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Forest vulnerability to global change in the Mediterranean  

AR5 2014, AR6 Climate Change 2021: Impacts, Adaptation and Vulnerability. 
Vulnerability: ‘sensitivity, exposition and capacity of adaptation and/or acclimation.’ (IPCC, 2014) 

²  Vulnerability to some factor. 

²  Non-sustainable species dynamics: non-acclimation, non-adaptation. 

²  Negative effect for species at all ontogenic stages and at the population-level. 

²  Population changes, biodiversity loss. 
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ASSESSING AND MANAGING THE RISKS OF CLIMATE CHANGE

Human interference with the climate system is occurring,1 and climate change poses risks for human and natural systems (Figure SPM.1). The
assessment of impacts, adaptation, and vulnerability in the Working Group II contribution to the IPCC’s Fifth Assessment Report (WGII AR5)
evaluates how patterns of risks and potential benefits are shifting due to climate change. It considers how impacts and risks related to climate
change can be reduced and managed through adaptation and mitigation. The report assesses needs, options, opportunities, constraints,
resilience, limits, and other aspects associated with adaptation.

Climate change involves complex interactions and changing likelihoods of diverse impacts. A focus on risk, which is new in this report, supports
decision making in the context of climate change and complements other elements of the report. People and societies may perceive or rank
risks and potential benefits differently, given diverse values and goals.

Compared to past WGII reports, the WGII AR5 assesses a substantially larger knowledge base of relevant scientific, technical, and socioeconomic
literature. Increased literature has facilitated comprehensive assessment across a broader set of topics and sectors, with expanded coverage of
human systems, adaptation, and the ocean. See Background Box SPM.1.2

Section A of this summary characterizes observed impacts, vulnerability and exposure, and adaptive responses to date. Section B examines future
risks and potential benefits. Section C considers principles for effective adaptation and the broader interactions among adaptation, mitigation,
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Figure SPM.1 | Illustration of the core concepts of the WGII AR5. Risk of climate-related impacts results from the interaction of climate-related hazards (including hazardous 
events and trends) with the vulnerability and exposure of human and natural systems. Changes in both the climate system (left) and socioeconomic processes including 
adaptation and mitigation (right) are drivers of hazards, exposure, and vulnerability. [19.2, Figure 19-1]

Summary for Policymakers

1 A key finding of the WGI AR5 is, “It is extremely likely that human influence has been the dominant cause of the observed warming since the mid-20th century.”
[WGI AR5 SPM Section D.3, 2.2, 6.3, 10.3-6, 10.9]

2 1.1, Figure 1-1

IPCC (2014)  
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Climate change  
Warming =  
increased water stress 
Negative for forest ecosystems 

Summary for Policymakers
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Earth System Models project a global increase in ocean acidification for all RCP scenarios by the end of the 21st century, with 
a slow recovery after mid-century under RCP2.6. The decrease in surface ocean pH is in the range of 0.06 to 0.07 (15 to 17% 
increase in acidity) for RCP2.6, 0.14 to 0.15 (38 to 41%) for RCP4.5, 0.20 to 0.21 (58 to 62%) for RCP6.0 and 0.30 to 0.32 
(100 to 109%) for RCP8.5. {2.2.4, Figure 2.1}

Year-round reductions in Arctic sea ice are projected for all RCP scenarios. A nearly ice-free11 Arctic Ocean in the summer sea-
ice minimum in September before mid-century is likely for RCP8.512 (medium confidence). {2.2.3, Figure 2.1}

It is virtually certain that near-surface permafrost extent at high northern latitudes will be reduced as global mean surface 
temperature increases, with the area of permafrost near the surface (upper 3.5 m) projected to decrease by 37% (RCP2.6) to 
81% (RCP8.5) for the multi-model average (medium confidence). {2.2.3}

The global glacier volume, excluding glaciers on the periphery of Antarctica (and excluding the Greenland and Antarctic ice 
sheets), is projected to decrease by 15 to 55% for RCP2.6 and by 35 to 85% for RCP8.5 (medium confidence). {2.2.3}

11 When sea-ice extent is less than one million km2 for at least five consecutive years.
12 Based on an assessment of the subset of models that most closely reproduce the climatological mean state and 1979–2012 trend of the Arctic sea-ice 

extent.
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Figure SPM.7 |  Change in average surface temperature (a) and change in average precipitation (b) based on multi-model mean projections for 
2081–2100 relative to 1986–2005 under the RCP2.6 (left) and RCP8.5 (right) scenarios. The number of models used to calculate the multi-model mean 
is indicated in the upper right corner of each panel. Stippling (i.e., dots) shows regions where the projected change is large compared to natural internal 
variability and where at least 90% of models agree on the sign of change. Hatching (i.e., diagonal lines) shows regions where the projected change is less 
than one standard deviation of the natural internal variability. {2.2, Figure 2.2}

IPCC (2014)  



Transformed, overexploited landscapes 
Land-use legacies are often negative 
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²  Climate change 
²  Land-use legacies: fire, management (logging, …), grazing, … 

Implication for sustainable dynamics of forest species 
²  Species decline? 
²  Accelerated mortality? (vs. Base-line “healthy” mortality) 
²  But [CO2] fertilization? 
²  Interactions among biotic and abiotic factors? 

When? 
Why? 
How? 

Transformed 
Landscapes: 
paleoecology, 
socioeconomy 

Uncertainty in interaction between 
factors and impact on physiological 

mechanisms 

Interdisciplinary: 
phenotypic plasticity to 
mitigate negative effects 

Threats, Risks 
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A B S T R A C T

Greenhouse gas emissions have significantly altered global climate, and will continue to do so in the
future. Increases in the frequency, duration, and/or severity of drought and heat stress associated with
climate change could fundamentally alter the composition, structure, and biogeography of forests in
many regions. Of particular concern are potential increases in tree mortality associated with climate-
induced physiological stress and interactions with other climate-mediated processes such as insect
outbreaks and wildfire. Despite this risk, existing projections of tree mortality are based on models that
lack functionally realistic mortality mechanisms, and there has been no attempt to track observations of
climate-driven tree mortality globally. Here we present the first global assessment of recent tree
mortality attributed to drought and heat stress. Although episodic mortality occurs in the absence of
climate change, studies compiled here suggest that at least some of the world’s forested ecosystems
already may be responding to climate change and raise concern that forests may become increasingly
vulnerable to higher background tree mortality rates and die-off in response to future warming and
drought, even in environments that are not normally considered water-limited. This further suggests
risks to ecosystem services, including the loss of sequestered forest carbon and associated atmospheric
feedbacks. Our review also identifies key information gaps and scientific uncertainties that currently
hinder our ability to predict tree mortality in response to climate change and emphasizes the need for a
globally coordinated observation system. Overall, our review reveals the potential for amplified tree
mortality due to drought and heat in forests worldwide.

Published by Elsevier B.V.
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Triggers of tree mortality under drought
Brendan Choat1*, Timothy J. Brodribb2, Craig R. Brodersen3, Remko A. Duursma1, Rosana López1,4 & Belinda E. Medlyn1

Severe droughts have caused widespread tree mortality across many forest biomes with profound effects on the function 
of ecosystems and carbon balance. Climate change is expected to intensify regional-scale droughts, focusing attention 
on the physiological basis of drought-induced tree mortality. Recent work has shown that catastrophic failure of the 
plant hydraulic system is a principal mechanism involved in extensive crown death and tree mortality during drought, 
but the multi-dimensional response of trees to desiccation is complex. Here we focus on the current understanding of 
tree hydraulic performance under drought, the identification of physiological thresholds that precipitate mortality and 
the mechanisms of recovery after drought. Building on this, we discuss the potential application of hydraulic thresholds 
to process-based models that predict mortality.

F orests account for approximately 45% of global terrestrial carbon 
stocks and have a key role in hydrological and nutrient cycles1,2. 
They also provide a wide array of ecosystem services and are vital 

for maintenance of biodiversity. While forests continue to face pressure 
from expanding human populations, which drive changes in land use and 
deforestation, the threat posed by climate change is less easily quantified. 
Evidence from a range of sources suggests that rising atmospheric CO2 
concentrations have benefited forests, with CO2 fertilization enabling an 
increased leaf area index3, enhanced water-use efficiency4 and greater 
uptake of carbon globally5. However, extreme climate events, such as 
heat waves, droughts, fires and storms, have the potential to offset these 
benefits, causing widespread tree mortality and a net loss of CO2 into the 
atmosphere. Although forests are vulnerable to a wide range of extreme 
climate events, drought and associated disturbances have the greatest 
effect globally6. Recent projections7 indicate that land surface warming 
may lead to longer and more intense droughts, which has focused con-
cern on this area of research and the need for accurate predictions of 
the effects of drought on forest ecosystems. In this Review, we examine 
the physiological response of trees to drought, focusing on new insights 
provided by rapid advances in our understanding of the hydraulic  
function of plants.

Land plants require an efficient long-distance transport pathway to 
lift water from the soil to the leaves at a rate that satisfies transpira-
tion8. In trees, the xylem tissue (wood) supplies water for all aspects of 
plant function, including photosynthesis, growth and reproduction. 
Damage to this hydraulic supply network as a consequence of severe 
water stress has been identified as a key mechanism that is involved 
in tree mortality during drought9–11. Recent experimental work has 
quantitatively linked hydraulic failure thresholds to plant mortality12,13, 
and field studies have demonstrated that hydraulic failure is a primary 
pathway for extensive canopy death or plant mortality during natural 
drought events14–17.

A number of other co-contributing factors may also have a role in the 
death of trees during natural droughts18. In the absence of catastrophic 
hydraulic failure, partial disruption of water transport and the regula-
tion of water loss from plants during drought may lead to an increased 
likelihood of mortality through the depletion of carbohydrate reserves 
used in respiration and increased vulnerability to pests and pathogens11. 
Therefore, even in cases of co-morbidity, plant hydraulic traits occupy 
a central role in determining survival during drought and the effects of 
drought on carbon dynamics.

Here, we cover recent progress in our understanding of plant hydraulic  
response to drought and the physiological mechanisms that govern recovery  
of hydraulic function after drought. Although recent advances have 
crystallized our understanding of plant hydraulic function and the  
consequences of vascular impairment caused by drought stress, many 
challenges remain. We evaluate recent attempts to integrate the hydraulic  
traits of plants into process-based models of tree mortality with an 
emphasis on major knowledge gaps.

Drought and forest mortality
The effect of future droughts will almost certainly be worsened by 
increases in air temperature associated with global warming; when 
natural droughts occur they will set in more quickly and be of greater 
intensity7. Higher temperatures will usually result in greater evapo-
transpiration (the sum of evaporation and plant transpiration), thus 
drying soil and plants more quickly than would be the case at lower 
temperatures19. Droughts of this nature, termed ‘global change-type 
droughts’, have had severe effects on exposed ecosystems including 
mass tree mortality20,21.

Globally, drought is the most widespread stress factor that affects 
forest carbon balance6 with the potential to cause pronounced 
depressions in gross primary productivity at regional and conti-
nental scales22,23. The most notable effects of drought are manifested 
in regional-scale forest mortality events, which can kill millions of 
trees within short timescales. Recent high-profile examples include 
extreme droughts in Texas and California, which are estimated to 
have killed 300 million and 102 million trees, respectively24–26. Mass 
tree mortality due to drought is not restricted to arid regions, having 
been documented across many forest biomes including cool tem-
perate and tropical forests14–16,27,28. In tropical northern Australia, 
the sudden die-off of more than 7,000 ha of mangrove forest in 2015 
was attributed to drought and extreme temperatures28. Although 
such concentrated mortality events are yet to be observed in many 
of the world’s most productive tropical ecosystems, drought events 
in tropical rainforests (for example, the 2005 Amazon drought) 
have resulted in marked increases in stem mortality and loss of 
aboveground biomass29. Mortality is often skewed towards young 
trees but recent evidence suggests that large, old trees are also  
vulnerable30,31. Loss of large trees is particularly concerning because 
they have a critical ecological role and have the largest biomass and 
storage of carbon.

1Hawkesbury Institute for the Environment, Western Sydney University, Richmond, New South Wales, Australia. 2School of Biological Sciences, University of Tasmania, Hobart, Tasmania, Australia. 
3School of Forestry and Environmental Studies, Yale University, New Haven, CT, USA. 4PIAF, INRA, Université Clermont Auvergne, Clermont-Ferrand, France. *e-mail: b.choat@westernsydney.edu.au
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Trends
Terrestrial disturbances, such as wild-
fire, insect outbreaks, and drought-
induced forest mortality, are increasing
due to climate warming. Subsequent
consequences for hydrological
resources are simultaneously
expanding.

The downstream impacts of the
increasing frequency of disturbances
are manifest as financial burden, loss
of resource capacity, and impacts on
human well-being. These threats of
resource impacts due to chronic
increases in disturbance frequency
are now considered among the high-
est impact and highest likelihood of all
threats to society.

Models of terrestrial disturbances and
of hydrological resource responses to
disturbances are rapidly improving,
providing an opportunity for mitigation
and adaptation planning.

Given current climate forecasts, it is
likely that disturbance-induced threats
to societally required resources will
increase.
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2Earth and Environmental Sciences
Division, Los Alamos National
Laboratory, Los Alamos, NM, USA
3Geology and Geological Engineering
Department, Integrated Ground Water
Modeling Center, Colorado School of
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Opinion
Predicting Chronic Climate-
Driven Disturbances and Their
Mitigation
Nate G. McDowell,1,* Sean T. Michaletz,2 Katrina E. Bennett,2

Kurt C. Solander,2 Chonggang Xu,2 Reed M. Maxwell,3

Craig D. Allen,4 and Richard S. Middleton2

Society increasingly demands the stable provision of ecosystem resources to
support our population. Resource risks from climate-driven disturbances,
including drought, heat, insect outbreaks, andwildfire, are growing as a chronic
state of disequilibrium results from increasing temperatures and a greater
frequency of extreme events. This confluence of increased demand and risk
may soon reach critical thresholds. We explain here why extreme chronic
disequilibrium of ecosystem function is likely to increase dramatically across
the globe, creating no-analog conditions that challenge adaptation. We also
present novel mechanistic theory that combines models for disturbance mor-
tality andmetabolic scaling to link size-dependent plant mortality to changes in
ecosystem stocks and fluxes. Efforts must anticipate and model chronic eco-
system disequilibrium to properly prepare for resilience planning.

Chronic Disturbances and Impacts on Ecosystem Services
The chronic rise in global temperature and temperature extremes [1,2] is resulting in an increase
in climate-driven disturbances, such as wildfire and insect and pathogen outbreaks, that are
unprecedented in recorded history [3]. Disturbances alter the ability of ecosystems to provide
services essential to societal well-being [4]. Ecosystem services are inextricably linked with
infrastructure in myriad ways, from the storage of carbon and regulation of climate at the global
scale to the provision of food, water, and energy [4]. These relationships have evolved with
human society over millennia and have become increasingly critical as human population
growth and affluence have accelerated. Thus, a greater demand now exists for stable eco-
systems to safeguard against failing infrastructure and resource loss [5–7]. This confluence of
escalating disturbance risk and greater dependency on ecosystem services and disturbance-
sensitive infrastructure could expose society to increasing recovery costs for repair of damaged
infrastructure [8].

Growing awareness of societal risks posed by a changing climate has led to water crises and
failure to mitigate climate change to be ranked in theGlobal Risks Report as two of the greatest
risks to global society, and the two with the largest impact on society [9]. This awareness has
spurred scientific gains into the projection of climate impacts, such as vegetation and hydro-
logic disturbances, and justifies the development of adaptation approaches to increase societal
resilience to climate-driven hazards. However, the risks posed by climate-driven terrestrial
disturbances remain underappreciated. Investment in mitigation and adaptation research (US
$11.6 billion in the USA for 2013 [10]) is significantly less than the investment required to adapt
to climate change (US$25 billion per year for 2010–2050 [11]) and by investment to combat

Trends in Ecology & Evolution, Month Year, Vol. xx, No. yy https://doi.org/10.1016/j.tree.2017.10.002 1
© 2017 Elsevier Ltd. All rights reserved.
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Increasing forest mortality from global change has been observed in 
all forested biomes1,2 and will have profound implications for future 
energy and element fluxes3–5. Predictions of vegetation responses 

to future climate are uncertain due to the lack of realistic mortal-
ity mechanisms in vegetation models3,6–9. Recent research supports 
at least two tightly inter-related physiological mechanisms associated 
with tree mortality by drought: (1) hydraulic failure through partial 
or complete loss of xylem function from embolism that inhibits water 
transport through the vasculature, leading to tissue desiccation; and 
(2) carbon starvation via imbalance between carbohydrate demand 
and supply that may lead to an inability to meet osmotic, metabolic 
and defensive carbon requirements3,6,7,10–15. Hydraulic failure is most 
typically assessed via per cent loss of xylem conductivity (PLC) and 
carbon starvation via changes in tissue non-structural carbohydrate 
(NSC) concentrations12–16. There has been significant debate over 
these co-occurring mechanisms of mortality, particularly regarding 

the prevalence of carbon starvation and whether reduced carbohy-
drate reserves can be lethal during drought11,17–22.

Although a number of studies on the mechanism of drought-
induced mortality in trees have been conducted for a variety of tree 
species over the past decade, the prevalence of these mechanisms 
on a global scale remains uncertain. Differences in approach, vari-
ables measured, and species and life stage studied have limited global 
assessment of drought-induced tree mortality mechanisms. Here, 
we provide the first cross-species synthesis of tree drought mortal-
ity mechanisms. We used a standardized physiological framework to 
analyse drought-induced tree mortality across species and assessed 
hydraulic function as PLC, and carbohydrate status as NSC normal-
ized relative to controls. We examined data from 19 recent experi-
mental and observational studies on 26 species from around the 
globe. Most tree species were assessed in only one study, but for sev-
eral species data were available from more than one study, resulting in 

A multi-species synthesis of physiological 
mechanisms in drought-induced tree mortality
Henry D. Adams1*, Melanie J. B. Zeppel2,3, William R. L. Anderegg4, Henrik Hartmann5,  
Simon M. Landhäusser6, David T. Tissue7, Travis E. Huxman8, Patrick J. Hudson9, Trenton E. Franz10, 
Craig D. Allen11, Leander D. L. Anderegg12, Greg A. Barron-Gafford13,14, David J. Beerling15,  
David D. Breshears16,17, Timothy J. Brodribb! !18, Harald Bugmann19, Richard C. Cobb20, Adam D. Collins21,  
L. Turin Dickman21, Honglang Duan22, Brent E. Ewers23, Lucía Galiano24, David A. Galvez6,  
Núria Garcia-Forner! !25, Monica L. Gaylord26,27, Matthew J. Germino28, Arthur Gessler29, Uwe G. Hacke6,  
Rodrigo Hakamada30, Andy Hector31, Michael W. Jenkins32, Jeffrey M. Kane33, Thomas E. Kolb26,  
Darin J. Law16, James D. Lewis34, Jean-Marc Limousin35, David M. Love4, Alison K. Macalady36,  
Jordi Martínez-Vilalta37,38, Maurizio Mencuccini37,39,40, Patrick J. Mitchell41, Jordan D. Muss21,  
Michael J. O’Brien! !42, Anthony P. O’Grady41, Robert E. Pangle9, Elizabeth A. Pinkard41, Frida I. Piper43,44,  
Jennifer A. Plaut9, William T. Pockman9, Joe Quirk15, Keith Reinhardt45, Francesco Ripullone46,  
Michael G. Ryan! !47,48,49, Anna Sala50, Sanna Sevanto21, John S. Sperry4, Rodrigo Vargas51,  
Michel Vennetier52, Danielle A. Way53,54, Chonggang Xu21, Enrico A. Yepez55 and Nate G. McDowell56

Widespread tree mortality associated with drought has been observed on all forested continents and global change is expected 
to exacerbate vegetation vulnerability. Forest mortality has implications for future biosphere–atmosphere interactions of 
carbon, water and energy balance, and is poorly represented in dynamic vegetation models. Reducing uncertainty requires 
improved mortality projections founded on robust physiological processes. However, the proposed mechanisms of drought-
induced mortality, including hydraulic failure and carbon starvation, are unresolved. A growing number of empirical studies 
have investigated these mechanisms, but data have not been consistently analysed across species and biomes using a stan-
dardized physiological framework. Here, we show that xylem hydraulic failure was ubiquitous across multiple tree taxa at 
drought-induced mortality. All species assessed had 60% or higher loss of xylem hydraulic conductivity, consistent with pro-
posed theoretical and modelled survival thresholds. We found diverse responses in non-structural carbohydrate reserves at 
mortality, indicating that evidence supporting carbon starvation was not universal. Reduced non-structural carbohydrates were 
more common for gymnosperms than angiosperms, associated with xylem hydraulic vulnerability, and may have a role in reduc-
ing hydraulic function. Our finding that hydraulic failure at drought-induced mortality was persistent across species indicates 
that substantial improvement in vegetation modelling can be achieved using thresholds in hydraulic function.

A full list of affiliations appears at the end of the paper.
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Research review

Tree mortality from drought, insects, and their interactions in a
changing climate
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Summary

Climate change is expected to drive increased tree mortality through drought, heat stress, and
insect attacks, with manifold impacts on forest ecosystems. Yet, climate-induced tree mortality
and biotic disturbance agents are largely absent from process-based ecosystem models. Using
data sets from thewesternUSA and associated studies, we present a framework for determining
the relative contribution of drought stress, insect attack, and their interactions, which is critical
for modeling mortality in future climates. We outline a simple approach that identifies the
mechanisms associated with two guilds of insects – bark beetles and defoliators – which are
responsible for substantial treemortality.We then discuss cross-biome patterns of insect-driven
tree mortality and draw upon available evidence contrasting the prevalence of insect outbreaks
in temperate and tropical regions.Weconcludewith anoverviewof tools andpromisingavenues
to address major challenges. Ultimately, a multitrophic approach that captures tree physiology,
insect populations, and tree–insect interactionswill better informprojections of forest ecosystem
responses to climate change.

Introduction

Forests cover c. 30% of the globe’s land surface area, provide
numerous ecosystem services to human societies, and play a central
role in global biogeochemical cycles (Bonan, 2008). Yet the future
of forest ecosystems given expected changes in climate and other
environmental drivers is uncertain. Warming and drought,

sometimes co-occurring with insect outbreaks, have been linked
to tree mortality in many regions, and future changes in climate are
expected to drive more extensive, severe, or frequent tree mortality
events (Allen et al., 2010). Forest mortality can have manifold
consequences for biodiversity, ecosystem function and services, and
feedbacks to climate change through biophysical effects and loss of
carbon sinks (Adams et al., 2010; Anderegg et al., 2013). The
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Abstract. Broad-scale forest die-off associated with drought and heat has now been reported from every
forested continent, posing a global-scale challenge to forest management. Climate-driven die-off is fre-
quently compounded with other drivers of tree mortality, such as altered land use, wildfire, and invasive
species, making forest management increasingly complex. Facing similar challenges, rangeland managers
have widely adopted the approach of developing conceptual models that identify key ecosystem states
and major types of transitions between those states, known as “state-and-transition models” (S&T models).
Using expert opinion and available research, the development of such conceptual S&T models has proven
useful in anticipating ecosystem changes and identifying management actions to undertake or to avoid. In
cases where detailed data are available, S&T models can be developed into probabilistic predictions, but
even where data are insufficient to predict transition probabilities, conceptual S&T models can provide
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Raffa et al., 2008), including numerous water–carbon feedbacks
(e.g. McDowell et al., 2011), making hypothesis testing challeng-
ing even with manipulative experiments. The original, ground-
breaking models of internal hydraulic or carbohydrate dynamics
(Thornley, 1972; Tyree & Sperry, 1988; Amthor & McCree,
1990) have been recently developed across plant (Sperry et al.,
1998; H€oltt€a et al., 2006, 2009; Rasse & Tocquin, 2006),
ecosystem (Williams et al., 2001; Mackay et al., 2003; Domec
et al., 2012), and global scales (Hickler et al., 2006; Fisher et al.,
2010). These types of models synthesize our understanding of the
complex hydraulic-carbohydrate system of vegetation (e.g. Cowan
& Troughton, 1971; McDowell, 2011) and can thus be employed
to investigate complex, dynamical processes such as drought
responses of forests (e.g. Williams et al., 2001).

We used a model–experiment approach as a framework to
examine our collective knowledge regarding how trees survive and
die during drought. We began with reviewing and clarifying the
definitions of hydraulic failure and carbon starvation that
represent our state-of-knowledge of plant mortality and are
simultaneously compatible with the current framework of most
process models and DGVMs. We then drove six models using
input parameters from a replicated drought manipulation study in
a mature pi~non pine–juniper woodland (Pinus edulis–Juniperus
monosperma) in central New Mexico, USA. It has been predicted
through both a DGVM and an empirical model that the south-
western USA will experience almost 100% mortality of the
dominant conifers by 2050 (Jiang et al., 2013; Williams et al.,

2013). The models employed here represent individual plant-scale
(two models), ecosystem-scale (two models), and two global-scale
DGVMs. Models were employed to simulate either or both
hydraulic failure and carbon starvation and their interdependen-
cies. Additionally, the mortality predictions from the carbon
starvation algorithms in the two DGVMs were compared with
observations, traditional process-model mortality indices, and an
empirical tree-ring model.

II. Model–experiment approach

1. Overall approach

Our objective was to examine our model-based understanding of
drought-inducedmortality.We simulated the response of pine and
juniper trees to experimental drought (Plaut et al., 2012, 2013;
Gaylord et al., 2013; Limousin et al., 2013) as a way of capturing
the complex and often unmeasurable internal hydraulic and
carbohydrate dynamics. Specifically, we examined multimodel
simulations of the mechanistic processes of hydraulic failure,
carbon starvation, and their interdependency, as well as more
traditional simulations of mortality using net primary production
(NPP), growth efficiency (NPP yr!1 per leaf area), and an empirical
model based on regional tree-ring datasets (Williams et al., 2013).
We compared simulations with observations of transpiration (E )
for evaluation, and additional parameters depending on themodel.
We did not make predictions about the future nor did we conduct
formal comparisons of the models, because three of them lacked
replicate simulations (their smallest scale was the plot scale). We
identified consistencies and discrepancies across models and
empirical observations.

We employed models that varied in structure and scale, from
individual plants to a global level, in the approximate following
order: FINNSIM (H€oltt€a et al., 2006, 2009), the Sperry model
(Sperry et al., 1998), TREES (Loranty et al., 2012; Mackay et al.,
2012), MuSICA (Og"ee et al., 2003; Domec et al., 2012), ED(X)
(Fisher et al., 2010; Xu et al., 2012), and CLM(ED) (Fisher et al.,
2010; Bonan et al., 2012). The unique, common characteristic of
the models used here is the ability to simulate internal plant
hydraulics and/or carbon dynamics (Fig. 1). These capabilities are
novel in woody plant, ecosystem, and global-scale modeling, and
allow predictions of processes consistent with the postulated
proximate drivers of plant death.

2. Definitions of hydraulic failure, carbon starvation, their
interdependence, and mortality

Wedefined the process of hydraulic failure as the progressive loss of
hydraulic conductivity (K) on an individual-plant basis (Fig. 1).
The loss of K for all models was scaled and reported as the
percentage loss of conductance (PLC; 0–100%). The advantages of
PLC as a definition of hydraulic failure are that it is quantitative,
measurable, scalable to PFTs, and it inherently accepts that static
PLC-mortality thresholds do not exist (e.g. Sevanto et al., 2013).
This definition assumes that conductance–vulnerability curves on
soils, roots, and branches scale to whole-tree K. This definition

Fig. 1 A generalized simulation scheme for modeling plant hydraulic failure,
carbon starvation, and their interdependence. The numberswithin each box
indicate inclusion by the following models: 1, Sperry model; 2, FINNSIM; 3,
TREES; 4, MuSICA; 5, ED(X); 6 CLM(ED). Orange-bordered boxes and
orange arrows indicate interdependencies, or bidirectional carbon–water
fluxes, that are simulated by the models. Allocation of nonstructural
carbohydrate (NSC) to defense, reproduction, respiration, and growth is not
listed in priority order, because that remains a subject of debate. E, canopy
transpiration; Gs, canopy-scale stomatal conductance; K, hydraulic
conductance; PLC, percentage loss of conductance;Ψsoil andΨroot, soil and
root water potential; GPP, gross primary production; R, autotrophic
respiration. *Biotic attack was not included in any of the models used in this
study, but is included to highlight the need for this critical model
development (red arrow). Feedbacks between biotic attack and plant
physiology are not highlighted here.
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A B S T R A C T

Evergreen oak woodlands in the Western Mediterranean exploited as agrosilvopastoral systems have often been
considered as a sustainability paradigm. Yet, these ecosystems show profound symptoms of degradation with
widespread tree decline and increased mortality, making them a paradigmatic example of overexploited eco-
systems threatened by global change. Understanding the biotic and abiotic, environmental and management
factors involved in the current decline of these open woodlands is key to derive sustainable management options.
Our goal was to evaluate the potential role of climate and land-use legacies as drivers of tree decline in Quercus
ilex open woodlands at the regional level in western Spain. We analysed tree recruitment and health as proxies to
the key processes implied in ecosystem decline. Overall, tree health was poor. Levels of tree decline followed a
latitudinal gradient, with cooler stands in the North exhibiting better health (i.e. fewer, less severe decline
symptoms) and higher sapling and seedling abundance than warmer stands in the South. Warmer conditions and
more intense human management, indirectly expressed by stands with lower canopy cover and larger trees, were
directly related to both worse plot health and lower tree regeneration. The widespread tree decline and very low
recruitment abundance observed in the open oak woodlands studied may be the consequence of negative sy-
nergistic effects of a more limiting climate and land-use legacies from human overexploitation of a fragile
ecosystem. These results warn of the negative impacts that land-use practices can exert on similar agrosilvo-
pastoral ecosystems with the added risks of ongoing climatic changes, threatening ecological and economical
sustainability.

1. Introduction

From early times, humans have intensively exploited and shaped
forest landscapes worldwide (Morales-Molino et al., 2017; Scarascia-
Mugnozza et al., 2000). Today, global change related threats urge to
quantify and disentangle the potential negative effects of land-use le-
gacies and climate change on dynamics and sustainability of ecosys-
tems. Under Mediterranean climate, particularly in the West Iberian
Peninsula and California, traditional land-use combining different
agrosilvopastoral practices has transformed forest ecosystems into open
woodlands currently dominated by different species of Quercus spp.
(Huntsinger and Bartolome, 1992). These anthropogenic agrosilvopas-
toral systems are originated from thinning of closed forests to combine
tree, agriculture and grassland exploitation and they still have a

significant economic importance for local communities (Acácio et al.,
2017; Gea-Izquierdo et al., 2011; Huntsinger and Bartolome, 1992). In
Western Iberia, the tree layer of these open woodlands is dominated
generally by evergreen oaks such as Quercus ilex L. (holm oak) and
Quercus suber L. (Cañellas et al., 2007). These open oak woodlands
(hereafter ‘dehesas’) are among the few non-natural habitats protected
by the “Habitats Directive” from the European Union (Díaz, 2014).
Dehesas were often presented as a sustainability paradigm from an
ecological and economical point of view (Linares, 2007; Plieninger
et al., 2003). Yet, they are far from sustainability because they show
adult tree decline and enhanced tree mortality, and also a widespread
lack of tree regeneration (Plieninger et al., 2003; Pulido et al., 2013).
Moreover, these threats are expected to increase with projected climate
change on an ecosystem where summer drought limits vegetation

https://doi.org/10.1016/j.foreco.2018.10.023
Received 29 June 2018; Received in revised form 8 October 2018; Accepted 9 October 2018

Abbreviations: dbh, diameter at breast height; DD, tree plot diametric differentiation; NFI, National Forest Inventory
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Spatial variability and temporal trends in water-use
efficiency of European forests
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Abstract

The increasing carbon dioxide (CO2) concentration in the atmosphere in combination with climatic changes throughout the last
century are likely to have had a profound effect on the physiology of trees: altering the carbon andwater fluxes passing through
the stomatal pores. However, the magnitude and spatial patterns of such changes in natural forests remain highly uncertain.
Here, stable carbon isotope ratios from a network of 35 tree-ring sites located across Europe are investigated to determine the
intrinsic water-use efficiency (iWUE), the ratio of photosynthesis to stomatal conductance from 1901 to 2000. The results were
compared with simulations of a dynamic vegetation model (LPX-Bern 1.0) that integrates numerous ecosystem and land–
atmosphere exchange processes in a theoretical framework. The spatial pattern of tree-ring derived iWUE of the investigated
coniferous anddeciduous species and themodel results agreed significantlywith a clear south-to-northgradient, aswell as agen-
eral increase in iWUE over the 20th century. The magnitude of the iWUE increase was not spatially uniform, with the strongest
increase observed and modelled for temperate forests in Central Europe, a region where summer soil-water availability
decreased over the last century. We were able to demonstrate that the combined effects of increasing CO2 and climate change
leading to soil drying have resulted in an accelerated increase in iWUE. These findings will help to reduce uncertainties in the
land surface schemes of global climate models, where vegetation–climate feedbacks are currently still poorly constrained by
observational data.

Keywords: carbon isotope discrimination, climate change, dynamic vegetation model, tree rings
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Introduction

Interactions among direct CO2 (fertilization) effects on
plants and climatic conditions such as drought are of

particular interest for understanding past and for pre-
dicting future forest growth and carbon sequestration.
The continually increasing atmospheric CO2 concentra-
tion and concurrent climatic change are both likely to
strongly affect the physiology of forests ecosystems and
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Forests have increased their iWUE but no overall 
growth increase in response to warming and [CO2]  
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ABSTRACT

Aim The goals of this study are: (1) to determine whether increasing atmospheric
CO2 concentrations and changing climate increased intrinsic water use efficiency
(iWUE, as detected by changes in D13C) over the last four decades; and if it did
increase iWUE, whether it led to increased tree growth (as measured by tree-ring
growth); (2) to assess whether CO2 responses are biome dependent due to different
environmental conditions, including availability of nutrients and water; and (3) to
discuss how the findings of this study can better inform assumptions of CO2

fertilization and climate change effects in biospheric and climate models.

Location A global range of sites covering all major forest biome types.

Methods The analysis encompassed 47 study sites including boreal, wet temper-
ate, mediterranean, semi-arid and tropical biomes for which measurements of tree
ring D13C and growth are available over multiple decades.

Results The iWUE inferred from the D13C analyses of comparable mature trees
increased 20.5% over the last 40 years with no significant differences between
biomes. This increase in iWUE did not translate into a significant overall increase
in tree growth. Half of the sites showed a positive trend in growth while the other
half had a negative or no trend. There were no significant trends within biomes or
among biomes.

Main conclusions These results show that despite an increase in atmospheric
CO2 concentrations of over 50 p.p.m. and a 20.5% increase in iWUE during the
last 40 years, tree growth has not increased as expected, suggesting that other
factors have overridden the potential growth benefits of a CO2-rich world in
many sites. Such factors could include climate change (particularly drought),
nutrient limitation and/or physiological long-term acclimation to elevated CO2.
Hence, the rate of biomass carbon sequestration in tropical, arid, mediterranean,
wet temperate and boreal ecosystems may not increase with increasing atmo-
spheric CO2 concentrations as is often implied by biospheric models and short-
term elevated CO2 experiments.

Keywords
Climate change, CO2 fertilization, D13C, drought, forest, geographical range, tree
growth, water use efficiency.
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INTRODUCTION

Changes in gas exchange and growth are among the primary
responses of trees to environmental variations such as current
changes in atmospheric CO2 concentration and climate change
(Hughes, 2000; Körner, 2000; Poorter & Navas, 2003; Nowak

et al., 2004). Increased atmospheric CO2 concentration may
stimulate plant growth, indirectly through reduced plant water
consumption and hence slower soil moisture depletion, and
directly through enhanced photosynthesis (Morgan et al., 2004).
Experimental results show that plants are able to increase their
water-use efficiency (WUE) as CO2 levels rise (Morison, 1993;

Global Ecology and Biogeography, (Global Ecol. Biogeogr.) (2011) 20, 597–608
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Drought induced decline could portend widespread pine mortality
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a b s t r a c t

There is a need to better understand how different biotic and abiotic factors interact to determine climate
change enhanced tree mortality. Here, we investigated whether rising water stress determined enhanced
Pinus sylvestris L. mortality at the species low-elevation limit in Central Spain. We analyzed the factors
determining the health status of pines and compared with co-occurring and more drought-tolerant Quer-
cus pyrenaica Willd along one transect following an elevation gradient. We used ordinal logistic regres-
sion to model the susceptibility of a tree to decline in relation to variability in stand competition and
individual growth-patterns. The mortality pattern differed with local site conditions. Pine growth was
faster but life-span shorter at drier and warmer low-elevations than at high-elevations. However, within
stands, healthy trees exhibited less abrupt growth reductions and higher growth-rates but not as a con-
sequence of lower competition, which under present stand conditions did not seem to increase adult
mortality risk. Low moisture availability reduced tree-growth and, although P. sylvestris is less tolerant
to drought, Q. pyrenaica was more sensitive to year-to-year moisture variability. Previous growth of dead
trees from both species declined with rising water stress after the 1970s at low-elevations, which sug-
gests that water stress intensity limited particularly tree-growth of dead trees in the long-term. For pines,
widespread symptoms of crown decline (expressed by mistletoe infestation and defoliation) were only
observed at low-elevation stands where, in opposition to oaks, weakened and healthy pines also exhib-
ited recent negative growth-trends parallel to those of dead trees. The pervasive growth decline with
enhanced water stress in pines from all health status at the species sampled xeric ecotone combined with
the abundant crown decline symptoms observed, suggest pine vulnerability and could portend wide-
spread mortality at its current low-elevation limit.

! 2014 Elsevier B.V. All rights reserved.

1. Introduction

Climate change related increases in drought frequency and
severity have a negative impact on forest ecosystem productivity
and tree performance (Boisvenue and Running, 2006; Lenoir
et al., 2008; Choat et al., 2012). Therefore it is crucial to better de-
scribe the underlying processes governing forest acclimation to
water stress (Bréda et al., 2006; Niinemets, 2010; McDowell
et al., 2011) particularly at those ecosystems where sustainability
is threatened by enhanced mortality caused by recent climatic
changes (Adams et al., 2009; Van Mantgem et al., 2009; Allen
et al., 2010). Accurate prediction of tree vulnerability to increasing

water stress is challenging because many biotic and abiotic factors
interact at different time scales and trees with symptoms of low
vitality can recover from stress provided they do not fall below
thresholds where irreversible damage occurs (Suárez et al., 2004;
Dobbertin, 2005; Breshears et al., 2009). In addition, it can be par-
ticularly complex to isolate the long-term effect of climate at those
sites where land-use has shaped the current state of forests and
determine forest dynamics (Gimmi et al., 2010; Van Bogaert
et al., 2011; Wischnewski et al., 2011).

The interdependent factors that determine species-specific sus-
ceptibility to drought induced decline and mortality must be inves-
tigated at different temporal scales in order to understand forest
vulnerability. Growth can be used as a direct proxy to the tree
net carbon pool. Using dendrochronological methods it is possible
to analyze long-term environmental stressors (like water stress)
predisposing trees to decline and short-term agents or events
inciting posterior death of individuals (Suárez et al., 2004;

http://dx.doi.org/10.1016/j.foreco.2014.02.025
0378-1127/! 2014 Elsevier B.V. All rights reserved.
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Analysis of mortality and decline using dendroecological data: negative growth 
trends often precede mortality … but not always 
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Synergistic abiotic and biotic stressors explain widespread decline of
Pinus pinaster in a mixed forest☆

GuillermoGea-Izquierdo a,⁎, Macarena Férriz a, Sara García-Garrido a, Olga Aguín b, Margarita Elvira-Recuenco a,
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H I G H L I G H T S

• Pinus pinaster shows widespread
decline and accelerated mortality.

• Decline linked to abiotic stress including
climatic legacies but not fungal
pathogens.

• Moredrought-tolerant speciesmay sub-
stitute currently dominant P. pinaster.

G R A P H I C A L A B S T R A C T

a b s t r a c ta r t i c l e i n f o
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Global change potentially increases forest vulnerability. Different abiotic and biotic factors may interact to cause
forest decline and accelerated tree mortality. We studied a mixed Mediterranean continental forest where Pinus
pinaster Ait. (maritime pine) shows widespread decline to analyse the role of different abiotic and biotic factors
on health status and growth dynamics both at the individual and plot levels.We also analysed stand composition
and regeneration of tree species to checkwhether there is a change in species dominance. Fungal pathogenswere
seldom present and we detected no pervasive fungi or insect infestation and no presence of pathogens like
Heterobasidion or Phytophthora. Infection of hemiparasite plants like Viscum album L. (mistletoe) can reduce
leaf area and its abundance is generally considered anexpression of host decline. Yet, the existence amongdeclin-
ing trees of high defoliation levels without mistletoe, but not vice versa, suggests that defoliation in response to
some abiotic stressor could be a predisposing factor precedingmistletoe infection. Compared to healthy trees, de-
clining and dead trees exhibited higher defoliation rates, smaller needles and lower recent growth with steeper
negative trends. Dead and declining trees showed similar negative growth trends since the early 1990s droughts,
which we interpreted as early warning signals anticipating mortality of currently declining trees in the near fu-
ture.Mortality ofmaritime pine extending across all size classes, the lower presence of this species in the smallest
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Defoliation
Abiotic stress
Fungal pathogens
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Example of negative dynamics in response to global change 
in Mediterranean mixed forests at the xeric limit for species 







Old fire scar in studied plot 
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En épocas de crisis, el medio forestal español, y en con-
creto el aprovechamiento de la resina, ha vuelto a poner de 
relieve las posibilidades y los beneficios que es capaz de 
aportar a nuestra sociedad, y además se ha conseguido una 
cierta sensibilización en diferentes ámbitos sobre esas posi-
bilidades. Sin embargo, es necesario aprovechar esta opor-
tunidad y al menos intentar cambios profundos en este apro-
vechamiento, porque en caso contrario estos crecimiento e 
interés quedarán reducidos a un repunte coyuntural asociado 
a la crisis.

La sostenida demanda mundial de los derivados de la re-
sina en la industria química, su buena perspectiva en precios, 
la existencia de masas superficialmente extensas (Pinus pi-
naster es el pino de distribución más amplia en España) y 
en condiciones de ser aprovechadas de forma sostenida y el 
indudable carácter arcaico de las técnicas de extracción actua-
les hace que se den las condiciones estructurales para pensar 
que esa necesaria modernización sea posible.

Pero además se concitan otras condiciones coyunturales 
especialmente favorables, entre las que desgraciadamente 
está el paro rural, pero también el interés de otros países 
de nuestro entorno, la coincidencia con varias políticas eu-
ropeas en el marco del Horizonte 2020, entre ellas la de 
materias primas, el apoyo a la innovación, el crecimiento bajo 
en CO2 e incluso la coincidencia del interés de la resinación 
en el ámbito de las principales amenazas que a medio plazo 
tienen los montes españoles, como son las plagas y enfer-
medades y el cambio climático. Todo ello configura un entor-
no muy favorable para la modernización del sector, aspecto 
inaplazable y sin el cual el futuro no es viable.

La sociedad española, pero sobre todo el sector forestal, 
tiene una nueva oportunidad para demostrar que un eficiente 
y planificado aprovechamiento de los recursos naturales pue-
de ser la base de un verdadero desarrollo sostenible. Para 
conseguirlo, la investigación y la innovación son elementos 
indispensables, y parece que estamos en una situación fa-
vorable para que los escasos recursos públicos se destinen 
a ellos.

Esa innovación debe ir también encaminada a dar res-
puesta a aspectos legales, administrativos, formativos, or-
ganizativos, de vertebración del propio sector, etc. sin los 
cuales no hay futuro.

El sector ha acogido un número apreciable de resineros 
que han encontrado en este una fuente de empleo (precario 
y duro), ingresos (escasos e inestables) e incluso de satisfac-
ciones personales por el desempeño de estas labores, y todo 
ello sin que las políticas públicas de apoyo hayan hecho nada 
(ni siquiera la necesaria formación de los nuevos operarios o 
el mantenimiento de unas condiciones fiscales acordes a la 
situación del sector).

Si realmente se cree en las posibilidades del sector es 
el momento de concretar con medios las buenas intenciones 
(propuestas del Senado, acuerdos de las Cortes de Castilla 
y León) y las propuestas que aparecen en documentos ad-
ministrativos (Plan de Activación Socioeconómica del Sector 
Forestal Español, Programa de Movilización del recursos fo-
restales de la Junta de Castilla y León). Después, el propio 
sector, y en especial la investigación ligada al mismo, debe 
demostrar que es capaz de aprovechar con eficiencia esos re-
cursos y obtener resultados. El sector forestal, quizás como 
ningún otro, ha hecho gala de la defensa de lo “público”, y 
quizás también como en pocos es evidente la urgente ne-
cesidad de la investigación y la innovación para afrontar los 
retos del futuro. 

El aprovechamiento de la resina puede ser en la actua-
lidad, por la coyuntura laboral y de mercado en que se en-
cuentra y por su tamaño, un buen campo de prueba en el 
que se manifieste la verdadera y real implicación política y 
social con el medio rural a través de la puesta a disposición 
de medios para su desarrollo, y en la que nosotros, como 
sector forestal, debemos demostrar que somos capaces de 
aprovecharlos eficientemente y dar respuestas a los retos de 
nuestra sociedad.

De momento, no parece que se estén dando las premi-
sas para que este repunte de la producción de resina sea 
“sostenible”.

Pinillos (2014) Foresta 



Pinus pinaster vulnerability in mixed forests (low elevation limit for the species) 
o  Mortality all age-classes: less drought-tolerant species 
o  Climate predisposing. 
o  Land-use legacies predisposing: fire, drought-induced mortality, …? 
o  Fungal pathogens(Armillaria sp.) contributing but not systematic. 

o  Population decline: adults and lack regeneration.  
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Need to understand variability in functional traits and processes:  
process-based models as tools in science and management 



mesic site and absent in P. sylvestris with a Euro-Siberian
distribution.

Secondary growth of boreal and subalpine conifers from
cold or temperate climates is primarily controlled by tem-
perature (Deslauriers & Morin, 2005; Vaganov et al.,
2006). Continental Mediterranean climates impose differ-
ent forms of stress on tree growth because cold winters and
summer drought constrain the period of cambial activity to
two temporarily variable seasons. The phenology of second-
ary growth in the conifer species in this study matches this
pattern, with maximum growth in transitional seasons
(spring and autumn) and a low or null growth rate in sum-
mer, reflecting the bimodal rainfall distribution in areas
with Mediterranean climates. A practical implication of the
bimodal pattern of radial growth is that sigmoid functions
such as the Gompertz equation (Camarero et al., 1998;
Rossi et al., 2003) are not suitable to model cumulative
stem radial increment or number of tracheids under Medi-
terranean conditions. Our findings explain why J. thurifera
tree-ring growth responds positively to water availability
from June to August as this species formed most of the tree

ring during this period, adding 72% of the final number of
mature tracheids (Bertaudière et al., 1999; Camarero,
2006; Rozas et al., 2009). We speculate that the positive
response of J. thurifera tree-ring growth to autumn rainfall
will be greater (lower) in xeric (mesic) sites under Mediter-
ranean (Atlantic) influence in the eastern (western) Iberian
populations.

As the Mediterranean climate shows a high degree of spa-
tio-temporal variability, the pace of secondary growth must
adjust to a broad array of climatic conditions. Therefore,
conifers from Mediterranean climates should be plastic
enough to cope with contrasting rainfall patterns. This was
particularly evident in J. thurifera, which maintained dis-
tinct growth patterns depending on locality. Furthermore,
the plastic response of J. thurifera to precipitation is consis-
tent with studies on junipers from other semi-arid areas
(Sass-Klaassen et al., 2008). Cambial reactivation benefits
from both autumn rainfall and sporadic late-summer rain-
fall events, resulting in the formation of intra-annual den-
sity fluctuations, which characterize the tree-rings of most
conifers under Mediterranean conditions (Campelo et al.,
2007). In addition, the marked bimodal pattern of radial
growth in J. thurifera trees from the xeric site, where
xylogenesis was active in spring and autumn, indicated that
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Fig. 5 Main climatic variables related to radial increment rates of
Juniperus thurifera and the two Pinus species (Ph, P. halepensis; Ps,
P. sylvestris) from the xeric (closed bars) and mesic (hatched bars)
study sites during 2006 and 2007. The values are Pearson correlation
coefficients calculated between radial increment and daily climatic
variables (Pn, precipitation; Hn, air relative humidity; Dn,
daylength), which were averaged (humidity, daylength) or summed
(precipitation) n days before the sampling date including the
sampling day (n = 5–10). The horizontal lines correspond to the
0.05 (continuous line) and 0.01 (dashed line) significance levels.
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Need to model intranual processes to understand  
long-term dynamics 
GPP, NPP, transpiration and carbon allocation in evergreen 
Mediterranean forests: double stress and bimodality (occasional)  
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²  Process-based vegetation models. 
e.g. Le Roux et al. (2001) AFS; Kramer et al. 2002 GCB; Morales et al. 2002 GCB; Guiot et al. 2014,  

At least include: 

²  Photsynthesis and transpiration: leaf and canopy. 
²  Autotrophic respiration. 
²  Carbon allocation                     Growth data (dendroecology) 
²  Reserves  (NSC) 
²  … 
²  Hydraulics. 

²  Complex processes: dynamics C y H20, N/P economy, …  

²  Complex parametrization of models: need multiproxy 

 

 

Need to model plant processes and mechanisms 
From Gennaretti et al. 
(2017) Biogeosciences 

Toward an allocation scheme for global terrestrial
carbon models

P . F R I E D L I N G S T E I N , * ≤ G . J O E L , ≥ C . B . F I E L D ≥ and I . Y . F U N G ß
*Columbia University/Goddard Institute for Space Studies, 2880 Broadway, New York, NY 10025, USA, ≤Laboratoire des
Sciences du Climat et de L'environnement, CE Saclay, Orme des Merisiers, 91191 Gif sur Yvette, France, ≥Carnegie Institution
of Washington, 260 Panama st., Stanford, CA 94305, USA, ßSchool of Earth and Ocean Sciences, University of Victoria,
Victoria, B.C., Canada V8W 2Y2

Abstract

The distribution of assimilated carbon among the plant parts has a profound effect on
plant growth, and at a larger scale, on terrestrial biogeochemistry. Although important
progress has been made in modelling photosynthesis, less effort has been spent on
understanding the carbon allocation, especially at large spatial scales. Whereas several
individual-level models of plant growth include an allocation scheme, most global ter-
restrial models still assume constant allocation of net primary production (NPP)
among plant parts, without any environmental coupling. Here, we use the CASA bio-
sphere model as a platform for exploring a new global allocation scheme that esti-
mates allocation of photosynthesis products among leaves, stems, and roots depending
on resource availability. The philosophy underlying the model is that allocation
patterns result from evolved responses that adjust carbon investments to facilitate cap-
ture of the most limiting resources, i.e. light, water, and mineral nitrogen. In addition,
we allow allocation of NPP to vary in response to changes in atmospheric CO2. The
relative magnitudes of changes in NPP and resource-use efÆciency control the
response of root:shoot allocation. For ambient CO2, the model produces realistic
changes in above-ground allocation along productivity gradients. In comparison to the
CASA standard estimate using Æxed allocation ratios, the new allocation scheme tends
to favour root allocation, leading to a 10% lower global biomass. Elevated CO2, which
alters the balance between growth and available resources, generally leads to reduced
water stress and consequently, decreased root:shoot ratio. The major exception is forest
ecosystems, where increased nitrogen stress induces a larger root allocation.

Keywords: carbon allocation, primary productivity, root:shoot ratio

Received 23 March 1998; resubmitted 9 November and accepted 19 December 1998

Introduction

The distribution of Æxed carbon is a primary determi-
nant of plant growth. Environmental parameters,

including resource availability and temperature,
greatly inØuence carbon allocation. At least in theory,
plants adjust their allocation pattern to maximize
growth (Iwasa & Roughgarden 1984; Tilman 1988). A
plant in a resource-saturated environment reaches its
maximum growth rate by allocating all newly

acquired photosynthate to leaves, as allocation to

non-photosynthetic tissue yields no returns in future

carbon acquisition (Monsi & Saeki 1953; Tilman 1988;

Chapin 1991). In nature, environmental stresses always

compromise this allocation pattern and force plants to

invest in roots for below-ground resources and stem

for light harvesting. Allocation plays an important role

in the integration of plant responses to multiple

stresses. Tilman (1988) argues that competition for

light and nutrients are the most important factors

determining biomass allocation. Responses to other

factors, including water stress and elevated CO2 could,

however, also be important.
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169087716, e-mail pierre@lsce.saclay.cea.fr
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L'Environnement, UMR CEA-CNRS 1572, CEA Saclay, Orme
des Merisiers, 91191 Gif sur Yvette, France
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(i = daily scale) 

C-source limitation 
(photosynthesis) 

C-sink limitation 
(growth) 

(e.g. Körner et al. 1996; Sala et al. 2012 Tree 
Physiol, Fatichi et al. 2019 New Phytol) 
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Modelling carbon sources and sinks in terrestrial
vegetation
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Summary

The increase in atmospheric CO2 in the future is one of the most certain projections in
environmental sciences. Understanding whether vegetation carbon assimilation, growth, and
changes in vegetation carbon stocks are affected by higher atmospheric CO2 and translating this
understanding in mechanistic vegetation models is of utmost importance. This is highlighted by
inconsistencies between global-scale studies that attribute terrestrial carbon sinks to CO2

stimulation of gross and net primary production on the one hand, and forest inventories, tree-
scale studies, andplantphysiological evidence showingamuch lesspronouncedCO2 fertilization
effect on the other hand. Here, we review how plant carbon sources and sinks are currently
described in terrestrial biosphere models. We highlight an uneven representation of complexity
between the modelling of photosynthesis and other processes, such as plant respiration, direct
carbon sinks, and carbon allocation, largely driven by available observations. Despite a general
lack of data on carbon sink dynamics to drive model improvements, ways forward toward a
mechanistic representation of plant carbon sinks are discussed, leveraging on results obtained
from plant-scale models and on observations geared toward model developments.

I. Introduction

In a world where plants are the only natural agent recycling carbon
(C) from its low-energy form (atmospheric CO2) back to its high-
energy form (carbohydrates), understanding the limitations of this
process is of utmost importance; and this is even more so because,

within the lifetime of an individual tree planted in themiddle of the
19th century, the availability of one of the reactants of the
aforementioned process, atmospheric CO2 concentration [CO2],
will have doubled from 285 ppm in 1850 to > 500 ppm within the
coming decades. Moreover, the terrestrial C cycle, and the
associated C stored by vegetation through plant growth (terrestrial

652 New Phytologist (2019) 221: 652–668 ! 2018 The Authors
New Phytologist! 2018 New Phytologist Trustwww.newphytologist.com

Review

Forest process-based 
model 

Processes: 

²  f1growth(meteo, soil) 
²  f2GPP(f1, CO2) 
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Realistic trends in model simulations:  
GPP, NPP, WUE (A/T, A/ET) y WUEi (A/gs) Beer et al. (2009) GBC 

Example: mediterranean forests Pinus halepensis and Q. ilex 

Where and how are vulnerability expressed?, Thresholds? Ranges?, Traits? 
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Future forest dynamics (2010-2100) GPP and growth  
Fertilization scenario [CO2]!   
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o  Climate change: increased water stress is negative for forest performance.  

o  Land-use legacies: often negative (soils, disruption dynamics,…). 

o  Threats and risks for forest dynamics, biodiversity and ecosystem services. 

o  Need to understand mechanisms and traits involved in species vulnerability. 

o  Need to characterize where, how and why species will be vulnerable: mitigation. 

o  Need tools (models) addressing physiological mechanisms to be used in 
sustainable management. 

o  Much to learn yet to achieve sustainable management under a changing 
climate. 

Forests in the Mediterranean under Global Change 


