
Temperature Sensitivity, Physiological Mechanism,
and Implications of Drought-Induced Tree Mortality

Item Type text; Electronic Dissertation

Authors Adams, Henry

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 16/05/2023 13:53:24

Link to Item http://hdl.handle.net/10150/228494

http://hdl.handle.net/10150/228494


TEMPERATURE SENSITIVITY, PHYSIOLOGICAL MECHANISM, AND 
IMPLICATIONS OF DROUGHT-INDUCED TREE MORTALITY 

 
by 
 
 

Henry David Adams 
_________________ 

 
Copyright © Henry David Adams 2012 

 
 
 

A Dissertation Submitted to the Faculty of the  
 

DEPARTMENT OF ECOLOGY AND EVOLUTIONARY BIOLOGY 
 

In Partial Fulfillment of the Requirements 
 

For the Degree of 
 

DOCTOR OF PHILOSOPHY 
 
 

In the Graduate College 
 

THE UNIVERSITY OF ARIZONA 
 
 

2012



2

THE UNIVERSITY OF ARIZONA 
GRADUATE COLLEGE 

 
As members of the Dissertation Committee, we certify that we have read the dissertation  
 
Prepared by Henry D. Adams 
 
entitled Temperature Sensitivity, Physiological Mechanism, and Implications of  
 
Drought-Induced Tree Mortality 
 
and recommend that it be accepted as fulfilling the dissertation requirement for the 
 
Degree of Doctor of Philosophy 
 
                                                                                                Date:  3/5/2012 
David D. Breshears 
 
                                                                                                Date:  3/5/2012 
Travis E. Huxman 
 
                                                                                                Date:  3/5/2012 
Scott R. Saleska 
 
                                                                                                Date:  3/5/2012 
Thomas W. Swetnam 
 
                                                                                                Date:  3/5/2012 
Chris B. Zou 
 
 
Final approval and acceptance of this dissertation is contingent upon the candidate’s 
submission of the final copies of the dissertation to the Graduate College. 
 
I hereby certify that I have read this dissertation prepared under my direction and 
recommend that it be accepted as fulfilling the dissertation requirement. 
 
 
                                                                                                Date:  3/5/2012 
Dissertation Director:  David D. Breshears 
 
                                                                                                Date:  3/5/2012 
Dissertation Director:  Travis E. Huxman 
  



3

STATEMENT BY AUTHOR 

 

This dissertation has been submitted in partial fulfillment of requirements for an 

advanced degree at the University of Arizona and is deposited in the University Library 

to be made available to borrowers under rules of the Library. 

 

Brief quotations from this dissertation are allowable without special permission, 

provided that accurate acknowledgment of source is made. Requests for permission for 

extended quotation from or reproduction of this manuscript in whole or in part may be 

granted by the copyright holder. 

 

Signed: Henry D. Adams 

  



4

ACKNOWLEDGEMENTS 

 

My dissertation research involved several big projects and I am very grateful for the help 

I received putting these together and carrying out the work.  I would like to acknowledge 

the assistance of Biosphere 2 staff and interns, including: John Adams, Robert Arrington, 

Joe Dale, Genna Gallas, Maggie Heard, Ed Hernandez, Leslie Marasco, Rebecca Minor, 

Dean Neevel, Justin Peterson, Brendan Raybuck, Evan Sommer, and Ashley Weide.  I 

would also like to thank Michael Clifford, Jen Davison, Nate Pierce, Patrick Royer, and 

Bhawika Lamichane Sharma for assistance with data collection and analysis.  I would 

like to acknowledge those whom helped me author and review this research: Dr. Craig 

Allen, Dr. Neil Cobb, Dr. Greg Barron-Gafford, Dr. Lisa Bentley, Dr. Paul Brooks, Dr. 

Alfonso Gardea, Dr. Matthew Germino, Dr. Maite Guardiola-Claramonte, Dr. Lisa 

Graumlich, Dr. Jason Field, Dr. Cody Hale, Dr. Thomas Kolb, Dr. Darin Law, Dr. 

Charles Luce, Alison Macalady, Leslie Marasco, Dr. Nathan McDowell, Rebecca Minor, 

Dr. Alistair Smith, Dr. Nathan Stephenson, Dr. David Tissue, Dr. Peter Troch, Dr. 

Markus Weiler, Dr. Bradford Wilcox, Dr. Juan Villegas, and Dr. Melanie Zeppel.  I also 

thank my committee members, Dr. Scott Saleska, Dr. Thomas Swetnam, and Dr. Chris 

Zou, for their assistance with my PhD program, research, and authorship.  Finally, I must 

thank my advisors, Dr. David Breshears and Dr. Travis Huxman, for connecting me with 

so much opportunity. 

 

  



5

DEDICATION 

 

This dissertation is dedicated to my wife, Ariel Mack, whose love, support, and 

encouragement made this challenging program possible.  I thank my parents, who have 

always supported my education and encouraged me to do whatever I found interesting.  I 

also thank past teachers, mentors, and advisors, who sparked my interest in biology and 

ecology and prepared me well: Dr. Thomas Kolb, Dr. Gordon Godshalk, Paul Elkins, and 

William Boehme. 

  



6

TABLE OF CONTENTS 

ABSTRACT  ........................................................................................................................9 

INTRODUCTION .............................................................................................................11 

PRESENT STUDY ............................................................................................................22 

REFERENCES ..................................................................................................................34 

APPENDIX A: CLIMATE-INDUCED TREE MORTALITY: EARTH SYSTEM 

CONSEQUENCES ............................................................................................................43 

Statement of permission for use of copyrighted material ..............................................44 

Observations and Patterns of Tree Mortality ................................................................45 

Mechanisms of mortality ...............................................................................................46 

Effects on Earth System Processes ................................................................................46 

Future Research, Assessment, and Modeling Needs .....................................................46 

Acknowledgements .......................................................................................................47 

References .....................................................................................................................47 

APPENDIX B: ECOHYDROLOGICAL CONSEQUENCES OF DROUGHT- AND 

INFESTATION-TRIGGERED TREE DIE-OFF: INSIGHTS AND HYPOTHESES ......48 

Statement of permission for use of copyrighted material ..............................................49 

Absract ...........................................................................................................................55 

Introduction ...................................................................................................................55 

Comparing characteristics of tree mortality by die-off to harvest and fire ...................56 

The effects of tree mortality ..........................................................................................57 

The persistence of ecohydrological effects from die-off ...............................................62 



7

Management implications and options ..........................................................................63 

Emergent hypotheses and research needs .....................................................................65 

Acknowledgements .......................................................................................................66 

References .....................................................................................................................67 

APPENDIX C: TEMPERATURE SENSITIVITY OF DROUGHT-INDUCED TREE 

MORTALITY PORTENDS INCREASED REGIONAL DIE-OFF UNDER GLOBAL 

CHANGE TYPE DROUGHT ...........................................................................................70 

Statement of permission for use of copyrighted material ..............................................71 

Abstract .........................................................................................................................72 

Introduction ...................................................................................................................72 

Results and Discussion ..................................................................................................73 

Materials and Methods ..................................................................................................74 

Acknowledgements .......................................................................................................74 

References .....................................................................................................................74 

Supporting Information .................................................................................................76 

APPENDIX D: NON-STRUCTURAL LEAF CARBOHYDRATE DYNAMICS OF 

PINUS EDULIS DURING DROUGHT-INDUCED TREE MORTALITY SUPPORT 

ROLE FOR CARBON METABOLISM IN MORTALITY MECHANISM ....................77 

Summary .......................................................................................................................78 

Introduction ...................................................................................................................79 

Materials and Methods ..................................................................................................83 

Results ...........................................................................................................................86 



8

Discussion .....................................................................................................................88 

Acknowledgements .......................................................................................................95 

References .....................................................................................................................96 

Figure Legends ............................................................................................................104 

Figures .........................................................................................................................106 

Supporting Information ...............................................................................................110 

APPENDIX E: DROUGHT-INDUCED PINUS SEEDLING MORTALITY HASTENS 

PROGRESSIVELY WITH TEMPERATURE AS REFLECTED IN RESPIRATION 

DURING STOMATAL CLOSURE ................................................................................116 

Abstract .......................................................................................................................116 

Introduction .................................................................................................................117 

Materials and Methods ................................................................................................121 

Results .........................................................................................................................123 

Discussion ...................................................................................................................127 

References ...................................................................................................................133 

Tables ..........................................................................................................................139 

Figure Legends ............................................................................................................140 

Figures .........................................................................................................................142 
  



9

ABSTRACT 

Drought-induced tree mortality is an emerging global phenomenon that appears 

related to climate change and rising temperatures in particular, and may be an early 

indication of vegetation change.  However, vegetation response to climate change is 

uncertain, particularly for future novel climates.  Notably, no current models of 

vegetation change attempt to mechanistically predict plant mortality, and in particular, 

mortality of trees, which exerts strong influences on ecological function.  Resolving 

uncertainties surrounding the physiological mechanism and temperatures sensitivity of 

tree mortality is a current challenge in global change ecology. 

 The objectives of this dissertation were to 1) consider tree mortality consequences 

for earth system processes related to carbon, water, and energy exchange that include 

climate regulation; 2) explore tree mortality effects on the water cycle by developing 

hypotheses and research needs; 3) quantify the temperature sensitivity of drought-induced 

tree mortality and gain insight into the physiological mechanism of mortality;  4) quantify 

the relationships among temperature, stored carbohydrate resources, and gas exchange to 

further elucidate physiological tree mortality mechanisms; and 5) quantify the sensitivity 

of two species of pine seedlings to progressively elevated temperatures and relate 

mortality to the effect of temperature on carbon metabolism. 

Major findings of this dissertation relate to the temperature sensitivity, 

physiological mechanism, and implications of tree mortality.  Assessment of the potential 

consequences of tree mortality for earth system processes documented the contrasting 

influences of tree mortality on the terrestrial C cycle and land-surface energy exchange, 
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the balance of which will determine the net effects on climate regulation (Appendix A).  

Following a survey of the ecohydrology literature, thresholds for tree mortality to cause 

watershed changes were hypothesized at ~20% loss of canopy cover, ~500 mm of annual 

precipitation, and whether flows are snowmelt dominated (Appendix B).  Elevated 

temperature (~+4°C) accelerated tree mortality by 28% during experimental drought, a 

difference related to cumulative respiration dynamics in piñon pine (Appendix C).  

Stored carbohydrate resources were declined during lethal drought but were not entirely 

depleted prior to mortality (Appendix D).  Seedlings exhibited progressive declines in 

time-to mortality with increased temperatures, a response related to C metabolism 

(Appendix E). 
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INTRODUCTION 

Anthropogenic activities have increased the atmospheric concentrations of heat-

trapping, greenhouse gases since the industrial revolution, such that global average 

temperatures have risen by 0.76°C since 1850 (IPCC 2007).  Under varying scenarios, 

modeling assessments project further temperature increase of 2-4°C by 2100.  Set against 

this trend of rising temperatures is the expectation of increased extreme heat events and 

an intensification of the hydrological cycle expected to cause more heavy precipitation 

events and result in increased drought, which could have large effects on vegetation 

(IPCC 2007, Huxman et al. 2004, Jentsch et al. 2007, Smith 2011a, 2011b).  Rising 

temperatures are projected to be accompanied by a cooling of the stratosphere, causing 

poleward expansion of Hadley circulation, reducing precipitation at subtropical latitudes 

while increasing precipitation at higher latitudes (IPCC 2007, Seidel et al. 2008, 

Johanson and Fu 2009).  While overall precipitation is expected to increase in some 

regions with global change, a warmer atmosphere has a greater capacity for water vapor, 

so precipitation increase will be accompanied by an increase in potential 

evapotranspiration, with uncertain effects on soil moisture (IPCC 2007, Kingston et al. 

2009). 

Many models of vegetation response to global change assume that as climate 

conditions shift, plant communities will simply shift their boundaries to follow.  Such 

envelope models of vegetation response rely on determining current climate at species’ 

range limits, predicting where the same conditions will exist in the future, and moving 

species distributions to match (Iverson and Prasad 1998, Malcolm et al. 2002, Sato et al. 
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2007).  These models are unrealistic since they do not include factors such as natural 

migration and dispersal rates, as well as the movement of plants across complex terrain 

(Loehle and LeBlanc 1996, Loehle 2000, Urban et al. 2000, Neilson et al. 2005).  Few 

current vegetation change models mechanistically represent the basic processes of plant 

establishment and mortality (Moorcroft et al. 2001, Scheiter and Higgins 2009), and none 

account for rapid, widespread die-off that has been observed in response to recent 

extreme events (McDowell et al. 2011).  Additionally, global change may bring novel 

climates, temperature and precipitation regimes for which there is no modern analog, to 

many regions of the world (Williams and Jackson 2007, Williams et al. 2007).  These 

novel climates may encourage the assembly of no-analog plant communities and result in 

ecological surprises (Williams et al. 2007, Kimball et al. 2010). 

The effects of recent temperature increases on vegetation distributed along 

elevation gradients related to climate provide natural experiments in vegetation change.   

Observations from long-term elevation gradient datasets show a variety of responses to 

the changing climate of the last few decades.  These responses include shifts in plant 

species distribution that can be characterized as a “march”, “crash”, or “lean”, outcomes 

which may depend on the whether climate drivers are extreme events or slow changes in 

climatic means (Breshears et al. 2008).  Across elevation gradients in the Green 

Mountains of Vermont, researchers observed a ~100 m upward shift of the northern 

hardwood – boreal forest ecotone over forty years, during which temperature increased 

by ~1°C and precipitation by 34% (Beckage et al. 2008).  In northern New Mexico, the 

lower forest boundary between piñon-juniper woodland and ponderosa pine forest rapidly 
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shifted uphill during a severe drought (Allen and Breshears 1998).  These two studies 

found responses that exhibit an uphill “march” of populations in response to climate 

change.  Over the course of 30 years in the Santa Rosa Mountains of southern California, 

the centroid of woody plant species canopy cover distributions shifted uphill along a 

~2300 m elevation gradient, while species overall range limits were unchanged, 

indicating a “lean” response (Kelly and Goulden 2008, Breshears et al. 2008).  However, 

some of the observed changes in these vegetation distributions reported in this study may 

have been complicated by recovery from disturbance by fire (Schwilk & Keeley 2012).  

Tree die-off observed in piñon pine across the southwest US following a severe and 

unusually warm drought resulted in fairly even mortality rates across the species’ entire 

elevation range, a “crash” response (Breshears et al. 2005, Shaw et al. 2005, Koepke et 

al. 2010). 

Tree mortality related to climate, particularly drought and elevated temperatures, 

and tree pest and/or pathogen outbreak, is of particular interest as a vegetation response 

to climate change because it can occur rapidly (Allen and Breshears 1998, Breshears and 

Allen 2002).  Recent research has documented that tree mortality in the last few decades 

is widespread and found on all forested continents (Allen et al., 2010).  Tree mortality 

can be subtle, such as observations of increased background population mortality rates 

seen in forests of the western US (van Mantgem et al. 2009) and boreal regions of 

Canada (Peng et al. 2011).  Mortality can also be selective, affecting only a single tree 

species in a diverse forest, such as mortality of eastern hemlock in the Appalachians of 

the US from hemlock woolly adelgid, a phloem-consuming insect (Ford and Vose 2007).  
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Tree mortality can also manifest as a widespread die-off, such as the 600,000+ km2 of 

pine forests in western North America from Mexico to Alaska affected by drought, higher 

temperatures, and bark beetle outbreak (Raffa et al. 2008, Hicke et al., 2012) or a 50,000 

km2 die-off of Eucalypt species across Australia related to drought (Fensham et al. 2009, 

Allen et al. 2010).  Causes of tree mortality can be complex, as they often involve 

interrelationships between direct climate stress on trees, stress-related reductions in tree 

defense, and positive climate effects on multiple insect pests and fungal or other 

pathogens (Raffa et al. 2008).  Mortality in ponderosa pine in the southwest US has been 

related to tree drought stress, increasing vulnerability to bark beetle attack by multiple 

species of two beetle genera, Dendroctonus and Ips, which reproduce in the phloem, 

effectively girdling the tree (Gaylord et al. 2006, 2007).  These beetles typically carry 

blue-stain fungus (Grosmannia clavigera), which may further exacerbate tree stress by 

cavitating xylem water transport and inhibiting resin production for beetle defense 

(Gaylord et al. 2011).  Morality causes can also be simple, no biotic agent was found to 

be associated with mortality of Juniperus species in the southwest US, indicating tree 

drought stress as the sole likely cause (Floyd et al, 2009).  Elevated temperatures appear 

to be a common causal factor in tree mortality, as they increase drought stress and often 

promote biotic agent populations and spread (Breshears et al, 2005, Raffa et al. 2008). 

The ecological consequences of tree mortality include effects on populations that 

translate to impacts to community composition and structure.  When die-off affects the 

dominant plant species in the community, interactions with a large number of other 

species can be affected.  Piñon pine, a co-dominant species in Southwest affected by 
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widespread die-off, is associated with approximately 1000 other species, and piñon loss 

means a restructuring of these relationships, which raises biodiversity conservation 

concerns (Mueller et al., 2005a, 2005b, Gitlin et al. 2006, Sthultz et al. 2007).  Drought 

mortality in piñon pine differentially affected trees of differing genotypes, resulting in a 

loss of heritable insect resistance (Sthultz et al. 2009).  Conservation implications of die-

off are not always negative, mortality of ponderosa pine in British Columbia is expected 

to create improved wildlife habitat with an increase in open areas and standing snags 

(Klenner and Arsenault 2009).  Transition toward an herbaceous dominated community 

with tree mortality increases light inputs to the understory (Royer et al. 2011), alters 

patterns of phenology and primary production, and can promote invasion by undesirable 

exotic species (Rich et al. 2008, Kane et al. 2011).  Tree mortality also can accelerate 

biogeochemical cycles; increased N and P inputs to soils and stream water were observed 

following pine die-off in Colorado (Clow et al. 2011).  

Forests exert a strong effect on earth system processes relative to their spatial 

extent, which is in part due to the 3-dimensional nature of vegetation structure in forests 

(Bonan 2008).  This influence occurs though the effect of forests on the terrestrial carbon 

sink, land-surface energy balance, and hydrological cycling (Bonan 2008, Chapin et al., 

2008).  Forests sequester more C than other vegetation types and contain 55% of stored 

terrestrial C.  Forest canopy is often darker than non-forest, especially so at high latitudes 

where snow covers the ground for much of the year, such that forest cover reduces 

albedo, the reflectance of energy by the land surface (Bonan 2008).  Forests are also very 

influential over the water cycle though canopy effects on interception and 
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evapotranspiration (Chapin et al. 2008).  Therefore, large-scale tree mortality can rapidly 

affect exchanges of carbon, energy, and water between the biosphere and atmosphere due 

to a sudden loss of canopy cover (Breshears and Allen 2002, McDowell et al. 2008).  

Altered carbon sequestration following widespread die-off has affected North American 

forest carbon budgets with a net warming forcing on climate, influencing policy in 

Canada (Kurz et al., 2008a, 2008b, Hicke et al., 2012).  Die-off threats to carbon 

sequestration in the Amazon are of particular concern in these C-rich and productive 

forests (Metcalfe et al. 2010).  However, altered energy balance from tree mortality could 

result in a localized cooling effect in drylands where canopy cover has an insulative 

effect on surface temperatures (Rotenberg and Yatir, 2010) and at high latitude forests 

where mortality exposes a snow-covered landscape (Betts, 2000, Lee et al., 2011). 

Potential hydrological effects of tree mortality range from flooding risk to decreased 

water resources (Carver et al. 2009, Guardiola-Claramonte et al., 2011).   Through its 

effects on energy and carbon balance, widespread tree mortality caused by increased 

temperatures is a potential and uncertain feedback on global climate change.  The balance 

of die-off effects on forest carbon sink strength, a potential net warming forcing, and 

albedo and energy exchange, a likely net cooling forcing, could disrupt the climate 

regulation provided by the biosphere. 

The balance and degree of these effects will ultimately be determined by 

ecological responses to tree die-off, which include successional return to the previous 

forest, shifts in species composition, conversion to non-forest, and other outcomes along 

this spectrum of responses.  For forests where tree mortality is driven primarily by insect 
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outbreak in the absence of drought, indications of forest recovery are reported (Veblen et 

al., 1991, Axelson et al., 2009, 2010, Brown et al., 2010, Collins et al., 2011).  This 

response has been particularly noted in western North American forests affected by 

mountain pine beetle outbreak where beetles preferentially attacked larger trees, often 

resulting in >95% overstory mortality, but entirely avoided smaller trees in the understory 

(Axelson et al., 2009, Klenner and Arsenault, 2009, Axelson et al., 2010, Brown et al., 

2010).  Natural regeneration in some of these stands meets timber production guidelines 

for restocking without re-planting (3000 seedlings/ha, Axelson et al., 2010).  Although 

such observations suggest quick recovery, many assessments of these forests fail to 

consider the effect of a changing climate on tree recruitment and future beetle outbreaks, 

particularly at high latitudes where temperature increases are expected to be greatest 

(IPCC, 2007). 

However, in forests and woodlands where drought was in important contributing 

factor to widespread tree mortality, understory saplings and seedlings were affected by 

the same drought that killed overstory trees.  Following the 2002/2003 drought and bark 

beetle outbreak in the southwest US, surveys showed mortality in ~25-80% of adult and 

~50-80% of ponderosa pine seedlings (Gitlin et al., 2006), and where ~80% of overstory 

piñon trees died, in ~25-45% of piñon seedlings (Mueller et al., 2005a).  These 

observations are not limited to the southwest US, low post-drought recruitment was also 

correlated with overstory tree mortality for Nothofagus dombeyi in Patagonia, Argentina 

(Suarez and Kitzberger, 2008) and Pinus sylvestris in the Pyrenees of Spain (Galiano et 

al., 2010).  In these cases, relatively more recruitment of less-affected, drought-resistant 
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tree species were observed, indicating that a shift in overstory composition and stand 

structure will follow mortality.  These responses indicate that the consequences of tree 

mortality for carbon, water, and energy budgets will persist in such forests and 

woodlands. 

In order to more realistically predict vegetation response to global change and 

associated ecological and earth system consequences, alternatives have been suggested to 

replace envelope models.  Mechanistic models which scale plant responses to large areas 

offer a potential solution and may prove more useful for making predictions under novel 

climate regimes (Moorcroft et al. 2001, McDowell et al. 2008, 2011).  However, key data 

on the physiological sensitivities and mechanisms of plant mortality and recruitment 

required to build such models are lacking.  Correlative relationships determined from 

observations are not always available and may not be sufficient to determine responses to 

future novel climates.  Experimental manipulations that simulate extreme events, 

including drought, are necessary to reveal causal relationships between climate factors 

and plant physiology (Jentsch et al. 2007).   

Two hypothesized mechanisms of drought-induced tree mortality linked to 

species differences in drought tolerance strategies as well as the intensity and duration of 

drought have been proposed, hydraulic failure and carbon starvation (McDowell et al. 

2008).  Hydraulic failure from drought could occur if high xylem tension causes 

catastrophic cavitation by air embolism, impeding the flow of water and leading to a loss 

of cellular turgor pressure that results in death.  Carbon starvation could occur if trees 

reduce stomatal conductance during drought in an effort to prevent xylem failure, 



19

limiting access to atmospheric CO2.  When photosynthesis could no longer meet 

respiratory demands, death would occur when trees had exhausted stored carbohydrates. 

Mortality by both mechanisms could be exacerbated by tree pests and pathogens. 

Further conceptual assessments have led to an expansion of initially proposed 

hypotheses, postulating that tree drought mortality is a complex process which likely 

occurs by multiple interrelated mechanisms (Sala 2009, Sala et al. 2010, McDowell and 

Sevanto 2010, McDowell 2011, McDowell et al. 201l).  Carbon starvation could occur by 

a combination of two pathways, exhaustion of carbohydrate reserves and mobilization/ 

transportation failure (Sala 2009, Sala et al. 2010, McDowell and Sevanto 2010).  The 

reserve exhaustion pathway is carbon starvation as initially envisioned a depletion of 

stored carbohydrates during drought that leads to mortality.  However, this assumes that 

the physiological processes of mobilizing non-structural carbohydrates as sugars and 

transporting them in phloem to carbon sinks will remain unaffected by drought (Sala et 

al. 2010).  Yet, both the metabolism of stored starches into sugar and the generation of 

positive hydrostatic pressure flow in the phloem require water, making mobilization/ 

transport failure probable under severe water stress (Münch 1930, Taiz and Zeiger 2002, 

Cernusak et al. 2003, Höllta et al. 2006, Sala et al. 2010, Sevanto et al. 2011, McDowell 

et al. 2011).   

A common drought response in trees is the reduction of growth, which reduces 

respiration during drought (Ayub et al. 2011), and subsequently causes non-structural 

carbohydrate reserves (NSC) to be increased and may reduce photosynthesis through 

feedback inhibition (Körner 2003, Würth et al. 2005, Sala and Hoch 2009, Galvez et al. 
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2010, Muller et al. 2011).  This response has been termed sink limitation and can seem 

incompatible with tree drought mortality by carbon starvation (Leuzinger et al. 2009, Sala 

2009), which essentially implies a source limitation related to reduced photosynthesis 

with stomatal closure during drought (McDowell et al. 2008, 2011).  Although reduced 

NSC in trees during drought has also been observed (Körner 2003, Sayer and Haywood 

2006, Eilmann et al. 2010), mortality mechanisms should not be inferred from responses 

to non-lethal drought (McDowell and Sevanto 2010).  Drought mortality by carbon 

starvation, as currently hypothesized, includes an initial period of increased NSC sink 

limitation that would be followed by NSC depletion (reserve exhaustion), or a loss of 

tree’s ability to transfer carbohydrates among tissues (transportation/ mobilization 

failure) prior to death (Sala et al. 2010, McDowell et al., 2011).  Moreover, both sink and 

source dynamics are well-integrated such that tree metabolism under stress is likely co-

limited by both (Bansal and Germino 2008).  Carbohydrate pools are also actively 

maintained and accumulated in plant tissue for use in signaling, cryoprotection, and 

desiccation protection are not simply passive pools resulting from photosynthetic supply 

and respiration demand (Obendorf 1997, Ogren et al. 1997, Li et al. 2003, Ryan 2011, 

Sala et al. 2012).  Additionally, NSC may be important in reversing cavitation in the 

xylem under negative pressure, implying a further level of interdependence between 

carbon starvation and hydraulic failure (McDowell et al. 2011, Sala et al. 2012).  Stored 

NSC is also likely important for the production of resins used in tree defense against bark 

beetle attack.  Recent studies reported that NSC resources were lower for drought-killed 

Pinus sylvestris in Spain (Galiano et al. 2011) and near-dead seedlings of Nothofagus 
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nitida, but not Nothofagus dombeyi, from Chile (Piper 2011), or aspen ramets in 

Colorado, USA (Anderegg et al. 2012) relative to surviving individuals.  These results 

suggest that carbohydrates may be diminished during lethal drought for some species, but 

not others, and highlight that the physiological mechanisms of tree mortality remain 

unresolved. 

In summary, despite its emergence as global phenomenon related to rising 

temperatures, tree mortality is a relatively understudied aspect of vegetation change in 

response to a changing climate.  Tree mortality has important consequences for 

ecosystems and earth system consequences, including the potential to disrupt terrestrial 

climate regulation.  Key data relating to the temperature sensitivity and physiological 

mechanism of tree mortality, which could be used to project responses to climate change, 

are lacking.   
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PRESENT STUDY 
 

The methods, results and conclusions of this research program are presented fully 

in manuscripts appended to this dissertation. The following is a description and summary 

of the most important findings in these documents. 

 
Climate induced tree mortality: earth system consequences. 
 
(Author’s note: The following describes the results of a multi-authored manuscript in 
which I was the primary contributor. Coauthors of this research contributed editorial 
support. This manuscript is an invited, peer-reviewed, feature article published in Eos, 
Transactions, American Geophysical Union, which is the member newspaper of the 
American Geophysical Union). 
 

Feedbacks between the biosphere and the earth system are an important 

component of models that predict future climate change.  However, there is much 

uncertainty regarding the stability of these feedbacks with pressures on the biosphere 

from ongoing climate changes.  Terrestrial ecosystems, and in particular forests, have 

strong effects on the global carbon cycle, water cycle and surface energy budgets (Bonan 

2008; Chapin et al. 2008).  Therefore, recent and widespread tree mortality, now 

documented on 6 continents, related to increased temperatures, drought, and insect 

infestation (Allen et al., 2010) is a threat to ecosystem function, including the earth’s 

climate regulation. 

Recent examples of tree mortality include extensive “die-offs” in which high 

proportions of trees die at regional scales, which has affected 12,000 km2 of piñon pine 

woodlands in the southwestern US (Breshears et al. 2005), 130,000 km2 of pine species 

in western Canada (Kurz et al., 2008a), and extensive areas on all other forest continents 

(Allen et al. 2010).  Rates of background mortality are also on the rise (van Mantgem et 
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al. 2009), and mortality is altering tree species distributions at the vulnerable edges of 

their ranges (Allen and Breshears 1998; Kelly and Goulden 2008).  Early warning signs 

indicate potential vulnerability in tropical and boreal forests, which are particularly 

important for climate regulation due to the high productivity and C stocks of tropical 

forests and the influence of boreal forest cover on surface albedo (Bonan 2008). 

 Reducing the uncertainty surrounding forest-atmosphere feedbacks, will require 

development of a predictive capability for tree mortality, but there are large gaps 

regarding the specific vulnerabilities of different tree species and forest types.  There is a 

particular interest in the physiological mechanism mortality as a means to predict die-off 

under future climate; hypotheses that relate mortality to tree carbon balance and xylem 

water tension have been proposed (McDowell et al. 2008) and some initial studies 

conducted (Raffa et al. 2008; Adams et al. 2009). 

Forests contain ~ 55% of the carbon in terrestrial ecosystems, absorbed 33% of 

anthropogenic carbon emissions during the 1990s, and alter the energy exchange with the 

atmosphere by affecting land surface albedo (Bonan 2008).  The stability of these effects 

is threatened by tree mortality.  In British Columbia, forest die-off is projected to reduce 

carbon sequestration by 270 megatons over 20 years, undoing the sequestration gains of 

the last 20 years across a the region (Kurz et al. 2008a)  Hydrological changes are also 

expected as tree mortality alters landscape-level evaporation: transpiration ratios (Chapin 

et al., 2008).  These threats to climate regulation are an urgent call for research on die-off 

observation, tree mortality physiology, and post-mortality ecosystem effects.  
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Quantifying and predicting tree mortality effects on biosphere-atmosphere feedbacks are 

essential for improved global change models. 

 
Ecohydrological consequences of drought- and infestation-triggered tree die-off: insights 
and hypotheses. 
 
(Author’s note: The following describes the results of a multi-authored manuscript in 
which I was the primary contributor. Coauthors of this research contributed editorial 
support. This manuscript was submitted for a special issue and is in press with 
Ecohydrology, a peer-reviewed Wiley journal.) 
 

Global climate change is projected to affect the hydrological cycle through altered 

precipitation patterns and increased temperatures, but may also lead to ecological change 

that could influence hydrology.  Tree mortality caused by a combination of drought, 

increased temperatures, and tree pest infestation appears to be on the rise globally (Allen 

et al. 2010). Tree canopy cover exerts important influences on forest water balance from 

the stand to watershed level.  Since tree mortality patterns are often linked to 

precipitation variability that affects hydrological response, assessing feedbacks between 

vegetation and the water cycle is a pressing challenge in ecohydrology.  However, there 

has been scant research on the ecohydrological consequences of forest die-off and these 

remain highly uncertain.   

To explore this knowledge gap, we summarized the limited existing die-off 

ecohydrology literature, and also relied on the extensive forest harvest hydrology 

literature.  Among forest disturbances that cause canopy cover loss, die-off and harvest 

have more in common than do die-off and fire, which can also affect the understory and 

soils more substantially.  The primary effects of die-off and harvest are a loss of canopy 

cover that reduces overstory transpiration and interception. Therefore we relied on both 
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die-off and harvest research to develop testable hypotheses on the ecohydrological 

consequences of tree mortality.   

Canopy cover loss from tree mortality directly alters evaporation, transpiration, 

and canopy interception, and the sum of these competing processes will determine if 

overall evapotranspiration and interception (ETI) are affected.   Any overall effect on ETI 

by mortality will indirectly alter the processes of infiltration, runoff, groundwater 

recharge, and streamflow.  Harvest research suggests that for most forests, streamflow 

can be expected to increase following > 20% loss of tree cover, likely due to a decrease in 

ETI (Stednick 1996; Brown et al. 2005).  In die-off-affected watersheds, canopy cover 

reductions of ~15 - ~80% led to increased (~10 - ~26%), unaffected, and even decreased 

(~30 - ~50%) streamflow.  Two out of seven reviewed studies found decreased flows 

following die-off, an unusual prevalence, given that such a result is very rare in the 

harvest literature (Brown et al. 2005).  Both of these studies accounted for changes in 

precipitation before and after die-off, and researchers could only speculate that 

unmeasured ETI increased following mortality (Somor 2010; Guardiola-Claramonte et 

al., 2011).  The response of snow hydrology to die-off is of particular interest due to 

extent of mortality (130,000 km2) in pine forests at higher elevations and latitudes in 

western North America (Kurz et al. 2008a).  In typical years, increased snowpack 

accumulation and faster melt rates in die-off-affected forests resembled those clear-cut or 

treeless areas (Boon 2007; 2012; Pugh and Small 2012).  This is consistent with earlier, 

faster, and more synchronous snowmelt that occurs with harvest in forests (Jones 2000; 

Tonina et al. 2008). 
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Following this review, we hypothesized conditions necessary for the detection of 

increased watershed flows as a result of ETI reduction.  We expect increases if annual 

precipitation exceeds ~500 mm or water yield is dominated by snowmelt and if absolute 

canopy cover loss from die-off exceeds 20%.  If these conditions are not met, we 

hypothesized that flows will generally be unaffected, but could decrease in drier forests.  

We also hypothesized that the causes of tree mortality can influence potential 

ecohydrological outcomes. For example, if mortality is primarily drought related, reduced 

precipitation is likely to mute ecohydrological responses. 

To reliably predict die-off responses, more research is needed to test these 

hypotheses, including observations of multiple water budget components and the 

persistence of ecohydrological effects with the post-die-off successional dynamics of tree 

recruitment and understory growth.  Management options to prevent die-off and restore 

affected forests will be limited and costly.  Therefore, to improve predictions of the threat 

to water resources, die-off ecohydrology should be a high priority for future research.  

 
 
Temperature sensitivity of drought-induced tree mortality portends increased regional 
die-off under global change-type drought 
 
(Author’s note: The following describes the results of a multi-authored in which I was the 
primary contributor. Coauthors of this research contributed editorial, logistical, and 
material support. This manuscript was published in the Proceedings of The National 
Academy of Sciences of the United States of America, a peer-reviewed journal published 
by the National Academy of Sciences.) 
 

Large-scale vegetation shifts are predicted in response to the increased 

temperature and altered precipitation regimes associated with global climate change.  

Vegetation shifts have profound ecological impacts and are an important climate-
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biosphere feedback through their effects on carbon, water, and energy exchange between 

the land-surface and atmosphere (Breshears and Allen 2002, Bonan 2008, Chapin et al. 

2008).  Of particular concern is the potential for warmer temperatures to exacerbate plant 

stress in response to increasingly severe droughts, triggering vegetation shifts via woody 

plant mortality (Allen and Breshears 1998, Breshears et al., 2005).  Around the world, 

many tree species are experiencing widespread, historically unprecedented mortality in 

response to climate and tree pest outbreaks (Allen et al. 2010).  The sensitivity of tree 

mortality to temperature is dependent on which of two non-mutually exclusive 

mechanisms predominates—carbon starvation in response to a period of protracted water 

stress or sudden cavitation-induced hydraulic failure under extreme water stress 

(McDowell et al., 2008).   

To test the hypothesis that temperature exacerbates tree stress and accelerate 

mortality, we transplanted small, reproductively mature into the Biosphere 2 glasshouse.  

Trees were randomly allocated to two temperature treatments, ambient and elevated 

(+4.3°C), and then two moisture treatments, well-watered and drought.  Drought trees 

received no water through mortality, defined as the point of foliar browning.  We 

measured net photosynthesis, pre-dawn respiration and water potential, among other 

variables 

We found that experimentally-induced warmer temperatures (~4oC) accelerated 

the time to drought-induced mortality in Pinus edulis (piñon pine) trees by nearly a third.   

Drought trees under both temperatures experienced the same decline in pre-dawn water 

potential, indicating that hydraulic failure occurred but was not the primary driver of 
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differences in time-to-mortality between treatments. Cumulative, time-integrative 

respiration was initially higher in warmer drought trees than ambient drought trees, but 

just prior to mortality for both there was no difference in cumulative respiration costs.  

This indicates that trees in both treatments respired the same mean cumulative CO2, but 

warmer trees did so faster and died earlier.  This result implicated temperature-sensitive 

carbon starvation as the primary mechanism of mortality.  Extrapolating the temperature 

difference of survival time to the historic frequency of water deficit in the southwestern 

U.S. predicts a five-fold increase in the frequency of regional-scale tree die-off events for 

this species due to temperature alone.  Although a simplistic estimate, this is a 

conservative one as projected increases in drought frequency due to changes in 

precipitation and increases in stress from biotic agents (e.g. bark beetles) would further 

exacerbate mortality.  Our results demonstrate that warmer temperatures have 

exacerbated recent regional die-off events and background mortality rates and were 

consistent with the mortality mechanism of carbon starvation.  Because of pervasive 

projected increases in temperature, our results portend widespread increases in extent and 

frequency of vegetation die-off. 

 
Non-structural leaf carbohydrate dynamics of Pinus edulis during drought-induced tree 
mortality support role for carbon metabolism in mortality mechanism. 
 
(Author’s note: The following describes the results of a multi-authored manuscript in 
which I am the primary contributor. Coauthors of this research contributed editorial, 
logistical, and material support. This manuscript will be resubmitted to New Phytologist, 
a peer-reviewed journal published by Wiley-Blackwell.) 
 

Widespread tree mortality associated with drought, increased temperatures, and 

tree pest/pathogen infestation appears to be a common ecological response to global 
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change recently observed across all six forested continents (Allen et al. 2010).  Die-off 

from tree mortality has affected over 605,000 km2 of pine forests in North America alone 

(Hicke et al., 2012).  Widespread tree die-off can alter ecosystem function, hydrology, 

and land-surface energy exchange, and potentially producing strong feedbacks on climate 

through the loss of forest carbon sinks (Breshears and Allen 2002, Bonan 2008, Chapin et 

al. 2008, Kurz et al., 2008a, Rotenberg and Yakir 2010, Hicke et al. 2012).  Despite these 

effects, no models of vegetation response to climate change mechanistically predict tree 

mortality (McDowell et al., 2011). The physiological mechanisms underlying tree 

mortality are of great interest but are unresolved, particularly the roles of complete xylem 

cavitation and/or carbon starvation.   

Here we present analysis of foliar non-structural carbohydrates (NSC) and 

associated physiology collected during the Biosphere 2 piñon experiment where drought-

induced mortality of Pinus edulis was highly temperature-sensitive (Adams et al. 2009). 

In this experiment, trees under drought at higher temperatures had higher time-integrated 

cumulative respiration than ambient-temperature trees, but died earlier.  As such, trees 

under both temperatures had similar mean total cumulative respiration just prior to death, 

consistent with temperature-sensitive carbon starvation.  We predicted that in this 

experiment we would measure a faster decline in NSC for warmed trees than for ambient-

temperature trees, consistent with cumulative respiration dynamics and carbon starvation.   

Total foliar NSC declined by ~30% during drought, through mortality.  Moreover, 

droughted trees had substantially lower leaf NSC than controls as control tree NSC 

increased during the experiment.  NSC decline in drought trees was primarily due to 
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decreased sugar concentrations, while starch initially decreased, but then increased above 

pre-drought concentrations prior to mortality.  Unexpectedly, temperature had no 

detectable effect on total leaf NSC or sugar concentrations for droughted trees or well-

watered controls.  However, significant differences in the decline and then increase of 

starch between temperature treatments suggest differential effects of temperature on 

photosynthetic feedback inhibition and possible mobilization/ transportation failure (Sala 

et al. 2010).  Structural equation modeling revealed a strong stomatal limitation of 

photosynthesis and a positive effect of photosynthesis on sugar content during drought.  

Our results support an important role for carbon metabolism in the mortality mechanism 

of this species during drought.  However, changes in NSC during drought did not deplete 

stored leaf carbon resources entirely, and mortality was preceded by hydraulic failure in 

the xylem.  Our results demonstrate that for some tree species mortality is a complex 

process of interrelated mechanisms (McDowell et al., 2011).  Improved determination of 

the contribution of carbon starvation to mortality will require accounting for whole-plant 

carbon dynamics, maintenance of NSC for non-metabolic functions, and internal NSC 

conversions. 
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Drought-induced Pinus seedling mortality hastens progressively with temperature as 
reflected in respiration during stomatal closure.  
 
(Author’s note: The following describes the results of a multi-authored manuscript in 
which I am the primary contributor. Coauthors of this research contributed editorial, 
logistical, and material support. This manuscript is intended for submission to Global 
Change Biology, or a similar peer-reviewed journal.) 
 

Extensive tree die-off in forested ecosystems caused by drought and warmer 

temperatures has been recently observed from the tropics to high latitudes (Allen et al. 

2010).  In the next century, predicted increases in temperature and drought frequency 

could cause more die-off, potentially altering ecosystem function, hydrology, and land-

surface energy exchange (Adams et al. 2010). The degree and persistence of these 

consequences of die-off depend directly on the demographic response of tree species 

following overstory mortality (Suarez and Kitzberger 2008).  In some die-off-affected 

communities, large recruitment pulses following overstory die-off suggest successional 

recovery (Klenner and Arsenault 2009, Brown et al. 2010), while for other communities, 

the same drought that caused overstory tree mortality also killed a high proportion of 

understory seedlings (Mueller et al. 2005a, Gitlin et al. 2006, Galiano et al. 2010).  

However the sensitivity of drought-induced mortality in tree seedlings has not been 

evaluated across range of higher temperatures projected to accompany future drought.    

In this work, we investigated sensitivity of drought-induced mortality to 

progressively increased temperatures in seedlings of two pine species, the more drought-

tolerant Pinus edulis, and the less drought-tolerant Pinus ponderosa, both of which were 

affected by large-scale die-off.  We withheld water from seedlings at ambient summer 

temperatures of the lower forest boundary where these two pines co-occur, and at three 
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elevated temperatures, +3.6, +5.9, and +7.7°C until all seedlings died.  Gas exchange of 

CO2 and H2O was measured during the drought to relate time-to- mortality to 

physiological drought tolerance and carbon metabolism. 

Drought-induced mortality in both pine species was highly temperature sensitive, 

exhibiting earlier mortality progressively with each temperature increase.  While the 

more drought-tolerant P. edulis showed greater drought resistance, outlasting P. 

ponderosa at all temperatures, time-to-mortality in P. edulis declined more with 

increasing temperature than P. ponderosa, indicating greater within-species sensitivity to 

temperature in P. edulis.  Earlier mortality during drought was associated with a greater 

effect of temperature on the decline of stomatal conductance, net photosynthesis, and 

respiration rates, indicating a similar drought tolerance strategy in both species. The pre-

mortality period of stomatal closure lasted longer in P. edulis than in P. ponderosa and 

was shorter with increasing temperature in both species. Lower mean respiration rate 

during this period was associated with a longer time-to-mortality in both species. 

Under increased temperatures more frequent shorter droughts become sufficient 

to cause tree mortality so reduced time-to-mortality leads to progressive increases in 

future episodes of seedling mortality from future climate warming alone, even without 

projected increases in drought frequency.  Our results indicate that a successional return 

to previous tree community conditions should not be expected in communities where 

drought mortality affects both overstory and understory components.  This vulnerability 

of seedlings to drought at higher temperatures suggests that recruitment may not offset 
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adult mortality and that woodland and forest communities may undergo substantial future 

changes that affect ecosystem and earth system function. 
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One of the greatest uncertainties in global 
environmental change is predicting changes 
in feedbacks between the biosphere and the 
Earth system. Terrestrial ecosystems and, in 
particular, forests exert strong controls on the 
global carbon cycle and influence regional 
hydrology and climatology directly through 
water and surface energy budgets [Bonan, 
2008; Chapin et al., 2008]. 

According to new research, tree mortality 
associated with elevated temperatures and 
drought has the potential to rapidly alter for-
est ecosystems, potentially affecting feed-
backs to the Earth system [Allen et al., 2010]. 
Several lines of recent research demonstrate 
how tree mortality rates in forests may be sen-
sitive to climate change— particularly warm-
ing and drying. This emerging consequence 
of global change has important effects on 
Earth system processes (Figure 1). 

Observations and Patterns of Tree Mortality

Reports of tree mortality associated with 
heat and drought from around the world 
have increased in the past decade, and 
although each cannot be conclusively linked 
to climate change, they collectively illustrate 
the vulnerability of many forested ecosys-
tems to rapid increases in tree mortality due 
to warmer temperatures and more severe 
drought [Allen et al., 2010]. Recent examples 
include extensive “die- offs” in which high 

proportions of trees die at regional scales 
[Breshears et al., 2005]. 

In the southwestern United States, wide-
spread drought and insect- driven mortality of 
piñon pine in the early 2000s affected more 
than 12,000 square kilometers in less than 
3 years, killing 40–97% of those trees at some 
sites [Breshears et al., 2005; McDowell et al., 

2008]. Although episodic tree mortality is an 
intrinsic process in many forests, the recent 
mortality in the southwestern United States 
occurred during an unusually warm drought 
and appears to have been more severe than 
mortality associated with a cooler yet drier 
drought in the 1950s. 

In western Canada, drought and unusu-
ally warm temperatures weakened trees and 
accelerated mountain pine beetle popula-
tion growth and range expansion, causing a 
massive outbreak that killed millions of trees 
across 130,000 square kilo meters of pine 
forest in 6 years [Kurz et al., 2008a]. Other 

around from the digital age and the call for 
open access. How does AGU make sure that 
that legacy is preserved and yet adapts to 
that future reality?”

McEntee said one her most immediate 
goals will be to learn more about AGU by 
meeting members, leaders, and staff as well 
as by meeting with other organizations that 
AGU collaborates with. She said a next step 
will be to “direct that energy into those 
broader goals that AGU has for itself.”

 McEntee said she appreciates and deeply 
respects science. She recognizes, though, 
that some people may be concerned that a 
person who is not a geoscientist will lead 
AGU. “That concern occurred when I was at 
the American College of Cardiology. I wasn’t 
a cardiologist. When I entered AIA, I wasn’t 
an architect. I understand and appreciate 
that concern,”  McEntee said.

Noting AGU’s 58,000 members, she added, 
“My job and the staff’s job at AGU are going 
to be to harness their energy and expertise. 

McEntee stressed that “it is important to 
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support of what members want to do.”
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geosciences. Noting that the building sec-
tor is one of the highest users of energy and 
among the biggest contributors of carbon 
emissions, she said AIA’s board had taken 
a strong policy position prior to her start-
ing there that all building— whether new or 
renovated —should be carbon neutral by the 
year 2030. She said a sustainability agenda 
has since become an embedded value at 
AIA and that the group also is working with 
the International Code Council on creating 
the first green commercial building code.

AIA also has been concerned about the 
devastating earthquake that struck Haiti in 
January and the unfortunate role that poor 

building construction played in that disas-
ter. “There are plenty of other countries like 
Haiti that need better building and infra-
structure to be able to withstand natural 
disasters and hazards that we know will con-
tinue,” she said.

McEntee noted that AIA’s concern 
about sustainability influenced her taking 
that position. The opportunity at AGU to 
broaden that concern about sustainability 
to much more than the built environment 
“just really excites me,” she said. “I am con-
cerned about the future of the planet, and 
that we have an ecosystem where human-
ity can thrive and be productive. When you 
look at droughts, weather pattern changes, 
pollution, and carbon, and what it is doing 
to our atmosphere, I am concerned about 
that as a citizen and for future generations.” 
AGU has a strong role to play in solving 
these problems, she said.

—Randy ShowStack, Staff Writer

Fig. 1. Climate change can affect tree mortality both directly (such as through drought) and 
indirectly (such as by favoring tree pests). Recent observations have revealed apparent warming- 
induced increases in both background tree mortality [van Mantgem et al., 2009] and regional- 
scale forest die- off [Allen et al., 2010]. Observations, theory, and experiments have begun to 
unravel sensitivities and mechanisms driving these events [McDowell et al., 2008; Adams et al., 
2009a]. Accelerating tree mortality resulting from ongoing climate changes could have potential-
ly profound effects on Earth system processes, providing positive feedbacks that further enhance 
climate change.
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extensive insect outbreaks triggered at least 
in part by climate have been documented in 
North America from Alaska to Mexico, with 
drought and warming appearing as common 
drivers [Raffa et al., 2008]. Instances of exten-
sive tree mortality also have recently been 
reported from Africa, Asia, Australia, Europe, 
and South America [Allen et al., 2010]. 

In addition to extensive, insect- mediated 
tree mortality, slower, less obvious changes 
in tree mortality are equally concerning. 
Over the past few decades in old forests of 
the western United States, background (non-
catastrophic) tree mortality rates have more 
than doubled, an apparent consequence 
of rising temperatures [van Mantgem et al., 
2009]. Changes in mortality rates associated 
with rising temperatures and drought also 
may be driving elevation shifts in tree spe-
cies, especially through mortality at lower 
forest boundaries, effectively pushing tree 
species uphill and into smaller geographic 
ranges [Allen and Breshears, 1998; Kelly and 
Goulden, 2008]. 

The possibility of rising tree mortality rates 
in tropical and boreal forests is of particular 
interest because tropical forests contain more 
than half of the total stored carbon in global 
forests, and boreal forests play a critical role 
in Earth’s surface albedo, which is the ratio 
of reflected to total incoming solar radiation 
[Bonan, 2008]. Observations in boreal eco-
systems suggest that forests may become 
increasingly vulnerable to insect outbreaks 
because of warmer temperatures and ele-
vated drought stress in host trees [Berg et al., 
2006]. In the Amazon, modeling studies have 
raised concerns that forests may approach 
a tipping point in the coming century where 
climatic thresholds are exceeded, trigger-
ing widespread tree mortality [Phillips et al., 
2008; Malhi et al., 2009]. Long- term data from 
pan- Amazonian forest surveys recently docu-
mented effects from a severe drought in 2005, 
with reduced growth and increased tree mor-
tality driving a marked shift in forest carbon 
balance [Phillips et al., 2009]. Uncertainty sur-
rounding the responses of forests that greatly 
influence global climate points to a need for 
a better understanding of tree mortality.

Mechanisms of Mortality

Scientists are far from understanding the 
specific vulnerabilities of different tree spe-
cies or forest types that are needed to pre-
dict climatically induced changes in tree 
mortality. Current studies lack a fundamen-
tal mechanistic understanding of mortality 
at all spatial scales, from the level of individ-
ual trees, through forest stands, to regional 
landscapes. Accurate model forecasts of 
the effects of changing tree mortality on the 
Earth system require a more robust under-
standing of the causal links between climate 
and tree death.

Recent research targeting gaps in this 
mechanistic understanding has pro-
vided insight into the role of drought 
in tree mortality. Two nonexclusive 
mechanisms— carbon starvation and 

hydraulic failure— have been proposed to 
explain drought- induced tree mortality, 
based on differing tree strategies [McDow-
ell et al., 2008]. Carbon starvation occurs 
when isohydric species, which strongly reg-
ulate transpiration through stomatal closure 
to avoid excessive water loss when water- 
stressed, forgo access to the atmospheric 
carbon dioxide (CO2) necessary for photo-
synthesis. Isohydric plants must then out-
last the drought while relying primarily on 
stored carbon for the respiratory demands 
of tissue maintenance. If this respiratory 
consumption exceeds stored resources, 
death results from carbon starvation. In 
contrast, anisohydric species only weakly 
regulate transpiration to continue photo-
synthesizing, yet this strategy risks mortal-
ity via hydraulic failure if sufficient xylem 
cavitation occurs, rupturing water transport 
structures under tension and preventing 
needed water flow. 

Warmer temperatures during drought 
can exacerbate hydraulic failure via higher 
evaporative demand or especially carbon 
starvation via elevated respiration. A recent 
experimental assessment of drought- induced 
mortality in piñon pine, an isohydric species, 
found that elevated temperatures increased 
respiratory load and reduced survival time 
during drought by 28%, consistent with car-
bon starvation (Adams et al. [2009a, 2009b, 
2009c]; but see Leuzinger et al. [2009] and 
Sala [2009]). However, mortality also could 
be caused by a lack of access to stored car-
bon resources within the plant [Sala et al., 
2010]. Thus research into metabolic and car-
bon transport limitations is needed to deter-
mine if starvation occurs from reduced pho-
tosynthesis or a water- stress- induced inability 
to use stored carbon. Increased tempera-
tures also can enhance the success of tree 
pests (e.g., bark beetles or fungi) directly, by 
encouraging pest reproduction, growth, sur-
vival, and dispersal, and indirectly, by reduc-
ing tree defensive capabilities during drought 
[Raffa et al., 2008]. 

Effects on Earth System Processes

The observations and experimental results 
summarized above highlight the vulner-
ability of global forests to widespread mor-
tality, which in turn could affect carbon, 
energy, and water cycles (Figure 1). Forests 
are important sinks for anthropogenic CO2 
emissions and exert disproportionately 
strong controls on Earth system processes 
relative to their geographic extent [Bonan, 
2008]. Forests contain close to 55% of the 
carbon in terrestrial ecosystems and con-
tribute substantially to the terrestrial sink, 
absorbing 33% of anthropogenic carbon 
emissions during the 1990s [Bonan, 2008]. 

Determining the future of this sink is 
vital to projecting future climate change, as 
accelerating climate- induced tree mortal-
ity and subsequent decomposition could 
switch forests from carbon sinks to sources 
for several decades following extensive 
tree mortality. This has occurred in British 

Columbia, where mortality associated 
with recent beetle outbreaks reduced car-
bon sinks by 270 megatons over 20 years. 
This event reversed the carbon sequestra-
tion gains of the previous 20 years across 
millions of hectares of forest [Kurz et al., 
2008a] and influenced Canadian climate 
change policy [Kurz et al., 2008b]. Fur-
ther, CO2 released following tree mortality 
could easily exceed carbon sequestration 
enhancements from elevated CO2 promot-
ing forest growth [Chapin et al., 2008]. 

Tree mortality also is expected to have 
strong feedbacks on local and regional cli-
mate by altering surface albedo and energy 
exchange between the land surface and 
atmosphere. Albedo increases, which help 
mitigate warming, occur when tree loss 
exposes a lighter land surface, an effect that 
may be particularly important for boreal 
and semiarid ecosystems. In boreal forests, 
large increases in albedo due to tree loss 
and exposure of snow- covered ground could 
partially offset climate forcing due to carbon 
releases [Bonan, 2008; Chapin et al., 2008]. 
In coniferous semiarid forests, even small 
increases in albedo due to tree loss could 
also result in significant negative feedbacks 
to global warming because the total incom-
ing energy available in these systems is so 
high [Rotenberg and Yakir, 2010]. Changes 
in hydrology also are expected, as a loss of 
tree cover can decrease transpiration while 
increasing surface evaporation through 
near- ground inputs of energy and water 
[Chapin et al., 2008]. 

Future Research, Assessment,  
and Modeling Needs

The links between global carbon, 
energy, and water cycles and forest 
dynamics reveal the critical need for fore-
casting the extent and patterns of chang-
ing forest properties as affected by tree 
mortality, disturbances, and regenera-
tion under climate change (Figure 1). An 
improved network of observations, both 
ground- based and remotely sensed, is 
needed to document tree mortality annu-
ally [Allen et al., 2010]. Improved experi-
ments assessing mechanisms of tree mor-
tality in relation to climate drivers are 
needed for more biomes. Both observa-
tions and experiments must be linked to 
modeling efforts to improve forecasts. 
Future needs also include assessment of 
management actions, such as forest thin-
ning, that might increase the resistance of 
forested ecosystems to climatic changes. 

Last, extensive observations of the effects 
of increasing tree mortality on fluxes of car-
bon, energy, and water are needed. Such 
observations need to quantify not only the 
magnitude and direction of these responses 
but also the effects of subsequent for-
est regeneration and recovery, which ulti-
mately will influence the persistence of 
impacts. Addressing these information gaps 
will improve our understanding of climate- 
induced tree mortality and associated 
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The huge amount of recently acquired 
information about the functioning of the 
terrestrial biosphere and the ever increas-
ing spatial resolution of Earth system mod-
els call for a new level of integrating efforts 
among biosphere modelers, developers of 
ecological theory, and data- gathering com-
munities. Responding to this call, a new 
European network, Terrestrial Biosphere in 
the Earth System ( TERRABITES), held its 
opening symposium in Germany. 

The meeting was organized jointly with 
another recently founded European net-
work, Advancing the Integrated Monitoring of 
Trace Gas Exchange Between Biosphere and 
Atmosphere (ABBA). Almost 100 scientific 
contributions covered the latest advances in 

modeling ecophysiological and biogeochemi-
cal processes; analyses of model constraints 
set by measurements of water and carbon 
dioxide (CO2) fluxes, including carbon iso-
topes; and new perspectives in using remote 
sensing data for evaluation of global terres-
trial biosphere models. 

Several presentations underlined chal-
lenges in using the growing amount of 
ground- based ecological observations for 
better quantification of vegetation processes 
on different scales. A key talk introduced 
the TRY database, which currently contains 
more than 2.4 million plant trait records with 
a focus on 47 key traits such as leaf nitro-
gen content and litter decomposition rates. 
Subsequent presentations demonstrated 
how accounting for trait variability within 
plant functional types affects the behavior 

of dynamic global vegetation models and 
forest gap models. Other presenters took a 
more radical approach and showed how 
optimality analysis could predict trait values 
for a given set of environmental conditions 
and how trait values could be applied to pre-
dicting plant functional types. 

Implementing fire occurrences into 
global biosphere and Earth system mod-
els is another challenging task. Recent 
results from the Spread and Intensity of Fire 
( SPITFIRE) model suggest that changes in 
wood usage for fuel by humans could alter 
the future trend in fire- related CO2 emis-
sons. Another modeling study found a weak 
upward trend in twentieth- century fire emis-
sions, in contrast to previous inventory- 
based estimates that suggested a stronger 
increase in emissions. Comparison of model 
results with recent satellite- based products 
on burned area not only identified regions 
for model improvement but also stressed 
remarkable differences among various satel-
lite products. 

Presentations of the remote sensing com-
munity, organized by specialists from the 
European Space Agency, focused on the 
challenge of providing the global model-
ing community with reliable data. An over-
view talk highlighted recent advances in 

shifts in Earth system feedbacks, helping 
researchers to project global changes and 
anticipate their effects on society.
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ABSTRACT

Widespread, rapid, drought-, and infestation-triggered tree mortality is emerging as a phenomenon affecting forests globally and
may be linked to increasing temperatures and drought frequency and severity. The ecohydrological consequences of forest die-
off have been little studied and remain highly uncertain. To explore this knowledge gap, we apply the extensive literature on the
ecohydrological effects of tree harvest in combination with the limited existing die-off ecohydrology research to develop new,
relevant hypotheses. Tree mortality results in loss of canopy cover, which directly alters evaporation, transpiration, and canopy
interception and indirectly alters other watershed hydrologic processes, including infiltration, runoff, groundwater recharge,
and streamflow. Both die-off and harvest research suggest that for most forests, water yield can be expected to increase
following substantial loss of tree cover by die-off. We hypothesize that where annual precipitation exceeds ¾500 mm or water
yield is dominated by snowmelt, watersheds will experience significantly decreased evapotranspiration and increased flows if
absolute canopy cover loss from die-off exceeds 20%. However, recent observations suggest that water yield following die-off
can potentially decrease rather than increase in drier forests. To reliably predict die-off responses, more research is needed
to test these hypotheses, including observations of multiple water budget components and the persistence of ecohydrological
effects with the post-die-off successional dynamics of tree recruitment, understorey growth, and interactions with additional
disturbances. With die-off, mitigation and restoration options are limited and costly, necessitating societal adaptation; therefore,
die-off ecohydrology should be a high priority for future research. Published in 2011. This article is a US Government work
and is in the public domain in the USA.

KEY WORDS ecohydrology; die-off; tree mortality; forest mortality; evapotranspiration; recharge; water yield; bark beetle; tree
pests
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INTRODUCTION

Global climate change is projected to directly alter the
hydrological cycle through changes in precipitation and
temperature (IPCC, 2007). In addition, if such climate
changes are sufficient to trigger changes in vegetation,
as expected, additional potentially important hydrological
changes to water budgets will occur (Troch et al., 2009).
Ecohydrology research assessing such feedbacks between
hydrological and ecological aspects is a current pressing
challenge, particularly if rapid and large-scale changes
in vegetation are triggered (Jackson et al., 2009; Wilcox
2010). An emerging picture of global change ecology
suggests that the nature and pace of climate-driven
vegetation adjustments can be rapid and abrupt (Allen
and Breshears, 1998; Overpeck and Cole, 2006; Backlund
et al., 2008).

* Correspondence to: Henry D. Adams, Department of Ecology and
Evolutionary Biology, University of Arizona, Tucson, AZ, USA.
E-mail: henry@email.arizona.edu

Of particular concern is the potential for changes
in climate to trigger rapid and widespread vegetation
die-off through tree mortality due to a combination
of drought, warmer temperatures, and/or infestation by
pathogen and/or pests (Allen et al., 2010). A recent global
assessment of tree die-off over the past 30 years on all
six forested continents suggests that climate-driven forest
die-off may be emerging as a global phenomenon (Allen
et al., 2010). Several recently documented die-offs were
extensive in scale, for example, affecting 130 000 km2 of
pine (Pinus spp.) forests in western Canada by the end
of 2006, 55 000 km2 of Australian eucalypts (Eucalyptus
spp.) by the late 1990s, and over 600 000 km2 in total
of non-contiguous coniferous forests in western North
America in the last decade (Fensham and Holman, 1999;
Kurz et al., 2008; Bentz et al., 2009; Fensham et al.,
2009; Allen et al., 2010).

Patterns of mortality are often linked to the interaction
between climate conditions and pest dynamics. Precipita-
tion variability can have both direct effects on vegetation
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growth and survival as well as predisposing forests to
pest outbreaks (McDowell et al., 2008; Raffa et al., 2008;
Allen et al., 2010). Projected trends in precipitation por-
tend substantial poleward shifts in storm tracks that will
decrease mean precipitation at mid-latitudes as well as
increased temporal precipitation variability (Easterling
et al., 2000; IPCC, 2007; Milly et al., 2008). Signifi-
cant increases in drought severity and frequency have
been observed in association with even minor trends
in mean precipitation (Luce and Holden, 2009), and
these can have important consequences for die-off vul-
nerability. Warmer temperatures amplify drought effects,
weaken trees, and reduce their defenses, while simulta-
neously facilitating increased populations of tree pests
(Breshears et al., 2005; Stahl et al., 2006; McDowell
et al., 2008; Raffa et al., 2008; Worrall et al., 2008; Allen
et al., 2010), and likely increase mortality even without
accounting for associated changes in precipitation vari-
ability (Adams et al., 2009). Tree mortality can occur
along a progression of severity, from subtle increases in
background mortality (e.g., van Mantgem et al., 2009),
to affecting only a single species in a diverse forest (e.g.,
through a host-specific tree pest; MacDonald and Hoff,
2001; Ellison et al., 2005; Ford and Vose, 2007), and,
of particular concern ecohydrologically, die-off of a high
percentage of individuals in forests dominated by a few
tree species (e.g., Fensham et al., 2003; Breshears et al.,
2005; Kurz et al., 2008).

The ecohydrological consequences of forest die-off
have not been widely studied and remain highly uncer-
tain. Despite recent projections of the importance of
die-off (Allen et al., 2010) and its potential to impact
ecohydrological processes, assessments of ecohydrolog-
ical consequences of drought- and infestation-triggered
tree die-off and associated research priorities are lacking.
However, a few studies do exist, and relevant insights can
be obtained from studies of ecohydrological responses
to other types of forest disturbance. To explore this
knowledge gap and develop relevant hypotheses about
the potential ecohydrological consequences of die-off, we
consider the extensive literature on the ecohydrological
effects of disturbances that reduced tree cover in com-
bination with the limited existing die-off ecohydrology
research. More specifically, we (1) review the limited lit-
erature on tree die-off hydrological effects and link it to
the much larger body of work on responses to harvest

(after determining that responses following fire are much
less relevant); (2) consider the direct and indirect ecohy-
drological effects of tree die-off; (3) compare short- and
long-term potential ecohydrological responses to die-off;
(4) examine applications and implications for forest man-
agement; and (5) identify related research hypotheses and
priorities. Regarding our overall approach, an important
aspect of ecohydrology is the partitioning of the water
budget among relevant components (Newman et al.,
2006), which are often lumped together, particularly with
respect to components of evapotranspiration (Savenije,
2004). To be explicit about the components—soil evap-
oration (E), plant transpiration (T), and evaporation of
water intercepted by the plant canopy (I)—we refer them
either individually, collectively as ETI, or as ET when
we are referring to the total of only E and T without
accounting for I.

COMPARING CHARACTERISTICS OF TREE
MORTALITY BY DIE-OFF TO HARVEST AND FIRE

We first begin by comparing the general characteristics
of changes from die-off to the changes associated with
tree removal by harvest and fire. Here, we refer to harvest
as externally applied tree removal that includes multiple
felling methods, cabling, scraping, and/or herbicide appli-
cation; and fire as burning substantial enough to remove
overstorey canopy cover. The primary effect of die-off
is a loss of tree canopy cover that reduces T and I by
the overstorey. Tree canopy cover loss is also a dom-
inant effect of forest harvest and fire, so hydrological
responses to these forest manipulations could provide
useful insights into the hydrological consequences of
die-off. Moreover, extensive literature exists on the eco-
hydrological consequences of tree harvest and fire (e.g.
Stednick, 1996; Andréassian, 2004; Brown et al., 2005;
Shakesby and Doerr, 2006; Montes-Helu et al., 2009).

Although die-off, harvest, and fire all result in over-
storey canopy cover reduction, important distinctions
exist among their effects on other ecohydrological charac-
teristics (Table I). For example, in contrast to some types
of forest harvesting practices (e.g., complete clear cuts
with no residual seed trees) and to much high-severity,
stand-replacing wildfire, in most documented tree die-
off events the mortality is not continuous across the
landscape and rarely results in complete conversion to

Table I. A comparison of effects relevant to hydrological processes for three disturbance types: die-off, harvest, and fire.

Associated changes Presence of change with disturbance type

Die-off Harvest Fire

Canopy cover loss X X X
Soil compaction (from roads and skid trails) X
Standing snags remain X X
Heated-soil water repellency X
Litter layer/understorey burning X

Canopy cover loss is common to all three, but fire causes more changes relevant to hydrological processes, suggesting that the potential hydrological
consequences of die-off have more in common with those of harvest than for fire.

146

Published in 2011 by John Wiley & Sons, Ltd. Ecohydrol. 5, 145–159 (2012)
DOI: 10.1002/eco



57

ECOHYDROLOGICAL CONSEQUENCES OF TREE DIE-OFF

non-forest (Allen et al., 2010). An important distinction
between harvest and die-off is that harvesting has effects
associated with the building and use of roads and skid
trails required to remove timber. Decreased infiltration
on compacted surfaces can increase overland flow affect-
ing both water yield and peak flows at the watershed level
(Jones and Grant, 1996; Luce, 2002; Wemple and Jones,
2003; Hubbart et al., 2007).

Although fire can certainly reduce overstorey tree
canopy cover, its reported ecohydrological effects make
fire less similar to die-off than harvest. Unlike harvest
and die-off, fire abruptly alters ground surface cover, by
consuming the litter layer and understorey vegetation.
Fire can also create soil water repellency when soil
heating vaporizes organic material, which condenses and
bonds with cooler, underlying mineral soils (Table I,
DeBano, 2000; Lewis et al., 2006; Shakesby and Doerr,
2006; Lane et al., 2010). Immediately after fires, T and
I diminish due to the lack of overstorey and understorey
canopy, but increased exposure of bare soil and dark
charred surfaces likely results in increased E. Increases
in overland flow due to combinations of water repellency
and loss of soil organic horizons can drive substantial
rill formation and erosion, including debris flows that
transport sediment and alter stream channel morphology
while reducing soil infiltration (Istanbulluoglu et al.,
2002, 2003; Cannon et al., 2009; Moody and Martin,
2009). Low severity fires rarely yield such dramatic
outcomes, but also commonly result only in understorey
biomass consumption and some mortality of smaller
trees, differing from die-off for which mostly larger
canopy elements are killed and understorey plants are
potentially released for increased growth (Klenner and
Arsenault, 2009).

Although both die-off and fire leave dead standing
snags while harvest does not, harvest has more effects
in common with die-off relevant to hydrological pro-
cess than does fire (Table I). Die-off effects on forest
structure often resemble a ‘thinning-from-above’ harvest-
ing treatment, where larger trees are selectively removed
from the stand, since larger trees are often more likely
to be killed during die-off (Mueller et al., 2005; Floyd
et al., 2009; Klenner and Aresenault, 2009) if the drought
effects are not completely overwhelming with respect to
tree size/age. Ideally, a consideration of the ecohydro-
logical consequences of tree die-off should be entirely
based on die-off results. However, the limited literature
on die-off ecohydrology and the very extensive literature
on forest harvesting hydrology together necessitate con-
sidering both to hypothesize consequences of tree die-off
broadly across different forest types. Therefore, we will
draw on both harvest and die-off literature to explore the
ecohydrological consequences of die-off in the following
sections, while keeping in mind that die-off is distinct
from harvest in some effects (we will not consider fire
effects further). Key lessons from studies of the ecohy-
drological effects of harvest are that both the intensity
of the initial disturbance and the successional pathways

after disturbance affect the magnitude of changes, and
their persistence (Stednick, 1996; Brown et al., 2005).

THE EFFECTS OF TREE MORTALITY

We next review the limited available literature on ecohy-
drological responses to drought- and infestation-induced
die-off and evaluate it in the context of direct effects,
indirect effects, and persistence of effects. We relate
each section to relevant literature on harvest (but not
fire, as addressed in the previous section), as well as
to more general water budget research. The published
research on ecohydrological responses to drought- and
infestation-triggered tree die-off is relatively limited and
is currently restricted to mortality of conifer species,
mostly in western North American watersheds (Table II).
Much of the recent research has been conducted in
response to two regionally extensive forest mortality
events: piñon pine (Pinus edulis) die-off in the south-
western US (Breshears et al., 2005) and lodgepole pine
(Pinus contorta) die-off in western Canada (e.g. Kurz
et al., 2008). Studies include empirical and modelling
assessment of the effects of tree mortality on ETI, snow
ablation and accumulation, peak flow, and water yield
(Table II). Among this small group of studies, mostly
with similar forest cover types, responses vary consider-
ably, preventing the crafting of well-supported, broadly
applicable conclusions on the hydrological effects of
die-off. Nonetheless, the studies do provide impor-
tant insights that help frame relevant hypotheses and
future research priorities. To consider the ecohydrologi-
cal effects of tree mortality, we begin with direct effects,
specifically the ETI consequences of tree cover loss
and then consider indirect effects associated with the
results of ETI change on other water balance compo-
nents.

Direct effects

Die-off direct effects. The direct ecohydrological effects
of tree die-off relate to changes in canopy and ground
cover, which exert important influences on many ecosys-
tem processes (Breshears, 2006). Tree canopy cover plays
an important role in regulating ETI through opposing
influences from its E, T, and I components. Decreased
canopy cover reduces overstorey T and I, a negative
feedback on overall ETI (Figure 1). Yet at the same
time, canopy cover loss increases the wind and solar
energy reaching the land surface, which drives bare soil
E and understorey T, a positive feedback on ETI. The
balance of these competing E, T, and I responses to
canopy cover reduction ultimately determines the extent
of direct tree die-off effects on overall ETI. Studies that
partition ETI into these components, at both canopy and
near-surface levels, are needed to better understand these
opposing effects on die-off hydrology (Savenije et al.,
2004; Newman et al., 2006; Spittlehouse 2007; Wang
et al., 2010).

147

Published in 2011 by John Wiley & Sons, Ltd. Ecohydrol. 5, 145–159 (2012)
DOI: 10.1002/eco



58

H. D. ADAMS et al.

Table II. A summary of research on the hydrological effects of tree die-off.

Location Ecosystem
type

Species
affected

Component
studied

Effect of
mortality

References

Arizona, USA Conifer forest and
woodland

Pinus edulis, Pinus
ponderosa

Near-ground
energy

Increased
near-ground
energy and
potential
surface ET

Royer et al.
(2010, 2011)

British Columbia,
Canada

Conifer forest Pinus contorta ETI, drainage Decreased ETI,
increased
drainage

Spittlehouse
(2007),
Redding
et al. (2008)

British Columbia,
Canada

Conifer forest P. contorta Snow accumulation
and ablation

Increased snow
accumulation
and ablation

Boon (2007,
2009)

British Columbia,
Canada

Conifer forest P. contorta Snow surface
albedo

Decreased
albedo,
increased
snow loss

Winkler et al.
(2010)

British Columbia,
Canada

Conifer forest P. contorta ETI, water yield,
snowmelt peak
flow

Increased
streamflow

Carver et al.
(2009a,
2009b),
Weiler et al.
(2009)

Colorado, USA Conifer forest Picea engelmannii Water yield Increased
streamflow

Bethlahmy
(1974, 1975)

Colorado, USA Conifer forest P. contorta, Abies
lasiocarpa

Water yield Unchanged and
decreased
streamflow

Somor (2010)

Colorado, USA Conifer forest P. contorta Soil and stream
chemistry

Increased soil
N, NO3,
NH4,
unchanged
stream NO3

Clow et al.,
(2011)

Germany Mixed
hardwood/conifer
forest

Picea abies Water yield,
groundwater,
runoff, NO3

concentration

Increased
streamflow,
groundwater
recharge,
runoff, and
NO3

concentration

Beudert et al.
(2007)

Montana, USA Conifer forest P. contorta Water yield Increased
streamflow

Potts (1984)

North Carolina,
USA

Mixed
hardwood/conifer
forest

Tsuga canadensis Transpiration Reduced spring
and winter
stand
transpiration

Ford and Vose
(2007)

Southwest (AZ,
CO, NM, UT)
USA

Conifer
woodland/savanna

P. edulis Water yield Decreased
streamflow

Guardiola-
Claramonte
(2009),
Guardiola-
Claramonte
et al. (In
press)

Studies include modelling and empirical assessments of energy budgets, overstorey transpiration and interception, snow dynamics, water yield,
groundwater recharge, runoff and NO3 concentration responses. Nearly all studies are for North American ecosystems and watersheds (mostly
western North America) where evergreen conifer species experienced substantial climate-related mortality, often associated with insect pests.

Few published studies have directly considered ETI
changes following tree mortality (Table II). In the south-
ern Appalachian Mountains of the United States, recent
eastern hemlock (Tsuga canadensis) mortality was caused
by an infestation of the host-specific hemlock woody
adelgid (Adelges tsugae), a phloem-consuming insect
(Ford and Vose, 2007). This affected hemlock species,
an evergreen conifer, transpires year round, even while

the dominant hardwood species are inactive in the
winter, giving it a unique role in that forest ecosys-
tem. Ford and Vose (2007) estimated that the loss
of this species from the forest would initially reduce
annual overstorey T by 10% and spring T by 30%.
In British Columbia, an assessment of water balance
for a forested lodgepole pine watershed suggested that
infestation-induced tree mortality reduced overall ETI, by
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Figure 1. The relative effects of canopy cover on water budget components at the patch and hillslope scale under normal conditions (A) and after
die-off (B). Live trees transpire soil water and block solar radiation, wind, and precipitation from reaching the soil surface. After tree mortality, more
solar radiation, wind, and precipitation reaches the surface as interception is greatly reduced; overstorey transpiration decreases greatly; understorey
transpiration increases; and evaporation at the surface is increased. The interactions among all of these tree-cover-related evapotranspiration factors

determine the net direct effects of canopy cover reductions on infiltration, runoff, groundwater recharge, subsurface flows, and streamflow.

approximately 50% (Spittlehouse, 2007; Redding et al.,
2008). In two northern Arizona ecosystems, tree die-
off increased near-ground energy inputs that drive near-
ground surface ET (understorey T and bare soil E only,
not overstorey T or I) by 12% for piñon pine and
19% for ponderosa pine (Royer et al., 2010, 2011).
These increases in near-ground energy depended on pre-
mortality canopy cover and were greatest at intermediate
canopy cover.

Snow I and ground snowpack accumulation are highly
dependent on canopy cover, so tree mortality can exert a
strong influence on the hydrology of snowmelt-dominated
watersheds (Boon, 2007, 2009, 2011; Redding et al.,
2008). Storage of intercepted snowfall by tree canopies
varies with branch and snow characteristics, but can be
an order of magnitude greater (in water equivalent) than
canopy storage of rainfall (for non-die-off effects, see
Lundberg and Halldin, 2001). Because sublimation of
intercepted snowfall is also greater than that of snowpack
on the ground, tree canopies can block a significant
portion of precipitation from reaching the land surface
when it falls as snow (Boon, 2007, 2009, 2011; Redding
et al., 2008). Canopy cover declines associated with tree
mortality result in greater snow throughfall to the ground,
while also allowing increased solar energy inputs to melt
snow compared to areas with undiminished canopy cover
(Boon, 2007, 2009, 2011).

The broad regional extent of the ongoing conifer die-
off associated with a massive mountain pine beetle (Den-
droctonus ponderosae) outbreak in British Columbia, a
region with snowmelt-dominated hydrology, has spurred

a number of studies into the effects of die-off on snow
processes and hydrology, many of which are still ongoing
(Winkler and Boon, 2010). Results from recent studies
showed that ablation rate (the sum of E and sublima-
tion) of ground snowpack was only slightly elevated for
beetle-killed stands relative to live stands, and the snow
accumulation in beetle-killed stands resembled that in
clear-cut and treeless areas, except in years when high
snowfall overwhelmed the canopy interception of live
stands (Boon, 2007, 2009, 2011). Snowpack persisted
longest in living stands, indicating that tree mortality
can trigger earlier, intensified snow losses as continued
needle loss causes dead stands to resemble cleared areas
with time. At several sites, litterfall from dead conifers
landing directly onto snowpack reduced surface albedo
and increased ablation and melt (Winkler et al., 2010).
A small amount of litter on the snow surface had a
large, nonlinear effect, causing snowpack loss that was
similar to that for an open area. Results of research on
the response of snow dynamics to pine beetle mortality
in Colorado, USA, are consistent with work in British
Columbia, showing increased accumulation and faster
snowpack loss in affected stands (Pugh and Small 2011).

Other relevant research on direct effects. Regarding other
relevant research on snow, the reported changes in snow
dynamics following die-off are consistent with snow
interception and snowpack responses to harvest, includ-
ing snowmelt timing (Wilm, 1944; Troendle and King,
1985; Berris and Harr, 1987; Jost et al., 2007), and their
associated responses to amount of canopy cover (Molotch
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et al., 2009; Veatch et al., 2009). Canopy cover reduction
by harvest can lead to earlier, faster, and more syn-
chronous snowmelt (Jones, 2000; Tonina et al., 2008).
Lacking from die-off studies, however, is research on
the partitioning of ETI, which has been studied in the
context of other changes or variation in canopy cover.
Studies that have addressed canopy cover reductions due
to factors other than die-off on ET partitioning and over-
all ETI demonstrate the potentially opposing influences
of E, T, and I components. In thinned and unthinned
semi-arid ponderosa pine (Pinus ponderosa) stands in
northern Arizona, assessment of ET partitioning indicated
that an 82% reduction in basal area (45% reduction in
leaf area index) increased E and ET overall during a dry
summer, when the T component was small due to low
tree stomatal conductance (Simonin et al., 2007). How-
ever, during the following wet spring when tree stomatal
conductance was high, overall ET was higher for the
unthinned treatment when the T component dominated
ET. A study of semi-arid mesquite (Prosopis chilen-
sis) trees, in an experimental manipulation that varied
canopy cover to multiple levels in a large controlled-
environment glasshouse, showed that overall ET rose
with increased canopy cover, as a result of increasing T
exceeding the corresponding reduction in E (Wang et al.,
2010). Although I is highly dependent on rainfall event
size, canopy storage capacity is thought to increase lin-
early with canopy cover (Gash 1979; Gash et al., 1995;
Valente et al., 1997). Thinning of a Mediterranean oak
(Quercus ilex ) stand with a reduction of tree basal area
by 33% caused a decrease of 34% in I at an experimental
forest in southern France (Limousin et al., 2008). How-
ever, increased I does not always equate with increased
moisture loss to the atmosphere. Particularly for forests
where cloud and fog interception are important moisture
inputs, throughfall can exceed precipitation, and canopy
loss could decrease moisture reaching the ground (Harr,
1982; Brauman et al., 2010).

Indirect effects

Die-off indirect effects. Direct hydrological consequences
of tree mortality include changes in E, T, I, and snow
accumulation and melt dynamics. Considering these
changes to the water balance, tree mortality may indi-
rectly affect other aspects of hydrological functioning,
such as infiltration and flow path partitioning, which
would subsequently result in changes in soil moisture sta-
tus, groundwater recharge dynamics, and streamflow vol-
ume and timing. For example, if tree mortality decreases
overall ETI, as discussed above, and precipitation remains
the same, then more water is available for these other
components as an indirect effect of tree die-off. Whether
this water enters the soil or becomes overland flow will
depend on the infiltration capacity of the soil, which could
be increased through inputs of dead material like needle
litter from dying trees and creation of macropores when
dead trees fall, or decreased if soil organic material is
washed away following tree mortality.

Subsurface connections such as fractured bedrock
that create flow paths to groundwater are not directly
affected by tree mortality (although there could be
potential effects from roots in rock; Schwinning, 2010),
yet affect whether water that enters the soil following
tree mortality will contribute to groundwater recharge
(for non-die-off effects, see Wilcox, 2002; Seyfried
and Wilcox, 2006; Wilcox et al., 2006, Wilcox and
Huang, 2010). Published studies on the indirect effects
of tree mortality on flow path partitioning are rare,
and assessments of groundwater recharge from die-
off are almost non-existent. At one intensively studied
experimental watershed in southern Germany, Grosse
Ohe, an isotopic tracer model was used to partition
discharge response for a catchment that underwent a
¾53% forest cover loss though Norway spruce (Picea
abies) mortality (Beudert et al., 2007). Tree mortality
caused a 39% decrease in ET associated with a 135%
increase in runoff and a 125% increase in groundwater
flow. Additionally, NO3 concentrations of soil water
increased from 10 to 200 mg/l at 40 cm in depth and
to 130 mg/l at 100 cm, demonstrating that tree die-off
can affect water quality. In a watershed in Colorado
experiencing extensive mortality of lodgepole pine NO3,
NH4, and total N increased in soils under stands of dead
trees, but this did not translate to elevated NO3 in stream
water in the near-term following die-off (Clow et al.,
2011).

Increased groundwater recharge can translate to
increased streamflow volumes and higher flows dur-
ing low flow periods, and in areas where the water
table is already close to the ground surface, it may
increase the potential for saturation excess overland
flow or unfavourable conditions for seedling estab-
lishment and tree growth. This combination of higher
antecedent wetness conditions, elevated groundwater lev-
els, and more area available for overland flow generation
could lead to changes in the timing and magnitude of
responses to rainfall and snowmelt. Streamflow, which
integrates overland, subsurface, and groundwater flows
differently depending on watershed properties, may ulti-
mately be indirectly affected by tree mortality. Quantified
as water yield, streamflow will increase if tree mortality
decreases watershed ETI, and conversely decrease if ETI
is increased.

The variation in water yield responses reported for die-
off ecohydrology studies, all in watersheds with conifer
mortality involving bark beetle outbreaks, demonstrates a
wide range of possible hydrological responses to tree die-
off (Table II). In two northern Colorado river drainages
in the United States annual water yield increased by 10%
following a bark beetle outbreak that killed up to 80%
of trees in the late 1930s and early 1940s, mostly from
nonproportional streamflow increases during wet years
(Bethlahmy, 1974, 1975). At Jack Creek in southern
Montana, United States, a mountain pine beetle outbreak
killed 35% of trees across the watershed from 1975 to
1977 (Potts, 1984). This event caused a 15% increase in
annual water yield, a 2–3 week advance in the onset of

150

Published in 2011 by John Wiley & Sons, Ltd. Ecohydrol. 5, 145–159 (2012)
DOI: 10.1002/eco



61

ECOHYDROLOGICAL CONSEQUENCES OF TREE DIE-OFF

snowmelt-driven flows, and a 10% increase in low flows
over a period of 5 years post-mortality. The research in
southern Germany at Gross Ohe showed that peak flows
in a catchment with ¾53% tree mortality increased by
a factor of 2Ð2 relative to an adjacent catchment mostly
unaffected by die-off (Beudert et al., 2007).

In contrast, research examining the streamflow
response to mortality of lodgepole pine and subalpine
fir (Abies lasiocarpa) in eight Colorado, US catch-
ments found that streamflow relative to precipitation
was unchanged in seven catchments where canopy cover
loss averaged 43%, and even decreased by 31% in one
catchment that had 50% tree mortality (Somor, 2010;
unpublished manuscript). In addition, an assessment of
water yield changes in the southwestern United States
after extensive piñon pine die-off found that five semi-
arid basins, ranging in size from ¾1000 to ¾5000 km2

and which lost 11–21% of tree cover, had on average
¾50% less water yield post-mortality after correcting
for precipitation changes (Guardiola-Claramonte, 2009;
Guardiola-Claramonte et al., in press). In addition, these
basins had significantly delayed streamflow generation
compared to similar unaffected basins. The responses
of these watersheds were attributed to rapid post-die-off
understorey growth detected in a remote sensing analysis
for the same basins (Rich et al., 2008). This increase in
understorey cover was speculated to have reduced over-
land flow (consistent with Zou et al., 2010) and increased
infiltration, T, and I, increasing overall ETI in these dry,
low-elevation watersheds (Guardiola-Claramonte, 2009;
Guardiola-Claramonte et al., in press).

The extensive mountain pine beetle outbreak across
British Columbia, Canada in the last decade has driven
development of a process-based hydrological model to
estimate peak- and low-flow responses across the mostly
ungauged Fraser River Basin (Carver et al., 2009a,b;
Weiler et al., 2009). Incorporating changes in ETI and
snow dynamics with flow components and discharge
responses, the model suggests that with complete mor-
tality of all trees in the watershed, snowmelt-induced
peak flows increase with area of forest affected, up to
a maximum of 140%, with a 26% increase predicted at
the Fraser River outlet. High variability in these projec-
tions across the basin revealed potential nonlinear thresh-
olds in the hydrological response and specific effects
of differences in runoff generation processes (i.e., Hor-
tonian overland flow, saturation excess overland flow,
subsurface flow) among the watersheds with increasing
mortality.

Other relevant research on indirect effects. As noted
previously, the wide range of responses documented
in the small set of die-off hydrology literature calls
for drawing on the forest harvest literature to further
consider likely indirect effects of forest die-off. Early
reviews of paired catchment studies in US watersheds
found harvest responses to be highly variable (Bosch
and Hewlett, 1982). However, more recent reviews have

focused on organizing responses by climate and treat-
ment characteristics (e.g. Brown et al., 2005). Harvesting
intensity is a primary determinant of water yield response,
with canopy cover removal thresholds of 20–25% sug-
gested to enable statistical detection of a response across
several environments (Bosch and Hewlett, 1982; Sted-
nick, 1996; Brown et al., 2005; Troendle et al., 2010).
However, for cases with a reduction of less than 20%
forest cover, lack of significant hydrological responses
could be due to low statistical power from short post-
treatment records or the effects of different harvesting
techniques (McMinn and Hewlett, 1975).

Locations with greater annual precipitation tend to
show greater hydrological sensitivity to forest treatments
compared to drier locales (Bosch and Hewlett, 1982;
Stednick, 1996; Troendle et al., 2010). Similarly, results
from high elevation lodgepole pine forest also show
that at a given site, water yield in wetter years is
more sensitive to harvest (Troendle and King, 1987).
A global analysis of catchment studies comparing the
ET of forested versus non-forested watersheds with
similar climates demonstrated that potential water yield
changes could be predicted from annual precipitation
(Zhang et al., 2001). This assessment suggested that little
change should be expected with a shift from forest to
grassland for sites below 500 mm of annual rainfall
because potential ET at these sites is a large proportion
of precipitation. The largest increases in water yield

Figure 2. The relationship between canopy cover reduction and annual
water yield change for die-off hydrology studies that measured or
estimated water yield. Points represent individual studies from Table II.
For Somor (2010) the response of seven catchments where water yield
was unchanged (diamond) and the single catchment with decreased flows
(triangle pointing down) are shown separately. Values shown for Carver
et al. (2009b) are modelled peak flow maximum (triangle) and Frasier
River outlet peak flow changes (plus sign). The grey area represents the
range of hypothesized water yield responses to die-off. Arrows indicate
that for Beudert et al. (2007) values reported are for peak flows and
annual water yield change is likely lower, and that for Bethlahmy (1974,
1975) canopy cover reduction was up to 80% and average canopy cover
reduction is likely much lower. Also shown is the relationship between
canopy cover reduction by harvest and water yield increase (dashed line),

calculated from the dataset of Stednick (1996).
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have occurred when coniferous forest cover was removed
in mesic environments, while removal of ‘scrub’ cover
elicited the smallest response across a variety of climates
(Brown et al., 2005; see also hypotheses in Huxman
et al., 2005).

The seasonality of precipitation and streamflow in a
watershed determined the season that experienced the
greatest shifts in water yield after treatment (Brown et al.,
2005). For example, in watersheds where most precipi-
tation occurred in summer, forest removal increases in
annual water yield were driven by proportionally higher
increases in summer water yield. Likewise, for water-
sheds dominated by snowmelt peak flows, tree harvest
increased annual water yield through higher and ear-
lier snowmelt peak flow (Brown et al., 2005; Zou et al.,
2010).

Ecohydrological responses to die-off vary substan-
tially and are much more inconsistent than well-reviewed
responses to forest harvest (Figure 2). In particular, ini-
tial responses of decreased streamflow following canopy
loss from die-off in drier forests are not seen in
response to forest harvest, suggesting caution should
be used in overgeneralizing from these results. Specif-
ically, the finding of decreased streamflow following
mortality in the piñon-juniper ecosystem (Guardiola-
Claramonte, 2009; Guardiola-Claramonte et al., in press)
contrasts with previous tree removal research in water-
sheds of the same vegetation type. At the Beaver
Creek experimental watershed in northern Arizona,
two watershed treatments where 100% of tree cover
was removed by harvest resulted in unchanged flows
(Clary et al., 1974; Baker, 1984). A third watershed
was treated with an herbicide targeted at junipers that
removed 83% of tree cover. This increased annual
streamflow initially by 65% in 4 years post-treatment
(Clary et al., 1974) and by 157% over 8 years post-
treatment (Baker, 1984). The larger watersheds con-
sidered in the recent die-off study also include some
higher-elevation, mesic forests (Guardiola-Claramonte,
2009; Guardiola-Claramonte et al., in press). Changes
in precipitation dynamics at high elevations could have
exerted a disproportionate influence on whole basin

water yield numbers following piñon die-off (Guardiola-
Claramonte, 2009; Guardiola-Claramonte et al., in
press). On the other hand, at Beaver Creek, in addi-
tion to killing junipers, the herbicide treatment also ini-
tially damaged piñon pines and led to a shift in the
understorey from perennial to annual grasses (possibly
further depressing T); harvested watersheds also were
subjected to some burning of slash (Clary et al., 1974;
Baker, 1984). Other assessments of water yield response
to tree removal in piñon-juniper watersheds found that
ETI still accounted for almost all precipitation following
treatment, and that flows did not increase unless slash
was burned (Gifford, 1975; Wright et al., 1976). Assess-
ment of other shrub-dominated watersheds suggests that
subsurface characteristics which permit deep drainage
of soil water are key to determining if shrub removal
leads to increased streamflow (Wilcox, 2002; Seyfried
and Wilcox, 2006; Wilcox et al., 2006).

In summary, studies of die-off effects on indirectly
affected hydrological processes are limited in scope
and not always consistent with relevant harvest study
results, perhaps due to a variety of factors. Inconsis-
tencies in measuring and reporting canopy cover loss
among die-off studies may also be contributing to the
variability in responses: it is easier to measure the
impact of an externally applied forest harvest than to
quantify a tree mortality event that varies greatly with
space and time. We hypothesize that the interaction of
three influences—annual precipitation, level of canopy
loss, and belowground characteristics—determines many
of the ecohydrological differences among studies of
responses to tree cover loss both within and between die-
off and harvest responses, all of which will vary with
successional dynamics.

THE PERSISTENCE OF ECOHYDROLOGICAL
EFFECTS FROM DIE-OFF

Persistence of die-off effects

The persistence of hydrological responses to tree mor-
tality through time will depend on the trajectory of each

Figure 3. An example scenario of how ecosystem trajectories will ultimately influence post-mortality hydrological effects over time. Hydrological
outcomes over longer time-scales depend on whether disturbance from die-off is sufficient to cross a threshold that triggers a shift to an alternate
state of ecosystem structure and function (Ryan et al., 2008). Arrows next to water budget components indicate relative change from the initial forest
community. After mature conifer forest die-off episodes, the relative success of conifer recruitment can determine whether the forest returns to its
previous composition, structure, and hydrological function or transforms into an alternative state such as an open savanna or a deciduous shrubland
with lower ETI and higher runoff and streamflow than the initial forest state. Adapted for die-off and hydrological function from Goetz et al. (2007).
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ecological response to die-off. Ecological responses fol-
lowing mortality of a high percentage of overstorey
trees could range from a successional return to previ-
ous community structure and composition to an emer-
gence of a new community with an altered ecosystem
function (Figure 3). Predicting ecological responses to
die-off in a changing climate is inherently difficult as
multiple life-stage, survival thresholds are affected (Jack-
son et al., 2009), as are cross-scale interactions with
other ecological disturbance processes (Allen, 2007).
One of the few, if not the only, study to date mea-
suring the long-term effect of die-off on hydrological
processes showed the persistence of a 10% increase in
water yield in two Colorado watersheds for 25 years
following a bark beetle outbreak that caused up to
80% tree mortality (Bethlahmy, 1974). Long-term eco-
logical responses to tree die-off are poorly under-
stood (Allen et al., 2010), but will ultimately determine
the persistence of any mortality-induced hydrological
changes.

Observed vegetation responses following tree mortal-
ity vary and are mostly short-term. Sites in the southwest
United States affected by piñon pine die-off underwent
a resetting of a successional trajectory (Clifford et al.,
2011), show little immediate recruitment of overstorey
trees (Barger et al., 2009), and were chronically affected
by episodic mortality (Mueller et al., 2005) but exhibited
a rapid understorey growth response (Rich et al., 2008).
At many sites affected by die-off in British Columbia,
recruitment of ponderosa and lodgepole pine seedlings
and saplings, many of which survived the die-off event,
are expected to restore forest cover (Klenner and Arse-
nault, 2009; Axelson et al., 2009, 2010; Brown et al.,
2010), although changing climate could preclude this
(Loarie et al., 2009). Shifts in dominance patterns of
tree species are also possible if recruitment of a drought-
tolerant species follows mortality that primarily affected
a codominant, less drought-tolerant species (Suarez and
Kitzberger, 2008). For such watersheds, the pace of
tree recruitment will determine persistence of the initial
hydrological effects of die-off.

Die-off may increase the vulnerability of an ecosys-
tem to additional disturbances such as biological invasion
or fire that would have further ecohydrological conse-
quences (Mack et al., 2000; Allen, 2007). Tree mortality
could create the conditions for invasion of novel and alien
species into watersheds though dynamic changes in the
diversity–invasibility relationship (Clark and Johnston,
2011). Invasive species, whether woody or herbaceous,
could further affect post-mortality watersheds by alter-
ing hydrological processes in unexpected ways (Wilcox
and Thurow, 2006; Boxell and Drohan, 2009; Wilcox,
2010). Tree die-off also affects fire dynamics in mul-
tiple ways—e.g., initially decreasing crown fire risk
as dead canopies drop flammable fine fuels, but con-
versely increasing surface fire risk as this organic lit-
ter reaches the forest floor and understorey vegetation
increases (Allen, 2007; Bentz 2009). High-density tree
recruitment following overstorey mortality could create

conditions that increase crown fire risk. Fire following
mortality would further alter other water budget compo-
nent responses (Shakesby and Doerr, 2006), potentially
with greater consequences than die-off (See Table I, and
its earlier discussion.)

Other relevant research on persistence of effects. In paired
catchment studies that include forest manipulation, the
persistence of increases in water yield attributed to the
loss of overstorey T depended on both management after
treatment (Brown et al., 2005) and climate (Troendle
et al., 2010). In colder climates, where regeneration is
slower, streamflow effects may last many decades (Troen-
dle and King, 1987). When regeneration of forest cover
occurs rapidly, initial increases in streamflow typically
persist for less than a decade, and in some cases water
yield may eventually decrease below pre-treatment lev-
els, particularly following species conversion treatments
(Hornbeck et al., 1993; Jones and Post, 2004; Brown
et al., 2005). Conversely, for some watersheds where for-
est clearing resulted in negligible or small initial changes
in water yield, water yield increased for 10–20 years fol-
lowing regrowth or afforestation, possibly due to reduced
T, before appearing to reach a new equilibrium (Brown
et al., 2005).

MANAGEMENT IMPLICATIONS AND OPTIONS

Options for land managers dealing with hydrological
changes following die-off will likely differ with cli-
mate and forest type, and will need to be consid-
ered in the context of site-specific objectives. For some
regions, increased water yield caused by tree die-off
could be desirable, as long as water quality is unaf-
fected and peak flows do not cause excessive flooding. In
other regions, preventing die-off from causing decreased
water yield, water quality reduction, or flooding damage
may be the goal. However, the current state of knowl-
edge on the hydrological impacts of die-off precludes
precise prediction of the effects on a specific water-
shed.

Preventing broad-scale forest die-off through forest
management may not be feasible due to the great extent
of potentially affected areas, which makes management
actions cost-prohibitive and logistically difficult. For
example, spraying trees with pesticides to reduce bark
beetle success can be very effective, yet is probably lim-
ited only to high value areas due to expense and risks of
negative environmental side-effects (Fettig et al., 2006).
Forest thinning has long been suggested as a management
strategy for reducing vulnerability of trees to drought
and pests (see Fettig et al., 2007; Millar et al., 2007).
Thinning can result in increased soil moisture per tree
(or per leaf area or unit biomass), as seen in ponderosa
pine forests (Feeney et al., 1998; Simonin et al., 2007;
Zou et al., 2008). However, research findings on the
effect of stand density on mortality rates are mixed. A
number of studies have shown that mortality increased
with tree density (Fettig et al., 2007; Greenwood and
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Weisberg, 2008; Horner et al., 2009; Klos et al., 2009;
Negron et al., 2009), yet others have found no rela-
tionship between density and mortality (Mueller et al.,
2005; Floyd et al., 2009). Therefore, the effectiveness of
thinning for preventing tree die-off may depend on the
density-dependence of mortality drivers, species traits,
and the type of thinning used (Waring and Pitman 1985;
Fettig et al., 2007; Allen et al., 2010). For example, a
thinning from below to remove small trees can reduce
competition for soil water and drought stress on large
trees (McDowell et al., 2006). Such a treatment would
be most effective in forests where drought is the dom-
inant cause of tree mortality and less effective where
pests and/or pathogens cause mortality independent of
tree drought stress. Thinning to prevent undesirable die-
off-induced hydrological changes could be self-defeating,
if effective treatment requires high levels of tree removal
that would cause hydrological changes on their own.
Many areas vulnerable to die-off may also be at risk of
high severity fire from a legacy of fire suppression, and
thinning can be an effective method to reduce the risk
of fire impacts (Covington et al., 1997), which include

hydrological changes that exceed those of die-off (See
earlier discussion).

Post-mortality options for mitigating undesirable
hydrological effects will likely consist mostly of trying
to guide the ecological trajectories of watersheds follow-
ing die-off (Millar et al., 2007). Restoring a watershed’s
water balance to pre-die-off conditions potentially could
be achieved by encouraging recruitment and regrowth
that leads to recovery of forest cover that existed prior
to mortality. However, ongoing climate changes may
mean that a different mix of future tree species should
be considered to enhance probabilities of future forest
sustainability. For large undesirable hydrological impacts
such as flooding, planting of non-native fast-growing tree
species may present a short-term local solution at local
spatial scales, but the expense of treating large areas and
the time lag between tree planting and mitigating eco-
hydrological effect both limit the potential of such an
approach. Additionally, the risks of undesired long-term
hydrological and ecological effects from such an action,
which could include altered flows and habitat loss, can be
high. In regions with extensive die-off, lack of resources

Figure 4. A hypothesis tree of potential effects of tree die-off on key water budget components. Possible effects include increases and decreases
in ETI, runoff, infiltration, groundwater recharge, subsurface flow, and streamflow following tree mortality. Important factors for determining these
outcomes include an annual precipitation threshold at 500 mm, the dominance of snowmelt on watershed flows, percent tree cover lost from mortality,
understorey growth and transpiration response, the effect of tree mortality on infiltration capacity, and the existence of subsurface groundwater flow
paths. Testing these hypotheses will require modelling assessments and empirical studies in watersheds affected by die-off that vary widely in climate,

forest type, and soil properties.
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will limit mitigation of these risks, necessitating adapta-
tion to post-mortality hydrological conditions.

When die-off occurs in forests of commercially valu-
able timber, salvage logging is often considered a means
of recovering financial losses. In the extensive post-
mortality forests of British Columbia, salvage harvest-
ing of lodgepole pine is now proceeding at a massive
scale (Carver et al., 2009a,b). This harvesting includes
removal of standing dead trees as well as the cutting of
live, higher value, unaffected tree species. Salvage log-
ging could amplify hydrological changes brought on by
tree mortality, initially through road-building and associ-
ated soil compaction and disturbance, as well as through
additional live tree removal, and over the long term
by affecting forest ecological trajectories that otherwise
would lead to restoration of hydrological function. Mod-
elling assessment of the Fraser River Basin in British
Columbia suggests that salvage harvesting could dou-
ble post-mortality increases in peak flows (Carver et al.,
2009a; Weiler et al., 2009). Therefore, forest managers
should consider the potential for undesirable hydrologi-
cal impacts when planning post-mortality salvage harvest.
More generally, the limited management options for pre-
venting tree die-off across extensive areas highlight the
importance of future research to improve our ability to
predict the ecohydrological consequences of die-off.

EMERGENT HYPOTHESES AND RESEARCH
NEEDS

Our evaluation of the small group of published studies
on hydrological responses to die-off, considered in con-
cert with the larger body of research on forest harvest
effects, reveals a wide range of possible outcomes. With
the aim of guiding and prioritizing future research, we
present a set of simplified hypotheses that are gener-
ally consistent with the existing die-off studies, apply-
ing insights from the other relevant research reviewed.
We present these as a hypotheses tree (Figure 4). Note
that these are hypotheses for future testing rather than
validated conclusions. The research summarized above
suggests that the most likely direct effect of tree mor-
tality is a reduction in ETI and an associated indi-
rect increase in flows and groundwater recharge (Sted-
nick, 1996; Zhang et al., 2001; Brown et al., 2005;
see also Table II). Notably, however, in drier regions,
which includes many areas where mortality is occurring
(Allen et al., 2010), die-off may not cause significant
increases in water yield (Guardiola-Claramonte, 2009;
Somor, 2010; Guardiola-Claramonte et al., in press; con-
sistent with Zhang et al., 2001; Wilcox, 2002; Wilcox
et al., 2006). Therefore, we hypothesize that watersheds
receiving more than ¾500 mm of annual precipitation
will experience decreases in ETI from a loss of overstorey
T and I that lead to increased annual flows and potential
groundwater recharge, while watersheds with less than
¾500 mm of annual precipitation will not (Figure 4, con-
sistent with Zhang et al., 2001). However, for watersheds

with less than ¾500 mm of precipitation that also have
water yields dominated by snowmelt, we hypothesize that
die-off will produce increased flows (Figure 4, Carver
et al., 2009a; Weiler et al., 2009).

The hydrological consequences of tree mortality also
will likely depend on the level of canopy cover reduction.
Harvest-related literature suggests a threshold of ¾20%
loss of forest cover is required to statistically detect a
change in water budget components (Stednick, 1996;
Brown et al., 2005). We hypothesize that this threshold
of ¾20% loss of forest cover for producing a detectable
change in water budget components also applies to die-
off (Figure 2). Mortality in many die-off affected areas
falls below this threshold (Allen et al., 2010), and we
hypothesize such watersheds will not experience much
hydrological change. We also hypothesize that seasonal
effects on watershed responses following die-off will
be similar to those reported in response to harvest
(Brown et al., 2005), with annual changes in water
yield depending on peak flows (Figure 5), particularly
where snowmelt dominates watershed dynamics. This
hypothesis is consistent with a modelling assessment
of bark beetle effects in the Frasier Basin, British
Columbia, Canada (Carver et al., 2009a,b). Exceptions to
this seasonal effect might exist when mortality selectively
kills species with a unique hydrological function, as
highlighted in the case of die-off of eastern hemlock
in the southeast United States (Ford and Vose, 2007).
Because eastern hemlock is the only evergreen species
in an otherwise deciduous forest, its loss is hypothesized
to reduce early spring T, causing increased spring flows
that could raise annual water yield (Figure 5).

In addition, we hypothesize that the causes of tree mor-
tality can influence potential ecohydrological outcomes.
When drought is an important cause of tree mortality,
we expect reduced precipitation from drought to mute
ecohydrological responses (Guardiola-Claramonte, 2009;
Somor, 2010; Guardiola-Claramonte et al., in press;). In

Figure 5. A depiction of two possible seasonal affects on annual water
yield following die-off. Post-mortality, annual water yield increases from
pre-mortality flows (solid line) could be caused primarily by increased
peak-flows (dashed line) or by increased low flows (dotted line). Peak
flow increases are more likely following die-off, especially for watersheds
where flows are dominated by snowpack dynamics (Brown et al., 2005;
Carver et al., 2009a,b). Loss of species that play a unique hydrological
role in the seasonality of watershed flows could alter seasonal patterns
of ETI, and by extension water yield, affecting annual totals through

increased low flows (Ford and Vose 2007).
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Table III. Research priorities to address key uncertainties that
currently limit development and testing of hypotheses regarding

the ecohydrological consequences of tree die-off.

Research priority Description

Follow-up
catchment
studies

More catchment studies of
mortality-affected watersheds using
existing gauge data are needed for a
wide variety of climates, forest
types, and affected species. The
extent of recent die-off makes it
probable that such results already
exist from currently monitored
watersheds, or could be obtained
from re-starting measurements at
previously instrumented watersheds.

Persistence of
effects over
ecological
trajectories

Hydrological and ecological
monitoring post-mortality are
needed to determine the persistence
of die-off hydrological effects and
their dependence on ecological
changes. Such studies should also
examine how ecological changes
following mortality depend on
post-mortality hydrological changes
so that ecohydrological feedbacks
can be considered.

ETI partitioning Research partitioning the stand-level
effects of ETI into its E, T, and I
components following tree die-off
could be done through
experimentally killing trees within
an intensely instrumented eddy
covariance tower footprint to
compare ETI components before,
initially after treatment, and
following post-mortality ecological
responses.

Flowpath
partitioning of
indirectly
affected
components

Investigation should also focus on
flowpath partitioning of the
lesser-studied indirect effects of tree
mortality such as saturation excess
and Hortonian overland flow,
subsurface flow, and groundwater
recharge, and groundwater flow
following tree die-off.

Modelling large
ungauged areas
to scale
hydrological
effects

More modelling assessments are
needed that incorporate existing and
new empirical data to scale
hydrological effects across large
areas. Such models should be
coupled with atmospheric models to
better understand the comprehensive
water budget and runoff dynamic
effects of tree die-off at
sub-continental scales.

contrast, when mortality occurs without a change in pre-
cipitation but is primarily driven by pest or pathogen
outbreak, we expect ecohydrological effects will be more
similar to harvest responses. Given that tree die-off could
ultimately affect a very large proportion of the world’s
forested area (Allen et al., 2010; Gonzalez et al., 2010),
we expect there will be substantial cumulative hydro-
logical effects. Consequently, building on the hypothesis

tree presented, we suggest research priorities in four key
areas (Table III). These include specific aspects related
to follow-up catchment studies in watersheds that have
experienced recent mortality; evaluation of the persis-
tence of such effects over subsequent ecological trajecto-
ries; flow path partitioning investigations, including ETI
partitioning; and improved modelling of large ungauged
areas (all detailed in Table III).

In conclusion, episodes of regional-scale tree die-off
around the world have been recently documented and
likely provide a glimpse into the range of potential hydro-
logical responses that may accompany die-off. Increased
die-off is projected to occur with climate change, neces-
sitating a rapid improvement in our ability to understand
and predict how tree die-off affects watersheds. In partic-
ular, although we know tree mortality directly affects the
E and T components of ETI though canopy cover loss
and can alter the snow accumulation and melt dynam-
ics of a watershed, how the net direct effects of die-off
will be translated through changes in the water balance
to indirect effects on soil moisture status, groundwa-
ter recharge dynamics, and streamflow volume and tim-
ing are unclear and require future research. The direct
and indirect hydrological consequences of tree die-off
in combination with temperature and precipitation shifts
may exceed the hydrological effects of climate change
alone, and for some regions could present risks to water
resources. Post-mortality successional dynamics will ulti-
mately determine if short-term die-off impacts to hydro-
logical function will persist, be diminished, or altered
further over longer time scales. Although management
options for preventing die-off may be limited, develop-
ment of policies to mitigate potential effects and restore
watershed function will depend on a better understand-
ing of the hydrological consequences of tree die-off. The
hypotheses and research priorities we present provide a
roadmap to help address this emerging core challenge in
ecohydrology.
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Large-scale biogeographical shifts in vegetation are predicted in
response to the altered precipitation and temperature regimes
associated with global climate change. Vegetation shifts have
profound ecological impacts and are an important climate-ecosys-
tem feedback through their alteration of carbon, water, and
energy exchanges of the land surface. Of particular concern is the
potential for warmer temperatures to compound the effects of
increasingly severe droughts by triggering widespread vegetation
shifts via woody plant mortality. The sensitivity of tree mortality
to temperature is dependent on which of 2 non-mutually-exclusive
mechanisms predominates—temperature-sensitive carbon starva-
tion in response to a period of protracted water stress or temper-
ature-insensitive sudden hydraulic failure under extreme water
stress (cavitation). Here we show that experimentally induced
warmer temperatures (�4 °C) shortened the time to drought-
induced mortality in Pinus edulis (piñon shortened pine) trees by
nearly a third, with temperature-dependent differences in cumu-
lative respiration costs implicating carbon starvation as the primary
mechanism of mortality. Extrapolating this temperature effect to
the historic frequency of water deficit in the southwestern United
States predicts a 5-fold increase in the frequency of regional-scale
tree die-off events for this species due to temperature alone.
Projected increases in drought frequency due to changes in pre-
cipitation and increases in stress from biotic agents (e.g., bark
beetles) would further exacerbate mortality. Our results demon-
strate the mechanism by which warmer temperatures have exac-
erbated recent regional die-off events and background mortality
rates. Because of pervasive projected increases in temperature, our
results portend widespread increases in the extent and frequency
of vegetation die-off.

biosphere–atmosphere feedbacks � drought impacts �
global-change ecology � Pinus edulis � carbon starvation

G lobal change assessments and supporting research have
largely focused on how vegetation will respond to incre-

mental changes in the central tendency of climate variables, but
the most dramatic vegetation shifts are likely to result from
changes in climate extremes altering patterns of disturbance
events arising from hurricanes, freezes, fires, and droughts (1, 2).
The effects of drought on vegetation under warmer conditions
can be severe, as highlighted by recent regional-scale woody-
plant die-off across the southwestern United States (3–6) and
around the globe (7–10). Worldwide, many coniferous tree
species are experiencing widespread, historically unprecedented
mortality, mainly as a result of drought and the eruption of tree
pests, such as bark beetles (1, 3, 7–9, 11–16). Consequent impacts
of regional tree die-off could include reduction in habitat for
wildlife, enhanced opportunities for invasion by exotic species,
formation of novel communities, alterations to the hydrologic

cycle, and temporal disruptions in ecosystem goods and services
(2, 3, 17, 18). In addition, extensive tree die-off could impact
regional carbon (C) budgets, reducing ecosystem potential to
sequester C and increasing C losses through enhanced soil
respiration rates (19–22). Drought-induced tree mortality not
only alters C fluxes but also modifies water and energy fluxes
between the atmosphere and land surface (3, 20, 23, 24). The
consequences of potentially large releases of C from the bio-
sphere to the atmosphere due to widespread mortality could
contribute to further warming (19–21, 25). Small drought-
induced increases solely in background mortality rates may even
be sufficient to alter regional C budgets (13, 16, 26).

Drought-induced tree mortality is a pivotal vulnerability of
vegetation to climate change, yet our understanding of, and
ability to predict, tree mortality is astonishingly poor. Drought-
induced tree mortality is difficult to predict because it is a
nonlinear threshold process (1, 19, 27). Recent observational
studies have raised concern that warmer temperatures could be
amplifying the effects of drought on tree mortality both for
background rates of mortality and for regional die-off events (3,
16). Yet experimental assessment of whether warmer tempera-
tures associated with drought exacerbate tree mortality is lacking
for any tree species, and therefore tree mortality has only been
predicted in response to a simple metric of accumulated dry
conditions (28, 29). The sensitivity of tree mortality to temper-
ature is dependent on which of 2 non-mutually-exclusive mech-
anisms predominates: (i) carbon starvation, whereby trees close
stomata to keep safe levels of xylem pressure, stopping most
photosynthesis, and rely on stored carbohydrates to support the
metabolic costs of maintaining tissue; or (ii) catastrophic hy-
draulic failure, whereby trees maintain stomatal conductance
during drought to continue photosynthesizing, but run the risk of
xylem pressures suddenly exceeding cavitation thresholds be-
yond which air bubbles block transport of stem water (30–32).
Both hypotheses are interrelated with biotic agents, such as bark
beetles and associated fungi, and carbon starvation would pre-
clude production of the photosynthate necessary for tree de-
fense, thereby increasing susceptibility to biotic agents (9, 33).
Because respiration rates increase with temperature (34), carbon
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tem feedback through their alteration of carbon, water, and
energy exchanges of the land surface. Of particular concern is the
potential for warmer temperatures to compound the effects of
increasingly severe droughts by triggering widespread vegetation
shifts via woody plant mortality. The sensitivity of tree mortality
to temperature is dependent on which of 2 non-mutually-exclusive
mechanisms predominates—temperature-sensitive carbon starva-
tion in response to a period of protracted water stress or temper-
ature-insensitive sudden hydraulic failure under extreme water
stress (cavitation). Here we show that experimentally induced
warmer temperatures (�4 °C) shortened the time to drought-
induced mortality in Pinus edulis (piñon shortened pine) trees by
nearly a third, with temperature-dependent differences in cumu-
lative respiration costs implicating carbon starvation as the primary
mechanism of mortality. Extrapolating this temperature effect to
the historic frequency of water deficit in the southwestern United
States predicts a 5-fold increase in the frequency of regional-scale
tree die-off events for this species due to temperature alone.
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between the atmosphere and land surface (3, 20, 23, 24). The
consequences of potentially large releases of C from the bio-
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Both hypotheses are interrelated with biotic agents, such as bark
beetles and associated fungi, and carbon starvation would pre-
clude production of the photosynthate necessary for tree de-
fense, thereby increasing susceptibility to biotic agents (9, 33).
Because respiration rates increase with temperature (34), carbon
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starvation should be highly sensitive to temperature, whereas
hydraulic failure should not.

We experimentally investigated the temperature sensitivity of
drought-induced mortality in Pinus edulis, a piñon pine tree that
has exhibited regional-scale die-off in response to recent drought
(3, 4) and which has been evaluated in observational and
modeling studies (30, 31, 35). We transplanted small, reproduc-
tively mature piñon pines into the environmentally controlled
Biosphere 2 facility to grow them in either near-ambient or
warmer (�4.3 °C) temperatures, and then imposed a drought
treatment that completely excluded water from selected trees
until all ‘‘drought’’ trees in both temperature treatments died.

Results and Discussion
All drought trees in the warmer treatment died before any of the
drought trees in the ambient treatment (on average 18.0 vs. 25.1
weeks, P �0.01; Fig. 1A). This 28% shortening in time to
mortality was not reflected in a water balance difference (Fig.
1B). Indeed, predawn stem water potential measurements doc-
umented no differences in xylem pressure between drought
treatments at any time during the experiment (P � 0.88, Fig. 1).
Because water potential is highly correlated with the level of air
embolism occluding water transport in the xylem (30, 32, 36), we
saw no evidence of catastrophic loss of hydraulic transport as a
primary driver of differences between treatments. Catastrophic
loss in this species has been consistently observed at a stem water
potential of �6 MPa (36). Therefore, we suggest that higher
respiratory loads associated with warmer temperatures incited
differences in mortality, reflecting carbon starvation, not sudden
hydraulic failure as the causal mechanism required to predict
tree mortality differences in a future warmer world. Such results
are consistent with inferences from recent observational and
modeling assessments (30, 31, 35).

During the experiment, we also measured leaf-level exchange
of CO2 before dawn to estimate respiratory load and during the
middle of the day to follow photosynthetic patterns. After the
start of drought treatment, photosynthesis declined rapidly and
similarly in both temperature treatments, approaching zero by
the third week of the experiment in drought trees (Fig. 2A).
Initially, instantaneous rates of respiration were similar among
drought trees in both temperature treatments, but they diverged
during the third and fourth weeks of drought (Fig. 2B). An
analysis of time-integrated respiration revealed that trees in the
elevated-temperature drought treatment consumed C reserves
faster than trees in the ambient drought treatment (Fig. 2C),
reflecting the increased C cost for maintenance of tissue under

warmer temperatures (34). Mean time-integrated cumulative
respiration just before mortality for drought trees did not differ
significantly between temperature treatments (P � 0.57). Com-
bined, our results provide experimental evidence that piñon
pines attempted to avoid drought-induced mortality by regulat-
ing stomata and foregoing further photosynthesis but subse-
quently succumbed to drought due to carbon starvation, not
sudden hydraulic failure. Importantly, we isolate the effect of
temperature from other climate variables and biotic agents and
show that the effect of warmer temperature in conjunction with
drought can be substantial.

Our results imply that future warmer temperatures will not
only increase background rates of tree mortality (13, 16), but also
result in more frequent widespread vegetation die-off events (3,
35) through an exacerbation of metabolic stress associated with
drought. With warmer temperatures, droughts of shorter dura-
tion—which occur more frequently—would be sufficient to
cause widespread die-off. In our calculation of a 103-year record
of regional drought duration for piñon, widespread mortality
occurred only once, during a 6-month (26.1-week) drought in
2002 (Fig. 3A). By fitting a curve to the frequency distribution
of regional drought duration, we estimated that our observed
28% acceleration in mortality with warmer temperatures indi-
cated that a shorter, �4-month (18.7-week) drought would cause
widespread mortality. Therefore we estimated that a 4.3 °C
increase in temperature corresponded to a 5-fold increase in the

Fig. 1. Water relations progression and death dates. (A) Predawn stem water
potential (circles), death dates (triangles), and death date means (squares) of
piñon pines during simulated drought under ambient (blue) and elevated
(red) temperatures. Error bars are standard errors. (B) Water loss from a subset
of trees in A.

Fig. 2. Leaf carbon exchange progression. (A and B) Instantaneous midday
net photosynthesis (A) and predawn respiration (B) of piñon pines during
simulated drought under ambient (blue) and elevated (red) temperatures.
Error bars are standard errors. (C) Cumulative time-integrated respiration
costs of piñon pines during simulated drought under ambient (blue) and
elevated (red) temperatures. Error bars are standard errors calculated by
following standard methods for summation.
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Large-scale biogeographical shifts in vegetation are predicted in
response to the altered precipitation and temperature regimes
associated with global climate change. Vegetation shifts have
profound ecological impacts and are an important climate-ecosys-
tem feedback through their alteration of carbon, water, and
energy exchanges of the land surface. Of particular concern is the
potential for warmer temperatures to compound the effects of
increasingly severe droughts by triggering widespread vegetation
shifts via woody plant mortality. The sensitivity of tree mortality
to temperature is dependent on which of 2 non-mutually-exclusive
mechanisms predominates—temperature-sensitive carbon starva-
tion in response to a period of protracted water stress or temper-
ature-insensitive sudden hydraulic failure under extreme water
stress (cavitation). Here we show that experimentally induced
warmer temperatures (�4 °C) shortened the time to drought-
induced mortality in Pinus edulis (piñon shortened pine) trees by
nearly a third, with temperature-dependent differences in cumu-
lative respiration costs implicating carbon starvation as the primary
mechanism of mortality. Extrapolating this temperature effect to
the historic frequency of water deficit in the southwestern United
States predicts a 5-fold increase in the frequency of regional-scale
tree die-off events for this species due to temperature alone.
Projected increases in drought frequency due to changes in pre-
cipitation and increases in stress from biotic agents (e.g., bark
beetles) would further exacerbate mortality. Our results demon-
strate the mechanism by which warmer temperatures have exac-
erbated recent regional die-off events and background mortality
rates. Because of pervasive projected increases in temperature, our
results portend widespread increases in the extent and frequency
of vegetation die-off.

biosphere–atmosphere feedbacks � drought impacts �
global-change ecology � Pinus edulis � carbon starvation

G lobal change assessments and supporting research have
largely focused on how vegetation will respond to incre-

mental changes in the central tendency of climate variables, but
the most dramatic vegetation shifts are likely to result from
changes in climate extremes altering patterns of disturbance
events arising from hurricanes, freezes, fires, and droughts (1, 2).
The effects of drought on vegetation under warmer conditions
can be severe, as highlighted by recent regional-scale woody-
plant die-off across the southwestern United States (3–6) and
around the globe (7–10). Worldwide, many coniferous tree
species are experiencing widespread, historically unprecedented
mortality, mainly as a result of drought and the eruption of tree
pests, such as bark beetles (1, 3, 7–9, 11–16). Consequent impacts
of regional tree die-off could include reduction in habitat for
wildlife, enhanced opportunities for invasion by exotic species,
formation of novel communities, alterations to the hydrologic

cycle, and temporal disruptions in ecosystem goods and services
(2, 3, 17, 18). In addition, extensive tree die-off could impact
regional carbon (C) budgets, reducing ecosystem potential to
sequester C and increasing C losses through enhanced soil
respiration rates (19–22). Drought-induced tree mortality not
only alters C fluxes but also modifies water and energy fluxes
between the atmosphere and land surface (3, 20, 23, 24). The
consequences of potentially large releases of C from the bio-
sphere to the atmosphere due to widespread mortality could
contribute to further warming (19–21, 25). Small drought-
induced increases solely in background mortality rates may even
be sufficient to alter regional C budgets (13, 16, 26).

Drought-induced tree mortality is a pivotal vulnerability of
vegetation to climate change, yet our understanding of, and
ability to predict, tree mortality is astonishingly poor. Drought-
induced tree mortality is difficult to predict because it is a
nonlinear threshold process (1, 19, 27). Recent observational
studies have raised concern that warmer temperatures could be
amplifying the effects of drought on tree mortality both for
background rates of mortality and for regional die-off events (3,
16). Yet experimental assessment of whether warmer tempera-
tures associated with drought exacerbate tree mortality is lacking
for any tree species, and therefore tree mortality has only been
predicted in response to a simple metric of accumulated dry
conditions (28, 29). The sensitivity of tree mortality to temper-
ature is dependent on which of 2 non-mutually-exclusive mech-
anisms predominates: (i) carbon starvation, whereby trees close
stomata to keep safe levels of xylem pressure, stopping most
photosynthesis, and rely on stored carbohydrates to support the
metabolic costs of maintaining tissue; or (ii) catastrophic hy-
draulic failure, whereby trees maintain stomatal conductance
during drought to continue photosynthesizing, but run the risk of
xylem pressures suddenly exceeding cavitation thresholds be-
yond which air bubbles block transport of stem water (30–32).
Both hypotheses are interrelated with biotic agents, such as bark
beetles and associated fungi, and carbon starvation would pre-
clude production of the photosynthate necessary for tree de-
fense, thereby increasing susceptibility to biotic agents (9, 33).
Because respiration rates increase with temperature (34), carbon
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frequency of mortality-inducing events (Fig. 3B). This projection
is conservative because it is based on the historical drought
record and therefore does not include changes in drought
frequency, which is predicted to increase concurrently with
warming (2, 37–39). In addition, populations of tree pests, such
as bark beetles, which are often the proximal cause of mortality
in this species and others, are also expected to increase with
future warming (7, 9, 38).

Our results demonstrate that future warming will exacerbate
regional die-off (3, 35) and elevate background mortality rates
(13, 16) independently of other changes in ecosystem water
balance. The high degree of temperature sensitivity we have
documented in drought-induced mortality for piñon pine needs
to be assessed for other widespread, dominant tree species. The
temperature sensitivity we document highlights the need to
improve model predictions and could profoundly alter assess-
ments of climate change impacts, which continue to reveal
increasingly dangerous risks (40), including those for ecosystem
function, species distributions, energy fluxes, hydrological pro-
cesses, and perhaps most importantly C fluxes (17, 19–22, 25, 35,
39, 41, 42). Our results underscore the critical importance of
understanding temperature sensitivities associated with the
mechanisms that trigger plant mortality and drive vegetation
change and their implications for assessments of climate change
impacts and consequent land surface–atmospheric feedbacks.
Most importantly, because increased temperature is among the
most widespread and least uncertain climate projections (37–
39), our results portend widespread increases in the extent and
frequency of vegetation die-off.

Materials and Methods
We selected reproductively mature piñon pines (P. edulis) from a ranch near
Ojitos Frios, NM (35.5177°N, 105.3337°W, 2,050 m above sea level) with similar
allometry, an average height of 1.7 m (range: 1.3–2.4 m tall), and an average
root-collar-diameter of 6.5 cm (range: 3.5–11 cm) that were isolated (nearest-
neighbor canopy-to-canopy distances �1 m) and were not in rocky areas or
eroded rills. After transport to Biosphere 2, we placed trees in 0.5-m-diameter,
100-L containers. Where minor soil additions were needed, we added a soil
with similar texture, organic C, and nitrogen content. Twenty trees were
randomly distributed into 2 conditions at Biosphere 2: temperatures that
approximately tracked mean ambient conditions for piñon pine (weekly mean
minima of 10.9 to 20.8 °C and maxima of 22.8 to 34.2 °C), vs. those elevated
consistently by an average of 4.3 °C. Mean weekly relative humidity was kept
constant between treatments and varied from 34% to 78%, resulting in mean
vapor pressure deficits of 1.18 kPa for the ambient treatment (weekly mean
range: 0.35–1.85 kPa) and 1.51 kPa for the warmer treatment (weekly mean
range: 0.56–2.64 kPa).

Initially high volumetric soil water content (20–30%) was maintained for all
trees by daily watering (confirmed with 20-cm ECH2O probes, Decagon De-
vices). Irrigation was curtailed for 5 randomly selected trees on February 9,
2008, in each temperature treatment, while the remaining 5 trees in each
continued to be watered. Weighing scales (Industrial Commercial Scales) were
placed under 3 drought trees in each temperature treatment to record water
loss gravimetrically. We measured predawn plant water potentials before and
during the experiment on excised twigs from the south side of the tree canopy
by using a pressure chamber (PMS Instruments). We curtailed water potential
measurements at �8 MPa because previous research documented complete
loss of hydraulic conductivity in P. edulis at branch water potential of �6 MPa
(36). We measured midday photosynthesis and predawn respiration by using
an LI-6400 portable infrared gas analyzer (LI-6400, LI-COR Biosciences). Time-
integrated cumulative respiration costs were calculated by multiplying instan-
taneous predawn rates by the period in seconds each measurement repre-
sented. These time periods began and ended at the halfway point in time
between each sampling date. Trees were checked weekly for signs of needle
browning and declared dead when 90% of their canopy foliage turned
brown.

We estimated a relevant regional drought distribution with climate data
(Western Regional Climate Center, www.wrcc.dri.edu) by using 1 station each
from Arizona, Colorado, New Mexico, and Utah with an �100-year record and
in an elevation range which includes P. edulis (1,300–2,100 m) (Table S1). We
averaged monthly precipitation totals (January 1905 to July 2008, excluding
months with �10 days missing data) and defined drought months as those
where total precipitation was �50% of the long-term monthly mean, consis-
tent with the recent die-off (3). To project our temperature sensitivity on the
historical record we fit a negative exponential function to the probability
distribution of regional drought, yielding: drought frequency � 183.5 �
e�0.2408�(drought duration). The recent, widespread mortality-causing drought was
the only 6-month regional drought (26.1-week) on the record, whereas during
the same period, there were more than 5 drought events exceeding 4.3
months (18.7 weeks) in duration.
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Large-scale biogeographical shifts in vegetation are predicted in
response to the altered precipitation and temperature regimes
associated with global climate change. Vegetation shifts have
profound ecological impacts and are an important climate-ecosys-
tem feedback through their alteration of carbon, water, and
energy exchanges of the land surface. Of particular concern is the
potential for warmer temperatures to compound the effects of
increasingly severe droughts by triggering widespread vegetation
shifts via woody plant mortality. The sensitivity of tree mortality
to temperature is dependent on which of 2 non-mutually-exclusive
mechanisms predominates—temperature-sensitive carbon starva-
tion in response to a period of protracted water stress or temper-
ature-insensitive sudden hydraulic failure under extreme water
stress (cavitation). Here we show that experimentally induced
warmer temperatures (�4 °C) shortened the time to drought-
induced mortality in Pinus edulis (piñon shortened pine) trees by
nearly a third, with temperature-dependent differences in cumu-
lative respiration costs implicating carbon starvation as the primary
mechanism of mortality. Extrapolating this temperature effect to
the historic frequency of water deficit in the southwestern United
States predicts a 5-fold increase in the frequency of regional-scale
tree die-off events for this species due to temperature alone.
Projected increases in drought frequency due to changes in pre-
cipitation and increases in stress from biotic agents (e.g., bark
beetles) would further exacerbate mortality. Our results demon-
strate the mechanism by which warmer temperatures have exac-
erbated recent regional die-off events and background mortality
rates. Because of pervasive projected increases in temperature, our
results portend widespread increases in the extent and frequency
of vegetation die-off.
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G lobal change assessments and supporting research have
largely focused on how vegetation will respond to incre-

mental changes in the central tendency of climate variables, but
the most dramatic vegetation shifts are likely to result from
changes in climate extremes altering patterns of disturbance
events arising from hurricanes, freezes, fires, and droughts (1, 2).
The effects of drought on vegetation under warmer conditions
can be severe, as highlighted by recent regional-scale woody-
plant die-off across the southwestern United States (3–6) and
around the globe (7–10). Worldwide, many coniferous tree
species are experiencing widespread, historically unprecedented
mortality, mainly as a result of drought and the eruption of tree
pests, such as bark beetles (1, 3, 7–9, 11–16). Consequent impacts
of regional tree die-off could include reduction in habitat for
wildlife, enhanced opportunities for invasion by exotic species,
formation of novel communities, alterations to the hydrologic

cycle, and temporal disruptions in ecosystem goods and services
(2, 3, 17, 18). In addition, extensive tree die-off could impact
regional carbon (C) budgets, reducing ecosystem potential to
sequester C and increasing C losses through enhanced soil
respiration rates (19–22). Drought-induced tree mortality not
only alters C fluxes but also modifies water and energy fluxes
between the atmosphere and land surface (3, 20, 23, 24). The
consequences of potentially large releases of C from the bio-
sphere to the atmosphere due to widespread mortality could
contribute to further warming (19–21, 25). Small drought-
induced increases solely in background mortality rates may even
be sufficient to alter regional C budgets (13, 16, 26).

Drought-induced tree mortality is a pivotal vulnerability of
vegetation to climate change, yet our understanding of, and
ability to predict, tree mortality is astonishingly poor. Drought-
induced tree mortality is difficult to predict because it is a
nonlinear threshold process (1, 19, 27). Recent observational
studies have raised concern that warmer temperatures could be
amplifying the effects of drought on tree mortality both for
background rates of mortality and for regional die-off events (3,
16). Yet experimental assessment of whether warmer tempera-
tures associated with drought exacerbate tree mortality is lacking
for any tree species, and therefore tree mortality has only been
predicted in response to a simple metric of accumulated dry
conditions (28, 29). The sensitivity of tree mortality to temper-
ature is dependent on which of 2 non-mutually-exclusive mech-
anisms predominates: (i) carbon starvation, whereby trees close
stomata to keep safe levels of xylem pressure, stopping most
photosynthesis, and rely on stored carbohydrates to support the
metabolic costs of maintaining tissue; or (ii) catastrophic hy-
draulic failure, whereby trees maintain stomatal conductance
during drought to continue photosynthesizing, but run the risk of
xylem pressures suddenly exceeding cavitation thresholds be-
yond which air bubbles block transport of stem water (30–32).
Both hypotheses are interrelated with biotic agents, such as bark
beetles and associated fungi, and carbon starvation would pre-
clude production of the photosynthate necessary for tree de-
fense, thereby increasing susceptibility to biotic agents (9, 33).
Because respiration rates increase with temperature (34), carbon
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Large-scale biogeographical shifts in vegetation are predicted in
response to the altered precipitation and temperature regimes
associated with global climate change. Vegetation shifts have
profound ecological impacts and are an important climate-ecosys-
tem feedback through their alteration of carbon, water, and
energy exchanges of the land surface. Of particular concern is the
potential for warmer temperatures to compound the effects of
increasingly severe droughts by triggering widespread vegetation
shifts via woody plant mortality. The sensitivity of tree mortality
to temperature is dependent on which of 2 non-mutually-exclusive
mechanisms predominates—temperature-sensitive carbon starva-
tion in response to a period of protracted water stress or temper-
ature-insensitive sudden hydraulic failure under extreme water
stress (cavitation). Here we show that experimentally induced
warmer temperatures (�4 °C) shortened the time to drought-
induced mortality in Pinus edulis (piñon shortened pine) trees by
nearly a third, with temperature-dependent differences in cumu-
lative respiration costs implicating carbon starvation as the primary
mechanism of mortality. Extrapolating this temperature effect to
the historic frequency of water deficit in the southwestern United
States predicts a 5-fold increase in the frequency of regional-scale
tree die-off events for this species due to temperature alone.
Projected increases in drought frequency due to changes in pre-
cipitation and increases in stress from biotic agents (e.g., bark
beetles) would further exacerbate mortality. Our results demon-
strate the mechanism by which warmer temperatures have exac-
erbated recent regional die-off events and background mortality
rates. Because of pervasive projected increases in temperature, our
results portend widespread increases in the extent and frequency
of vegetation die-off.

biosphere–atmosphere feedbacks � drought impacts �
global-change ecology � Pinus edulis � carbon starvation

G lobal change assessments and supporting research have
largely focused on how vegetation will respond to incre-

mental changes in the central tendency of climate variables, but
the most dramatic vegetation shifts are likely to result from
changes in climate extremes altering patterns of disturbance
events arising from hurricanes, freezes, fires, and droughts (1, 2).
The effects of drought on vegetation under warmer conditions
can be severe, as highlighted by recent regional-scale woody-
plant die-off across the southwestern United States (3–6) and
around the globe (7–10). Worldwide, many coniferous tree
species are experiencing widespread, historically unprecedented
mortality, mainly as a result of drought and the eruption of tree
pests, such as bark beetles (1, 3, 7–9, 11–16). Consequent impacts
of regional tree die-off could include reduction in habitat for
wildlife, enhanced opportunities for invasion by exotic species,
formation of novel communities, alterations to the hydrologic

cycle, and temporal disruptions in ecosystem goods and services
(2, 3, 17, 18). In addition, extensive tree die-off could impact
regional carbon (C) budgets, reducing ecosystem potential to
sequester C and increasing C losses through enhanced soil
respiration rates (19–22). Drought-induced tree mortality not
only alters C fluxes but also modifies water and energy fluxes
between the atmosphere and land surface (3, 20, 23, 24). The
consequences of potentially large releases of C from the bio-
sphere to the atmosphere due to widespread mortality could
contribute to further warming (19–21, 25). Small drought-
induced increases solely in background mortality rates may even
be sufficient to alter regional C budgets (13, 16, 26).

Drought-induced tree mortality is a pivotal vulnerability of
vegetation to climate change, yet our understanding of, and
ability to predict, tree mortality is astonishingly poor. Drought-
induced tree mortality is difficult to predict because it is a
nonlinear threshold process (1, 19, 27). Recent observational
studies have raised concern that warmer temperatures could be
amplifying the effects of drought on tree mortality both for
background rates of mortality and for regional die-off events (3,
16). Yet experimental assessment of whether warmer tempera-
tures associated with drought exacerbate tree mortality is lacking
for any tree species, and therefore tree mortality has only been
predicted in response to a simple metric of accumulated dry
conditions (28, 29). The sensitivity of tree mortality to temper-
ature is dependent on which of 2 non-mutually-exclusive mech-
anisms predominates: (i) carbon starvation, whereby trees close
stomata to keep safe levels of xylem pressure, stopping most
photosynthesis, and rely on stored carbohydrates to support the
metabolic costs of maintaining tissue; or (ii) catastrophic hy-
draulic failure, whereby trees maintain stomatal conductance
during drought to continue photosynthesizing, but run the risk of
xylem pressures suddenly exceeding cavitation thresholds be-
yond which air bubbles block transport of stem water (30–32).
Both hypotheses are interrelated with biotic agents, such as bark
beetles and associated fungi, and carbon starvation would pre-
clude production of the photosynthate necessary for tree de-
fense, thereby increasing susceptibility to biotic agents (9, 33).
Because respiration rates increase with temperature (34), carbon
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Table S1. Metadata for climate stations used to estimate the frequency of historical regional drought duration

Station Period of record Latitude Longitude Elevation, m

Blanding, UT 1905–2008 37°37�N 109°28�W 1,841
Bloomfield, NM 1905–2008 36°40�N 107°58�W 1,768
Jerome, AZ 1905–2008 34°45�N 112°07�W 1,601
Mesa Verde, CO 1922–2008 37°12�N 108°30�W 2,125
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APPENDIX D: NON-STRUCTURAL LEAF CARBOHYDRATE DYNAMICS OF 

PINUS EDULIS DURING DROUGHT-INDUCED TREE MORTALITY SUPPORT 

ROLE FOR CARBON METABOLISM IN MORTALITY MECHANISM. 
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Summary  

 Vegetation change is projected to increase with global change, potentially altering 

ecosystem function and climate feedbacks.  However, physiological mechanisms 

underlying plant mortality remain unclear, particularly the roles of carbon 

starvation and xylem cavitation as proximate causes.   

 We report analysis of foliar non-structural carbohydrates (NSC) and associated 

physiology from a previous experiment where earlier drought-induced mortality 

of Pinus edulis at elevated temperatures exhibited higher cumulative respiration.  

We predicted faster NSC decline for warmed trees than for ambient-temperature 

trees. 

 Foliar NSC in droughted trees declined by 30% through mortality and was lower 

than in watered controls.  NSC decline resulted primarily from decreased sugar 

concentrations.  Starch initially declined, and then increased above pre-drought 

concentrations prior to mortality.  Although there was no temperature effect on 

foliar total NSC and sugar at mortality, starch concentrations ceased declining and 

increased earlier for warmer droughted trees. 

 Reduced foliar NSC during drought through mortality indicates a role for C 

metabolism in temperature-sensitive mortality differences.  Carbohydrates were 

not completely exhausted at mortality, possibly due to feedback inhibition of 

photosynthesis and maintenance of NSC for non-metabolic functions.  Drought 

mortality appears related to carbon dynamics concurrent with increasing hydraulic 

stress, at least in P. edulis and perhaps physiologically similar species. 
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Keywords: tree mortality, carbon starvation, hydraulic failure, mortality mechanism, 

biosphere-atmosphere feedbacks, drought impacts, global change, non-structural 

carbohydrates 

 

Introduction 

Widespread tree mortality associated with drought, increased temperatures, and 

tree pest/ pathogen outbreak is an emerging threat of global change now documented 

across all six forested continents (Allen et al., 2010).  Recent die-off from tree mortality 

in western North America is now sub-continental, affecting over 605,000 km2 of 

coniferous forests from Mexico to Alaska (Allen et al., 2010).  The consequences of tree 

mortality include impacts to community composition, stand structure, and ecosystem 

function (Allen & Breshears, 1998; Breshears et al., 2005; Koepke et al., 2010; Carnicer 

et al., 2011; Royer et al., 2011).  These changes in the landscape affect biological 

diversity (Gitlin et al., 2006; Sthultz et al., 2009), wildlife habitat (Klenner & Arsenault 

2009), carbon cycling (da Costa et al., 2010; Metcalfe et al., 2010), ecosystem services 

(Breshears et al., 2011), hydrological function (Guardiola-Claramonte et al., 2011; 

Adams et al., 2012), and susceptibility to invasion by undesirable exotic species (Kane et 

al., 2011).  Widespread tree mortality is a potentially positive feedback that could 

accelerate global change through the loss of terrestrial carbon sinks and canopy cover 

influences on landscape energy balance (Breshears & Allen, 2002; Chapin et al., 2007; 

Field et al., 2007; Bonan et al., 2008; Kurz et al., 2008a, 2008b; Rotenberg & Yakir, 
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2010).  Despite these threats, no model yet exists that can mechanistically predict tree 

mortality in response to a changing climate (Fisher et al., 2010; McDowell et al., 2011). 

There is great interest in understanding the physiological processes underlying 

mortality of trees.  Two mechanisms have been proposed to explain drought-induced tree 

mortality: hydraulic failure and carbon starvation (Hacke et al., 2000; Hacke & Sperry 

2001; McDowell et al., 2008). Hydraulic failure from drought could occur if high xylem 

tension causes catastrophic cavitation of the vasculature by air embolism, impeding the 

flow of water and leading to a loss of turgor pressure that results in cell death.  Carbon 

starvation could occur when stomatal limitations to photosynthesis, associated with 

preventing xylem failure during drought, reduce carbohydrate availability to support 

respiratory demands, leading to loss of metabolic capabilities. (McDowell et al., 2011).  

In the case of carbon starvation, both the immediate production of photosynthate and the 

availability of stored energy reserves may be important in regulating the time to mortality 

(Sala et al., 2010).  Mortality by both mechanisms can be exacerbated by a number of 

internal and external factors, including tree pests and/or pathogens (McDowell et al., 

2008; Kane & Kolb 2010).   

An initial experimental test of these mechanisms was conducted inside the 

environmentally-controlled Biosphere 2 glasshouse with transplanted piñon pine (Pinus 

edulis) trees under two temperature regimes (Adams et al., 2009a).  Trees in the warmer 

treatment died 28% (7 weeks) earlier than ambient-temperature trees (Adams et al., 

2009a).  Xylem tensions increased similarly for trees under both temperatures to a 

threshold sufficient to cause complete cavitation, as inferred from a hydraulic 
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vulnerability curve developed for this species (Linton et al., 1998), indicating that 

hydraulic failure occurred prior to mortality (Adams et al., 2009a).  However, this 

threshold was reached in trees of both temperature treatments at the same time, and did 

not explain time-to-mortality differences between these two treatments. Trees in both 

treatments ceased photosynthesis in response to drought immediately.  Prior to mortality 

all trees had cumulatively respired equivalent amounts of CO2, but elevated-temperature 

trees respired this CO2 in a significantly shorter period of time than ambient-temperature 

trees.  Therefore, temperature-sensitive differences in survival during drought were 

linked to temperature-sensitive carbon metabolism—a result consistent with the carbon 

starvation hypothesis.  Adams et al. (2009a) were challenged for not directly measuring 

stored carbohydrate resources and for failing to consider other research showing 

increased carbohydrate storage during drought (Leuzinger et al., 2009; Sala, 2009; Sala et 

al., 2010; Piper, 2011).   

Subsequent conceptual assessments have led to a sophistication of initially 

proposed hypotheses, positing that tree drought mortality is a complex process and can 

occur by multiple mechanisms that are highly interrelated and hierarchical (Adams et al., 

2009b, 2009c; Sala, 2009; Sala et al., 2010; McDowell & Sevanto, 2010; McDowell, 

2011; McDowell et al., 201l).  For example, carbon starvation could occur from a 

reduction of tree carbohydrate reserves below a survival threshold during severe drought, 

or if these resources become inaccessible through inhibition of stored starch conversion 

to sugar (mobilization failure), or if high xylem tension prevents generation of positive 

hydrostatic pressure flow in the xylem (phloem failure; Münch, 1930; Minchin & 
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Lacointe, 2005; Höltta et al., 2006; Knoblauch & Peters, 2010; Sala et al., 2010; 

McDowell et al., 2011).  Additionally, non-structural carbohydrates (NSC) are also 

actively maintained in plant tissue for use in cryoprotection and desiccation protection 

(Obendorf, 1997; Ogren et al., 1997; Bansal & Germino 2008, 2009; Bansal et al., 2011), 

as well as signaling between cells and tissues (Chiou & Bush, 1998; Lalonde et al., 1999; 

Smeekens, 2000).  The functional dynamics of NSC in these processes could complicate 

the relationship between pools of carbohydrates and metabolic fluxes as water stress 

progresses (Ryan, 2011; Zeppel et al., 2011, Sala et al., 2012). 

Although there are a few cases where tree NSC declined in response to non-lethal 

drought (Körner, 2003; Sayer & Haywood, 2006), observations of increased NSC during 

drought are much more common in the literature (Körner, 2003; Würth et al., 2005; Sala 

and Hoch, 2009; Galvez et al., 2010).  Increased NSC likely results when growth and 

growth respiration demand for C is reduced faster than photosynthesis, a response known 

as sink limitation (Körner, 2003).  Sink limitation may initially seem incompatible with 

drought-induced tree mortality by carbon starvation, a source limitation to survival 

(Leuzinger et al., 2009: Sala, 2009, Gruber et al., 2012).  However, mechanisms 

underlying drought mortality likely differ from growth responses to non-lethal water 

stress due in part to the time-scales of response from different physiological processes 

(McDowell & Sevanto 2010; Hoffman et al., 2011).  Current conceptual models 

hypothesize that during drought, trees will initially experience sink limitation and 

increased NSC pools, but if drought persists, then source limitation will occur and NSCs 

will decrease or will become inaccessible through mobilization and/or phloem failure 
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prior to death (Sala et al., 2010; McDowell et al., 2011).  In several recent studies of 

lethal drought, carbohydrates were diminished for some species, but not others: relative 

to survivors, NSC was lower for drought-killed Pinus sylvestris in Spain (Galiano et al., 

2011) and for near-dead seedlings of Nothofagus nitida, but not for Nothofagus dombeyi, 

in Chile (Piper, 2011), nor mature Populus tremuloides in Colorado, USA (Anderegg et 

al., 2012). 

Here we present an analysis of NSC from leaf samples collected during the piñon 

pine drought mortality experiment at Biosphere 2 (Adams et al., 2009a) to more fully 

investigate potential mechanisms of tree drought-induced mortality and address 

previously raised concerns about aspects of Adams et al. (2009a).  Notably, our study is 

the first repeated measurement of tree NSC response during drought through mortality for 

trees under two temperature regimes.  We hypothesized that NSC would be reduced 

during drought, and that NSC trends would reflect changes in cumulative respiration such 

that elevated-temperature trees would experience a faster decline in foliar carbohydrates 

than ambient-temperature trees. 

 

Materials and Methods  

The Biosphere 2 piñon pine mortality experiment was conducted with small 

(mean height of 1.7m), reproductively mature trees transplanted from northern New 

Mexico into 100-L containers.  Estimating from the dimensions of these pots and field 

measurements of Pinus edulis roots (Foxx and Tierney, 1987; Tierney and Foxx, 1987), 

transplanted trees had on average 7% of their lateral root spread and 39% of their vertical 



84

  

root spread.  Ten trees were randomly assigned to two areas of the glasshouse set to near-

ambient or elevated (by ~4°C) temperatures (for full description of the experiment, see 

Adams et al., 2009a).  After four months of irrigation to promote acclimation to these 

temperatures following transplant, we withheld water from five of the trees (randomly 

selected) in each temperature treatment.  One droughted tree in the elevated temperature 

treatment accessed water during the experiment and was excluded from further analysis, 

resulting in a sample size of 5 ambient droughted trees, 4 elevated-temperature droughted 

trees, and 5 watered controls at each temperature.  The drought treatment resulted in 

mortality, defined as 90% foliar browning, which occurred within 1-2 weeks after the 

first signs of foliar browning for trees in both temperature treatments.  

Physiological measurements and collection of foliar material were periodically 

made on the south facing side of all trees throughout the time-course of the experiment. 

On the same day as foliar sampling, we measured pre-dawn stem water potential (Ψpd) by 

pressure chamber (PMS Instruments, Albany, OR, USA), CO2 exchange with an LI-6400 

portable photosynthesis system (Li-Cor Biosciences, Lincoln, NE, USA), before dawn to 

quantify respiration (R) and at midday for net photosynthesis (A).  We measured stomatal 

conductance (gs) from ~1 hour after sunrise to sunset with a Model SC-1 leaf porometer 

(Decagon Devices, Pullman, WA, USA).  For sampling of foliar tissue, we collected the 

most recent mature needles from a single branch on each tree, usually the same used in 

water potential measurements.  Needles were dried at 70°C and ground to a powder fine 

enough to pass a 40-mesh screen (.42 mm sieve).  Foliar material was analyzed for NSC, 

defined as starch and soluble sugar (glucose, fructose, and sucrose), following the 
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enzymatic digest and UV spectrophotometry methods modified from Hoch et al. (2002, 

Supporting Information).  Any NSC or component value result less than zero was 

excluded from further analysis. 

We calculated NSC differentials by subtracting the NSC, starch, and soluble sugar 

content values for droughted trees from watered-tree means in each temperature 

treatment for each sampling date.  Diurnal measurements of stomatal conductance were 

interpolated to 10 time intervals following Fritsch and Carlson (1980) that were used to 

calculate daily means. Time series data, including NSC totals, components, and 

differentials, stomatal conductance, photosynthesis, and respiration, were analyzed using 

repeated measures ANOVA (SPSS 19.0, IBM Corporation, α = 0.05).  Mean total NSC, 

sugar, and starch in droughted trees initially and at time of mortality for each tree were 

also analyzed with repeated measures ANOVA.  For all repeated measures ANOVA 

tests, when sphericity assumptions were violated (determined by Mauchly’s test for 

sphericity), we used the Huynh-Feldt correction to degrees of freedom of the F-statistic to 

determine the significance of results (Huynh and Feldt, 1976).  Note that measurements 

ceased earlier for tree in the elevated-temperature drought treatment because these trees 

died earlier (Adams et al., 2009). 

We used structural equation modeling (SEM) to analyze causal relationships 

among water potential, gas exchange, and NSC constituents as a series of multiple linear 

regressions for each independent variable to calculate error terms and standardized partial 

correlation coefficients (SPSS 19.0, IBM Corporation, α = 0.05, Supporting Information).  

We analyzed the model separately for data from trees in each of the four treatments: 
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ambient watered control, elevated-temperature watered control, ambient-temperature 

drought, and elevated-temperature drought.  Additionally, we analyzed the correlation of 

cumulative respiration (Adams et al., 2009a) with total NSC, sugar, and starch for 

droughted trees in both temperature treatments separately and pooled (SPSS 19.0, IBM 

Corporation, α = 0.05) 

 

Results  

At the start of the drought experiment, foliar total NSC concentrations were 

similar for both droughted and watered trees (means 5.55 ±0.33 and 4.96 ±0.38 % dry 

mass, respectively, p > 0.05).  For droughted trees in both temperature treatments we 

found a significant decline in NSC over the course of the experiment (Fig. 1, p < 0.05) 

and as a pairwise contrast between initial and at-mortality values (Fig. 2, p < 0.05).  Mean 

NSC at mortality was 3.88 ±0.49 % dry mass, a reduction of 30% from initial 

measurements (Fig. 2).  The decline in total NSC in both analyses was related to a 

decrease in soluble sugar concentration, despite an apparent net increase in starch 

concentration (p < 0.05).  There was no effect of temperature on the declines in total NSC 

and sugar concentration (p > 0.05, Fig 1, 2).  However, post-hoc analysis of starch trends 

show an initial decline in values followed by a significant increase in starch at week 12 

for warmer droughted trees and week 17 for ambient droughted trees (p < 0.05, Fig. 1).  

A significant time x temperature interaction observed in the starch analysis indicates this 

trend reversal, from a decline to an increase, occurred earlier in the warmer drought 

treatment than in the ambient drought treatment (p < 0.05).  
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Foliar NSC of watered controls doubled during the course of the experiment, and 

was greater than drought tree means in weeks 6, 8, 12, 17, and 22 (p < 0.05, Fig. 1).  For 

sugar, we also observed a significant water x time interaction (p < 0.05), although trends 

in sugar did not differ greatly between droughted trees and watered controls (Fig. 1).  

Sugar content in droughted trees was greater than watered controls at week 8, but was 

significantly lower than watered trees at weeks 15 and 22 (p < 0.05).  Similar to the trend 

in total NSC in watered controls, starch concentrations increased in watered controls by 

between five and eight times the initial values (p < 0.05) during the course of the 

experiment.  Foliar starch content was greater in watered controls than droughted trees at 

weeks 6, 8, 15, 17, and 19 (p < 0.05).  There was no significant temperature effect on 

watered control tree NSC, sugar, or starch.  When calculated as a differential (watered – 

droughted, within each temperature treatment), there were no differences between the 

temperature treatments in total NSC, and sugar, or starch content (p > 0.05).  Total NSC 

and starch differentials increased over time (p < 0.05), but sugar differentials were 

unchanged (p > 0.05). 

Repeated measures analysis revealed significant changes over time for Ψpd, gs, A, 

and R (p < 0.001).  There were no differences in Ψpd, gs, A, and R between temperature 

treatments for droughted trees (p > 0.05), although when quantified cumulatively R was 

higher in warmer droughted trees (Adams et al., 2009a).  Differences between watered 

controls and droughted trees were found for Ψpd, gs, A (p < 0.05), but not R (p > 0.05). 

For watered control trees in both temperature treatments, SEM revealed positive 

relationships between Ψpd and gs (p. < 0.05, Fig. 4).  Ambient watered trees showed a 
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significant inverse effect of A on gs, while for warmer watered trees there were positive 

relationships between A and gs, and a positive effect of A on sugar concentration (p < 

0.05).  Relationships found with SEM in droughted trees were similar between 

temperature treatments, where a positive effect of gs on Ψpd, positive relationships 

between gs and A, and a positive effect of A on sugar concentration were observed (p < 

0.05).  Inverse effects of sugar on starch and Ψpd on R were seen in ambient droughted 

trees, but not warmer droughted trees (p < 0.05).  Cumulative respiration was correlated 

positively with starch concentration for ambient droughted trees (R = 0.36, p < 0.05), but 

not with total NSC or any other NSC component when the analysis was conducted 

separately on temperature treatments (Fig S1).  When droughted tree data was pooled 

from both temperature treatments, cumulative respiration was inversely correlated with 

sugar (R = -0.30, p < 0.05) and positively correlated with starch (R = 0.35, p < 0.05), but 

not correlated with total NSC (p > 0.05, Fig S1 and S2). 

 

Discussion  

Foliar carbohydrate resources were diminished during drought as foliar NSC 

declined by 30% through mortality (Fig 1, 2).  This decline in the foliage of droughted 

trees was related to a reduction in sugar concentration, despite an increase an increase in 

starch.  Both droughted and watered trees had similar NSC at the start of the experiment, 

but as the growing season progressed, foliar NSC increased greatly for watered control 

trees. Increased starch concentration in watered trees was the primary driver of 

differences in total NSC between watered and droughted trees.  Together, the results that 
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NSC declined for droughted trees through mortality, and was much lower in droughted 

trees than in watered controls suggests an important role for carbon metabolism in the 

physiological mechanism of mortality in this species.  This should not be interpreted to 

diminish the potential role for hydraulic failure in the mortality mechanism, since 

droughted trees in both temperature treatments trees also reached the threshold for 

catastrophic xylem dysfunction (inferred as Ψpd > -6 MPa) prior to mortality (Adams et 

al. 2009a).  However, there were no temperature differences in hydraulic function that 

predict the differences in time-to-mortality interpretable within a mechanistic framework. 

Despite the link between cumulative respiration and reduced survival time under 

elevated, relative to ambient, temperatures, we did not observe an earlier reduction in 

NSC pools in elevated-temperature trees.  While this may suggest that neither hydraulic 

failure, nor foliar carbon metabolism entirely explained the observed temperature-

sensitive difference in time-to-mortality during drought, the change in the dynamics of 

the NSC components through time (decline in sugar, decline-followed-by-increase in 

starch through time) are indicative of shifts in carbon metabolism driven by temperature 

which are related to the ability of plants to maintain positive carbon status at the primary 

sites of metabolic activity (Adams et al., 2009a).  Our ability to partition the 

physiological cause of mortality is limited by the overall experimental design and the 

assumption of patterns of translocation among other plant organs.  Improved assessment 

of carbohydrate status could be made through sampling NSC in woody sink tissues 

(stems and roots) further from the sites of C fixation in the foliage (Landhäusser and 

Lieffers, 2012).  However, sampling these tissues can cause cavitation and potentially 
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exacerbate tree stress, interfering with the primary objective of experimentation and the 

quantification of temperature differences in time-to-mortality.  Creative experimental 

design will be required to further evaluate these metabolic and hydraulic processes. 

Although we saw a 30% decline in foliar NSC in droughted trees, it was not 

completely depleted at mortality (Fig. 2).  While the decline in total NSC was related 

primarily to a decline in sugar concentrations, just less than 50% of initial sugar still 

remained in the needles of droughted piñon pines at mortality.  This result shows that 

although carbohydrate resources were diminished during drought, they were not entirely 

exhausted at mortality.  Moreover, although starch initially declined in droughted trees, 

starch was higher at mortality than pre-drought levels, a result that does not appear 

consistent with carbon starvation by reserve exhaustion, but instead may reflect a lack of 

sugar translocation (Sala et al., 2010).  The mechanism for feedback inhibition of 

photosynthesis leading to starch accumulation is fairly well known; foliar starch 

accumulation in the chloroplast occurs when sugar sink strength is low in the cytoplasm 

and RuBP regeneration is low (Kozlowski and Pallardy, 1997; Myers et al., 1999).  

Development of low sink strength in the droughted trees could have resulted from 

reduced phloem function, preventing the export of sugars to other tree tissues. Thus 

RuBP regeneration was limited by a lack of P translocator exchange with sugar, leaving 

starch synthesis as the only path available to any assimilated or re-assimilated C.  Our 

observation of increased foliar starch concentration concurrent with the lack of complete 

sugar depletion could indicate that reduced C sink strength in other tree tissues due to 

insufficient water for growth lead to a decrease in phloem flow and sugar export from the 
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foliage as mortality approached.  This result, highlights the role of mobilization, 

translocation and phloem function during the mortality process as high xylem tension 

disrupted whole-plant processes and affects C sink strength in non-foliar tissues (Sala et 

al., 2010, McDowell et al., 2011).  Distinguishing between the causes of reduced C sink 

strength is a future challenge in resolving the mechanism of tree mortality. 

Another potential explanation for the lack of complete depletion of foliar NSC 

could be related to maintenance of sugars for non-metabolic functions that can lead to the 

decoupling of carbohydrate pools from the external carbon fluxes (Hill et al., 2011; Ryan, 

2011; Zeppel et al., 2011; Sala et al., 2012).  In studies of subalpine conifer seedlings at 

treeline, photosynthesis and respiration only explained ~40-50% of the variation in NSC 

(Bansal & Germino 2008, 2009, 2010a), and NSC dynamics during the growing season 

were not attributed to growth (Bansal & Germino 2010b).  Instead, researchers suspected 

environmental influences on active maintenance of sugars for cryoprotection were linked 

to NSC dynamics (see also Strimbeck et al., 2008).  Sugars also aid in desiccation 

tolerance during drought through osmotic adjustment and stabilization of membranes and 

proteins, and their active maintenance for such protection in leaf tissue is well-recognized 

(Obendorf, 1997; Ogren et al., 1997; Nelson & Bartles, 1998; Murakeozy et al., 2002; 

Oliver et al., 2011; Sergeant et al., 2011).  In addition, the use of sugar for signaling of 

gene expression between tissues also contributes to its maintenance for non-metabolic 

functions (Koch, 1996; Chiou & Bush, 1998; Lalonde et al., 1999; Smeekens, 2000; Hill 

et al., 2011).  An actively maintained threshold in sugar may have contributed to the lack 

of complete carbohydrate exhaustion in piñon pines (Fig. 1), despite respiration demands 
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and a lack of supply from photosynthesis (Fig. 3).  Fully resolving the interrelated 

contribution of hydraulic failure and carbon starvation to drought mortality will require 

improved understanding of the active control of NSC (Fig. 3b).  Without estimates of 

NSC thresholds for maintenance of osmoprotection and signaling, the contribution of 

carbon starvation to mortality may not be easily determined. 

Previously published results from this experiment showed that trees in the warmer 

drought treatment died approximately 30% faster, and had higher cumulative respiration 

than the ambient-temperature droughted trees (Adams et al., 2009a).  Therefore, we 

hypothesized that NSC would decline earlier in warmer droughted trees than in the 

ambient droughted trees.  However there was no difference in total NSC and sugar 

decline between droughted temperature treatments, indicating that the respiration 

difference was not reflected in changes to foliar NSC, but likely due to a component that 

we did not have the ability to mass balance.  Moreover, there was no temperature 

difference in NSC of watered control trees.  The only significant difference in NSC 

trends between temperature treatments was that starch increased earlier for warmer than 

ambient droughted trees (Fig. 1), which could indicate earlier onset of mobilization 

constraints and phloem functional changes, as discussed above.  Correlation of 

cumulative respiration with total NSC and components was weak, and only significant 

for starch in ambient droughted trees or when data were pooled across temperatures for 

sugar and starch (Fig. S1 and S2).  Correlations with cumulative respiration were 

negative for sugar and positive for starch, consistent with droughted tree trends over time 

during the experiment (Fig. 1).  
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There were also no temperature differences in transpiration or photosynthesis as 

these fluxes declined to near-zero prior to mortality in droughted trees (Fig. 3).  Therefore 

maintenance of equivalent foliar total NSC and sugar pools despite differences in 

respiration, but not photosynthesis, suggest changes to internal tree NSC dynamics.  

Potential explanatory processes include translocation of NSC between other tree tissues 

and leaves, and conversion of other carbon macromolecules into NSC (Hoch, 2007).  

Additionally, changes in the concentrations of other compounds within the leaf can cause 

NSC concentrations to shift even though absolute abundance of NSC remains constant 

(Bansal and Germino 2008).  For these processes to explain similar NSC in all droughted 

trees during drought, they would have to occur differently between the ambient and 

warmer droughted trees.  If the increase in foliar starch in droughted trees was the result 

of mobilization/phloem failure, then its earlier occurrence in warmer droughted trees 

could explain similar decline in sugar and total NSC despite respiration differences 

between droughted tree temperature treatments. 

SEM of tree physiology during the experiment revealed that respiration was 

decoupled from photosynthesis for both watered controls and droughted trees at both 

temperatures.  The positive interrelationship between Ψpd and gs in watered control trees 

suggests that the physiology of these trees was sensitive to moisture, although A was not 

limited by gs in ambient watered trees (Fig 4).  Sugar content responded positively to 

increased A in warmer watered trees, but not in ambient watered trees.  For droughted 

trees, the interrelationship between gs and A was stronger than for watered controls.  

However, the lack of an effect of Ψpd on gs in droughted trees is likely a result of the 
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linear nature of the model: low Ψpd had a strong threshold-like influence on gs (Fig 3).  

Photosynthesis was positively related to sugar concentration in droughted trees at both 

temperatures.  However, the inverse relationship between sugar and starch content 

observed in the repeated measures analysis of trends (Fig 1) was only significant for 

ambient droughted trees in the SEM analysis (Fig 4). 

Expanding physiological insight into the mechanism of drought-induced tree 

mortality from carbon exchange dynamics, we show that foliar carbohydrate resources 

were diminished, but not completely exhausted, for piñon pine during drought through 

mortality.  Our results and those of Adams et al. (2009a), illustrate that the mechanism of 

tree drought mortality can be complex, incorporating multiple interrelated physiological 

processes, but is consistently predicted from patterns of carbon metabolic response to 

temperature.  Since xylem tensions in droughted trees in both of our temperature 

treatments simultaneously reached a threshold inferred to cause complete cavitation, 

hydraulic failure, while likely related to driving mortality, does not appear to explain the 

temperature response of these trees (Adams et al., 2009a).  Rather, temperature sensitivity 

of mortality appears related to differences in cumulative respiration.  Although we did not 

detect temperature differences in the decline, foliar NSC was reduced by 30% in 

droughted trees, while NSC increased in watered control trees, results which also support 

a role for carbon metabolism in the drought mortality mechanism of these trees. 

Additionally, the functional dynamics of starch depletion and accumulation by treatment 

highlight temporal differences in carbon metabolism potentially driving mortality 

sensitivity to temperature.  We acknowledge that our results were limited by constraints 
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in our experimental design which led to a lack of NSC assessment in stems and roots, 

where carbon starvation by reserve exhaustion is more likely (Landhäusser and Lieffers, 

2012).  Further physiological resolution of drought-induced mortality mechanisms will 

likely require increased experimental sophistication to determine active NSC 

maintenance, account for NSC translocation among tissues, link temperature sensitivity 

to physiological mechanism, and assess trends in whole plant NSC during drought 

through mortality.  Consequently, temperature sensitivities need to be further evaluated 

for more tree species while simultaneously pursuing drought-induced mortality 

mechanisms.  Nonetheless, our results support and refine the conclusions of Adams et al. 

(2009a) of a role of carbon metabolism in drought mortality, at least for Pinus edulis and 

perhaps in other physiologically similar species.   

 

Acknowledgements 

The authors would like to thank Biosphere 2 staff, research technicians, and interns for 

assistance with the experiment, and particularly Genna Gallas and Bhawika Sharma 

Lamichhane for help with sample preparation and NSC analysis. We also thank David 

Tissue and Melanie Zeppel for helpful reviews of the manuscript.  This research was 

funded by the Philecology Foundation, U.S. Department of Agriculture Cooperative State 

Research Education and Extension Service Grant 2005-38420-15809, Department of 

Energy National Institute for Climate Change Research Grant DE-FC02-06ER64159, and 

National Science Foundation Grants DEB-043526 and EPScoR 0814387.  This 

publication was developed under STAR Fellowship Assistance Agreement no. FP-



96

  

91717801-0 awarded by the U.S. Environmental Protection Agency (EPA). It has not 

been formally reviewed by EPA. The views expressed in this publication are solely those 

of the authors, and EPA does not endorse any products or commercial services mentioned 

in this publication.  Any use of trade, product, or firm names is for descriptive purposes 

only and does not imply endorsement by the U.S. Government. 

 
References 
 

Adams HD, Guardiola-Claramonte M, Barron-Gafford GA, Villegas JC, Breshears 
DD, Zou CB, Troch PA, Huxman TE. 2009a. Temperature sensitivity of 
drought-induced tree mortality portends increased regional die-off under global-
change-type drought. Proceedings of the National Academy of Sciences of the 
United States of America 106(17): 7063-7066. 

Adams HD, Guardiola-Claramonte M, Barron-Gafford GA, Villegas JC, Breshears 
DD, Zou CB, Troch PA, Huxman TE. 2009b. Reply to Sala: Temperature 
sensitivity in drought-induced tree mortality hastens the need to further resolve a 
physiological model of death. Proceedings of the National Academy of Sciences 
of the United States of America 106(26): E69-E69. 

Adams HD, Guardiola-Claramonte M, Barron-Gafford GA, Villegas JC, Breshears 
DD, Zou CB, Troch PA, Huxman TE. 2009c. Reply to Leuzinger et al.: 
Drought-induced tree mortality temperature sensitivity requires pressing forward 
with best available science. Proceedings of the National Academy of Sciences of 
the United States of America 106(38): E107-E107. 

Adams HD, Allen CD, Breshears DD, Hale VC, Huxman TE, Luce CH, Smith 
AMS, Weiler M. 2012. Ecohydrological consequences of drought- and 
infestation-triggered tree die-off. Ecohydrology. 5: 145-159. 

Allen CD, Breshears DD. 1998. Drought-induced shift of a forest-woodland ecotone: 
Rapid landscape response to climate variation. Proceedings of the National 
Academy of Sciences of the United States of America 95(25): 14839-14842. 

Allen CD, Macalady AK, Chenchouni H, Bachelet D, McDowell N, Vennetier M, 
Kitzberger T, Rigling A, Breshears DD, Hogg EH, Gonzalez P, Fensham R, 
Zhang Z, Castro J, Demidova N, Lim JH, Allard G, Running SW, Semerci 
A, Cobb N. 2010. A global overview of drought and heat-induced tree mortality 



97

  

reveals emerging climate change risks for forests. Forest Ecology and 
Management 259(4): 660-684. 

Anderegg WRL, Berry JA, Smith DD, Sperry JS, Anderegg LDL, Field CB. 2012. 
The roles of hydraulic failure and carbon stress in a widespread climate-induced 
forest die-off. Proceedings of the National Academy of Sciences of the United 
States of America. 109(1): 233-237 

Bansal S, Germino MJ. 2008. Carbon balance of conifer seedlings at timberline: 
relative changes in uptake, storage, and utilization. Oecologia 158(2): 217-227. 

Bansal S, Germino MJ. 2009. Temporal variation of nonstructural carbohydrates in 
montane conifers: similarities and differences among developmental stages, 
species and environmental conditions. Tree Physiology 29(4): 559-568. 

Bansal S, Germino MJ. 2010a. Variation in ecophysiological properties among 
conifers at an ecotonal boundary: comparison of establishing seedlings and 
established adults at timberline. Journal of Vegetation Science 21(1): 133-142. 

Bansal S, Germino MJ. 2010b. Unique responses of respiration, growth, and non-
structural carbohydrate storage in sink tissue of conifer seedlings to an elevation 
gradient at timberline. Environmental and Experimental Botany 69(3): 313-319. 

Bansal S, Reinhardt K, Germino MJ. 2011. Linking carbon balance to establishment 
patterns: comparison of whitebark pine and Engelmann spruce seedlings along an 
herb cover exposure gradient at treeline. Plant Ecology 212(2): 219-228. 

Bonan GB. 2008. Forests and climate change: forcings, feedbacks, and the climate 
benefits of forests. Science 320(5882): 1444-1449. 

Breshears DD, Allen CD. 2002. The importance of rapid, disturbance-induced losses in 
carbon management and sequestration. Global Ecology and Biogeography 11(1): 
1-5. 

Breshears DD, Cobb NS, Rich PM, Price KP, Allen CD, Balice RG, Romme WH, 
Kastens JH, Floyd ML, Belnap J, Anderson JJ, Myers OB, Meyer CW. 
2005. Regional vegetation die-off in response to global-change-type 
drought. Proceedings of the National Academy of Sciences of the United States of 
America 102(42): 15144-15148. 

Breshears DD, Lopez-Hoffman L, Graumlich LJ. 2011. When ecosystem services 
crash: preparing for big, fast, patchy climate change. Ambio 40(3): 256-263. 



98

  

Carnicer J, Coll M, Ninyerola M, Pons X, Sanchez G, Peñuelas J. 2011. Widespread 
crown condition decline, food web disruption, and amplified tree mortality with 
increased climate change-type drought. Proceedings of the National Academy of 
Sciences of the United States of America 108(4): 1474-1478. 

Chapin FS, Randerson JT, McGuire AD, Foley JA, Field CB. 2008. Changing 
feedbacks in the climate-biosphere system. Frontiers in Ecology and the 
Environment 6(6): 313-320. 

Chiou TJ, Bush DR. 1998. Sucrose is a signal molecule in assimilate 
partitioning. Proceedings of the National Academy of Sciences of the United 
States of America 95(8): 4784-4788. 

da Costa ACL, Galbraith D, Almeida S, Portela BTT, da Costa M, Silva JD, Braga 
AP, de Goncalves PHL, de Oliveira AAR, Fisher R, Phillips OL, Metcalfe 
DB, Levy P, Meir P. 2010. Effect of 7 yr of experimental drought on vegetation 
dynamics and biomass storage of an eastern Amazonian rainforest. New 
Phytologist 187(3): 579-591. 

Field CB, Lobell DB, Peters HA, Chiariello NR. 2007. Feedbacks of terrestrial 
ecosystems to climate change. Annual Review of Environment and Resources 32: 
1-29. 

Fisher R, McDowell N, Purves D, Moorcroft P, Sitch S, Cox P, Huntingford C, 
Meir P, Woodward FI. 2010. Assessing uncertainties in a second-generation 
dynamic vegetation model caused by ecological scale limitations. New 
Phytologist 187(3): 666-681. 

Foxx TS, Tierney GD. 1987. Rooting patterns in the pinyon-juniper woodland. p. 69-
79. In Proceedings-Pinyon-Juniper Conference. Richard L. Everett, comp. USDA 
Forest Service, General Technical Report INT-215. Intermountain Forest and 
Range Experiment Station, Ogden, UT. 581 p.  

Fritsch FN, Carlson RE. 1980. Monotone piecewise cubic interpolation. SIAM Journal 
on Numerical Analysis 17(2): 238-246. 

Galiano L, Martinez-Vilalta J, Lloret F. 2011. Carbon reserves and canopy defoliation 
determine the recovery of Scots pine 4 yr after a drought episode. New 
Phytologist 190(3): 750-759. 

Galvez DA, Landhäusser SM, Tyree MT. 2011. Root carbon reserve dynamics in 
aspen seedlings: does simulated drought induce reserve limitation? Tree 
Physiology 31(3): 250-257. 



99

  

Gitlin AR, Sthultz CM, Bowker MA, Stumpf S, Paxton KL, Kennedy K, Munoz A, 
Bailey JK, Whitham TG. 2006. Mortality gradients within and among dominant 
plant populations as barometers of ecosystem change during extreme 
drought. Conservation Biology 20(5): 1477-1486. 

Gruber A, Pirkebner D, Florian C, Oberhuber W. 2012. No evidence for depletion of 
carbohydrate pools in Scots pine (Pinus sylvestris L.) under drought stress. Plant 
Biology 14(1): 142-148. 

Guardiola-Clararnonte M, Troch PA, Breshears DD, Huxman TE, Switanek MB, 
Durcik M, Cobb NS. 2011. Decreased streamflow in semi-arid basins following 
drought-induced tree die-off: A counter-intuitive and indirect climate impact on 
hydrology. Journal of Hydrology 406(3-4): 225-233. 

Hacke UG, Sperry JS. 2001. Functional and ecological xylem anatomy. Perspectives in 
Plant Ecology Evolution and Systematics 4(2): 97-115. 

Hacke UG, Sperry JS, Ewers BE, Ellsworth DS, Schafer KVR, Oren R. 
2000. Influence of soil porosity on water use in Pinus taeda. Oecologia124(4): 
495-505. 

Hill JP, Germino MJ, Alongi DA. 2011. Carbon-use efficiency in green sinks is 
increased when a blend of apoplastic fructose and glucose is available for 
uptake. Journal of Experimental Botany 62(6): 2013-2022. 

Hoch G, Körner C. 2003. The carbon charging of pines at the climatic treeline: a global 
comparison. Oecologia 135(1): 10-21. 

Hoch G, Popp M, Körner C. 2002. Altitudinal increase of mobile carbon pools in 
Pinus cembra suggests sink limitation of growth at the Swiss 
treeline. Oikos 98(3): 361-374. 

Hoch G. 2007. Cell wall hemicelluloses as mobile carbon stores in non-reproductive 
plant tissues. Functional Ecology 21(5): 823-834. 

Hoffmann WA, Marchin RM, Abit P, Lau OL. 2011. Hydraulic failure and tree 
dieback are associated with high wood density in a temperate forest under 
extreme drought. Global Change Biology 17(8): 2731-2742. 

Höltta T, Mencuccini M, Nikinmaa E. 2009. Linking phloem function to structure: 
Analysis with a coupled xylem–phloem transport model. Journal of Theoretical 
Biology 259: 325-337. 



100

  

Huynh H, Feldt LS. 1976. Estimation of the Box correction for degrees of freedom 
from sample data in randomized block and split-plot designs. Journal of 
Educational Statistics, 1: 69-82. 

Kane JM, Kolb TE. 2010. Importance of resin ducts in reducing ponderosa pine 
mortality from bark beetle attack. Oecologia 164(3): 601-609. 

Kane JM, Meinhardt KA, Chang T, Cardall BL, Michalet R, Whitham TG. 
2011. Drought-induced mortality of a foundation species (Juniperus 
monosperma) promotes positive afterlife effects in understory vegetation. Plant 
Ecology 212(5): 733-741. 

Klenner W, Arsenault A. 2009. Ponderosa pine mortality during a severe bark beetle 
(Coleoptera: Curculionidae, Scolytinae) outbreak in southern British Columbia 
and implications for wildlife habitat management. Forest Ecology and 
Management 258: S5-S14. 

Knoblauch M, Peters WS. 2010. Munch, morphology, microfluidics - our structural 
problem with the phloem. Plant Cell and Environment 33(9): 1439-1452. 

Koch KE. 1996. Carbohydrate-modulated gene expression in plants. Annual Review of 
Plant Physiology and Plant Molecular Biology 47(1): 509-540.  

Koepke DF, Kolb TE, Adams HD. 2010. Variation in woody plant mortality and 
dieback from severe drought among soils, plant groups, and species within a 
northern Arizona ecotone. Oecologia 163(4): 1079-1090. 

Körner C. 2003. Carbon limitation in trees. Journal of Ecology 91(1): 4-17. 

Kozlowski TT, Pallardy SG. 1997. Physiology of Woody Plants. San Diego, USA: 
Academic Press. 

Kurz WA, Dymond CC, Stinson G, Rampley GJ, Neilson ET, Carroll AL, Ebata T, 
Safranyik L. 2008a. Mountain pine beetle and forest carbon feedback to climate 
change. Nature 452(7190): 987-990. 

Kurz WA, Stinson G, Rampley GJ, Dymond CC, Neilson ET. 2008b. Risk of natural 
disturbances makes future contribution of Canada's forests to the global carbon 
cycle highly uncertain. Proceedings of the National Academy of Sciences of the 
United States of America 105(5): 1551-1555. 

Lalonde S, Boles E, Hellmann H, Barker L, Patrick JW, Frommer WB, Ward JM. 
1999. The dual function of sugar carriers: Transport and sugar sensing. Plant 
Cell 11(4): 707-726. 



101

  

Landhäusser SM, Lieffers VJ. 2012. Defoliation increases risk of carbon starvation in 
root systems of mature aspen. Trees-Structure and Function 26: 653-661. 

Leuzinger S, Bigler C, Wolf A, Körner C. 2009. Poor methodology for predicting 
large-scale tree die-off. Proceedings of the National Academy of Sciences of the 
United States of America 106(38): E106-E106. 

Linton MJ, Sperry JS, Williams DG. 1998. Limits to water transport in Juniperus 
osteosperma and Pinus edulis: implications for drought tolerance and regulation 
of transpiration. Functional Ecology 12(6): 906-911. 

McDowell N, Pockman WT, Allen CD, Breshears DD, Cobb N, Kolb T, Plaut J, 
Sperry J, West A, Williams DG, Yepez EA. 2008. Mechanisms of plant 
survival and mortality during drought: why do some plants survive while others 
succumb to drought? New Phytologist 178(4): 719-739. 

McDowell NG, Beerling DJ, Breshears DD, Fisher RA, Raffa KF, Stitt M. 2011. The 
interdependence of mechanisms underlying climate-driven vegetation mortality. 
Trends in Ecology and Evolution 26(10): 523-532. 

McDowell NG. 2011. Mechanisms linking drought, hydraulics, carbon metabolism, and 
vegetation mortality. Plant Physiology 155(3): 1051-1059. 

McDowell NG, Sevanto S. 2010. The mechanisms of carbon starvation: how, when, or 
does it even occur at all? New Phytologist 186(2): 264-266. 

Metcalfe DB, Meir P, Aragao L, Lobo-do-Vale R, Galbraith D, Fisher RA, Chaves 
MM, Maroco JP, da Costa ACL, de Almeida SS, Braga AP, Goncalves PHL, 
de Athaydes J, da Costa M, Portela TTB, de Oliveira AAR, Malhi Y, 
Williams M. 2010. Shifts in plant respiration and carbon use efficiency at a 
large-scale drought experiment in the eastern Amazon. New Phytologist 187(3): 
608-621. 

Minchin PEH, Lacointe A. 2005. New understanding on phloem physiology and 
possible consequences for modelling long-distance carbon transport. New 
Phytologist 166(3): 771-779. 

Münch E. 1930. Die Stoffbewegungen in der Pflanze. Jena: Gustav Fischer. 

Murakeozy EP, Smirnoff N, Nagy Z, Tuba Z. 2002. Seasonal accumulation pattern of 
pinitol and other carbohydrates in Limonium gmelini subsp hungarica. Journal of 
Plant Physiology 159(5): 485-490. 



102

  

Myers DA, Thomas RB, DeLucia EH. 1999. Photosynthetic responses of loblolly pine 
(Pinus taeda) needles to experimental reduction in sink demand. Tree 
Physiology 19(4-5): 235-242. 

Nelson JM, Bartels PG. 1998. Irrigation effects on pinitol content of jojoba leaf blades 
and floral buds. Industrial Crops and Products 8(2): 159-165. 

Obendorf RL. 1997. Oligosaccharides and galactosyl cyclitols in seed desiccation 
tolerance. Seed Science Research 7(2): 63-74. 

Ogren E, Nilsson T, Sundblad LG. 1997. Relationship between respiratory depletion 
of sugars and loss of cold hardiness in coniferous seedlings over-wintering at 
raised temperatures: Indications of different sensitivities of spruce and 
pine. Plant Cell and Environment 20(2): 247-253. 

Oliver MJ, Guo L, Alexander DC, Ryals JA, Wone BWM, Cushman JC. 2011. A 
sister group contrast using untargeted global metabolomic analysis delineates the 
biochemical regulation underlying desiccation tolerance in Sporobolus 
stapfianus. Plant Cell 23(4): 1231-1248. 

Piper FI. 2011. Drought induces opposite changes in the concentration of non-structural 
carbohydrates of two evergreen Nothofagus species of differential drought 
resistance. Annals of Forest Science 68(2): 415-424. 

Rotenberg E, Yakir D. 2010. Contribution of semi-arid forests to the climate 
system. Science 327(5964): 451-454. 

Royer PD, Cobb NS, Clifford MJ, Huang CY, Breshears DD, Adams HD, Villegas 
JC. 2011. Extreme climatic event-triggered overstorey vegetation loss increases 
understorey solar input regionally: primary and secondary ecological 
implications. Journal of Ecology 99(3): 714-723. 

Ryan MG. 2011. Tree responses to drought. Tree Physiology 31(3): 237-239. 

Sala A. 2009. Lack of direct evidence for the carbon-starvation hypothesis to explain 
drought-induced mortality in trees. Proceedings of the National Academy of 
Sciences of the United States of America 106(26): E68-E68. 

Sala A, Hoch G. 2009. Height-related growth declines in ponderosa pine are not due to 
carbon limitation. Plant Cell and Environment 32(1): 22-30. 

Sala A, Piper F, Hoch G. 2010. Physiological mechanisms of drought-induced tree 
mortality are far from being resolved. New Phytologist 186(2): 274-281. 



103

  

Sala A, Woodruff DR, Meinzer FC. 2012. Carbon dynamics in trees: feast or famine? 
Tree Physiology (In press) doi:10.1093/treephys/tpr143 

Sayer MAS, Haywood JD. 2006. Fine root production and carbohydrate concentrations 
of mature longleaf pine (Pinus palustris P. Mill.) as affected by season of 
prescribed fire and drought. Trees-Structure and Function 20(2): 165-175. 

Sergeant K, Spiess N, Renaut J, Wilhelm E, Hausman JF. 2011. One dry summer: A 
leaf proteome study on the response of oak to drought exposure. Journal of 
Proteomics 74(8): 1385-1395. 

Smeekens S. 2000. Sugar-induced signal transduction in plants. Annual Review of Plant 
Physiology and Plant Molecular Biology 51: 49-81. 

Sthultz CM, Gehring CA, Whitham TG. 2009. Deadly combination of genes and 
drought: increased mortality of herbivore-resistant trees in a foundation 
species. Global Change Biology 15(8): 1949-1961. 

Strimbeck GR, Kjellsen TD, Schaberg PG, Murakami PF. 2008. Dynamics of low-
temperature acclimation in temperate and boreal conifer foliage in a mild winter 
climate. Tree Physiology 28(9): 1365-1374. 

Tierney GD, Foxx TS. 1987. Root lengths of plants on Los Alamos National 
Laboratory Lands. US Department of Energy, Technical Report LA-10865-MS.  
Los Alamos National Laboratory. 

Würth MKR, Pelaez-Riedl S, Wright SJ, Körner C. 2005. Non-structural 
carbohydrate pools in a tropical forest. Oecologia 143(1): 11-24. 

Zeppel MJB, Adams HD, Anderegg WRL. 2011. Mechanistic causes of tree drought 
mortality: recent results, unresolved questions and future research needs. New 
Phytologist 192(4): 800-803. 

  



104

  

Figure Legends  

 

Figure 1.  Foliar non-structural carbohydrates for piñon pines during the experiment for 

trees under ambient (blue) and warmer (~+4°C, red) temperatures that received no water 

(drought, circles) or continued to be irrigated (controls, squares).  Mean values for total 

non-structural carbohydrates (NSC) and component soluble sugar and starch content are 

shown on the left, quantified as a percentage of total tissue dry mass.  Droughted tree 

differentials, calculated by subtracting droughted tree values from watered tree means, 

for total NSC and components are shown on the right as percentage points.  Asterisks 

indicate significant differences in repeated measures ANOVA (p < 0.05) between the 

watered control and drought treatment means.  Error bars are standard errors. 

 

Figure 2.  Mean foliar non-structural carbohydrates (NSC) at the start of the experiment 

and at mortality for trees under ambient and warmer (~+4°C) temperature treatments.  

Error bars are standard errors for total NSC.  At both temperatures, total NSC and sugar 

concentrations were lower at mortality than initially, while starch content was higher at 

mortality than initially (p < 0.05).  There were no temperature differences in this analysis 

(p > 0.05). 

 

Figure 3.  Physiological responses of piñon pines during the experiment for trees under 

ambient (blue) and warmer (~+4°C, red) temperatures that received no water (drought, 

circles) or continued to be irrigated (controls, squares).  Responses are shown for pre-
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dawn stem water potential (Ψpd), leaf stomatal conductance (gs), mid-day net 

photosynthesis (A), and pre-dawn respiration (R).  Error bars are standard errors.  For 

droughted trees only, Ψpd, A, and R data were previously published in Adams et al. 

(2009a). 

 

Figure 4.  Structural equation modeling of the relationships between pre-dawn water 

potential (Ψpd), stomatal conductance (gs), net photosynthesis (A), sugar and starch 

content, and pre-dawn respiration (R).  Relationships are shown for watered control trees 

and droughted trees at ambient and elevated (~+4°C) temperatures.  Values alongside 

arrows are standardized partial correlation coefficients which indicate the strength and 

direction of relationships.  Positive relationships are indicated with solid lines and inverse 

relationships with dashed lines.  Values in italics adjacent to variables indicate the error 

terms of the multiple regression in which that variable was the dependent variable.  

Significant partial correlation coefficients are shown adjacent to arrows (p < 0.05). 
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Supporting Information 

Materials and Methods 

We analyzed non-structural carbohydrates following the methods of Hoch et al. 

(2002).  We ground the needles to a fine powder, added 2 ml water to a ±0.1 mg 

subsample, heated to 100°C with steam for 30 min to extract soluble sugars, and then 

treated each with invertase, phosphoisomerase, and glucose hexokinase to convert 

sucrose, fructose, and glucose to 6-Phosphogluconate (Sigma Diagnostics, St. Louis, MO, 

USA).  Oxidation of the soluble sugars to 6-Phosphogluconate resulted in an equimolar 

reduction of NAD to NADH, increasing absorbance of the solution at 340 nm, which was 

measured using a spectrophotometer (Synergy Microplate Reader, Bio-tek Instruments, 

Winooski, VT, USA).  The original sample (powder plus water) was then additionally 

treated with a high activity fungal alpha amylase from Aspergillus oryzae (Clarase G-

Plus, Genecore International, Rochester, NY, USA) to metabolize starch to glucose.  The 

solution was re-analyzed for total NSC (starch and soluble sugars) with the procedure 

described previously. Starch was calculated as total NSC minus soluble sugars.  Each 

trial plate run included duplicates of each sample, standards included pure starch, 

sucrose, glucose, as well as internal plant standards that had known starch ranging from 

zero to 50% dry mass and had been cross-referenced to other labs.  All NSC data were 

normalized for dry mass of needle tissue. 

Structural equation modeling (SEM) has been used in ecology to analyze species 

interactions (Schemske & Horvitz, 1988), functional life history trade-offs across plant 

species (Shipley et al., 2006), the effect of climate variation on net ecosystem exchange 
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(Huxman et al., 2003), and relationships among water potential, nutrient content, stomatal 

conductance and photosynthesis (Geber & Dawson, 1997; Bassow & Bazzaz, 1998; 

Ignace & Huxman 2009).  For our model, we integrated relationships in plant physiology 

where causality is well-established: between water potential and stomatal conductance 

(Kriedemann et al., 1972; Farquhar & Sharkey, 1982; Nobel 1991), stomatal conductance 

and photosynthesis (Farquhar & Sharkey, 1982: Farquhar et al., 1982), photosynthesis 

and carbohydrate pools (Wardlaw, 1990; Luxmoore et al., 1995; Körner, 2003), 

carbohydrates and respiration (Wardlaw, 1990; Luxmoore et al., 1995), and water 

potential and cell growth (Lockhart 1965; Kroeger et al., 2011; Tardieu et al., 2011).  

Dependent and independent variables, including pre-dawn water potential (Ψpd), stomatal 

conductance (gs), net photosynthesis (An), sugar content, starch content, and pre-dawn 

respiration (R), were used in the multiple linear regressions used to construct the 

structural equation model as follows (dependent variable with independent variable[s]): 

Ψpd with gs; gs with Ψpd, An; An with gs and Sugar; Sugar with An, Starch, and R; Starch 

with Sugar; and R with Sugar and Ψpd. 
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Figure S1.  Correlation of Cumulative respiration with total non-structural carbohydrates 
and component sugar and starch concentration for ambient, warm (~+4°C), and all 
droughted trees pooled from both temperatures.  Significant relationships are indicated 
with an asterisk.  Numbers below bars indicate sample size. 
 



115

 

 
 
Figure S2.  The relationship between cumulative time-integrated respiration and foliar 
sugar and starch concentrations for droughted trees at both ambient and elevated (~+4°C) 
temperatures.  Statistics for these relationships are shown in Figure S1.   
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APPENDIX E: DROUGHT-INDUCED PINUS SEEDLING MORTALITY HASTENS 

PROGRESSIVELY WITH TEMPERATURE AS REFLECTED IN RESPIRATION 

DURING STOMATAL CLOSURE 

 

Henry D. Adams, Greg A. Barron-Gafford, Leslie M. Marasco, Ashley L. Wiede, Maggie 

M. Heard, Rebecca L. Minor, Alfonso A. Gardea, Lisa P. Bentley, Darin J. Law, David 

D. Breshears, Travis E. Huxman.  

 

Abstract  

Extensive tree die-off in forested ecosystems has recently been documented 

around the world in association with drought and warmer temperatures.  Such events are 

expected to become more frequent with future climate change, potentially altering 

biogeochemical and hydrologic cycles, with implications for the land-surface feedback 

on climate and ecosystem services for society.  Seedling establishment is a key 

demographic process, and its response to drought and temperature changes will be a 

critical determinant of the long term consequences of such forest mortality events.  

However, the temperature sensitivity of drought-induced mortality in seedlings to a range 

of higher temperatures has not been widely evaluated.  Here we used growth chambers to 

experimentally assess the temperature sensitivity of drought-induced mortality for tree 

seedlings of two species—the more drought-tolerant Pinus edulis and the less drought-

tolerant Pinus ponderosa, both of which have experienced recent, large-scale tree die-off.  

Drought-induced mortality in both pine species was progressively affected by increased 
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temperature, accelerating time-to-mortality during drought by 4.4 % per °C for P. edulis 

and 3.6 % per °C for P. ponderosa across 4 temperature treatments spanning a range of 

7.7°C.  Notably, while P. edulis showed greater drought resistance, outlasting P. 

ponderosa at all temperatures, P. edulis also demonstrated a higher degree of within-

species temperature- sensitivity to drought than P. ponderosa.  For both species, earlier 

mortality during drought was associated with a greater effect of temperature on 

respiration, particularly during the period of stomatal closure prior to mortality.  Under 

elevated temperatures, more frequent, shorter droughts become sufficient to increase the 

risk tree mortality such that episodes of seedling mortality are expected to increase from 

future climate warming alone, even without an increase in drought frequency.  This 

vulnerability of seedlings to drought at higher temperatures suggests that seedlings may 

not offset adult mortality and that woodland and forest communities may undergo 

substantial future changes. 

 

Introduction. 

Increased tree mortality due to drought, elevated temperatures, pest and/or 

pathogen infestation is emerging as a growing concern regarding the potential response of 

the terrestrial biosphere to contemporary climate change.  Episodes of tree mortality have 

now been documented in many natural and managed forests of the world (Allen et al. 

2010).  Elevated tree mortality has been observed from the tropics to high latitudes, in 

both wildland and agroforestry settings, associated with increased rates of background 

mortality (van Mantgem et al., 2009, Carnicer et al., 2011, Peng et al. 2011), infestations 
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that only affect a single tree species in a diverse forest (Ford and Vose, 2007), and 

widespread landscape and regional die-off of a majority of dominant canopy trees (Allen 

et al., 2010, Hicke et al., 2012).  Extensive tree die-off has affected 600,000 km2 of Pinus 

species across western North America, including 12,000+ km2 of P. edulis in the 

Southwest US, and 50,000 km2 of Eucalyptus species in Australia in diverse landscape 

settings (Breshears et al., 2005, Bentz et al., 2009, Fensham et al., 2009, Allen et al., 

2010).  Tree mortality has exceeded 90% loss of overstory individuals of affected species 

at some sites in each of these die-offs.  The ecological impact of these changes in forest 

structure has implications for ecosystem services and land-surface dynamics that affect 

climate. 

The small and large-scale consequences of tree mortality depend on the direction 

and trajectory of the demographic response following this disturbance (Suarez and 

Kitzberger 2008, Brown et al., 2010, Hicke et al., 2012, Adams et al., 2012).  Tree 

mortality that exclusively affects overstory trees and leaves understory components 

unaffected potentially facilitates rapid recovery to pre-mortality forest structure and 

function (Axelson et al., 2009, 2010, Brown et al., 2010, Collins et al., 2011).  On the 

other hand, if the recruitment process is also affected by the same climate- or insect-

related perturbation that kills overstory trees, the ecosystem consequences of tree 

mortality may be long-lasting (Mueller et al., 2005, Gitlin et al., 2006).  The wide range 

of possible community responses to tree die-off, which includes recovery of the pre-

mortality forest, shifts in composition, and conversion to non-forest, that will ultimately 

determine the persistence of mortality effects, highlights the need to evaluate the 
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vulnerability of seedlings to the disturbances that cause overstory die-off (Suarez and 

Kitzberger, 2008). 

The severity of plant mortality that occurs during drought has been linked to the 

temperature dependence of ecophysiological and ecohydrological processes.  Observation 

of drought effects in the southwestern US found that a regional drought in the late 1950s 

caused only localized tree mortality at the dry, lower forest ecotones (Allen and 

Breshears, 1998), but a similar drought during a period of unusually high temperatures 

was associated with a widespread die-off of P. edulis (Breshears et al., 2005) that was 

reflected in substantial and protracted water stress in affected trees (Breshears et al., 

2009).  A subsequent drought experiment found that a temperature increase of ~4.3°C 

caused a 28% acceleration of time-to-mortality with ~20 year-old P. edulis trees (Adams 

et al., 2009).  Similarly, an experiment with Australian Eucalyptus sideroxylon 

demonstrated that a ~4°C increase in temperature caused trees to die ~15% earlier during 

lethal drought (Chaszar et al., in review).  Increasing background mortality rates observed 

in western North America in recent decades were associated with increasing temperatures 

and drought (van Mantgem et al., 2009).  Despite the important influence of temperature 

on tree mortality, its effects on tree survival during drought have only been studied in a 

few species.  Additionally, studies of tree mortality across a range of elevated 

temperatures are critically needed. 

We experimentally assessed the temperature sensitivity of time-to-mortality and 

associated ecophysiological processes under drought across a range of temperatures for 

two widespread species of pine seedlings, P. edulis and P. ponderosa.  We hypothesized 
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seedling drought mortality would occur sooner with warming, and that since P. edulis 

and P. ponderosa co-occur in the southwest US at the lower forest boundary ecotone 

between the piñon-juniper woodland and ponderosa pine forest, P. edulis would persist 

longer during drought than P. ponderosa in a common setting.   However, despite P. 

edulis and P. ponderosa differing in their ecological resistance to drought (evidenced by 

their phytogeography), both have a similar drought tolerance strategy of reducing 

stomatal conductance to avoid cavitation until wetter conditions return (Piñol and Sala, 

2000, Simonin et al., 2007, McDowell et al., 2008, 2010, 2011).   For such species, 

drought-induced mortality has been hypothesized to occur predominately by ‘carbon 

starvation’, whereby reduced stomatal conductance curtails photosynthesis and leads to 

death when internal carbon resources are exhausted in (or become inaccessible to) 

maintenance respiration (McDowell et al. 2008), recognizing that this response may be 

interrelated with hydraulic failure associated with water stress (McDowell et al. 2011).  

Elevated temperatures should increase respiration rates, potentially hastening death by 

this mechanism (Adams et al., 2009).  We hypothesized that time to mortality would 

hasten with magnitude of increase in temperature.  In addition, we hypothesized that 

species differences in time-to-mortality during lethal drought across a range of 

temperatures would be a function of initial physiological responses to elevated growth 

temperature, prior to the onset of drought; specifically, that reduced photosynthesis and 

increased respiration, driven by elevated temperatures during drought would lead to 

earlier mortality.  In addition, we hypothesized that larger seedlings would show reduced 
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survival during drought, consistent with field observations of higher mortality of larger P. 

edulis seedlings (Mueller et al., 2005). 

 

Materials and Methods. 

We obtained pine seedlings in “cone-tainers” (height 21 cm, volume: 175 ml) of 

two species (P. edulis and P. ponderosa) from the Colorado State Forest Service Nursery 

(Fort Collins, CO) in March 2010.  Seedlings were kept in growth chambers (Conviron, 

Winnipeg, Mantoiba, Canada) at 25o C during the day and 10o C at night under ~600 

μmol m-2sec-1 PPFD of PAR, a slightly higher than mean daily PPFD of ~430-450 μmol 

m-2sec-1 observed in a P. ponderosa forest (Dore et al., 2010).  We transplanted seedlings 

into treepots (height: 36 cm, volume: 2.8 L, Stuewe & Sons, Tangent, OR) in September 

2010 with potting soil (Sunshine Mix #4, Sungrow Horticulture, Bellevue, WA).  In 

December 2010, we placed 7 randomly selected seedlings of each species, under each of 

4 temperature treatments.  Ambient temperatures used in the experiment were modified 

from data for a piñon-juniper woodland / ponderosa pine forest ecotone, using average 

daily maximum and minimum temperatures from early July 2009 and 2010 that were  

obtained from a station located in a piñon-juniper woodland near Valle, Arizona.  To 

adjust daily temperatures to the higher, cooler ecotone conditions we used the difference 

in monthly maximum and minimum temperature between the station data and the mean 

of 20 years of interpolated July PRISM data (http://www.prism.oregonstate.edu, PRISM 

group, Corvallis, OR) for a point at the nearby ecotone, a reduction of ~2.4°C (25/11°C 

day/night).  This resulted in an ambient treatment of 25/11°C day/night.  The three 
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elevated temperature treatments were set above this baseline, resulting in treatments 

elevated by +3.6, +5.9, and +7.7°C for day and night. 

Seedlings were watered to saturation for the last time on April 4, 2011, after 

which water was withheld.  For a designated subset of seedlings, 3 per species per 

temperature treatment, we repeatedly measured CO2 and H2O gas exchange, before dawn 

(respiration) and mid-day (net photosynthesis, stomatal conductance), weekly on the 

same set of seedlings with an LI-6400 Portable Photosynthesis system fitted with a 6400-

22L lighted conifer chamber (LiCor, Lincoln, NE).  Measurements were corrected by 

projected total removed needle area of measured foliage harvested following the 

conclusion of the experiment. We calculated the period of stomatal closure, the number 

of weeks when mid-day stomatal conductance was < 0.01 mol m-2sec-1 prior to mortality, 

and the mean respiration rate during this period (Rs), for each seedling.   

Seedling foliage color was checked 3 times per week, and seedlings were declared 

dead when we observed 90% foliar browning, following Adams et al. (2009).  Foliar 

browning typically took 1-2 weeks from initation before reaching the 90% threshold.  

Survival data was inadvertently lost for 2 P. ponderosa pine seedlings, 1 each in the 

ambient and +3.6°C treatments, reducing sample size in each of these treatments to 6 

seedlings for P. ponderosa.  We harvested dead seedlings, separating foliar, aboveground 

woody (stem), and belowground woody (root) tissues. All material was dried at 70°C for 

72 hours before determining dry mass.  Mean seedling total dry mass was 7.6g (0.42 SE) 

for P. edulis and 8.1 g (0.34 SE) for P. ponderosa. 
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Data were analyzed using ANOVA and repeated measures ANOVA using IBM 

SPSS Statistics (SPSS, Inc., Amonk, NY) and Fisher’s LSD for post-hoc testing.  In three 

cases (time-to-death, initial respiration, and Rs) where ANOVA conditions of equal 

variance were violated (Levene’s test, p < 0.05), we used regression to analyze for 

species differences across temperature treatments and analyzed for species x temperature 

interaction with a test for common slope in SMATR (Falster et al., 2006, Warton et al., 

2006). 

 

Results. 

Patterns of mortality 

Elevated temperature progressively reduced time-to-mortality during drought for 

both pine species across the entire temperature range studied (R2 = 0.29, F1,52 = 21.648, p 

< 0.001, Fig. 1).  Across temperature treatments, P. edulis seedlings persisted longer than 

P. ponderosa seedlings (F1,52 = 21.648, p < 0.001).  However, a test for common slope 

revealed that time-to-mortality for P. edulis declined faster across increasing 

temperatures than that for P. ponderosa (F1,52 = 5.294, p < 0.05), a result analogous to a 

significant temperature x species interaction in an ANOVA.  Mean acceleration of time-

to-mortality (relative to control) with rising temperature across all treatments was 4.4 

%/°C for P. edulis and 3.6 %/°C for P. ponderosa. 

 

Initial pre-drought physiological patterns 
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Mean initial pre-drought stomatal conductance , one week after watering, ranged 

between 0.04 – 0.10 mol m-2sec-1 for P. edulis and 0.04 – 0.11 mol m-2sec-1 for P. 

ponderosa and was higher at higher temperatures (F3,16 = 4.366, p < 0.05, Fig. 2A).  

When pooled across temperature treatments there was no species difference in initial 

conductance (F1,16  = 0.130, p > 0.05), nor was there a significant species x temperature 

interaction (F3,16 = 0.392, p > 0.05).  Mean initial pre-drought net photosynthesis was 4.4 

– 5.6 μmol m-2sec-1 for P. edulis and 2.6 – 4.7 μmol m-2sec-1 for P. ponderosa, and did 

not vary across the four temperature treatments when species were pooled (F3,16  = 5.486, 

p > 0.05; Fig. 2B. Species differences were significant, where initial net photosynthesis 

was greater in P. edulis than P. ponderosa for the ambient, +3.6°C, and +5.9°C 

treatments (F1,16  = 15.935, p < 0.01) by 40 %.  There was no significant temperature x 

species interaction in initial net photosynthesis (F3,16  = 3.468, p > 0.05).  In contrast, 

there was no species difference in initial respiration rate (F1,16 = 2.275, p > 0.05) and a 

test for common slope indicated no significant interaction between temperature and 

species prior to the drought (F1,22 = 0.071, p > 0.05).  Mean initial pre-drought respiration 

was varied from 0.37 – 0.90 in P. edulis and 0.39 – 0.96 in P. ponderosa and was higher 

with increasing temperature (R2 = 0.41, F1,22 = 15.006, p < 0.01, Fig. 2C).  From 

measurements of CO2 exchange, a complex needle carbon balance was associated with 

the different species and temperature treatments—with the difference in net 

photosynthesis and respiration being the greatest for P. edulis at ambient temperatures 

and least for P. ponderosa at the highest temperature treatment.  Additionally, from 

stomatal conductance differences and the patterns in leaf carbon assimilation and 
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respiration, highly individualistic water-use efficiencies resulted between treatments that 

were greatest for P. edulis in the +5.9°C temperature treatment and lowest for P. 

ponderosa in the +3.6°C treatment. 

 

Physiological dynamics during drought 

During drought, stomatal conductance declined to near zero for all trees prior to 

mortality (F7,112 = 30.128, p < 0.001), and this decline occurred more rapidly for 

seedlings at higher temperatures (F21,112 = 2.293, p < 0.001, Fig. 3).  The rate of decline 

was similar for both species (F7,112 = 1.52, p > 0.05) and there was no significant time x 

temperature x species interaction (F21,112 = 0.539, p > 0.05).  Additionally, there were no 

overall differences in stomatal conductance between species (F1,16 = 0.438, p > 0.05) or 

among temperatures (F3,16 = 3.043, p > 0.05).   

Net photosynthesis also declined to near zero for all trees during drought, prior to 

mortality (F7,112 = 43.741, p < 0.001) and they declined more rapidly for seedlings under 

elevated temperatures (F21,112 = 4.007, p < 0.001, Fig. 3).  Across the time-course, 

photosynthetic rates were higher in P. edulis than P. ponderosa (F1,16 = 16.61, p < 0.05) 

but overall temperature differences were not significant (F3,16 = 0.293, p > 0.05).   There 

were no significant time x species (F7,112 = 0.908, p > 0.05) or time x temperature x 

species interactions (F21,112 = 0.925, p > 0.05), such that the difference in assimilation 

patterns of might strongly influence needle carbon balance.  Respiration rates declined 

during the lethal drought for all seedlings (F7,112 = 17.512, p < 0.001), and, notably, did 

so more rapidly with increased temperature (F21,112 = 1.839, p < 0.001, Fig 3.).  This 
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decline in respiration did not differ between species (F7,112 = 1.286, p > 0.05), nor was 

there a significant time x temperature x species interaction (F21,112 = 0.828, p > 0.05).  

Generally, respiration rates were higher at higher temperatures (F3,16 = 12.799, p < 

0.001), but there was no overall species effect (F1,16 = 3.451, p > 0.05).  As such, the 

initial conditions associated with seedling behavior as a function of temperature and 

species differences at the start of the experiment was a good descriptor of the overall 

dynamics associated with physiological processes during the period of mortality, as we 

hypothesized.  

 

Relating temperature, time-to-mortality, ecophysiology and seedling characteristics 

Length of the pre-mortality period of stomatal closure (stomatal conductance < 

0.01 mol m-2sec-1) was highly dependent on temperature, decreasing as temperature 

increased (F3,16 = 5.726, p < 0.01, Fig. 4a).  The duration of this period in P. edulis 

seedlings was longer than in P. ponderosa seedlings (F1,16 = 13.057, p < 0.01), yet there 

was no significant interaction between species and temperature (F3,16 = 0.135, p > 0.05).  

Mean needle Rs increased with growth temperature (R2 = 0.32, F1,22 = 8.698, p < 0.01, 

Fig 4b.) and was higher in P. ponderosa than in P. edulis (F1,22 = 8.554, p < 0.01).   

Additionally, there was no difference between species in the slope of Rs across 

temperatures (F1,22 = 0.254, p > 0.05).  Time-to-mortality decreased with increasing Rs 

across seedlings at all temperatures (R2 = 0.65, F1,22 = 40.952, p < 0.001) and this 

relationship did not differ between species (F1,22 = 0.92, p > 0.05, Fig. 4c).  Thus, 

differences in carbon loss by respiration during this period of intense stress described 
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differences in seedling drought tolerance dynamics and predicted the associated 

differences in known drought resistance based on phytogeography, as we hypothesized. 

 Interestingly, although total dry seedling mass did not differ between species 

(F1,46 = 1.763, p > 0.05) or among temperature treatments (F3,46 = 1.763, p > 0.05), P. 

ponderosa seedlings with more mass, whether in foliage, aboveground, or total, died 

faster during drought (R2 = 0.39, 0.37, 0.30, F1,24 = 15.179, 14.005, 10.339, p < 0.01; 

Table 1). 

 

Discussion. 

Seedling time-to-mortality for both P. edulis and P. ponderosa was highly 

sensitive to elevated temperature during experimentally induced drought (Fig. 1): time-

to-mortality declined across a wide range of increased temperatures, and, importantly, 

each progressive increase in temperature exacerbated drought stress in the seedlings. 

These results are consistent with previous work using larger trees, which showed 

significant temperature sensitivity of physiological processes and time-to-mortality 

(Adams et al., 2009, Chaszar et al., in review).  The current study is notable in that it is 

perhaps the first to show that temperature-sensitive reductions in time-to-mortality during 

drought continue to progress across a range of elevated temperatures, whether for 

seedlings or trees.  Additionally, our results provide insight into the linkages between 

ecological patterns and ecophysiological processes.  P. ponderosa seedlings were more 

susceptible to drought than P. edulis seedlings across all temperatures, consistent with 

their geographical ranges and observations of greater drought tolerance in P. edulis 



128

(Adams and Kolb, 2004) and higher tree mortality at the lower forest boundary in P. 

ponderosa during the 1950s drought (Allen and Breshears 1998).  Despite having similar 

physiological drought tolerance strategies, differences in carbon metabolism associated 

with temperature provided insight into temperature and species differences in time-to-

mortality.   

Although both species exhibited progressive temperature sensitivity in time-to-

mortality as hypothesized, surprisingly time-to-mortality declined more with increasing 

temperature for the more-drought tolerant P. edulis than for the less drought-tolerant P. 

ponderosa (Fig. 1).  This indicates that although seedling drought resistance was greater 

in P. edulis than P. ponderosa, drought mortality of P. edulis was more temperature-

sensitive than that of P. ponderosa, and implies species differences in compensatory 

dynamics of temperature and drought stress resistance.  A compensatory response in 

adult trees would be consistent with observations of similar mortality (~15%) of co-

occurring P. edulis and P. ponderosa at the lower forest boundary ecotone following the 

2002/2003 drought (Koepke et al., 2010), a drought notable for its high temperatures 

(Breshears et al., 2005, Weiss et al., 2009). 

As hypothesized, the temperature sensitivity of gas exchange under well-watered 

conditions was predictive of drought resistance difference of the two pine species and of 

the differences in time-to-mortality between them (Fig. 2).  One week after watering, net 

photosynthesis of P. ponderosa was lower than that of P.edulis, and was highly sensitive 

to temperature.  Initial stomatal conductance increased in seedlings of both species with 

temperature (Fig. 2).  When stomatal conductance and photosynthetic rates are 
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considered together, two responses emerge: a lower water-use efficiency (WUE) in P. 

ponderosa than P. edulis, and that WUE in P. edulis was decreased with increased 

temperature, but that of P. ponderosa was not.  Both responses are predictive of P. edulis 

having a higher drought resistance but greater sensitivity of mortality to temperature.  

Initial respiration also increased similarly for both species with increasing temperature, 

and when considered with photosynthetic response, indicated the potential for greater C 

balance stress in P. ponderosa (Fig. 2).  These differences and sensitivities to 

temperatures were consistent with shifts in C metabolism as a key driver of differential 

mortality during drought (McDowell et al., 2008), likely in conjunction with interrelated 

hydraulic stress (McDowell et al. 2011), both within and among treatments and species. 

Trends in gas exchange during the drought demonstrated a similar drought 

tolerance strategy and a high degree of temperature sensitivity in both pine seedlings (Fig 

3). Seedlings reduced stomatal conductance and photosynthesis to near-zero during 

drought, consistent with observations of drought response in larger trees (Piñol and Sala, 

2000, Simonin et al., 2007, Adams et al., 2009, McDowell et al., 2011).  Although 

respiration declined during drought, consistent with a reduction in growth metabolism 

(Ayub et al. 2011), the decline in photosynthetic rate was greater, leading to a negative 

carbon balance in seedlings prior to mortality.  Stomatal conductance, photosynthesis, 

and respiration started higher, declined faster, and finished lower for seedlings at higher 

temperatures (Fig. 3).  The duration of the stomatal closure period was substantially 

shorter with increased temperature, and between species, with P. edulis outlasting P. 

ponderosa by 4.3 weeks on average (Fig 4a).  Respiration during stomatal closure was 
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low, but still temperature-sensitive and much higher for P. ponderosa than P. edulis.  

Notably, at higher temperatures across species, reduced persistence at stomatal closure 

was associated with higher respiration rate during this period (Fig 4a, b), a result 

consistent with a role for C balance in the mortality of both species (McDowell et al., 

2008, Adams et al., 2009, McDowell et al., 2011).  Moreover, higher respiration during 

stomatal closure was correlated with a reduced time-to-mortality in both species (Fig 4c).     

Seedling survival and gas exchange were highly sensitive to temperature during 

drought, demonstrating that seedlings are at least as vulnerable to same climate-related 

die-off that affected overstory trees of these species (Allen and Breshears 1998, 

Breshears et al. 2005, Mueller et al., 2005, Gitlin et al., 2006) and perhaps others (Suarez 

and Kitzberger, 2008, Galiano et al., 2010).  Following the 2002/2003 drought and bark 

beetle outbreak in the southwest US, surveys showed mortality in ~25-80% of adult and 

~50-80% of seedling Pinus ponderosa (Gitlin et al., 2006) and where ~80% of overstory 

P. edulis trees died, in ~25-45% of P. edulis seedlings (Mueller et al., 2005).  Shading by 

overstory nurse trees reduces microsite temperature and is important for seedling 

establishment and survival in drought-prone forests (Callaway et al., 1996, Mueller et al., 

2005).  In northern Arizona, after the 1996 drought ~2% of nursed and ~20% of open-

growing P. edulis seedlings were killed, and after the 2002/2003 drought mortality was 

~25% of nursed and ~45% of open-growing seedlings (Mueller et al., 2005).  Overstory 

mortality increases the solar radiation reaching the understory and land surface, a loss of 

shading facilitation that increased temperatures in the understory, and could exacerbate 

seedling stress in subsequent droughts (Royer et al., 2010, 2011, 2012).  This would be in 
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addition to the temperature rises expected with global change, increasing the vulnerability 

of seedlings in drought-prone regions.  In such communities, recovery of pre-mortality 

tree species composition and stand structure could be inhibited by lack of overstory 

shading, potentially with persistent ecosystem consequences. 

 Since elevated temperatures reduce time-to-mortality, future temperature 

increases with global change can be assumed to reduce the duration of a regional drought 

sufficient to cause significant mortality.  In a similar study, reduced time-to-mortality in 

larger P. edulis trees from a 4.3°C temperature increase was used to project a 5-fold 

increase in the number of regional droughts per century that were sufficient to cause 

widespread die-off (Adams et al., 2009).  Following the same methods, we calculated a 

100-year frequency distribution of regional drought duration using precipitation data 

from stations at the southwest US, lower forest boundary ecotone (Western Regional 

Climate Center).  The shape of the drought duration frequency distribution (Fig. 5a) 

results in the projection that incremental increases in temperature could cause large shifts 

in the number of seedling mortality events (Fig. 5b).  An increase of 3.6°C was projected 

to add 1-2 seedling die-off events per century, but a 7.7°C increase in temperature could 

lead to 7-8 additional seedling die-off events per century.  Successful regeneration events 

at these lower forest communities are already rare (Savage et al., 1996, Barger et al., 

2009).  Although such projections are simplistic, they are also conservatively based on 

the historical drought frequency distribution, given that future drought frequency is 

expected to increase with climate change (IPCC, 2007, Jentsch et al., 2007, Adams et al., 

2009). 
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Tree mortality alters ecological interactions among species, affecting plant 

community composition, wildlife habitat, and biogeochemical cycles (Mueller et al., 

2005, Gitlin et al., 2006, Klenner and Arsenault, 2009, Clow et al., 2011, Kane et al., 

2011).  Forests exert a strong effect on earth system processes though their influence on 

the terrestrial carbon sink, land surface energy balance, and hydrological cycling (Bonan, 

2008, Chapin et al., 2008).  Thus widespread tree mortality caused by increased 

temperatures is a potential positive feedback of global climate change (Adams et al., 

2010).  Ecological and biosphere-atmosphere consequences of tree mortality are most 

likely where tree recruitment is also affected by drought (Suarez and Kitzberger, 2008, 

Brown et al. 2010, Adams et al., 2012).  Importantly, our results demonstrate that 

seedling survival and gas exchange during drought is highly and progressively sensitive 

across a range of elevated temperatures (i.e., not just in contrast to a single elevated 

temperature) for two widespread and ecologically important species of Pinus.  This 

highlights how risks to forests increase as temperatures continue to rise.  We found that 

drought resistance in P. edulis exceeded P. ponderosa, although time-to-mortality was 

more temperature sensitive for P. edulis, results which were both reflected in the 

temperature sensitivity of seedling gas exchange responses.  Reduced time-to-mortality 

leads to large increases in the number of projected seedling mortality events with each 

progressive increase in temperature.  Our results highlight that a successional return to 

pre-mortality tree cover should not be assumed in regions where tree mortality is episodic 

and driven by drought, especially considering increased future temperatures and drought 

frequency with global climate change.  More field surveys of post mortality tree species 
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recruitment are needed in mortality-affected forests to confirm this experimental result.  

Quantifying the persistence of tree mortality effects on ecosystem function and 

atmosphere-land surface interactions is critical for predicting the water, energy, and 

carbon budgets consequences of this disturbance, which include feedbacks to the climate 

system that could contribute to further global change.  In conclusion, our study illustrates 

how progressive temperature increases hasten drought-induced mortality in two key 

Pinus species differentially, and in a way that is reflected in carbon metabolism  The 

results have direct implications for recruitment in post-die-off ecosystems with respect to 

vegetation dynamics and their associated land-surface atmosphere fluxes. 
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Table 1.  The relationships of total and component tissue dry mass, and root:shoot ratio, 

to time-to-mortality during drought for Pinus seedlings.  Aboveground mass is the sum of 

foliage and stem mass.  Simple linear regressions of mass variables with survival were 

pooled across temperature treatments.  The symbol “ns” indicates that the relationship 

was not statistically significant (p > 0.05).  For P. ponderosa, significant negative slopes 

for total, aboveground, and foliage mass indicate that reduced time to mortality (weeks) 

was associated with increased seedling mass (g). 

 
  P. edulis P. ponderosa  
Component  R2 p-value slope R2 p-value slope 
Total  ns ns ns 0.30 < 0.01 -0.93 
Aboveground  ns ns ns 0.37 < 0.01 -1.64 
Foliage  ns ns ns 0.39 < 0.01 -1.86 
Stem  ns ns ns ns ns ns 
Roots  ns ns ns ns ns ns 
Root: Shoot  ns ns ns ns ns ns 
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Figure Legends 

Figure 1.  Time-to-mortality during drought of two pine species, P. edulis and P. 

ponderosa, under 4 temperature treatments.  Linear regression was calculated from all 

individuals, not from means, for P. edulis (R2 = .60, p < 0.001, n=28) and P. ponderosa 

(R2 = 0.44, p < 0.001, n=26). A test for common slope found species differences across 

temperatures (p < 0.001).  Error bars are standard errors. 

 

Figure 2.  Net photosynthesis (Anet), stomatal conductance (gs), and respiration (R) one 

week after watering, prior to the onset of drought.  Letters indicate significant differences 

among treatments for An and gs from ANOVA post-hoc Fisher’s LSD.  Due to unequal 

variance among treatments, R was analyzed with linear regression and a test for common 

slope which indicated a positive effect of temperature on R (R2 = 0.41, p < 0.01) and no 

species difference (p > 0.05).  Error bars are standard errors. 

 

Figure 3.  Net photosynthesis (An), stomatal conductance (gs), and respiration (R) for 

seedlings of two pine species under 4 temperature treatments during lethal drought.  Error 

bars are standard errors. 

 

Figure 4. a. The duration of stomatal closure prior to mortality for pine seedlings under 

four temperature regimes.  Stomatal closure was defined as the continuous period prior to 

mortality for which stomatal conductance was less than 0.01 mol m-2sec-1.  Letters 

indicate significant differences among species and treatments from ANOVA post-hoc 
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LSD (p < 0.05).  b. Mean respiration rate during that period of stomatal closure (Rs).  Due 

to unequal variance among treatments, Rs was analyzed with linear regression and a test 

for common slope which indicated a positive effect of temperature on R (p < 0.01) and no 

species difference (p > 0.05).  Error bars are standard errors.  c. The relationship between 

(Rs) and time-to-mortality during drought for seedlings of P. edulis and P. ponderosa (R2 

= 0.65, p < 0.05). 

 

Figure 5.  A simple projection of seedling mortality events from the historical drought 

frequency distribution. a. This regional drought duration frequency distribution for the 

lower forest boundary in the southwest US shows the number of drought events, periods 

with less 25% of monthly mean precipitation, in the 100 year record (gray bars).  The 

2002/2003 drought known to have caused seedling mortality in both P. edulis and P. 

ponderosa lasted 10 months regionally (black bar).  An exponential curve was fitted to 

the frequency distribution (R2=0.96, p > 0.001), and the shift in relative seedling survival 

during drought with increased temperature is projected for P. edulis (red triangles) and P. 

ponderosa (blue circles) using experimental results.  b. The additional number of 

droughts per 100 years sufficient to cause seedling drought mortality in each species 

calculated from the curve fitted to the frequency distribution for three elevated 

temperature scenarios. 
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