan et al. 2014) and
have been successfully linked to seasonal and inter-annual variations of gross primary
production (Dong et al. 2003; Sjostrom et al. 2011), while Fang et al. (2001) observed
that inter annual variability of productivity in different biomes was correlated with the
variability of precipitations. The more common index used is the NDVI which is based
on visible and near infrared bands to detect plant activity. Drawbacks using NDVI, e.g.
signal saturation over dense vegetation covers, lead to use other vegetation index as
EVI. EVI also uses information in the blue band to remove atmospheric and soil
influences. Thus, EVI respond better to canopy structural variations as leaf area index
(LAI), canopy type, plant physiognomy, and canopy architecture (Gao et al. 2000;
Huete et al. 2002) .

The aim of the present study was to assess the importance of functional diversity on the
stability of forest productivity. We used data from the Quebec (eastern Canada) forest
Inventory and remote sensing product as proxy of productivity (i.e. EVI) to test the
hypothesis that i) The inter-annual productivity of more functionally diverse forest
ecosystems is more stable than low diversity forests, 1) Community Weighted Mean
Functional traits are also determinant of stability, and iii) The effect of diversity is

independent of the climatic conditions.
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Materials and Methods

Stand composition and functional structure

The stand species composition and species-specific basal area of each plot of the
Quebec Forest Survey (QFS) were used to compute Functional Diversity indexes and
the Community Weighted Mean. QFS covers the Temperate and Boreal climatic zones
(dfb and dfc Koppen biozones, respectively) with plots randomly distributed across
each region. New plots are added every year, while older one are measured
approximately every ~10 years (Duchesne & Ouimet 2008). From the over ~36.000 plot
measurements available we selected pairs of plots that were not affected by neither
important natural disturbances nor human intervention (see Paquette & Messier 2011
for further details). Of the remaining 12,324, only those plots measured after 1997 were
used for further analysis (7,172).

Stand above ground biomass increments of the remaining 7,172 pairs of plots over the

period embracing 2000-2007 were computed as:

D bi—t2 - bi—tl
Y = =l

tz - tl
where Y is the yearly increment of total aboveground biomass of live trees between a
pair of measurements at times t; and t, for a given plot, and b is the biomass of tree i
present at both sampling times (see Paquette &Messier 2011 for further details).
Individual biomasses b of trees were computed using d.b.h. and published equations for

aboveground stem and branch biomass (Lambert et al. 2005).

The Functional Diversity indexes used are those computed in Paquette & Messier
(2011), with demonstrated impact on productivity. Briefly, Functional diversity was
computed with the Functional Dispersion (FDis) index (Laliberté & Legendre 2010)
using wood density (WD), maximum height (maxH), seed dry weight (SDW), leaf mass
area (LMA) and nitrogen leaf content (Np.ss). This index was calculated using single

traits and specific combinations of 3 (i.e. WD, SDW and maxH; FDis_3) and 5 traits
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(i.e. all traits; FDis 5). For avoid redundancy on results and for allowing comparisons
with the work of Paquette & Messier (2011) we only showed results for FDis 3
calculated with presence-absence data (hereafter referred as FD). For each plot, the
averaged mean value of each trait weighted by species abundance was also calculated

(i.e. Community Weighted Mean, CWM).

Climatic zone classification and stand climatic data (i.e. annual mean temperature,
AMT, and annual precipitation, AP) were also retrieved from Paquette & Messier
(2011). Mean monthly air temperatures, annual mean temperature (AMT) and annual
precipitations (AP) for each year over the period 2000-2007 were retrieved from the
Centre For Climatic Research at resolution of 0.5 degrees (http://climate.geog.
udel.edu/~climate/). These data were used to compute the coefficient of variation of
those variables across the studied period, i.e. CV AP and CV AMT. Data were also used
to compute the growing season length (GSL) for each year and plot and its variation
across the studied period (SD GSL). Growing season was defined following Agri-Food
Canada Science and Technology Branch (http://www.agr.gc.ca/) as the months for

which average air temperature was above 5 °C.
Stand annual productivity and its variability across the studied period

The sum of the monthly values of the Enhanced Vegetation Index (EVI) over the
growing season was used as a proxy for annual productivity. EVI was retrieved from the
Moderate Resolution Imaging Spectroradiometer (MODIS) and is considered to reflect
canopy structural variations as leaf area index (LAI), canopy type, plant physiognomy,
and canopy architecture better than the more commonly used NDVI (Gao et al. 2000;
Huete et al. 2002). The MODIS product MOD13Q1 provides EVI data every 16 days
(23 images per year) at a resolution of 250 meters. EVI data from the period 2000 to
2007 were downloaded from http://modis.gsfc.nasa.gov/ and assigned to their
corresponding plots (23 x 8 EVI values for each plot). MOD13Q1 product also provides
the MODIS Quality Assessment Science Data Sets (QA SDS) which supplies
information about the conditions under which measures were obtained (e.g. snow
presence, aerosol quantity, atmospheric correction, cloud cover) classifying EVI data

into different quality categories. To ensure the accuracy and integrity of data used in the
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analysis only EVI values with the highest quality and without snow presence (since it

might increase EVI values, Huete et al. 2002) were retained for next steps (Fig. 4.1).

Since quality filtering generated “missing values” in some plots at specific dates and
years, a value imputation method was applied. First, the half-monthly data were
converted to monthly values in order to have one EVI value per month and year
calculating the mean of the two values (one from the ~1* day and the other from ~16™
day of the month). Then, the mean and the standard deviation of EVI was calculated for
each plot and month of the studied period. Finally, the “missing-values” were filled with
a value equal to the mean of the plot for the specific month plus a random value
between +- the standard deviation (48,381 EVI values were filled, i.e. ~12% of EVI
values). When plots had missing values for the same month for all years it was not
possible to compute a mean and a standard deviation and thus these plots were removed
from the analysis: from the initial 7,172 plots, 5,538 were conserved. Plots with a
negative correlation between annual EVI and AMT were also removed (913 plots were

removed).

In order to estimate the goodness of the annual EVI as a proxy for annual productivity,
the average of the annual EVI over the period 2000-2007 was regressed against the
stand biomass increments. All plots that were deviated more than 4 times the standard
deviation from the regression curve were considered outliers and eliminated from the

analysis (44 plots were removed).

Finally, the inverse of the coefficient of variation of EVI over the period 2000-2007 was

used as a proxy for dynamic stability:

EVI,
EVI,

Stability =

where EVI is the sum of EVI over the growing season for each year between 2000 and
2007, whereas p is the average of EVI for the period 2000-2007 and o is the standard

deviation over the same period.
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Figure 4.1: Workflow for obtaining plot stability

Data analysis

Linear regressions were used to test the association between stability and single biotic
and abiotic predictors. Pearson correlation coefficients between predictors were
analysed to detect the strength and direction of those associations. Structural Equation
Modelling (SEM) was used to unmask common causes among predictors and stability,
which potentially might bias the diversity—stability effect. The conceptual model
accounted for climatic (ATM and GSL) and biotic effects (FD and CWM) on stability
based on previous studies that suggested their potential effects (Fang et al. 2001; Hector
et al. 2010; M4jekova et al. 2014). To assess the effect of the different traits on the
conceptual model it was alternatively fitted with the different CWM. Since the often

used chi-squared test underperforms at large sample sizes, the Bentler Comparative Fit
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Index (CFI) and the Root Mean Squared Error of Approximation (RMSEA) were used
to assess the quality of the model because accounts for sample size effect. The model
was run with the both Temperate and Boreal biomes datasets jointly and separately as
previous work highlighted important differences in BEF relationships between the two.
Data preparation and analysis were conducted on R software (R Core Team 2015) using

Lavaan package for path analysis (Rosseel 2012).

Results

EVI as proxy of stability

The computed mean annual accumulated EVI over the growing season was significantly
correlated with the mean annual biomass accumulation of the corresponding plot of the
QFS (Fig. 4.2). The best fit was achieved with an exponential curve, however the r of
this fit was 0.59 as compared to the 0.58 of the linear fit. This latter was used to

compute outliers which were eliminated for the analysis.

100 150 200 250
| | | |

50
|

Annual mean growth (estimated via QFS)

-50
|

| | | | | | 1
5000 10000 15000 20000 25000 30000 35000

Annual mean EVI

Figure: 4.2. Scatterplot between mean annual EVI retrieved from MODIS (our proxy of
productivity) and mean annual growth retrieved from the Quebec forest survey (QFS). Red data

points are outliers
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Single relationships among stability and biotic and abiotic factors

Of all the biotic and abiotic variables tested against stability the most strongly correlated
resulted to be the AMT and the standard deviation of the growing season length (i.e. SD
GSL, proxy for climatic variability; Table 4.1). All community mean traits were
significantly (p<0.05) correlated with stability. Communities mainly composed of
species with higher WD, Ny, SDW, maxH, and low LMA tend to be more stable.
Functional diversity (FD) was also significantly related with stability, with more diverse
communities also more stable (Table 4.1). However, FD was also highly correlated with

AMT (Table 4.2).

When both biomes were analysed separately all correlations remained significant (Table
4.1). The influence of climatic factors on stability decreased more strongly in the
Temperate zone whereas the strength of the correlation between SD GSL and stability
increased in Boreal communities. In general, the significance of the correlations of
stability with CWM traits and FD decreased when analysing the two climatic zones

separately, disappearing in the cases of CWM WD and SDW in boreal zones.

Correlations between abiotic and biotic factors (Table 4.2) showed how warmer
climates tend to have communities with a higher WD, maxH and, SM. Furthermore

these warmer communities are characterized by a higher functional diversity (Figure

43).

Comparison of the Boreal biome with the Temperate revealed how the two significantly
differ for all abiotic and biotic variables considered. Specifically, the Temperate biome
is characterised by a much more stable climate, a higher and more stable annual
productivity and more diverse communities. Temperate biomes are also characterized
by an average slightly higher CWM WD, but the variance of this variable is much

higher in the Temperate biome.
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Table 4.1: Pearson coefficient of correlation among EVI variability (coefficient of co-variation) and
biotic and abiotic factors for the complete data set and each biome separately. * indicate significant
correlations (P value < 0.05). Annual mean temperature and its coefficient of variation across the
studied years (AMT and CV AMT, respectively), evapotranspiration and precipitation coefficients
of variation (CV ET and CV AP, respectively), standard deviation of the growing season length (SD
GSL), community weighted mean (CWM) of maximum height, wood density, seed mass, leaf mass
area, nitrogen per unit of leaf mass (maxH, WD, SDW, LMA, N ..., respectively), Species richness
and diversity (SR and SD, respectively), and functional diversity (FD) regarding three traits with

presence-absence data.

All data set Boreal Temperate

AP -0.19%  -0.08*  -0.07*
AMT 0.46%  -038%  -0.27*
CV AMT 0.47* 0.38*  0.28*

CV AP -0.09% 0.05 0.03
SD GSL 0.45% 0.62*  0.25*
CWMmaxH  -03*  -0.17%  -0.2%
CWM WD 021*  -0.02  -0.19%
CWM SM 026 001 -0.21*
CWMLMA  0.39% 0.2% 0.26*
CWM Ny -0.33%  -02%  -0.19%
FD 0.36*  -0.18%  -0.22*

Table 4.2: Correlation coefficients among climatic variables and community traits. Abbreviations

as in Table 4.1.

AMT cv CwWwM CwM CwWwM CwWwM ?\IWM D
AMT maxH WD SM LMA mass
AMT 0.50%* 0.30%* 0.52% -0.61* 0.47* 0.56*
CV AMT -0.63%* -0.36* -0.24%* -0.34%* 0.42%* -0.34%* -0.39*
SDGSL  -0.09* 0.34* -0.03 0.00 0.03 0.08* -0.09* -0.05*
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Figure: 4.3. Functional and environmental differences among Koppen climatic zones. Annual mean
temperature (AMT), coefficient of variation of AMT (CV AMT), standard deviation of the growing
season length (SD GSL), functional diversity (FD), Community weighted mean of wood density
and N mass (CWM WD and CWM N,,.s, respectively), annual mean EVI, and Stability (i.e. 1/

coefficient variation of EVI). P represents the p-value retrieved from ANOVA.

Conceptual models of inter-annual variations of productivity

The variables that correlated the most with stability were used to construct a general
model using SEM. Several model structures were tested which included or excluded a
number of variables and hypothesis. The variables included in the conceptual model
represented in Fig. 4.4 allowed for all links to be significant and fit values were inside
those considered adequate for SEM analysis (Hu & Bentler 1999). CFI remained
satisfactory even when the model was fitted to the temperate or boreal datasets
separately. Climate variability (SD GSL) retained a high explanatory power (i.e. the
path coefficient) over stability in all models but it was lower in the temperate (-0.32)
zone alone and higher for the boreal zone (-0.56). Both CWM WD and FD significantly
explained stability when the entire dataset was analysed. However, the significance of

both FD and CWM WD was lost when only the Boreal dataset was considered, while its
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strength increased for the Temperate dataset (0.1). When using CWM N5 instead of
CWM WD the path remained significant, being communities characterised of high N,
more stable (Appendix 4.1).

FD

0.09 2
D \ R'= 041

WHOLE DATASET
Climate [ T > STABILITY
CLIMATE
-0.0% VARIABILITY
CFI=0.999
RMSEA=0.019

TEMPERATE

0.2 VARIABILITY

CFI=092E
RMSEA=0.023

Figure 4.4.A: Structural Equation Models (SEM) with path coefficients. The variance explained for
stability (i.e. R?) and SEM fitting values (i.e. CFI and RMSEA) are also reported. Abbreviations as
in Table 4.1.
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Figure 4.4.B: Structural Equation Models (SEM) with path coefficients. The variance explained for
stability (i.e. Rz) and SEM fitting values (i.e. CFI and RMSEA) are also reported. Abbreviations as
in Table 4.1.

Discussion

Our results showed that in general functional diversity promotes stability in forest
communities. It is in agreement with theory that states that diversity buffers productivity
since species might respond differently to climatic fluctuations, which improves
temporal stability (i.e. species asynchrony, Yachi & Loreau 1999; Loreau & de
Mazancourt 2013). Indeed, studies in grass communities already observed that effect
(Tilman et al. 2006; Isbell et al. 2009; Allan et al. 2011). Instead, forest communities
have been much less studied and there is little evidence of such influence. Our results
are in agreement with those of Jucker et al. (2014) which observed that in forest

communities mixed-species stands were more stable than pure stands.

Results of SEM showed that the diversity effect, despite still being significant, might be

reduced when controlling for other factors that can affect both stability and diversity.
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CWM could be seen as a measure of the functional identity of communities. Previous
studies also reported relationships among traits and stability in grass communities
(Polley et al. 2013). Indeed, M4jekova et al. (2014) observed that grass communities
characterised by traits values related with conservative strategies (i.e. high LMA or low
Nmass) Were more stable over time. It has been suggested that slow growing species are
advantageous under unfavourable conditions, i.e. the storage effect (Chesson 2000). Our
results showed that traits values related with slow life histories as high WD (Adler et al.
2014) improved stability. Indeed, those trait values are usually assigned to late
successional species (Poorter et al. 2008; Larjavaara & Muller-Landau 2010) so our
results will be in agreement with the storage effect (Chesson 2000). When CWM LMA
and Np,,ss were used in the model, was in contradiction with the storage effect, i.e. high
Nmass communities were more stable. However, these traits tend to distinguish conifers
form broadleaves more than representing a gradient of a function. Additionally, low
Nmass and high LMA are also associated with cold locations (Reich et al. 2003)
suggesting that those traits might be are not representing slow-fast strategies but

adaptations to cold climates.

Climate and its inter-annual variability were also important drivers of temporal
fluctuations in productivity. The effect of climatic factors such as precipitation on
ecosystem functions has been already noted (Yang et al. 2008). Indeed, Fang et al.
(2001) observed in different biome groups (i.e. forest, grasslands, desert, alpine
vegetation, and croplands) that above ground net primary productivity and its inter-
annual variability were close related with precipitation and its variability. Hallet et al.
(2014) suggested that mechanisms providing stability vary along environmental
gradients. It was suggested that in limiting environments species asynchrony would play
a major role whereas at more optimal conditions the portfolio effect should be more
important. However, it has been also suggested that the diversity effect over even more
stressed conditions might be limited. Indeed, Jucker et al.(2014) observed in Spanish
and Finish forests (Mediterranean and Boreal climates, respectively) that species
asynchrony was much lower than in other less constraining sites . In fact, our results
revealed no diversity effect on Boreal forests once the effect of climate of diversity was

accounted for. Boreal forests were less functionally diverse than Temperate suggesting
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that the greater functional similarity might be limiting the range of different responses
(DeClerck et al. 2006; Hector et al. 2010). Indeed, DeClerck et al. (2006) observed that
conifers in Mountainous California respond similarly to climatic variability limiting

functional compensation.

It was initially surprising the lack of effect of diversity on Boreal forest since its
positive effects on productivity have been previously observed (overyielding is poitned
as mechanism provinding stability, Paquette & Messier 2011). Hooper et al. (2005)
suggested a trade-off between the effect of FD on stability and producitivity, while
Cardinale et al. (2013) reported that biodiversity does not need to improve
simultaneously productivity and stability, arguing that the mechanism operating over
these functions may be independent (i.e. complementarity and species asynchrony).
Here we find that FD promoted stability of the Temperate biome where previous studies
(Paquette & Messier, 2011) found a lack of effect on productivity. The opposite can be
said for the Boreal biome where an effect of FD on biomass increments was found by

the same authors, but not for stability in this work.

Conclusions

A general positive effect of functional diversity on the stability of ecosystem
productivity of Quebec forests was found. However, more detailed analysis revealed
how this effect only exists in the Temperate biome and is missing in the Boreal. Our
results are consistent with those of Jucker et al. (2014) that to our knowledge is the only
work that has previously assessed the effect of diversity on the stability of forests.
Merging the results of this work with those of Paquette & Messier (2011) we come to
the conclusion that a forest management promoting diversity is to be always promoted,
at minimum, enhances one ecosystem function that supports one or more ecosystem
services. Furthermore, the enhancement of either annual productivity or dynamic
stability should be seen as tools aiding in the mitigation strategies of climate change or
as strategies to promote ecosystem resistance to climate change, as long as the change

falls inside the physiological tolerance of the community. However, improving insights
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on mechanism providing separately both functions emerge as necessary in order to best

address these actions.
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Figure 4.1.1: Structural Equation Models (SEM) with path coefficients. The variance explained for
stability (i.e. R?) and SEM fitting values (i.e. CFI and RMSEA) are also reported. Abbreviations as
in Table 4.1.
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Chapter 5. Environmental filtering drives community
specific leaf area in the Mediterranean and predicts
changes under future climatic conditions

Abstract

Ecosystem functions are mediated by species assemblages and their functional traits,
and understanding their response to climate change is of main importance to develop
appropriate management strategies. The following chapter proposes a novel approach to
assess the impacts of climate change on ecosystem based on the assumption that
community mean trait values will change as consequence of new climatic conditions
(environmental filtering theory). First we assessed how environmental filtering
currently operates in the Mediterranean both over the mean and range of community
specific leaf area (SLA), second we assessed if actual values of community SLA will be
above the limits tolerable over future aridity conditions. Our results showed that aridity
is currently driving community SLA values (both mean and range) and that future
climatic conditions will alter significantly those values, mainly in communities with
high SLA and from humid and mid elevations. In addition, the magnitude of that change
(i.e. the change in SLA needed for the community to be adapted to the new conditions)
would be higher over those same communities suggesting important changes on
ecosystem functions related with SLA. The approach, despite requiring current species
composition data, proves useful to be applied in several other regions where forest

inventory data are available.
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Introduction

Current and future climate change impacts on ecosystem raise concerns for the
perpetuation of their functions and the services they provide (Bellard et al., 2012;
Grimm et al., 2013; Schréter et al., 2005). Since it is recognised that ecosystem
functions are mediated by species assemblages and their functional attributes (Lavorel
et al., 2007), how the functional structure of community will respond to climate change
is of main importance to determine optimal management policies to deal whit it
(Lavorel, 2013). We present a novel approach, based on environmental filtering theory
(Keddy, 1992), to assess climate change impacts on the functional structure of woody

plant communities in the Mediterranean.

It is recognised that the functional structure of communities ( i.e. the mean traits but
also its diversity) strongly affects ecosystems (Loreau et al., 2002). Species traits (i.e.
plant morphological, physiological, and phenological attributes) determine the adaptive
potential of species to the environment but have also been shown to quantitative
correlate with several ecosystem functions (Lavorel et al., 2007). Mass ratio hypothesis
states that dominant species, via their dominant attributes, determine in an
“overwhelming extent” community primary production(Grime, 1998). Dominants are
those species that account for the highest proportion of biomass in the community
whereas transients are instable in time and space and account for less biomass (Grime,
1998). Instead, subdominants account for a smaller proportion of the community
biomass and thus their contribution to primary production is lower. Community
weighted mean trait (i.e. the average trait value according to species abundances,
CWM) has been used to test the effect of dominant traits on ecosystem functions. For
instance Garnier et al., (2004) showed how leaf traits (i.e. specific leaf area, leaf
nitrogen content and leaf dry matter content) correlated with net primary productivity,
litter decomposition rate, and soil carbon and nitrogen content. Indeed, they suggested
these traits as “functional markers” for scaling up from individuals to ecosystems

functions.
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Community mean traits are also seen as a “trait expression” of environmental filtering
effect on community composition (Shipley et al., 2006). Environmental filtering
proclaims that the environment acts as a filter removing those species lacking a specific
trait combination (Keddy, 1992). For instance Ackerly et al., (2002) in Mediterranean
woody communities, found that solar radiation promoted communities composed by
species with low leaf area and SLA. They argued that those trait values enhanced leaf
heat loss and wilting resistance, thus species lacking this trait combination might have
difficulties to perform properly under arid conditions. Moreover, Pakeman et al., (2009)
using data from different locations of Europe observed that variations in community

traits values were mainly explained by differences in climatic and soil conditions.

In addition to those constrains on community trait mean values, environmental filtering
is also expected to influence the amount of suitable responses along gradients (i.e. the
range of CWM observed in each environmental zone). It was suggested that strong
filtering operates at less favourable locations promoting greater functional similarity
(i.e. constraining the trait values requiered for existence in harsh conditions, Swenson et
al., 2012; Weiher and Keddy, 1995). Indeed Swenson and Enquist (2007) analysing data
from North, Central and South America, showed that wood density varies much less in
communities from Temperate and high elevation zones than those from Tropical and
low lands (i.e. more favourable abiotic conditions). Also Swenson et al. (2012)
observed that Temperate regions had narrow functional traits distributions suggesting

strong environmental filtering over these communities.

Traditionally, studies on climate change focused on its impacts on species distributions
underpinning risks for biodiversity loss and on functions and services provided by
specific species. For instance, Benito Garzon et al. (2009) assessed the potential effects
of climate change on Iberian tree species reporting potential risks for a loss of genetic
diversity. However, it is difficult to assess climate change impacts on ecosystem
functioning based on the analysis of its impacts over a single species. To evercome this
limitation, species have been grouped in different plant functional types (PFT) (Diaz
and Cabido, 1997). Dynamic Global Vegetation Models (DGVM, Prentice et al., 2007)
and Species Distribution Modelling (SDM, Thuiller et al., 2006) have been the
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approaches used to assess climate change impacts on ecosystem functioning. For
instance, DGVM have been used to model net primary productivity and predict it under
future scenarios (Prentice et al., 2007). Instead, SDM have been used to project the
future distribution of broad functional groups and it was hypothesised that expected
changes from coniferous to deciduous broadleaves forests will alter ecosystem
properties as soil biogeochemistry or fire flammability (Thuiller et al., 2006). Despite
their usefulness, the drawbacks of these approaches relies on the functional
simplifications of communities (Scheiter et al., 2013). For instance, it has been observed
that there is greater variation within PFT than among them (Yang et al., 2015).
Consequently, the focus is now pointing to model community traits values in order to
later project into future conditions. For instance Dubuis et al. (2013) in non-woody
communities from the Swiss Alps, used regression models to fit and predict community
traits values in order to projected them in a geographical space under different future
climatic scenarios. Instead Frenette-Dusault et al. (2013), based on Community
Assembly by Traits-Selection approach (CATS, Shipley 2009), predicted changes on
community composition for different scenarios. However, the later approach needed to
assume that species pool will not change in the future (i.e. no migration of new species
in the study area). Indeed, it is an important drawback since changes in species
distribution and consequently on species pools are the common conclusion of climate
change studies (Bakkenes et al., 2002; Benito Garzon et al., 2009; Thuiller et al., 2006).
Here we propose an approach that does not aim to explain if potential changes on
community traits will be the consequence of relative changes in species abundances,
species trait plasticity, adaptation, or new species arrivals (Bussotti et al., 2014).
Instead, the study employs the hypothesis that dominant trait values will change with

new conditions suggesting important changes on ecosystem functioning.
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Materials and Methods

Study area and climatic and community data

The study area covered the Spanish continental territory, located between 36° N and
44°N of latitude, and between 10° W and 3 ° E longitudes. The main Koppen climatic
domains are Dry and Temperate, with annual mean temperatures ranging from ~3 to

~17°C and precipitations from ~300 to ~2,200 mm/year (Chazarra, 2011).

We classified the studied area into different aridity categories using the aridity index
computed at a resolution of 30 arc seconds by Trabucco and Zommer (2009,
http://www.csi.cgiar.org). The aridity index is the ratio among annual precipitation and
potential evapotranspiration: potential evapotranspiration is calculated using solar

radiation, mean monthly temperatures and daily temperatures ranges. Aridity categories

were defined by bins of 0.2 (see Table 1).

Species community composition and cover was obtained from the Third Spanish
National Forest Inventory (IFN3) (http://www.magrama.gob.es/; Direccion General de
Conservacion de la Naturaleza, 2006). IFN3 includes periodical surveys (every ~10
years) of the whole forested area of Spain and reports information on stand
composition, structure, and productivity. IFN3 has a regular sampling design with one
sample plot every ~1km” accounting for more than 90,000 plots in total. We selected
those plots composed by species that usually form natural forests in Spain and not
classified as plantations by the IFN3 (i.e. we excluded Eculayptus sp. and Pinus radiata
plantations, and plots composed by species like Acacia sp. or Castanea sativa). In
addition, we only used in our analysis those plots in which the stand cover was greater
than 90% (the number of species providing the 90% of cover was used as species

richness in the analysis). 56,546 plots remained after this filtering process.

Species SLA values were retrieved from the literature (see Appendix 5.1 for data values
and sources used). We selected those values that were measured on sun exposed leafs
and on adult plants. When more than one value was found for a species, the average of

the value was used for further analysis. Community weighted mean SLA (CWM SLA)
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was calculated as the aggregated SLA value of species inside the community weighted

by their relative abundances (Garnier et al., 2004).
Climate change models predictions

The WorldClim dataset (Hijmans R. J. et al., 2005) defines a high resolution (30 arc sec
or about 600 m for Spain) interpolation of monthly climate station observations
(monthly average over the 1960-2000 period) of temperature (min, max and mean) and
precipitation. A combination of 19 Earth System Models (ESM, see appendix) of future
climate provided by Phase 5 of the Coupled Model Intercomparison Project (CIMPS5;
Meehl and Bony, 2011) for the different representative concentration pathways (RCP’s;
Vuuren et al., 2011) were downloaded from WorldClim and CIAT websites. Data have
been previously downscaled using the Delta method (Ramirez and Jarvis, 2010),
spatially resolving monthly GCM climate anomalies with the high resolution spatial
distribution defined by the WorldClim. Data integrate multiple climate (temperature and
precipitation) anomalies projections for 2050 (monthly averages 2035-2065) over
WorldClim (i.e. climate model bias is excluded), although assuming that the change in

climate is relatively stable over space.

Thus, using the data retrieved from CIMPS5 we extracted for each plot both the projected
annual precipitation and potential evapotranspiration to calculate the aridity index
predicted by each of 19 ESM for the RCP 4.5 and 8.5 scenarios. Implementing such
ensemble allowed to assess the uncertainty inherent to GCM simulations and RCP

scenarios.
Predicting climate change impacts on plant communities

The method, based on the theory that the environment acts as a filter removing species
without specific trait values (Keddy, 1992), firstly sets CWM SLA limits for each
aridity class based on current CWM SLA distributions. Later, the method assess for
each plot if a change in aridity class is predicted by climatic models and finally, it assess
also for each plot if current values of CWM SLA will be above the limit tolerable over

future conditions.
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The procedure to assess potential changes was as follows: Studied plots were assigned
to their relative aridity class. All CWM SLA values falling in one of the aridity classes
were used to compute mean values and percentiles for each aridity class. The
percentiles of each class were then regressed against aridity classes to assess how CWM
SLA changed across aridity classes when using a specific percentile. Finally, based on
maximum R? and slope stability of these regressions (it was used to note if a specific
percentile can accurately represent SLA changes across aridity classes) we determined
the percentile to be used as to compute the CWM SLA limit of each aridity class. Since
the R and slope became approximately stable above the 75" percentile we decide to run
the analysis using different percentiles (i.e. 75™ and 90"™) thus allowing to assess the
sensitivity of the results (i.e. if the predicted changes change regarding the percentile
used). In order to further assess the effect of the percentile used to assess climate change
impacts, we ran the analysis for all the percentiles using one specific model (i.e. the

Coupled Physical Model CM3 since it predicted the greatest changes).

To determine if a change will occur, we defined two conditions that simultaneously
were needed to meet: 1) climatic models have to predict a change in aridity class, and 2)
current CWM SLA have to be greater than the SLA limit of the new arid class (i.e. a
change in CWM SLA is need for adaptation). Thus, the plots in which a change in
aridity class were identified for each CC scenario. For the plots in which a change was
projected, the current CWM SLA was compared with the limit of the future aridity class
(limits defined by the 75™ and 90 percentiles). Those plots in which the current CWM
SLA fell outside the range of the future aridity class were flagged as positive.
Additionally, the difference between present and future CWM SLA was used as a
measure of the magnitude of change. Finally, the probability of an expected change was
estimated (and mapped) by the number of models predicting change divided by the total
number of models. All these patterns were also analysed for different classes of Aridity,
SLA, elevation (data extracted from https://ccafs.cgiar.org at a resolution of 30 arc

seconds), and species richness.
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Data analysis

Linear regression models were used to test the associations among CWM SLA and its
range with aridity. All procedure were conducted under R software (R Core Team 2015,

http://www.R-project.org/).
Results

Community SLA across arid zones

Both average and range of CWM SLA increased significantly across aridity classes
(Fig. 5.1). Thus, communities from more humid zones tended to have higher CWM
SLA and especially higher variability of CWM SLA values (the regression slope was
higher for the range). Indeed, humid zones showed longer tails towards the upper end

(positive skewness).
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Figure 5.1: Community weighted mean SLA across aridity classes. Hinges represent the first and
third quartiles and whiskers + 1.5 the interquartile range. The blue line represents the regression
line of CWM SLA average across classes (blue points). Instead, the red line represents the

regression line of CWM SLA range (i.e. the difference between the 25™ and 75™ percentile) across

aridity classes.
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Percentile selection for determining CWM SLA limits and the sensibility of that decision

Regressions among limits of CWM SLA across aridity classes showed that the strength
of the relationships (R2) decreased when using percentiles from the 25th to 45th. It
rapidly increased up to the 60th percentile and tended to stabilize after the 75th (R2
remained around 0.9, Fig. 5.2). The slope of the regressions increased with a maximum
at the 80th percentile with and slightly decreased after it (from the 75th to 90th slope
values were around 1.7). The sensitivity of using a specific percentile for setting CWM
SLA limits showed that the variation of the results was minimal within the range of 65th

and 80th percentile for all aridity classes (Fig. 5.3).

™ . K Sew,
L]
. *
'I‘.' -
=] ."' Ca #
= 8‘ - l'+ -
A . | @ N
—_ k = l'- .
ks %
P . " i
. - ".
- -
- : "l"
-
*
i‘ - _.'I’-’#
i
e & 5 5, % 5 s £ s £ & 5
Te! = = = TR =] =

SLA percentile used

Figure 5.2: R square and slope values for regressions among SLA limits for different aridity classes
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Figure 5.3: Sensitivity of using a specific percentile for set CWM SLA limits. A first Plateau is
reached for most aridity classes between 80™ and 65™. Le. percentile choice between these two

values has a minor effect on the results.

Expected changes were more frequent in communities characterised by an aridity index
between 0.8 and 1.2 (i.e. those communities occupying less arid locations, Table 5.1).
However, the magnitude of the change was greater for those locations with an aridity
index between 1-1.2 and 0.6-0.8 when using percentile 75" and 90" for setting CWM
SLA limits, respectively (Fig. 5.4). The other aridity classes remained approximately
with the same magnitude of change independently of the percentile used. The fraction of
plots with an expected change and the magnitude of change increased with the CWM
SLA. Thus, more changes and with higher magnitude were predicted for communities
composed of high SLA species. Elevation classes also followed that pattern with more
and greater changes on high altitudes locations. Instead, the number of species
composing the communities (1, 2, or 3 species) did not influence the magnitude of

change, but monocultures were expected to suffer less proportion of changes.
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The maps showed that regardless the RCP scenario and SLA limit used, expected
changes in CWM SLA were wide spread across the whole Spanish territory excepting
the south-eastern part (Fig. 5.5). Indeed, in this region almost none change were
projected. Instead, regarding the magnitude of those changes, it was predicted greater

for the northern part.
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Table 5.1: Fraction of plots with predicted change for different community characteristics. 75™ and 90™ represent the results according the percentile used to
set CWM SLA limits. Mean refers to the mean fraction of plots with predicted change across models. The 5™ and 95" represents the fraction of plots

predicted to change for the models located at those percentiles (after sorting the percentages projected by each model).

75t 90"
N RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5
Total 56,546 5t Mean 95" 5n Mean 95" 5t Mean 95 5t Mean 95"
Aridity class

(0.4-0.69) 24,663 0.05 0.10 0.18 0.03 0.13 0.20 0.05 0.10 0.18 0.03 0.13 0.20

(0.6-0.8) 10,628 0.09 0.21 0.34 0.08 0.25 0.36 0.05 0.12 0.19 0.04 0.15 0.23

(0.8-1) 5995 0.11 0.28 0.38 0.08 0.31 0.44 0.03 0.09 0.14 0.02 0.11 0.21

(1-1.2) 4186 0.15 0.34 0.45 0.11 0.36 0.47 0.09 0.22 0.29 0.07 0.24 0.30

(1.2-10) 4302 0.07 0.21 0.35 0.05 0.25 0.36 0.02 0.08 0.17 0.02 0.12 0.27
Species richness

1 28,357 0.06 0.12 0.18 0.05 0.14 0.19 0.03 0.07 0.12 0.03 0.09 0.15

2 20,724 0.08 0.17 0.27 0.07 0.21 0.30 0.06 0.12 0.20 0.05 0.15 0.23

3 9465 0.06 0.18 0.29 0.06 0.22 0.35 0.04 0.10 0.17 0.04 0.13 0.21
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Table 5.1 (continuation)

N
CWM SLA class
(4-6) 28,565
(6-8) 5878
(8-10) 6434
(10-12) 2677
(12-14) 2868
(14-16) 57
Elevation class
(0-250) 4727
(250-500) 9002
(500-1000) 27,339
(1000-1500) 15,042
(1.500-2000) 2356

90th
RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5

5t Mean 95h 5t Mean 95t 5t Mean 95t 5t Mean 95h
0.02 0.05 0.08 0.02 0.06 0.10 0.01 0.03 0.05 0.01 0.04 0.06
0.21 0.48 0.75 0.17 0.57 0.84 0.13 0.27 0.44 0.09 0.34 0.55
0.28 0.56 0.86 0.21 0.65 0.93 0.15 0.33 0.57 0.13 0.42 0.69
0.19 0.55 0.83 0.15 0.63 0.88 0.15 0.49 0.76 0.12 0.57 0.83
0.26 0.68 0.97 0.18 0.75 0.98 0.19 0.51 0.77 0.14 0.59 0.91
0.05 0.66 0.98 0.30 0.77 0.97 0.05 0.66 0.98 0.30 0.77 0.97
0.06 0.13 0.19 0.04 0.15 0.22 0.04 0.05 0.07 0.01 0.06 0.11
0.05 0.14 0.21 0.03 0.16 0.22 0.03 0.09 0.14 0.02 0.11 0.16
0.07 0.15 0.23 0.05 0.18 0.25 0.05 0.10 0.15 0.04 0.12 0.18
0.07 0.17 0.29 0.05 0.21 0.32 0.04 0.12 0.22 0.03 0.15 0.26
0.04 0.08 0.12 0.03 0.09 0.13 0.03 0.06 0.08 0.02 0.06 0.09
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Figure 5.4.A: Magnitude of change (i.e. the difference between current CWM SLA and the limit for the future aridity class) when using the 75™ percentile for

setting CWM SLA limits. It is showed the mean value and its variability (i.e. standard deviation, thin lines) across different community characteristics.
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Figure 5.4.B: Magnitude of change (i.e. the difference between current CWM SLA and the limit for the future aridity class) when using the 90™ percentile for

setting CWM SLA limits. It is showed the mean value and its variability (i.e. standard deviation, thin lines) across different community characteristics.
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Figure 5.5.A: Maps with the probability of change (i.e. the fraction of models predicting change) and the magnitude of that change (i.e. the difference between
current CWM SLA and that needed to be adapted on future conditions) for scenarios RCP 4.5 when using the 75™ percentile for setting CWM SLA limits.
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Figure 5.5.B: Maps with the probability of change (i.e. the fraction of models predicting change) and the magnitude of that change (i.e. the difference between
current CWM SLA and that needed to be adapted on future conditions) for scenarios RCP .5 when using the 90™ percentile for setting CWM SLA limits.
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Figure 5.5.C: Maps with the probability of change (i.e. the fraction of models predicting change) and the magnitude of that change (i.e. the difference between
current CWM SLA and that needed to be adapted on future conditions) for scenarios RCP 8.5 when using the 75™ percentile for setting CWM SLA limits.
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Figure 5.5.D: Maps with the probability of change (i.e. the fraction of models predicting change) and the magnitude of that change (i.e. the difference between
current CWM SLA and that needed to be adapted on future conditions) for scenarios RCP 8.5 when using the 90 percentile for setting CWM SLA limits.
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Discussion

Environmental filtering acting on community SLA

CWM SLA distribution across aridity classes evidenced the current filtering imposed by
drought. Thus, since SLA represents species capacity to resist drought (Micco and
Aronne, 2012), it was expected that increasing aridity will reduce the SLA values that
allow species to exist in that locations. Indeed, Ackerly et al., (2002) found that
increasing solar radiation promoted communities with low SLA in dry environments.
Results also showed that in humid locations a wider spectrum of functional strategies
coexists (greater CMW SLA range) whereas in arid sites the range of strategies was
narrower. It is consistent with theory that predicts that filtering operates strongly in low
resource environments limiting the range of strategies (i.e. limiting variability on trait
values within communities, Weiher and Keddy, 1995). Indeed, Swenson et al., (2012)
identified in America, that for SLA and wood density the range of values that can be
observed are smaller at low mean temperatures and high latitudes sites suggesting the

same trends at community level (i.e. low variability on CWM SLA and wood density.

Our results also showed that in the Mediterranean climate change will impact on
community SLA values due to the overwhelming effect of environmental filtering.
Studies conducted in other climatic zones and vegetation types also predict changes on
community traits values due to the impositions created by future climatic conditions
(Moor et al., 2015). For instance Dubuis et al., (2013), predicted increments in CWM
height and SLA with warming in the Swiss Alps. However, in the Mediterranean region
the expected changes are completely different from those on Temperate or Boreal zones
since warming will be accompanied by a reduction of precipitations (Giorgi and
Lionello, 2008). Thus, greater aridity will promote species with leaves adapted to resist
drought (i.e. low SLA, Micco and Aronne, 2012). Indeed, our results projected a
significant decrease in CWM SLA for some communities. Communities from humid
and mid elevation locations, and with high SLA were predicted to suffer the greatest
changes. Our community level analysis is in agreement with the results found by other

authors working at species level, e.g. studies that analysed climate change impacts on
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species distribution in Spain observed that species like Fagus sylvatica, Quercus
petraea or Quercus pryrenaica, characterised by high SLA and mainly located in
mountainous regions, will suffer the greatest impacts whereas species better adapted to
drought, i.e. Pinus hapensis or Quercus ilex, would be expected to increase their

geographical ranges (Benito Garzon et al., 2009; Ruiz-Labourdette et al., 2012).

Our results also projected that the magnitude of the change (i.e. the difference among
the current CWM SLA and the maximum tolerated over future conditions) will be
greater also over communities from humid and mid elevation locations, and with high
CWM SLA. Indeed, studies conducted at species level suggested that trend. For
instance , Pefiuelas et al., (2007) already observed that Quercus ilex (with SLA values
between 4-7) is replacing Fagus sylvatica (SLA values between 12-14) in Catalonia

mountains (north eastern Spain) consequence of global change.

Thus, our results jointly with those at species levels (despite the latter do not directly
link with functions) suggest significant alterations on those ecosystem process related
with SLA. Indeed, SLA together with climate, soil resources and other closely related
traits (i.e. N content and photosynthetic rate, Wright et al., 2004) determine functions as
net primary productivity (NPP, Chapin et al., 2009). With SLA being positively
correlated with NPP. Therefore, big changes on high SLA communities (both in number
and magnitude) imply a bigger reduction in NPP than similar changes in low SLA
communities. In addition, other ecosystem functions are also closely related with SLA
and this spectrum of traits, as litter decomposition (Cornwell et al., 2008; Garnier et al.,
2004), suggests that impacts on traits values dominating communities might set off

changes on ecosystem functioning.
An environmental filtering method for climate change assessment

The approach proposed in this study changes the focus from species to traits, allowing
to overcome species-specific responses to environmental changes, i.e. adaptation,
plasticity, or migration (Bussotti et al., 2014). Thus, the approach does not need to
account for future species pools as other methods do (e.g. CATS, Frenette-Dussault et

al., 2013) which is an important drawback since it is the common conclusion of many
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studies on climate change (Bakkenes et al., 2002; Benito Garzon et al., 2009; Thuiller et
al., 2006).

Despite the approach simply relies on the maximum trait value that can overcome the
climatic filtering (i.e. environmental filtering, Keddy, 1992), defining that limit is an
uncertain task since it is difficult to determine which would be the “trait threshold”
limiting species to be included in a given community under specific climatic conditions.
However, testing different percentiles to set this limit allows to assess the sensibility of
the approach but also the consequences of climate change under different “trait response
scenarios”. Our results showed that, obviously, by setting higher CWM SLA limits less
changes would be expected. However, our results also showed that under different
percentiles the expected change remained stable suggesting consequently the stability of

the impacts.

An important aspect of the approach is to select the trait driven by climate and
assumptions taken regarding other factors that might affect that trait. However,
accumulated evidence exists about the importance of different traits across climatic
regions (Cornwell and Ackerly, 2009; Diaz et al., 2004; Maharjan et al., 2011). For
instance, for our example on Spain we considered aridity as the unique driver of CWM
SLA, since its strong influence on species distribution across an aridity gradient has
been previously noticed (Costa-Saura et al, under revision, chapter 3 of this thesis).
However, SLA has been shown to be also influenced by nutrient availability on tropical
forest, suggesting that combining variables to determine trait distribution might improve
the accuracy of the approach. Trait plasticity, which would be also interesting to include
in further studies, needs more effort for being integrated since it requires specific

knowledge on single species traits variation across gradient.

Conclusions

Based on environmental filtering theory (Keddy 1992), our approach provides an easy
but logic way to predict climate change impacts on community mean trait values
overcoming the drawbacks of approaches conducted at species levels. In addition, our

approach proves useful for more directly link vegetation impacts with those on
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ecosystem functioning since loss of a species does not necessarily imply a change in
ecosystem functioning as it could be replaced by another species performing the same

function.

The approach, despite requiring current species composition data, proves useful to be
applied in several other regions where forest inventory are a common practice. Indeed,
in Europe at least 32 countries have their national forest inventory and Canada, United
States and other countries from Central and South America, Asia and Africa also have

it.
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Appendix 5.1

Table 5.1.1: Species SLA values used

] SLA
Species (ke
Acer monspessulanum 10.7
Arbutus unedo 6.5
Buxus sempervirens 5.9
Crataegus monogyna 9.9
Erica arborea 7.8
Fraxinus angustifolia 10.7
Fagus sylvatica 13.0
Juniperus oxycedrus 4.0
Olea europaea 4.7
Pinus halepensis 5.1
Phyllerea latifolia 7.1
Pinus nigra 3.1
Pinus pinaster 2.4
Pinus pinea 33
Prunus spinosa 12.5
Pinus sylvestris 3.5
Pistacia terebinthus 7.5
Quercus faginea 8.9
Quercus ilex 5.0
Quercus petraea 13.5
Quercus pubescens 14.8
Quercus pyrenaica 9.8
Quercus robur 14.0
Quercues suber 6.5
Rhamnus alaternus 7.3
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Sources used for species SLA data:
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Tree physiology 17: 777-86.
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Appendix 5.2.

Table 5.2.1: Global circulation models integrated in the CMIPS program and type of data
available. tn, tx, pr and bc refer to monthly average minimum temperature, monthly average

maximum temperature, monthly total precipitation and bioclimatic variables, respectively.

GCM code rcp26 rcpds rcpbi rcpés
ACCESS1-0(#) AC tn, t, pr, bi tn, t«, pr, bi
BCC-CSM1-1 BC tn, tx, pr, bi tn, e, pr, bi tn, e, pr, bi tn, te, pr, bi
CCSM4 CcC tn, &, pr, bi in, t, pr, bi in, t, pr, bi tn, t«, pr, bi
CESM1-CAMS-1-F\V2 CE tn, tx, pr, bi

CHEM-CM5 (#) CN tn, tx, pr, bi in, tx, pr, bi tn, tx, pr, bi
GFDL-CM3 GF tn, t=, pr, bi tn, tx, pr, bi tn, tx, pr, bi
GFOL-ESM2G GD tn, &, pr, bi tn, tx, pr, bi tn, £, pr, bi

GISS-E2-R G5 tn, t=, pr, bi tn, tx, pr, bi tn, tx, pr, bi tn, tx, pr, bi
HadGEM2-A0 HD tn, tx, pr, bi tn, e, pr, bi tn, e, pr, bi tn, te, pr, bi
HadGEM2-CC HG in, t, pr, bi tn, t«, pr, bi
HadGEMZ-ES HE tn, tx, pr, bi tn, e, pr, bi tn, e, pr, bi tn, te, pr, bi
IMMCI4 IN tn, tx, pr, bi tn, &, pr, bi
IPSL-CMB5A-LR IP tn, t=, pr, bi tn, tx, pr, bi tn, tx, pr, bi tn, tx, pr, bi
MIRCQC-ESM-CHEM (#) I tn, tx, pr, bi in, tx, pr, bi tn, tx, pr, bi tn, tx, pr, bi
MIROC-ESM (#) MR tn, tx, pr, bi tn, t«, pr, bi tn, tx, pr, bi tn, tx, pr, bi
MIROQCH (#) MC tn, tx, pr, bi in, tx, pr, bi tn, tx, pr, bi tn, tx, pr, bi
MPI-ESM-LR: MP tn, &, pr, bi in, t, pr, bi tn, t«, pr, bi
MREI-CGCM3 MG tn, tx, pr, bi tn, e, pr, bi tn, e, pr, bi tn, te, pr, bi
MNorESM1-M NO tn, &, pr, bi in, t, pr, bi in, t, pr, bi tn, t«, pr, bi
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General Conclusions

This thesis showed that trait based ecology is a useful approach for identify the
mechanisms behind important ecological aspects providing relevant information for the
management of forests. It was showed that: 1) with few traits is possible to determine
species preferences and limitations across environmental gradients, 2) that trait diversity
might promote the stability of ecosystems, and 3) that climate change might alter the
dominant traits of communities with consequences on ecosystem functioning. From a
theoretical perspective the thesis brings new insights on how traits shape species niche
and drive ecosystem functions whereas from applied perspective provides a new look
on how to address forest management strategies under current and future climatic
conditions. For instance, it proves useful for a “mechanism based” selection of species
for restoration plans, i.e. the selection of appropriate species genotypes and provenances
according to those traits providing adaptation for future climatic conditions. In addition,
it provides useful information for “trait oriented” silvicultural practices, i.e. cuttings and
thinning focalized to promote trait diversity or specific traits values in order to adapt

and mitigate the effects of climate change.

The thesis also showed the close link among species, communities and ecosystems
evidencing the usefulness of trait ecology for scaling up the effect of management
strategies over these three levels. For instance, how the promotion of specific traits
values within communities (i.e. managing species abundances) might simultaneously
influence the resistance and resilience of communities but also the productivity and

stability of ecosystems.

It was also showed that trait ecology can served on different tools to expand the range
of its analysis and for exploring different ecological dimensions. Indeed, it was showed
that remote sensing and climate change modelling proved useful for deal with different
temporal scales across wide areas whereas SDM allowed for extrapolate analysis into
geographical and niche spaces. In fact, since trait ecology offers both explanations and

predictions because relies on the mechanism providing a given function, it suggests
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potential applications over topics like fire behaviour (traits determining flammability) or

carbon stock modelling (traits determining carbon residence time).

Further research directions should simultaneously integrate traits influence on species
environmental responses but also its effect on different ecosystems functions. Indeed,
despite we provided information about “traits aridity tolerance”, lack of knowledge still
remaining on how these traits perform in terms of “biomass production” across climatic
gradients. Thus, future research should relate species traits with species performance
across environmental gradients (feasible with data from forest inventory) but
simultaneously considering the effect of neighbors and the effects over other ecosystem
functions. Thus, an integrative approach including drought adaptation, productivity, and
other functions should provide more complete information for later implement the most

optimal management actions.

To conclude just remember that traits, in its biggest sense, are the attributes that
inanimate and animated “beings” have to interact with their surroundings and that
these “decisions”, usually entails unavoidable trade-offs among the way they perform
and interact with their surroundings. Being this presumably true for all “beings” across
the Universe, it consequently can be extrapolated to humans, which should make us

reflect about many different aspects of our lifes.
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