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Abstract:

In recent decades, drought-induced tree mortality has been observed on every forested
continent of the planet. This is of great concern, as trees support some of the most
biodiverse communities on Earth, are keystones in the planetary carbon and water cycles,
and provide both economic and structural support for human civilizations. Determining
the drivers, mechanisms, and timing of climate-induced tree mortality is an important
step toward understanding the central question of this dissertation: what kills trees? I
began searching for an answer locally, in the Cross Timbers of Oklahoma—developing a
past-to-present species distribution modeling method to predict present-day range
contractions since the 1950s, field-testing these predictions through vegetation surveys
and tree-ring studies. While I found higher mortality of juvenile trees in areas predicted
unsuitable in the present day, the model overpredicted mature tree mortality. This simple
model, and more generally the field of research, lacked critical information: (1) what
climate conditions trigger tree mortality during hotter droughts? (2) what is a lethal dose
of drought stress for a tree?, and (3) what determines the time-to-mortality under hotter
drought stress? The balance of this dissertation seeks to provide initial answers to these
pressing questions. Here, I demonstrate that global forests share a common and detectable
‘hotter-drought fingerprint’, a climate signal for Earth’s observed forest mortality sites.
This global climate fingerprint reveals that the frequency of potentially lethal climate
conditions will accelerate with further warming. Next, I quantify a lethal dose of drought
stress for a physiological state (xylem) ubiquitously associated with drought-induced tree
mortality. Through drought-rewatering experiments, this work identifies when trees stop
living, and start dying. Surprisingly, trees survived much higher levels of xylem
dysfunction than expected—revealing that surviving trees retain legacies of dysfunction
with long-term consequences. These legacies of dysfunction may reduce resilience and
predispose eventual tipping points—initially in community compositions—and
eventually in ecosystem states, so their consideration should refine future efforts to model
forest mortality. Having bounded environmental drivers and physiological thresholds of
tree mortality, I propose a framework of coordinated suites of physiological traits that
will improve prediction for time-to-mortality of trees.
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CHAPTER I

INTRODUCTION: WHAT KILLS TREES? DRIVERS, MECHANISMS, AND TIMING OF

CLIMATE-INDUCED TREE MORTALITY.

William Michael Hammond

Trees are the tallest, eldest, and most massive living things on Earth. The scales of time and
space occupied by trees dwarfs that of humans. Yet, for all their enormity, we know relatively
little about what kills trees. Recent decades have underscored this lack of knowledge—as all
vegetated continents have experienced forest collapse under hotter-drought in recent decades
(Allen et al., 2010), understanding not just what kills trees—but where, and when will they may
die next—has emerged as a pressing challenge of the fields of forest ecology, physiology, and
Earth system modeling (Brodribb et al., 2020). In the chapters that follow, I relay my attempts to
understand what kills trees during hotter droughts. In the end, I have raised more questions than

answers about what kills trees—but this dissertation is only the beginning.

Local tree mortality: The Cross Timbers

The first chapter to follow this introduction began the summer before I started my Ph.D. I had
been handed a binder full of forest inventory data from a state-wide survey conducted by Elroy
Rice and William Penfound (Rice & Penfound, 1959), by then retiring professor Stephen
Hallgren. I was eager to get started. I digitized and used this data to train a species distribution
model in the 1950s, to predict how the warming over six decades may have caused a shift in the

range of co-dominant oak species. The model predicted significant reductions in suitable range—
1



reducing the contemporary suitable area in Oklahoma by a quarter, relative to the 1950s. I then
conducted vegetation surveys, and sampled post oaks to build tree-ring chronologies, at sites
distributed broadly across the East/West precipitation and North/South temperature gradients of
the Cross Timbers. Half of my sites had been predicted suitable by the model, and the other half
had not. Analysis of the vegetation surveys and tree-ring data showed that recruitment was
significantly impaired at sites predicted unsuitable in the present day, while mature trees (in both
vegetation surveys, and in ring-width from the tree-ring chronologies) were indistinguishable
based on site suitability predictions. The method developed (past-to-present distribution
modeling, with contemporary field validation) provides a framework to test the predictive power

of widely deployed species distribution models.

Author’s note: This chapter is in preparation for submission to Global Change Biology.

Global tree mortality: a hotter-drought fingerprint

Similar pursuits as my investigation in the Cross Timbers are not possible at the global scale—
yet. One reason for this is that while precise records of occurrence are plentiful for global forests,
the same cannot be said for observations of tree mortality (Hartmann et al., 2018). Foresters,
primarily tasked with production and management of forests, have often paid dead and dying
trees less attention than the growing, productive ones. For this reason, my third chapter is focused
on assembling, precisely georeferencing, and performing a climatological analysis on the first
global database of hotter-drought triggered tree mortality. Surveying 230 peer-reviewed studies
which documented tree mortality at stand to regional scales, requiring more than a hundred data
requests to authors, I (along with mentor Dr. Craig Allen) assembled a global database of precise
locations where trees died due to hotter drought, and the year mortality began. Covering all

forested continents and biomes, this database includes observations at sites ranging in mean

2



annual temperature from < 3 °C to < 30 °C, and in mean annual precipitation from < 50 mm to >
3,900 mm. Using a climatological approach, in this chapter I quantify the ‘hotter-drought

fingerprint’—a multivariate hotter-drought climate signal—for global forest mortality since 1970.

Across two warming scenarios (+2°C, +4°C), I also found that the frequency of these
historically lethal climate conditions (the hotter-drought fingerprint) will likely accelerate under
further warming—which should be received as an alarm bell for the threats further warming
poses to Earth’s forests. I propose that especially Earth’s historical forests (established ca. 1880
or earlier) are at risk. Much like the oak trees in my second chapter, their recruitment occurred
under bygone climate conditions—and their replacement if lost to an extreme hotter-drought
event—may not be possible. There is more than just despair in this chapter, as limiting warming
to +2°C or less over pre-industrial levels (we are presently +~0.7°C) will significantly reduce the
acceleration of hotter-drought triggered tree mortality. Finally, this database is served at tree-
mortality.net, a website of the international tree mortality monitoring network, where I serve as
the data management and access group leader. There, I encourage the continued growth and
expansion of this database—itself an initial footing—to further our understanding of local to

global drivers of tree mortality.

Author’s note: This chapter is presently in review at Nature Climate Change since November,

2020.

Dead, or dying? Quantifying a physiological mechanism of tree mortality.

With drivers of tree mortality described, my fourth chapter (Hammond et al., 2019) focuses on
the mechanisms of mortality within an individual tree. As a recent global synthesis had just
revealed the ubiquitous association between failure of the xylem to conduct water (drought

induces air emboli, causing dysfunction in water transport) and tree mortality (Adams et al.,
3



2017), I set out to quantify the lethal dose of this so-called hydraulic failure for trees. Through a
greenhouse study, I imposed drought on sapling trees of Pinus taeda, loblolly pine, and by
relieving drought at various levels (from mild, to surely lethal stress), monitoring to see which
trees would survive, and which would die. With this data I quantified that the lethal dose of
hydraulic failure (a level when mortality became more likely than survival) was ~80% loss of
hydraulic conductivity in the xylem. As our initial estimates (based on leading expertise in the
field, e.g., Adams et al., 2017; Breshears et al., 2018; Choat et al., 2018) were that 50-60% might
be a lethal dose for a gymnosperm species, this was somewhat surprising. Staining of xylem
revealed that in trees surviving the most extreme levels of stress (> 90% loss of conductivity), the
remaining functional xylem was uniformly adjacent to the vascular cambium. I proposed that this
evidence highlights the need to understand the dehydration tolerance of the vascular cambium, as
its eventual dehydration may prove the ‘final straw’ in survival or mortality of an individual tree.
Also, and importantly, this paper demonstrated through simple documentation of foliar color that
the most commonly used indicator of when a tree is dying (visual signs of mortality, via foliar
color change—in conifers, browning) lags for months behind the actual physiological stress, or
hydraulic failure, from which the tree is irrecoverable. This finding has since been replicated by
others, further supporting the large lag between visual indicators and eventual tree mortality
(Blackman et al., 2019). Thus, the chapter is titled dead or dying—as it sheds light on the
moment that trees become committed to death—that is, when they stop living, and start dying.
Since dying can be such a long process in trees, being able to reliably detect this moment
provides the opportunity for investigations into other critical mechanisms in tree survival and

mortality, in the days to weeks that matter most (at maximum levels of survivable stress).

Author’s note: This chapter was published in New Phytologist in 2019, doi: 10.1111/nph.15922.



Trees not dead yet; legacies of dysfunction in trees surviving hotter droughts

While chapter four set out to describe what happens to trees that die, and the mechanisms that
underpin death—chapter five (Hammond et al., 2020) turns to the survivors. It was remarkable
that trees survived such high levels of stress, and given the common convention that visual signs
of mortality (complete canopy browning) are so often used to determine mortality, it occurred to
me that survivors of extreme stress may be hiding a significant legacy of dysfunction beneath
their green canopies. To demonstrate this, and in response to a comprehensive examination
question from Henry, I wrote chapter five as a perspective on alternative stable states in trees,
from xylem to ecosystems. If trees are surviving significant levels of xylem dysfunction, it begs

the question of what happens after drought is relieved.

In follow-up studies to chapter four, I waited to see how trees might recover their prior
dysfunction. Through active xylem staining, [ was able to determine that radial growth (and not
xylem refilling) was required in the studied conifers to restore plants to the pre-droughted
condition. This created a large hysteresis—trees could not simply return to pre-drought
physiological function once drought was relieved, but instead would require months to years of
radial growth (depending on the age of tree, and intensity of drought) to fully recover lost water
transport and storage capacity. Thus, a common indicator used in both field observations (and to
drive many models of plant response to environment stress), water potential, can become
disconnected from the functional hydraulic state of a particular tree. I suggest a framework for
applying alternative stable states theory (Scheffer et al., 2001) to this problem, and encourage this
approach to incorporate legacies of hydraulic dysfunction into models—because even if trees
survive, they may be significantly different as individuals (and as forests, collectively

dysfunctional) until these legacies are erased.



Author’s note: This chapter was published in Frontiers in Forests and Global Change in 2020,

doi: 10.3389/ffgc.2020.560409.

Time-to-mortality for trees

Finally, in chapter six (Hammond & Adams, 2019), I comment on recent work that has
identified drivers of time-to-mortality for trees (Blackman et al., 2019). Here, I present a
framework under which suites of physiological traits regulate the time-to-mortality, and propose
that some trees will be ‘quick’ to race from incipient mortality risk to the point-of-no-return,
while others may persist for quite a time longer. As there is much interest in understanding which
trees will be able to best persist under future climates, testing of this framework may be an
essential step to identifying trees well-suited to the warming, drying world we have imposed upon

them.

Author’s note: This chapter was an invited commentary in Tree Physiology, published in 2019,

doi: 10.1093/treephys/tpz050.
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CHAPTER 1II

THE FUTURE IS NOW: TESTING PREDICTIONS OF SPECIES DISTRIBUTION MODELS
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Author’s note: This chapter is in preparation for submission to Global Change Biology.

Abstract

Species distribution models (SDMs) predict drastic shifts for many species under future climate
scenarios. Combining records of species occurrence, environment (e.g., temperature, precipitation
derived variables), and other factors (e.g., geology, disturbance regime) these models provide a
means to predict the fundamental niche of species. Advances in machine learning and user-
friendly software have led to the rapid, widespread adoption of SDMs across many disciplines of
science, with exponential increases in publishing of SDM papers. Despite their wide application
to most forms of life on Earth, direct testing of predictions from these models against observed
species distribution changes in the field over time is lacking. Here we show the first direct test of
an SDM, which we built to predict changes in the range of co-dominant oak trees in the Cross
Timbers—an ecoregion representing the westernmost dry edge of temperate hardwood forests of
eastern North America. We trained an SDM in the recent past, predicted the current-day

distribution, and field-tested model predictions through field surveys.
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Our findings showed some support for model predictions (especially within early developmental
stages), but also serve to caution against broad interpretations/applications of untested SDMs, as
mature trees did not respond as the model predicted. We discuss the extension of this work by

proposing a conceptual framework to test the predictive power of SDMs through past-to-present

model construction paired with contemporary occurrence records or surveys.

Introduction

Worldwide, anthropogenic climate change is altering every ecosystem on the planet (IPCC
2014). Predicting species-specific responses to changing environmental conditions is an urgent
task for many scientists (Thomas et al. 2004). Since the inception of ecology, the relationship
between environmental conditions and species distributions has been a central focus. In the early
1980s, Elgene Box created the first climate-envelope models of species distributions (Box 1981).
In recent years, species distribution models (hereafter SDMs) have been widely employed to meet
this need—utilizing advanced machine learning to make future predictions of species
distributions (Phillips et al. 2006). Since 2001, when machine learning methods for species
distribution modeling first appeared, an exponential increase in both publications per year and
citations per year has been underway, with over 1,000 new publications in 2019 containing either
“ecological niche modeling” or “species distribution modeling” in their topics (Fig. 1A).
Similarly, this body of work is widely cited, with over 40,000 citations of these papers in the year
2019 alone. These articles have appeared in journals across many fields, including over 40% (102
of 254) of Web of Science journal categories. Despite rapid adoption by scientists spanning
extant taxa and many disciplines (Fig. 1C), the future predictions of these models remain largely
untested in the field. An obvious reason for this is that field-testing future predictions would
require abundant patience, or a time machine. Lacking both, here we present a testable species
distribution model—a model trained with data from the past, projected to the present day and then

field-tested with on-the-ground measurements and observations to assess model predictions.
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Figure 1: Panel A: Publications per year with “ecological niche modeling” OR “species distribution
modeling” in their title. Panel B: Citations per year of publications with “ecological niche modeling” OR
“species distribution modeling” in title. Data were collected via search on Web of Science. Panel C: By
field, a break-down of the 27,855 papers citing the publications with “ecological niche model” or “species
distribution model” in their titles through 2017. While many citations lie within the field of Ecology, SDM
concepts are often used across many disciplines (data source: Web of Science, 2019).

Existing Species Distribution Models

SDMs, also referred to as ecological niche models, bioclimatic envelope models or habitat
suitability models, use a climate-envelope approach to approximate climate utilized by existing
presence observations, and projecting to future climate scenarios (Elith and Leathwick 2009,
Aratjo and Peterson 2012). This approach has several ecological assumptions that must be
acknowledged as limitations (Dormann et al. 2013), and indeed virtual testing of various methods
has shown that no single method is best at predicting known species distributions (Qiao et al.

2015). Moreover, SDMs are most often constructed using presence data that are incomplete.
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Addressing the concern of these assumptions, and their impact on the projections of SDMs, has
often occurred through cross-validation using subsets of presence data (most commonly, area
under the curve, AUC), and other techniques for validating predictive power of SDMs (Elith et al.
2011). SDMs have been used to predict distribution changes in oak-dominated forests in recent
years (Bertrand et al. 2012, Vessella and Schirone 2013). Maximum Entropy Modelling
(MaxEnt) has been demonstrated an effective algorithm for modelling species distributions from
presence-only data (Elith et al. 2006). However, species rarely occupy the entirety of their
fundamental niche at any point in time, causing presence-only models to come under criticism for
using only the presently realized niche to inform the model for suitability (Aratjo and Peterson
2012, Law et al. 2019). While presence-only MaxEnt modelling utilizes observed realized niche
to train the model, this has been shown predictive for oak over long time scales (15,000+years)

when projecting the species range under novel climate scenarios (Veloz et al. 2012).

While predicting known presences within the current climate-envelope is an important step, it
begs the question—will the predictive specificity and sensitivity of these models hold under novel
climate space? To test this question, we set out to build an SDM in the recent past, project to the
present-day, and use field observations of species presence, absence, demographics, and mortality
to validate model projections in the Cross Timbers, an oak dominated forest ecosystem of

Oklahoma, USA.

Study System

Anthropogenic climate change forecasts increasing temperatures, drought intensity, and
drought duration in the Cross Timbers, an ecoregion covering 7 million hectares in the south-
central US (IPCC 2014). Globally, elevated tree mortality and forest die-off events have been
associated with all three of these forecasted climatic changes (Allen et al. 2010, Allen et al. 2015,

Adams et al. 2017). Elevated tree mortality events can be defined as significant departures from
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background mortality rates, which range between 0.5 to 2.0% globally. Recently, widespread
elevated tree mortality events have been observed in the western United States (Van Mantgem et
al. 2009), and elevated tree mortality events have been documented in oaks of eastern deciduous
hardwood forests during intense, prolonged drought (Stringer et al. 1989), but recent drivers of
mortality in these systems also include pollution and stand density (Dietze and Moorcroft 2011).
Present mortality rates in the Cross Timbers are not well understood, although sizeable numbers
of dead trees have been observed following past droughts (Rice and Penfound 1959). Forest die-
off events can be described as mass (e.g., 50-100%) mortality events that occur during extreme
environmental conditions (Allen et al. 2010, Fettig et al. 2019). Shifting species distributions may
be gradual (evidenced by increasing background rates of mortality) or sudden (e.g., more
immediate shifts due to wide-spread die-off at the edge of a species’ range, as in Allen and

Breshears, 1998).

Cross Timbers forests are a patchwork ecotone between two ecosystems—the Central Great
Plains Prairie, and Eastern Deciduous Hardwood Forests (Hoagland et al., 1999). Ecotones
contain species at the limits of their ranges from adjoining communities, are important in
supporting regional biodiversity (Risser 1995), and are particularly sensitive to rapid shifts in
climate (Allen and Breshears 1998, Rehm et al. 2015). Two climatic gradients predominate in the
Cross Timbers—an East-West precipitation gradient, and a North-South temperature gradient.
Paleobotanical study of pollen records in the Cross Timbers suggests that during the late
Paleozoic, Picea, Abies, and Pinus were dominant. Carya became dominant, and Quercus first
appeared ~ 12,000 years ago, while Quercus did not become dominant until ~ 1,000 years ago
(Hall 1982). Each of these shifts coincides with a period of rapid change in climate: the end of the
Paleozoic saw the warming of the modern interglacial period, while 800-1200 years ago, the
medieval climate anomaly was regionally responsible for rapid warming, and increased drought

(Trouet et al. 2009). From the earliest botanical records in the late 19™ century, until the present
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day, two species of oaks are co-dominant in the Cross Timbers: a white oak, Quercus stellata—

post oak, and a red oak, Quercus marilandica—blackjack oak (Hill 1887, Desantis et al. 2010).

Between 1953 and 1957, a comprehensive statewide survey of 208 forest stands (across all
forested counties) was conducted in Oklahoma, USA, to quantify stand composition (Rice and
Penfound 1959). Combined basal area of Q. stellata and Q. marilandica accounted for 74% of
total basal area of all trees in Oklahoma. Of the 208 sites surveyed, 113 were classified Cross

Timbers, with Q. stellata and Q. marilandica codominant.

As the dry, westernmost edge of the eastern deciduous hardwood forests, the Cross Timbers
ecosystem is likely to be among the first regions of the North American eastern deciduous
hardwood forest to experience widespread climate-driven vegetation change. Here, we develop a
predictive SDM, trained using data from the comprehensive 1950s survey (Rice and Penfound
1959), to predict suitability for Q. stellata and Q. marilandica codominance in the present day.
Using this past-to-present method, we then conducted field surveys to test SDM predictions. With
predictions of present-day occurrence, and observations from field surveys—we set out to test
SDM predictions for this important ecotone, susceptible to impacts from global change, over a 70

year period.

Methods

Model construction

We trained our SDM with presence and environmental data from the 1950s. Presences were the
co-occurrence of Q. stellata and Q. marilandica determined from the 1953-1957 field data of
Rice and Penfound (1959). Although that survey assessed 208 forest stands across the state, only

sites from areas classified as Cross Timbers in a 1943 survey of wildlife habitat types of
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Oklahoma (Duck & Fletcher 1943) were utilized as presences to train the model (n = 134, Fig. 2),
as Q. stellata and Q. marilandica co-occur in many vegetation types where they are not co-
dominant. While spatial filtering to reduce sampling bias can improve model predictions (Boria et
al. 2014), we did not perform it in this study due to the nature of the occurrence collection—Rice
and Penfound (1959) set out to obtain representative sample data and determined their study plots
before conducting the survey. We obtained centroids for all sites from the Oklahoma Biological

Survey to georeference occurrence data (Hoagland & Hough 2008).

Bioclimatic variables are widely used in SDMs, and most often consist of 19 “bioclimatic”
(precipitation and temperature derived) variables available from the WorldClim database
(Hijmans et al. 2005). In order to generate these bioclimatic variables from 1950s and current
climate data, we used 1950-1959 and 2006-2015 monthly data from PRISM Climate Group at 4
km? spatial resolution for precipitation, maximum temperature, and minimum temperature
(PRISM Climate Group 1991). Average climate rasters were created for each month across the
ten-year training and projection timeframes. Bioclimatic variables were generated from these
average climate rasters using the R package "dismo." Additionally, we also downloaded monthly
maximum vapor pressure deficit (VPDmax) data to include in the SDM (PRISM Climate Group
1991). VPDnax is a quantification of the highest daily atmospheric demand for water, averaged
over a month. These values are informative of the maximum atmospheric drought stress on plant
water relations at a site, and are biologically meaningful as water transport is driven via
transpiration dependent on atmospheric vapor pressure deficit (Dixon and Joly 1895, Breshears et

al. 2013, Buckley 2019).
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Figure 2: Map of model extent, representing most of the state of Oklahoma. Top-left inset shows location
of Oklahoma (shaded black) within North America. On the main panel, black circles represent sites of Q.
stellata/Q. marilandica co-dominance during the 1950s, and were considered occurrence locations for
model training. Field sites are indicated by either a black “x” (predicted unsuitable) or black “+” (predicted
suitable), where validation was conducted during the summer of 2017 through both increment coring of
mature trees, and tree mortality surveys using belt transects. Blue shading indicates area potentially suitable
in the 1950s which are predicted to no longer be suitable by our model. Gold shading represents area
predicted to remain suitable in the present day, which was suitable in the 1950s.

We also added two soil information layers available from the United States Geologic Survey
(USGS) to the model, as inclusion of edaphic variables in modelling Quercus niches has been
found to reduce overestimation of future suitability predictions (Bertrand et al. 2012). The first
layer informed the model on the lithographic parent material from which soils in the area were
derived). Strong affinities to specific parent material have been demonstrated previously in
forests (Schwartz 1994). Additionally, a soil texture (surficial materials) layer was included to

characterize composition of the uppermost (10 cm) soil layer. Both soil datasets were obtained as
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polygon shapefiles, and converted in ArcMap using the ArcToolbox conversion tool “Polygon to

Raster” (ESRI 2011).

Training extent of the model included all counties in the state of Oklahoma, except for the
panhandle region. In order to provide sufficient background for presences at the border of the
training area, ArcMap was used to create an 8km (two pixel) buffer beyond any perimeter
presences. Finally, to enhance the selection of background, Cross Timbers area was removed
from background in all training datasets, with an 8km? buffer around all presences remaining,
such that environmental variables for presences would be included in the training dataset. This
insured that background selections would not be drawn from the area identified as Cross Timbers
during the 1943 survey (Duck and Fletcher 1943). We masked all environmental variables to this

training extent.

One factor important to consider when constructing an SDM that is trained in one time period
and projected to another, is collinearity between predictor variables (Dormann et al. 2013).
Collinearity was identified between layers utilizing SDMToolbox, running a Pearson's correlation

test (Brown 2014), and variables with > 0.7 R? were removed from the model.

Model development

We used the maximum entropy (MaxEnt) model to construct our SDM from presence data,
environmental variables, and projection layers (Phillips et al. 2006). We ran MaxEnt with 5,000
background points and 10 replicate cross validations using a random seed. Model performance
was evaluated using mean area under the curve (AUC) and the ten-percentile test omission from
an average of the cross-validation replicates. Average outputs for the 1950s and 2000s projections
were converted to binary outputs, utilizing the minimum training presence logistic threshold.

Changes in projected suitability were calculated using ArcMap's raster calculator, with the
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equation (2*1950s)-(2000s), providing an output raster with four classes for 1950s/2000s:

present/present, present/absent, absent/present, absent/absent (ESRI 2011).

Field Validation sites

Based on model predictions for present-day suitability (Fig. 3), we identified four field
validation sites which were predicted to remain suitable in the present day, and four that were
predicted to no longer remain suitable. We selected sites representative of the geographic extent
of Cross Timbers for both sites predicted to remain suitable, and those predicted to no longer be
suitable for oak co-dominance. As much of the Cross Timbers is privately held, site selection was
limited to locations at which we could gain permission for access and sampling. Selected
validation sites predicted to remain suitable were the Tall Grass Prairie preserve, E.C. Hafer Park,
Lexington Wildlife Management Area, and Kaw Lake State Park. Selected sites predicted to no
longer remain suitable in the present day were the Wichita Mountains National Wildlife Refuge,
Canton Lake State Park, Sequoyah State Park, and Okmulgee Wildlife Management Area (Fig.

2).

Field validation: transects

At each site in 2017, we established four transects from the forest edge toward the interior.
Transects were 100m in total length and 10m in width, with quadrats every 3 meters. Within each
quadrat, we identified all trees, and measured their diameter at breast height (dbh). We classified
each individual as either a seedling (height < breast height), sapling (dbh < Scm), or mature tree
(dbh > 5cm). To aid in identification of woody stems that were dead, we used a field guide
specific to identification of woody stems in the winter (leafless) condition for Oklahoma (Buck
1983). When identification was not possible due to decay, we recorded the species as unknown,

and it was not considered in the final analysis.
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Field validation: dendrochronology

Within each field site, we used increment borers to core ten or more Q. stellata with a dbh > 30
cm. We did not core Q. marilandica trees, as they are shorter-lived (generally, < 100 years) and
prone to heartwood decay, unlike the long-lived Q. stellata. We transported cores to the
laboratory to dry and glue them to wooden mounts. Once the glue dried, we progressively sanded
the surface of cores with a series of increasing grit (120, 240, 320, 400) using a belt sander.
Micro-sanding of the cores was conducted by hand in the laboratory (45, 30, 15, 9 um, 3M, USA)
to improve the identification of annual growth rings, and the boundary between early and
latewood portions of annual growth within rings. Visual cross-dating of tree-rings was conducted
using a compound microscope, after which individual rings were measured in the program
WinDendro (Regent Instruments, Quebec City, QC, Canada). Raw ring-width measurements and
cross-dating were validated using COFECHA (Speer 2010). Using program R package dpIR (the
dendrochronology program library) we de-trended ring widths using a negative exponential
function to remove age-related growth effects and construct ring-width index (RWI) chronologies

for each site (Bunn 2008).

Statistical analyses

We conducted statistical analysis comparing sites predicted unsuitable to those predicted
suitable for field observations of mortality, density, and tree-ring data. For all tests, we pooled
observations across sites such that each observation occurred at a site predicted “suitable” or
“unsuitable” in the present day by our SDM. To test for differences in density between model
predictions, we further grouped data by ontogeny (within model prediction). After checking for
homogeneity of variances (leveneTest function, car package in R), we conducted a two-sample t-
test for each size class (Tree, Seedling, Sapling, see above). Proportion of observed living and

dead trees was compared between suitability type using a chi-squared test. For tree-ring data, we
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compared RWI (pooled from all sites, by model prediction) for years of model training (1950s, n
=10 per site) to prediction (2006-2015, n=10 per site) using an ANOVA test in R (function aov()
in R package ‘stats’). All statistical tests were performed in Program R, version 3.5 (R Core

Team 2013).

Results

Model Results

Model mean AUC was 0.799, £0.034, with a 10-percentile test omission of 0.1667. Model
contribution was highest from four variables: mean annual temperature 36.5%, VPDmax 25.3%,
precipitation of the wettest week 21.1%, and soil texture (surficial material) 10.2%. Our model
predicted Q. stellata and Q. marilandica Cross Timbers co-dominance no longer suitable at 27%
of the 134 sites Rice and Penfound visited in the 1950s, and saw no change at 73% of sites.
Decreased suitability was observed in general at the eastern and western extremities of the Cross
Timbers. No large change was observed in the central Cross Timbers (Fig. 2). By area, present-
day suitability occupied just (73%) of the historically suitable area during the 1950s, a reduction

of (27%).

Field Validation Results

In our field validation, we surveyed 5,978 individuals across the eight sites, of which 2,169
were Q. marilandica or Q. stellata. Our model predictions of suitability changes for Cross
Timbers oaks were supported by field observations of mortality for seedlings and saplings, but
not for mature trees. Seedling mortality was not observed at sites predicted suitable, while sites
predicted to be unsuitable in the present day saw seedling mortality of 18.8%. Sapling results
were similar, with 17.8% mortality at suitable sites, and 31.3% at unsuitable sites. There was not
a significant difference between observed mature tree mortality, with 22.0% of stems dead at sites

predicted suitable, and 25.4% at unsuitable sites (Fig. 3). Here, it is important to acknowledge
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that percent dead is inclusive of multiple years of mortality—with dense wood and relatively slow
decay, we are uncertain how many years of mortality are represented by our observation of dead,
mature trees. Chi-square tests revealed that significantly more saplings (¢* =4.913, df=1,p =
0.027) and seedlings (c* = 236.960, p < 0.001) were dead at sites predicted unsuitable than sites
predicted suitable, while there was no difference for mature trees (c? = .288, df=1, p = 0.592, Fig.

3B).

Density results also varied across ontogeny. Seedling density of Q. marilandica and Q. stellata
was highest at sites predicted to remain suitable, with a mean of 6,150 stems/ha, and was
significantly lower at sites predicted unsuitable 2,130 stems/ha. Sapling density was not
significantly different based on model predictions (645 stems/ha suitable; 495 stems/ha
unsuitable). Additionally, mature tree density was not different based on model predictions (840
stems/ha suitable, 630 stems/ha +- SE unsuitable). Seedlings density was significantly higher at
suitable sites than at unsuitable sites (t-test, p = 0.010), while there was no significant difference

for mature trees (p=0.212) or saplings (p=0.564, Fig. 3A).

Our analysis of tree-rings revealed that canopy trees at the eight study sites ranged in age from
> 250 years (inner ring = 1768 C.E.) to 50 years (inner ring = 1968 C.E.). Mean sensitivity of the
chronologies to climate was 0.27 for total-ring width, 0.22 for earlywood, and 0.44 for latewood
chronologies respectively. When comparing the decade of model training (1950-1959) to decade
of model prediction (2006-2015), there was not a significant difference in RWI for total-ring,

early, or latewood chronologies (Fig. 3C).
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Figure 3: (A) Density of codominant oak stems, by ontogeny. Gold bars represent alive mean stem density,
while blue bars represent dead mean stem density. Seedlings density was significantly higher at suitable
sites than at unsuitable sites (t-test, p = 0.010), while there was no significant difference for mature trees
(p=0.212) or saplings (p=0.564). (B) Proportion of stems by ontogeny, at sites predicted suitable and
unsuitable. Stems are grouped by ontogeny (Tree, Sapling, Seedling), and bars for suitable/unsuitable sites
are shaded with the proportion alive (gold) or dead (blue). (C) Ring-width index (RWI) was not
significantly different based on site prediction for either the 1950s (model training) or 2000s (model
projection) ring widths (ANOVA, F = 0.080, p = 0.778). Bar height indicates mean RWI, bar color
represents model prediction (blue = predicted unsuitable, gold = predicted suitable). Error bars represent
SEM.
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DISCUSSION:

Our findings that SDM predictions were supported in the understory—but not in observations
of mature trees—serves as a cautionary tale for interpreting SDM projections to future, novel
climate scenarios. Predicting suitability in the present-day using known historic occurrence data
provided a clear test of SDMs to novel climate space. Here, we built a SDM in the past, projected
sixty years forward into the present, and tested model predictions with field observations. While
oak seedling and sapling observed mortality were higher at sites predicted to become unsuitable
for oak codominance, only seedling density varied significantly based on model predictions (Fig.
3). These findings are supported by research that has shown the earliest life stages are often the
most vulnerable in forests to drought-induced mortality (Van Mantgem et al. 2009). Mature trees
showed no difference in density, observed mortality, or growth. In long-lived species such as
Quercus, this indicates that mature canopy trees can be decoupled from perturbations in their
climate-envelope, as they have access to deep resource space belowground, and can store vast
amounts of carbon and water for use during periods of extreme environmental stress. However,
even long-lived oaks (such as the 250+yr individuals cored in this study) must eventually meet
their end—and declines in recruitment (e.g., seedling density, survival) could eventually lead to

long-term shifts in species distributions.

Extension & Limitations

Some systems are inherently easier to extend this work to than others. We expect that our
method would be difficult to apply in systems where observations of occurrence are less
complete—oak trees are conspicuous, large, and sessile—making detection and identification of
individuals across large areas feasible. Cryptic species may present unique challenges, but
datasets existing with any level of occurrence should be considered as opportunities to identify

models that can capture change. With vast collections (e.g, herbaria, museums) that are often
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georeferenced, the opportunity to put knowledge of species occurrence in the past to work is
tempting. When SDMs project range shifts on the order of 50 to 100 years, we should consider
the timeframe of occurrence data being used to train models. If older data are identified or
available, using a past to present projection (before attempting to predict to an even further, more

uncertain future climate space) will provide context to interpret model predictions.

Dusty data

In the early 1990s, advances in computing and digital storage led to an explosion in the
digitization of archived scientific data. Eventually, these efforts resulted in the formation of
databases to support the organization and access of this data at the global scale. Databases such as
the Global Biodiversity Information Facility (GBIF) and the Botanical Information and Ecology
Network (BIEN) serve this data, yet many datasets (including the Rice & Penfound dataset used
in this study) remain “offline” and are dormant, potentially in dusty filing cabinets of retiring
professors. Additionally, spatial biases in online repositories such as GBIF have been shown to
reduce the quality of SDM outputs (Beck et al. 2014)—making spatially comprehensive historic
datasets such as the present study’s invaluable for SDM testing. As precise records of past species
distributions, these historic data represent an opportunity to test models of species distribution in
an empirical framework. While some studies have asserted that historic observations are likely
less accurate in geo-referencing than contemporary, GPS located occurrences (Feng et al. 2019)
and historic environmental data (such as the PRISM data used in the present study) is often also
less precise (4 km?). Thus, it is likely that historic occurrences, even if not sub-kilometer
accurate, may be of great utility in testing SDMs. Using our method to train SDMs in the recent
past, project them to the present day, and field-test their accuracy, dormant data may be enlisted
to answer a pressing question of modern day ecology—where will species go, when environment

of the present-day range changes?
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Framework

Our findings suggest that SDM predictions should be interpreted alongside existing knowledge
of resilience, persistence, and community dynamics when considering species distribution
changes under future climate scenarios. For example, droughts in recent decades have led to shifts
of dominant forest tree distributions, preceded by an absence of recruitment (Allen and Breshears
1998). With much focus on the refinement of modelling future climate and environmental
conditions, we advocate for a similar focus on testing how these refinements translate to species
distribution prediction utilizing the methods presented in this study. Here, we present a
framework for testing SDMs (Fig. 6) that considers species distributions, climate, and disturbance

data across past, present, and future conditions.

Since the early 19™ century, environmental conditions are known from instrumental records at
varying resolutions. Continuous global temperature data derived from instrumental measurement
are available from the year 1850 C.E. (Brohan et al. 2006), while reconstructions of temperatures
(e.g., tree-ring chronologies, ice-core reconstructions, marine sedimentation) can provide records
> 10,000 years in the past (Marcott et al. 2013). Distributions of species during the past are
documented through broad collections (e.g., museums, online databases) and also by individual
studies that attempted broad-scale measurement (as in Rice and Penfound, 1959). While records
of disturbance regimes are less common, evidence of disturbance are recorded in similar records
as those for climate, for example by fire scars in the annual rings of trees. Also, disturbance
histories have been reconstructed from field notes, journals, management plans, eyewitness
interviews, newspaper articles, and other sources (Gimmi et al., 2008). In this way, SDMs can be

trained in the past using observed data.

In the present, global monitoring of climate is available at finer resolutions than ever before,

with modeling techniques providing the ability to interpolate direct measurements at yet finer
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scales, with ever increasing accuracy (Felicisimo Pérez and Martin-Tardio 2017, Fick and
Hijmans 2017). Similarly, methods for remote sensing of species distributions for conspicuous,
immobile species such as trees have recently been developed (Fassnacht et al. 2016). For mobile
species, GPS tracking and radio-transmission devices provide more detailed information on the
realized niche of broadly distributed organisms than ever before (Coxen et al., 2017). Data is
available on landscape disturbances in near real-time in the present day, via services such as the
Global Fire Atlas and Global Forest Watch (Andela et al., 2019; Curtis et al., 2018). In this way,
the past and present are rich with data that are either known or observable. In contrast, the future
states of environmental conditions, species distributions, and disturbance regimes are as of yet

unknown and unobserved—and therefore must be predicted.

Prediction is difficult, but large teams of scientists have developed models of the Earth system
that can reproduce many complex interactions to simulate global climate. These models are used
to determine what future conditions may be on the planet for a given relative concentration
pathway scenario. Of the future data considered, there has been perhaps the greatest effort in the
modeling future climate. These models are skillful, as hindcasting with these models provides a
means of testing model performance against known data. Disturbances under future conditions
also are predicted with skillful models, even for dynamic processes such as wildfire (Turco et al.,
2018). Species distribution models attempt to build future predictions based on inputs from
present and past species occurrence, climate, and disturbance data. Unlike climate models, SDMs
presently lack an empirical assessment of skill. Here, we have demonstrated that by building
SDMs in the past, projecting to the known present state, and conducting direct field-based
observations and measurements of model performance—skill of SDMs can be assessed
quantitatively. We encourage future studies to adopt similar methods to provide context for

assessing model predictions of future species distributions.
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Figure 4: A conceptual diagram for testing species distribution models. Inputs to SDMs (such as Climate
Data, and non-climate (e.g., Land Use/Disturbance) are available across past and present timescales. These
data are also predicted into future states with models that have been quantitatively assessed for skill. Our
past-to-present species distribution modeling method, paired with rigorous field validation, provides the
opportunity to similarly assess model skill prior to predicting future species distributions.

Given the model predictions for a 27% reduction in area that is suitable in the present day, a
natural conclusion may have been to anticipate broad collapse of oak co-dominance in the Cross
Timbers during the years between 1950 and the present day. While field observations agreed with
model predictions regarding the ability of these species to establish (e.g., seedlings, saplings) in
areas predicted no longer suitable, the lack of response for mature trees is an important nuance
that could have otherwise been missed. It is possible that during several favorable years, young
trees may become established enough that rare recruitment events prolong the co-dominance of
Quercus throughout much of the Cross Timbers. On the other hand, over long timescales it is

possible that rare extreme events may lead to conditions that are unfavorable for even mature
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trees, and that an absence of recruitment could lead to broad extirpation of Q. stellata and Q.

marilandica from their former co-dominant range.

Conclusion

Predicting species distributions remains a top priority for the field of Ecology. As evidenced
by rapid adoption of SDM methods (Fig. 1), interest in this field continues to grow. As
projections are made to future climate scenarios, here we have demonstrated that nuance
necessary for interpreting SDM results can be gathered through a novel framework that trains
models in the past, and projects to a testable present, before making predictions of future species
distributions. Our SDM predicted that suitable area would retract by 27% in the Cross Timbers,
but field validation results provided context to this prediction—namely, that early life stages were
at immediate risk, while mature trees were insensitive to model predictions. Before making
management, policy, or other decisions based on SDM outputs—our framework for testing SDMs
can provide the necessary context and additional confidence for the many disciplines that have

adopted the use of such models.
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Abstract
Earth’s forests face grave challenges in the Anthropocene, including hotter droughts

increasingly associated with widespread forest die-off. But despite the vital importance of
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forests—especially historical forests—to global ecosystem services, their fates in a warming
world remain highly uncertain. Critically missing is quantitative determination of hotter-drought
climatic drivers at globally-distributed, ground-based, tree-mortality sites. We established a
precisely geo-referenced global database documenting climate-induced mortality events spanning
all tree-supporting biomes from 154 studies since 1970. Here we quantify a lethal global hotter-
drought fingerprint from these tree-mortality sites across 675 locations encompassing 1,303
database plots. Frequency of these lethal climate conditions accelerates under projected warming,
up 140% by +4°C. Our database provides initial footing for further community-developed,
quantitative, ground-based monitoring of global tree mortality, immediately enabling critical
predictive model validation and improved remote-sensing of mortality. This global fingerprint of
lethal hotter-drought confirms many of Earth’s forests are increasingly imperiled by further

warming.

Main

Earth’s forests threatened by hotter drought

Central to global ecosystem services and human economies, forests serve as keystone habitats
for life, ecosystem drivers for the cycling of water and carbon, and both structural and economic
support for human civilization'. Global forests are composed of >60,000 tree species?, store
nearly half of terrestrial carbon and sequester up to a third of anthropogenic annual carbon
emissions®. Earth’s historical forests (large-tree communities with dominants established before

circa 1880) are disproportionately vital in the cycling of carbon and water, and supporting
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biodiversity**. Anthropogenic change poses many threats to forests—wildfires®, deforestation,
and especially hotter drought (e.g., drought atop chronic and/or acute hotter-than-normal climate
conditions’®) are rapidly degrading these giants of ecosystem services on Earth. Understanding
the climate conditions under which forests will persist—or die off—is urgent. Identification of a
global-scale climate signal of forest mortality would indicate that climatic pressures are
potentially overwhelming biome-specific differences among Earth’s forests, despite vast forest
structural and compositional diversity. Despite the widespread association between hotter-drought
and tree mortality events (events when mortality was significantly increased from expected
background rates)>'?, it has not been possible to quantify the climate conditions triggering die-off
globally without a more precise record of where and when forest mortality has occurred on Earth.
Thus, the fates of forests globally—especially Earth’s historical forests, relicts of recruitment

under already bygone climate conditions—are uncertain in today’s rapidly warming world.

Hotter drought as a climatic driver of tree mortality

Rising temperatures present a triple-threat to tree survival: amplification of atmospheric
drought; intensified soil drought; and direct effects of heat stress. As temperatures rise, so too
does the vapor pressure deficit (VPD, a measure of atmospheric drought, effectively air’s unmet
demand for moisture), accelerating water loss from both soils and trees during hotter periods,
even when leaf stomata are closed!'"'?. Anthropogenic warming also is increasing the frequency,
severity, and intensity of chronic soil droughts'?, and diverse evidence from tree rings to remote
sensing'* documents both antecedent warning signals of'®, and lagged growth and mortality
effects from, chronic droughts'®. Direct effects of soil drought on trees can be observed in their

physiological responses—as water becomes scarce, global observations show that trees limit
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water loss via stomatal control'’, and deploy diverse (e.g., stomatal, osmotic) adjustments to
ameliorate the immediate effects of drought®. Mild drought merely reduces growth and impairs
physiological functioning, but severe drought can permanently damage plant physiological
function and even can become lethal when basic hydration and/or metabolic needs are not met—
resulting in plant tissue collapse and eventually, death!®!”. Although plants have some ability to
acclimate to warming during drought stress?’, this acclimation potential can be overwhelmed by
either sufficient chronic or acute warming and/or by a drought of sufficient severity’-®. Hotter
droughts present a deadly dilemma to trees, where using water to ameliorate heat stress via
evaporative cooling must draw from the same shrinking pool needed to survive the drought®!’.
Thus, intensifying atmospheric drought (higher VPD) due to warming is especially costly to trees

concomitantly experiencing long-term deficits in soil moisture.

Unfortunately for Earth’s forests, the frequency of co-occurring extremes of heat and drought
has increased over the last century primarily due to chronic warming?!, the highest-confidence
and most globally-pervasive impact of climate change. At some point, chronic warming effects
could become so strong that they largely overwhelm biome differences and result in amplified
mortality across diverse biomes, becoming detectable with a single set of hotter-drought metrics
referred to hereafter as a “global fingerprint” of climate change on tree mortality. Thus the
question: is there a global fingerprint of hotter-drought triggered tree mortality, and if so, what
climate conditions constitute such a global fingerprint—how hot is too hot, and how dry is too
dry, relative to long-term climate? To answer these questions, we aimed to (1) establish a
precisely geo-referenced database of on-the-ground tree mortality observations during hotter
droughts; (2) use this database to quantify a global hotter-drought fingerprint on Earth’s forests to
evaluate if hotter-drought extremes are beginning to exceed the range of survivable climate across
diverse forested biomes; and (3) determine the frequency of such lethal climate conditions under

further warming.
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Database of global tree mortality

Here we provide a global database of precisely geo-referenced observations of tree mortality
associated with drought and heat (but not fire), from 154 peer-reviewed publications (Table S1)
spanning five decades, including research on all of Earth’s forested continents (see Methods). Our
literature review and data requests resulted in a precisely geo-referenced global database of 1,303
plots where ground-based observations of drought and/or heat-induced tree mortality occurred

between 1970 and 2018 (Fig. 1).
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Figure 1: Global distribution of hotter-drought tree mortality plots.

Geo-referenced tree mortality plots (n= 1,303) in the database. Dots are color coded according to the year
of mortality. Each point has been precisely georeferenced. Insets show examples of dense plot networks in
Canada, Central America, and Southwest Australia. To illustrate the extent of global forests, a background
layer in green shows canopy height’!, with darker green shading indicating taller forests. Inset (a) shows a
broad plot network from aspen die-off during drought in Canada. Inset (b) shows dense plot networks in
Costa Rica, Panama, and Colombia. Inset (c) shows plots in the Jarrah and Wandoo forests of Southwest
Australia.
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Every global biome with trees is represented by at least three plots of climate-driven tree die-
off in our database (Fig. 2). Notably, an annual precipitation gradient of over 4 meters and an
annual average temperature gradient of over 30 °C bounds our observations of tree mortality
events. By Whittaker biome*?, woodland/shrubland accounted for 49% of plots (n=638), but it is
important to note that these coarse climate-based Whittaker biomes (a useful simplification for
our global approach) obscures heterogeneous forest types within single biomes; in particular, the
woodland/shrubland Whittaker biome has the largest climate envelope and actually is dominated
in our database by diverse closed-canopy forest types, including those composed of conifer
species, aspen, oaks, and eucalypts. Temperate seasonal forest plots represented 14% of the
database, followed by subtropical desert (13%), temperate grassland/desert (12%), and tropical
seasonal forest/savanna (8%). Tropical rainforest, temperate rainforest, and boreal forest biomes
combined contained just 4% of plots. The remainder (4 plots) fell outside of Whittaker biome
space. Multiple biomes experienced mortality in 78% of the mortality years covered by our

database (Fig. S5). Mortality spanned elevations from sea level to 3,488m (Fig. 2).
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Figure 2: Biomes of global tree mortality plots.

Whittaker biome plot of database locations, showing the mean annual temperature (°C) and mean annual
precipitation (cm) for all 1,303 database plots. Each point represents a plot from the global database where
climate induced tree mortality happened. Notably, these mortality locations have occurred in all forested
biomes, across a range of 30 °C of mean annual temperatures, and a four-meter annual precipitation

gradient. Point color represents elevation, which ranged from sea level to 3,488m. Climate data for mean
annual precipitation and mean annual temperature are taken from TerraClimate??, and represent the average
over 1970-2000. These data illustrate that whether a site is typically cool, warm, dry, or wet—eventually, a
locally-extreme hot drought can lead to tree mortality.
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Quantifying a hotter-drought fingerprint on Earth’s forest mortality sites
ying g gerp Yy

We included 6 climate metrics related to hotter drought from TerraClimate?, a globally
gridded climate and hydroclimate product in our analysis: monthly average maximum
temperature (TMAX), vapor pressure deficit (VPD), climatic water deficit (CWD), soil moisture
(SOIL M), precipitation (PPT), and the Palmer Drought Severity Index (PDSI). Our 1,303 plots
were encompassed within 675 locations at the spatial resolution (1/24°) of TerraClimate. To
quantify climate conditions associated with heat- and drought-induced tree mortality, we
identified the typically warmest and driest months (e.g. months with the highest TMAX, VPD,
CWD, and lowest SOIL M, PPT, PDSI) for each variable at each location during the 71 years of
available climate data (1958-2019). We calculated monthly z-scores of these climate metrics
relative to the period of record (1958-2019) to facilitate comparison across the diverse climates at
database sites during the years bounding mortality events (+ 4 years from onset of mortality).
Across the global database, climate conditions in the year of tree mortality (defined as the year
mortality began, as determined from source papers or data requests) for every metric we assessed
were significantly warmer and drier than the long-term mean (Fig. 3). Specifically, during the
mortality year, we identified a global hotter drought fingerprint when typically warmest/driest
months for TMAX, VPD, and CWD z-scores were significantly higher than the long-term
average by 0.37 6 = 0.04, 0.30 ¢ £.04, and 0.49 o £ .04 SE, respectively while PPT, and with
SOIL M z-scores below average by -0.21 ¢ + .03, and -0.39 o £ 0.03 SE, respectively. The
drought index PDSI, which includes memory of water balance anomalies over several months,
had the largest z-score magnitude of all variables and was significantly negative (drier), -0.73 ¢ £
0.04 (as were 3-, 6-, 12-, and 24-month Standardized Precipitation-Evapotranspiration Index,
SPEI, z-scores, a comparable climatological drought index, see Fig. S1). Mortality year TMAX

anomaly was 0.55
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Figure 3: Hotter-drought fingerprint of global tree mortality.

The z-scores of climate variables during typically warmest/driest months (as described in text) for the 4
years preceding, 4 years following, and during the onset of tree mortality events. For each variable, circles
indicate the mean z-score of all sites, while whiskers represent the 95% confidence interval of that mean.
Panels are arranged chronologically from left-to-right, top-to-bottom, from 4 years before mortality began
through 4 years after. During the year of onset of mortality, a hotter-drought fingerprint on forest mortality
events was revealed as the mean of plot z-scores for all climate variables significantly shifted toward values
characteristic of warmer and drier conditions, with the year prior and year following mortality showing
similar, but weaker, tendencies (this three-year window, centered on the year mortality began, is outlined in
red). The z-scores for TMAX, VPD, and CWD are shown with their original sign, while the sign of z-
scores for PPT, SOIL M, and PDSI were flipped such that positive indicates warm/dry, and negative
indicates cool/wet across all variables. Point color represents the variable condition relative to long-term
(1958-2019) climate: white indicates no difference, blue is significantly wetter/cooler, and red is
significantly warmer/drier.

°C (+/- 0.05 °C SE) warmer than the long-term trend. The year preceding the onset of mortality
was also significantly warmer and drier for all variables, although less so than the year mortality
began; the year following the onset of mortality also tended toward hotter and drier than the local

71-year average. In contrast, years preceding or following this 3-year window—centered on the
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Figure 4: Mortality year conditions trending hotter and drier.

Trends for the six climate variables (a-f) that comprise the hotter-drought fingerprint during the typically
hottest/driest months of the mortality year across all site locations. Points represent a single site’s mortality
year anomaly for each climate variable from the long-term (1958-2019) climate average. Trendlines shown
in red are linear model fits, with grey shading representing model standard error; all regressions are
significant except for precipitation (a dashed red line). In years when mortality occurred, the typically
warmest and driest months’ climate variables which depend on temperature have increasingly become
hotter and/or drier through time.
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year mortality began—had smaller differences from the long-term (1958-2019) climate (Fig. 3).
This finding indicates that long-term trends (e.g., chronic warming, for further evidence see Fig.
S3 and Fig. S6) are not responsible for the anomalous mortality year hotter-drought fingerprint
signal (Fig. 3, center panel), as z-scores return to relatively typical long-term values two years
following the onset of mortality. Importantly, this hotter-drought fingerprint was also detected in
a separate biome-specific analysis, across all biomes except the tropical rain forest (see Fig. S7),
where our sample of known mortality events is limited and sparse climatological instrumental
records may result in higher uncertainty for the spatially interpolated global climate data used in

our analysis.

Since 1970, many conditions during mortality years became warmer and drier in the study
plots. In particular, TMAX, VPD, and CWD have all trended positively (Fig. 4a, b, ¢), while
mean dry-month precipitation anomalies at the sites represented in our database have not
significantly changed (Fig. 4d)—which may be partly due to the large proportion of sites which
receive zero precipitation during their typically driest month. At the same time, SOIL M and

PDSI have trended toward drier values over these years (Fig. 4e, f).

A hotter-drought fingerprint forewarns that tree mortality risk accelerates with warming

Under the two warming scenarios (+2 °C, +4 °C), superposed on observed climate (+0.7 °C,
1985-2015) for comparison®*, conditions are projected to become drier (more negative PDSI) and
more arid (higher VPD) relative to observed climate (Fig 5a-c). We determined the number of
years when each of the six variables exceeded their site-specific mortality-year heat and aridity
thresholds—the local, site-specific hotter-drought fingerprint. As a result, the frequency of

mortality-triggering environmental conditions increases nonlinearly with warming (Fig. 5D).
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Under the observed (1985-2015) climate, which represents warming of ~0.7 °C above pre-
industrial (1850-1879) climate levels, mortality-year conditions occurred on average 1.62 years
per decade (+/- .08 SE) at sites in our analysis. Under +2 °C and +4 °C warming, mortality-year
frequencies increase by 22% and 140% (1.97 +/- .07, 3.88 +/- .10 years per decade), respectively.
The rate of increase in die-off conditions is best fit with an exponential curve, indicating an

acceleration in mortality condition frequency with climate warming (Fig. 5D).
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Figure 5: Warming triple-threat accelerates mortality risks.

Under two warming scenarios, leading indicators of tree mortality representing the triple-threat that
warming poses to tree survival at the plots in our analysis departed from recent values toward drier (PDSI,
panel a, VPD, panel ¢) and warmer (TMAX values, panel b) indicating further warming will shift climatic
space toward that recently associated with mortality events. In panels a-c, the density distributions of PDSI,
TMAX, and VPD during observed (+0.7 °C, light blue) and warmed +2 °C (pink) and +4 °C (red) climate
scenarios are shown. In panel D, barplots show the mean frequency of mortality year hotter-drought
fingerprint conditions (when for a particular location, all six monthly variables met or exceeded the local
hotter-drought fingerprint conditions of the mortality year), while the x-axis represents the mean warming
since pre-industrial (1850-1879) climate. Error bars represent 95% confidence interval, and dashed grey
line is an exponential fit.
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Earth’s forests imperiled by further warming

We found that Earth’s forests are increasingly imperiled by further warming and drought, as
the frequency of lethal climate conditions observed with recently documented global mortality
events will accelerate with further warming (Fig. 5d). We quantified a global-scale hotter-drought
fingerprint, representing a global climate signal for years with documented site-specific tree
mortality. Climate-induced tree mortality in recent decades under hotter-drought conditions has
been documented across forests from a diverse array of boundary conditions, spanning from the
tropics to the boreal, from sea level to 3,500 m, and across a four-meter precipitation gradient and
30 °C of mean annual temperature. The result that the hotter-drought fingerprint is similarly
evident in the year prior to reported mortality onset (Fig. 3), as well as largely echoed in the year
after, may be due in part to the imprecise nature of identifying the ‘onset’ and duration of
mortality (e.g., visual indications of mortality may lag significantly behind environmental
drivers'®). In addition, chronic drought conditions commonly span multiple years, cumulatively

predisposing eventual, lagged mortality events'#

—consistent with our observed ‘three-year
hotter-drier window’, centered on the nominal mortality year (Fig. 3, red shading). Although our
approach does not reveal detailed mechanistic ecophysiological responses driving mortality, it
exemplifies the powerful utility and practical potential of empirical approaches that tightly link
direct observations of tree stress and mortality to observed climate drivers. While multiple
emerging lines of evidence indicate that warming puts trees at greater risk under drought
conditions®!2225-27  the quantitative hotter-drought fingerprint we identified provides robust
confirmation using extensive ground-based global observations of mortality that further warming

will accelerate global forest die-off. Importantly, despite the structural, compositional, and biome

diversity of forests analyzed together, a global hotter-drought fingerprint emerged.
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The impact of this hotter-drought fingerprint is reflected in how Earth’s forests are rapidly
changing already, with nearly half a billion trees having died in Texas and California alone since
2010%%%, Hotter central-European drought starting in 2018 has led to extensive dieback of forests
that is ongoing—and of yet undetermined extent—which could lead to significant ecological
transitions’. Other notable global tree mortality events during hotter-drought episodes include
pulses of large-tree mortality since 2005 across Amazon basin tropical forests®!*2, and
historically-unprecedented hotter-drought triggered dieback in Jarrah forests of SW Australia in

2011777,

Although these changing forest ecosystems may benefit in various ways (e.g., increased water-
use efficiency, stored non-structural carbon, etc.) from productivity gains under elevated
atmospheric CO»*—when soil nutrients and water are not limiting—the net effects of increasing
CO> on the mortality of global forests during hotter drought are uncertain®*>3*, In particular,
during hotter-drought events plant uptake of CO, is limited by initial closing of stomata, with CO-
uptake eventually blocked as leaves lose turgor, followed by failure of the coupled plant
water:carbon transport system which may ultimately result in death!”!°. Thus potential
amelioration of mortality risk by the ~85ppm CO; increase during mortality-event years in our
database (1970-2018) might have been overwhelmed by the concurrent increases in TMAX
anomalies observed during mortality-event years (Fig. 4), intensifying the warming triple-threat
to tree survival (soil drought, atmospheric drought, and heat stress)—consistent with
experimental findings combining drought, warming, and elevated CO»*>*°. Recent empirically
based global-to-subcontinental studies have found that eCO2 acclimation in some systems may
have been exhausted for decades already, with remaining ecosystems soon to follow*7%° Also,
while carbon gains from increased CO; prior to drought may prolong plant survival by preventing
carbon reserve exhaustion, an empirical global synthesis found that trees dying during drought are

rarely starved of carbon®. Finally, evidence suggests that productivity gains from CO,
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enrichment in non-drought years also may be offset by shortening of tree lifespans from hotter-
drought-amplified mortality, driving decreases in both forest carbon residence time and total

storage®4!,

Earth’s historical forests are especially vulnerable

As the longest-lived organisms on Earth, trees routinely are imbued with historical and
cultural significance by human societies, while also persistently sequestering carbon and
amplifying local biodiversity for centuries, sometimes millennia. In contrast, extreme climate
stress events occur on the scale of days to months to just a few years, and in these relatively brief
periods, large old trees—exemplars of Earth’s historical forests>—can be especially susceptible to
mortality***°. Forests will certainly persist and thrive over large areas into Earth’s future, but
increasingly they will have to rapidly shift in physiological function, morphology, genetics,
species composition, structure, and geographic distribution in response to anticipated climate
changes. Where the pace of climate change outruns the adaptive or acclimation capacities of
historically-dominant tree individuals and species, additional die-off events will occur and some
forests may cease to exist. In particular, the current tree communities of Earth’s historical
forests—which took centuries to grow to structural dominance under locally vanished climate
conditions—may continue to often be most negatively affected by continued warming and

3444 " as novel hotter-drought extremes increasingly exceed the range of survivable climate

drying
across diverse forested biomes The expected near-term outcome is simplified tree communities,

where more drought- and heat-tolerant species survive, and less tolerant species diminish or

perish. In many cases, this may lead to lasting changes in vegetation composition, stature, and
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spacing, where surviving woody plants in these communities do not maintain or develop the

canopy structure typical of historical old-growth forests®23-344¢,

Underestimation of tree mortality from hotter droughts

While our projections for an increase in the frequency of climate conditions associated with
historical forest die-off by up to 140% under +4 °C may seem severe, they are modest in
comparison to some recent empirical and mechanistic process-based model predictions for
catastrophic forest die-off at continental scales under hotter droughts44. We believe our
projections of increasingly frequent, historically lethal climate conditions for Earth’s forests may
be conservative for several reasons. First, requiring that all six climate variables meet or exceed
mortality year conditions, concurrently in the same year, is an exceptionally strong filter. For
example, TMAX, VPD, and PDSI independently exceed mortality-year conditions under +4 °C in
about 4 out of every 5 years (Fig. S2), whereas under the same warming scenario, all six metrics
exceeded the hotter-drought fingerprint only half as often. Second, tree mortality is complex and

many forest disturbance agents amplify forest die-off in the presence of global warming and

25,34 45,48 d32,50

hotter droughts,?>** including insects***®, pathogens*’, wind*>°, and lightning®'. Additionally,
anthropogenic warming promotes greater wildfire activity, particularly fire extent and severity in
many forests worldwide®>, driving further declines in Earth’s forests. We also have not
considered disturbance interactions among these many amplifying and synergistic agents of tree
mortality>®33, but conversely we also acknowledge that thinning from either climate-triggered
mortality, or that associated with these synergistic agents, may partially buffer against future

losses. Third, our findings indicate that climate anomalies of mortality years are trending towards
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even hotter and drier conditions (Fig. 4, but see also that mortality-year warming outpaces the all-
years warming trend, Fig. S3), concurrent with any ongoing acclimation to temperature and/or
CO2 fertilization. Yet the potential for tree species to acclimate to ongoing climate warming,
even with increasing atmospheric CO2 concentrations, is not unlimited—and when exhausted—
forest die-off may rapidly accelerate®*”. Recent empirical studies using regional to global
observations of vegetation suggest further acclimation may be locally exhausted, and globally
limited in as soon as a decade®”*®. Since projected warmer climate conditions include
unprecedented extremes of hotter drought for which there are no observed analogs, the potential
for crossing historically unknown tipping-point climatic stress thresholds may increase, further
amplifying tree mortality?. Fourth, our analysis of mortality-year frequency uses monthly climate
data, yet important drivers can occur on longer (e.g., drought'®), and shorter (e.g., heatwave’?7)
timescales. For example, the four-year-prior signal of cooler/wetter climate (Fig. 3) may reflect

favorable pre-drought conditions promoting structural overshoot of trees, which could amplify

dieback and mortality risk during subsequent years of hotter-drought*S.

Roadmap for research enabled by a quantitative ground-based global database

Our hotter-drought fingerprint was consistent across all biomes except the tropical rain forest
(Fig. S7) — despite published direct observations of hotter drought as a driver of tree mortality at

3132 perhaps because both mortality events and climatic instrumental

these tropical rainforest sites
observations are sparse in this biome, inflating uncertainty. This global coherence of our
empirically quantified hotter-drought fingerprint may provide immediate improvements for

representing tree mortality in models of the Earth system, while also enabling diverse future

analyses. Although global in geographic extent, our database is limited by the availability of peer-
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reviewed, ground-based empirical studies of climate-induced tree mortality, and thus only
sparsely covers some regions, particularly large portions of boreal and tropical forests. Despite
this and some other limitations, our database represents the first globally-distributed dataset with
precisely geo-referenced sites where ground-based heat- and drought-induced tree mortality has
been documented. Importantly, our use of this database to quantify a global hotter-drought
fingerprint of tree mortality illustrates the potential for rapid progress in empirical modeling of
forest mortality drivers and thresholds at spatial scales from local to global, where direct
observations of forest responses to climate stress can help identify and quantify mortality drivers.
Toward the goal of fostering further rapid community development of many more such direct
observations of climate-induced forest stress and tree mortality world-wide—with methods
ranging from local ground-based sites to synoptic remote-sensing—this database immediately
will be served as an open-access resource at tree-mortality.net, a website associated with the
International Union of Forest Research Organizations (IUFRO) task force on monitoring global
tree mortality patterns and trends (https://www.iufro.org/science/task-forces/tree-mortality-
patterns). The complete database—along with an interactive version of Figure 1 from this
paper—will allow users to zoom in on dense plot networks, with direct links to the supporting
literature for each point. This online database includes the reference for each plot, its precise
coordinates, dominant species, associated biotic agents, and the year of mortality onset. To
further update and rapidly increase the quantity and spatial representativeness of global tree
mortality observations, ongoing on-line contributions from diverse observer groups, ranging from
practicing foresters and field ecologists to remote-sensing scientists, can be integrated into the

website in near-real-time via a user-friendly entry form.

As the largest set of ground-truthed observations of drought- and heat-induced tree mortality,
this database can immediately aid in validating remote-sensing technologies for eventual synoptic

monitoring in near-real-time of tree mortality (which could then feed back into the database).
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Additional groups to benefit from the database are those interested in climate and physiological
mechanisms of tree mortality, including the connected fates of all forest-dependent life**’, with
an aim toward improving the representation of climate-induced tree mortality representations in
Earth system models. Related future research opportunities associated with this initial online

database include:

(1) identify additional chronic (e.g., seasonal to decadal) and acute (daily to weekly) climatic
signals of tree mortality, including through analyses which quantitatively consider antecedent

and lagging factors, and duration of drought stress;

(2) synthesize mortality observations from extensive forestry plot inventory networks, to increase

spatial representation for the global climate signal of tree mortality;

(3) apply remote-sensing approaches to mortality detection using this spatially precise (and
sometimes plot-dense) database for ground-truthing, to determine the full spatial extent of
known mortality events, and aid in ongoing monitoring of forest stress and tree mortality

events in near-real-time;

(4) benchmark state-of-the-art Earth system models via hindcasting, to assess accuracy of tree
mortality event representation— and importantly also across spatial resolutions (as in Fig. S4)

at which these planetary models operate;

(5) develop approaches to understand potentially unique features and drivers of hotter-drought
mortality in tropical rain forests, the single biome in which our global approach did not reveal a

strong hotter-drought fingerprint; and

(6) investigate how the severity of forest die-off events will respond to further warming.
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Future challenges for Earth’s forests and societies under hotter drought

In conclusion, our findings reveal the emergence of a global acceleration of lethal climate
conditions, associated with recent forest mortality events under further warming. Earth’s
historical forests in particular face a challenging future, including dramatic changes in the extent,
composition, age, and structure of these unique forests, with planetary-scale consequences for
biodiversity and the cycling of water and carbon. Although forests often are invoked as an
important part of the solution to the present global climate crisis, their role as carbon sinks in

9.3353__ywhich our

mitigating climate change depends upon their ability to survive further warming
global hotter-drought fingerprint identifies as an imminent threat. Importantly, our findings show
that limiting warming to +2 °C over pre-industrial levels could reduce the frequency of these
lethal climate conditions associated with observed tree mortality events to less than half that

predicted at +4 °C. Efforts to protect the world’s climate from excessive warming likely will be

decisive in determining the future of many of Earth’s forests.
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Methods:

Literature review methods

We reviewed the references from four recent progressively updated reviews of drought and

heat-induced tree mortality"*'923

which included references to 209 peer-reviewed studies
documenting drought and heat induced tree mortality. Additionally, we reviewed 21 recent peer-
reviewed studies not included in those prior reviews. Studies were included in the database when
they met the following conditions: 1) the study had on-the-ground observations of pulses of tree
mortality (e.g., events where mortality was significantly increased from expected background
rates). 2) the study attributed the mortality to a climatic driver of heat, drought, or their
combination. 3) the study contained either precise coordinates (within a kilometer) or a site
description, map, or other means of accurate geolocation. To identify the year that significant tree
mortality began for a site, we used the authors’ assessment (as described in their paper, or

communicated during data request). Of the 230 papers, 154 met our criteria and were included in

the global database (Table S1).

Precise Georeferencing

Georeferencing was done in one of two ways: either a paper contained precise coordinates for
the location of plots with dead trees, or we submitted a data request to the paper’s author seeking

coordinates, plot descriptions, and accompanying mortality data. Of the 1,303 plots included in
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our database, 248 had precise location information listed in the publication (or associated
supplemental materials) while 1,055 locations were obtained via e-mailed data requests to authors
of the studies. When mortality was reported as a percentage, we determined ‘higher-than-
expected’ mortality based on authors’ expertise of their study system. Often, “standing dead” of
15% or greater was used, as 2-3% annual background mortality rates accumulated for up to five
years would not be expected to exceed this threshold. Of the 76 excluded studies, most were
remote-sensing studies (e.g., aerial photographs, aerial observer mapping, satellite or airplane-
borne multispectral sensors) or extensive forestry plot inventory networks (e.g., USFS FIA, EU
NFIs), where precise geolocation and attribution of mortality to drought and/or heat were not
possible. To place these broadly distributed mortality sites in the context of global forests, we

plotted our database (in Fig. 1) along with global canopy cover of 5 m or higher 3.

Historical Climate data

Climate data for our study came from TerraClimate, a globally gridded (1/24-degree, or ~4 km)
product of climate and hydroclimate?. As the spatial resolution of the climate data was more
coarse than the spatial resolution of our database, we filtered our 1,303 plots with a spatial grid of
TerraClimate’s resolution, such that 675 unique locations were included in the final analysis, to
avoid over-representation of dense plot networks in our analysis. We considered 6 monthly
TerraClimate variables from 1958 through 2019: mean daily maximum temperature (TMAX),
vapor pressure deficit (VPD), climatic water deficit (CWD), soil moisture (SOIL M),
precipitation (PPT), and the Palmer Drought Severity Index (PDSI). We additionally considered
the 12-month Standardised Precipitation-Evapotranspiration Index (SPEI), calculated from

reference evapotranspiration (PET) calculated using the Penman-Monteith approach and PPT.
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Additionally, we used mean annual precipitation and mean annual temperature data from
TerraClimate, from the period 1970-2000, to calculate the Whittaker biome classification 22 of all

256

1,303 plots in our database using R package ‘plotbiomes’°. We acquired elevation data using R

package ‘elevatr’’.

Climate warming data

We also considered projected climate for two pseudo-global warming scenarios that perturb
TerraClimate data for 1985-2015 with projections commensurate with global mean temperature
+2 °C and +4 °C above pre-industrial (1850-1879) levels?*. Briefly, these warming scenarios use
a pattern-scaling approach that scales local changes and variance in monthly climate relative to
changes in global mean temperature. These changes are then superposed to 1985-2015 data to
provide time series data comparable with the observational record; we additionally apply an
empirical correction to PET calculations that account for enhanced water use efficiency and

enhanced surface resistance to transpiration losses™.

Statistical methods for historical data

For each climate variable (TMAX, VPD, CWD, SOIL M, PPT, PDSI, we calculated the
anomaly (for example, TMAX of the warmest month in the year of mortality - TMAX average
for the 71 values of the same month). To provide cross-comparison between metrics with

different scales and across disparate climates, anomalies were standardized into z-scores, such
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that time series had a mean of 0 and a standard deviation of 1 based on using the entire period of

record 1958-2019.

We quantified the global signal of mortality by calculating the mean and 95% confidence
interval of z-scores for all 675 sites during the year of mortality. To assess the antecedent and
lagging conditions for this climate signal, we calculated anomalies and z-scores for the 4 years
prior and 4 years following mortality for each plot, and calculated mean and 95% CI’s as during
the mortality year. We expected this nine-year period, centered on the mortality year (the
response for which provides the hotter-drought fingerprint), to include conditions sufficiently
prior to mortality (4 years before) to represent normal conditions. As we could only identify the
initial year of mortality (studies rarely persist for the years required to determine if elevated
mortality has ceased), we investigated the lagging years to see if the climatic signal of tree
mortality persisted beyond the mortality year, as legacy effects have been reported following
intense droughts'®. We conducted linear regressions for the year of mortality and each variable’s
anomaly to determine if anomalies during extreme conditions the year of mortality were

increasing, decreasing, or remained unchanged through time

Statistical methods for warming scenarios

We first calculated for each site the number of years during observed (1985-2015) climate in
which the local mortality-year threshold conditions (that is, years when all six climate variables
met or exceeded the mortality year conditions during that site’s typically warmest/driest months).
We repeated this with +2 °C and +4 °C warming scenarios. We summarized the frequency of
annually concurrent threshold conditions per decade for all sites under historic, +2 °C, and +4 °C

climate conditions (Fig. 5D).
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Abstract

Determining physiological mechanisms and thresholds for climate-driven tree die-off could
help improve global predictions of future terrestrial carbon sinks. We directly tested for the lethal
threshold in hydraulic failure—an inability to move water due to drought-induced xylem

embolism—in a pine sapling experiment.

In a greenhouse experiment, we exposed loblolly pine (Pinus taeda) saplings (n=83) to
drought-induced water stress ranging from mild to lethal. Before re-watering to relieve drought
stress, we measured native hydraulic conductivity and foliar color change. We monitored all

measured individuals for survival or mortality.
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We found a lethal threshold at 80% loss of hydraulic conductivity—a point of hydraulic failure
beyond which it is more likely trees will die, than survive, and describe mortality risk across all
levels of water stress. Foliar color changes lag hydraulic failure—best predicting when trees have

been dead for some time, rather than when they are dying.

Our direct measurement of native conductivity, while monitoring the same individuals for
survival or mortality, quantifies a continuous probability of mortality risk from hydraulic failure.
Predicting tree die-off events and understanding mechanism requires knowledge not only of when

trees are dead, but when they begin dying—having passed the point of no return.

Introduction

Earth is undergoing rapid shifts in ecosystem structure and composition due to an
unprecedented rate of warming accompanied by increased variability in precipitation driven by
anthropogenic climate change (IPCC, 2014). Forests in many regions around the world have
experienced elevated rates of tree mortality and episodes of widespread, regional forest die-off
(Allen et al., 2010). Trees provide important ecosystem services, including erosion prevention,
hydrologic balance, and maintaining biodiversity (Anderegg et al., 2013; Hartmann et al., 2018a;
Morillas et al., 2017), and also dominate terrestrial carbon sequestration, contributing more to
carbon sink strength per land area than any other vegetation type (Bonan, 2008). The fate of
feedbacks in carbon exchange between forests and the atmosphere under a changing climate
remains one of the largest uncertainties in projecting future climate change (Friedlingstein ef al.,
2006; Friedlingstein ef al., 2014; Friend et al., 2014) . Despite the importance of forest die-off,
predicting when and where it will occur in response to climate remains a challenge for vegetation

modeling. Development of process-based models that simulate physiological mechanisms of
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stress and mortality may be the best solution for prediction of rapid, non-linear tree mortality
events under future climate scenarios that are not analogous to current climate conditions (Allen

etal.,2010; McDowell et al., 2011).

Process-based prediction of forest mortality requires identifying the physiological causes of
tree death. Two interrelated physiological mechanisms for tree mortality from drought have been
proposed: hydraulic failure and carbon starvation (McDowell et al., 2008). Hydraulic failure
occurs during drought-induced water stress when xylem tensions become high enough to cause
air-seeded embolism that occludes water transport beyond a threshold for survival (Cochard et
al., 1992; Sperry & Tyree, 1988). Carbon starvation during drought is proposed to occur after
stomatal closure when maintenance respiration demands exceed stored non-structural
carbohydrate (NSC) reserves via reserve exhaustion or though immobilization if reserves are

inaccessible (McDowell et al., 2011; Sala et al., 2010; Sevanto et al., 2014).

While hydraulic failure and carbon starvation are likely highly interactive during tree
mortality—and clearly not mutually exclusive mechanisms (McDowell ef al., 2011)—
observations have demonstrated that hydraulic failure is a ubiquitous factor in tree death from
drought in experiments and natural settings (Adams ef al., 2017). In the global synthesis of
Adams et al., hydraulic failure was > 60 PLC (percent loss of xylem conductivity) in all cases
where trees died. In contrast, reductions in NSC (compared to control groups) were observed in
only 48% of cases. Resistance to hydraulic failure has also been found predictive of tree species’
mortality rates during drought around the world (Anderegg et al., 2016; Martin-StPaul et al.,
2017). Carbon starvation has been observed to interact with hydraulic failure in causing tree death
(O’Brien et al., 2014), but may only prove directly lethal on its own in the case of extreme light
limitation (Sevanto et al., 2014; Wiley et al., 2017). In a shade-mortality experiment, Wiley et al.
found that NSC reserves in roots could be nearly exhausted (<1% dry weight) at whole-plant

death, levels rarely observed in field or greenhouse studies of drought-induced mortality (Adams
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et al., 2017). Although carbon starvation can occur in the absence of drought-induced hydraulic
failure (Wiley et al., 2017), it seems unlikely that any level of hydraulic failure can occur without
some amount of carbon immobilization. In the present study, we quantify only hydraulic failure
as a risk factor for drought-induced tree mortality, but acknowledge a secondary effect of
hydraulic failure is immobilization of some carbon stores (Sala et al., 2010) and thus, measures

such as PLC could be integrative of both water and carbon stress.

While previous work has often focused on comparisons between trees which are dead or likely
committed to death (i.e., past the point of no return), and those which survive, we still lack an
understanding of the transition space between life and death. Most importantly, we do not yet
know when trees begin dying during drought stress—passing a point of no return—such that they
will fail to recover and eventually die, even if drought stress is relieved. For example,
measurement of hydraulic failure in studies summarized by Adams et al. (2017) likely occurred
long after trees passed the point of no return in hydraulic function. In order to advance our ability
to predict tree mortality, we need to pivot from describing the symptoms in trees that are already
dead (i.e. past the “point of no return”) to quantify the risk factors that distinguish dying trees
from those which will survive (Hartmann et al., 2018a; Martinez-Vilalta et al., 2018). For
hydraulic failure during prolonged drought stress, embolism continues to accrue until no xylem
remains functional as tree tissues become desiccated. However, it is unlikely that complete loss of
xylem conductivity is necessary to cause mortality. Trees can die when some portion of the
xylem is still functional but conductivity has been reduced below a threshold sufficient for
survival, such that trees will die even if water becomes available (Adams et al., 2017; Hartmann

et al., 2018a).

Quantifying this threshold, the point of no return for hydraulic failure beyond which it is
expected that the majority of trees in a population will die, is a current priority for understanding

mechanisms causing tree mortality (Adams et al., 2017; Martinez-Vilalta et al., 2018; McDowell
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et al., 2011). Supply-demand hydraulic theory, based on the hydraulic constraints on water
transport through plants from atmospheric demand and soil water supply, posits that exceeding
some substantial level of hydraulic loss, perhaps 60 PLC, results in an increased likelihood of
mortality (Sperry & Love, 2015). Model hindcasting of drought-induced tree mortality found that
a threshold in hydraulic function associated with a chronic PLC > 50 successfully predicted
landscape-scale patterns of aspen (Populus tremuloides Michx.) mortality (Anderegg ef al.,
2015). Results from several drought experiments were used to infer a lethal threshold near or
above 60 PLC following post-drought re-watering from either the timing of gas exchange
recovery (Brodribb et al., 2010; Brodribb & Cochard, 2009; Urli et al., 2013) or from thresholds
in water potential as related to PLC via hydraulic vulnerability curves (Li et al., 2015). Although
experiments, landscape-level modeling, and theory have indicated that ~60 PLC might be a useful
predictor of drought-induced tree mortality, hydraulic failure thresholds have not been
experimentally determined with direct measurement of PLC just before relieving drought and

monitoring for survival or mortality of measured individuals.

Canopy color is available from many remote sensing products and may be a useful indicator of
drought-induced tree death to facilitate detecting and monitoring widespread drought-induced tree
die-off (Hartmann et al., 2018a). Changes in foliar color have been used often in previous studies
to determine whether trees are dead or alive, with a common definition of death including foliar
browning (see table S3 in Adams et al., 2017 for a recent review; Adams et al., 2009; Anderegg
et al., 2012). However, it remains unknown whether foliar color changes (including browning)

occur before, during, or after the point of no return from hydraulic failure.

Here we focus on directly testing the lethal limit for hydraulic failure with a point of no return
drought experiment on loblolly pine (Pinus taeda L.). We exposed a population of saplings
(n=83) to variable levels of water stress, ranging from mild to severe, before re-watering saplings

once pre-assigned targets in pre-dawn water potential for each treatment had been reached. Prior
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to re-watering, we directly measured PLC in stem segments from each sapling. Our objective was
to characterize the risk of tree mortality associated with hydraulic failure. We hypothesized that
the lethal threshold for hydraulic failure, beyond which 50% of trees would die, would be near 60
PLC, the threshold supported by theoretical, observational, and inferential studies (Anderegg et
al., 2015; Brodribb et al., 2010; Brodribb & Cochard, 2009; Sperry & Love, 2015). A second
objective of our study was to characterize the changes in foliar color of saplings during the
experiment to determine if foliar color at re-watering was predictive of death or survival. We
hypothesized that foliar color change between initial (unstressed) measurements and re-watering
(relief of drought stress) for trees which died would be greater than foliar color change of trees

which survived.

Materials and Methods

We obtained two-year-old loblolly pine saplings (n = 83) from a local nursery (Cedar Valley
Nurseries, Ada, OK, USA), grown from seeds sourced in Louisiana, USA. We transplanted
saplings to 37.8 L pots with a soil consisting of 2:1:1 mixture of peat moss (Peat Grower Black
Bale, Berger, Quebec, Canada), Turface clay (MVP, Profile Products LLC, Illinois, U.S.A.), and
vermiculite (Ambient Minerals, Arkansas, USA) in June of 2016. We chose this mixture to create
a slow, steady drying from a high initial moisture content, as this soil has a more gradual slope in
the relationship between soil moisture and soil water potential, than many other soils or potting
mixes (Kulbaba, 2014). When transplanting, we carefully removed the nursery soil under water,
such that loblolly pine saplings were planted with bare roots in our mixed soil. After transplant,
all trees were kept well-watered, received a complete fertilizer mix, (18-18-21 NPK, plus

micronutrients, Miracle-Gro, Scotts Miracle-Gro Company, Marysville, OH, USA) supplemented
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with iron (Liquid Iron, Bonide, Oriskany, NY, USA) and grown for 215 days to allow
acclimation in the greenhouse before we began the experiment. No trees died after transplanting.
In order to enable trees to better acclimate to drought conditions and avoid conducting our
experiment on tree saplings that had never experienced water stress, we exposed all trees,
including the watered controls, to a pre-experimental drought treatment by withholding water
until stomatal closure occurred. We verified stomatal closure (> 90% reduction in stomatal
conductance from well-watered measurements) in a random subsample of the population (n=36),
as confirmed by measurement with an LI-6400 infrared gas analyzer (LI-COR Biosciences,
Lincoln, Nebraska, USA) and a mean pre-dawn water potential of -2.3 (£ 0.25 SD) MPa. No tree
died as a result of this acclimation drought. Following this pre-experimental drought, which
lasted for 43 days, trees were again well-watered from 35 days before the experiment began. In
January 2017, at the start of the drought experiment, mean sapling height was 2.02 + 0.12 m SD,
and mean stem diameter at the root collar (soil level) was 3.01 + 0.24 cm SD. We conducted a
branch census before and after the experiment and estimated that less than 10% of shoot biomass

was harvested for measurements during the study.

To identify re-watering targets representing a range of hydraulic failure, we constructed a
vulnerability curve using 6 additional saplings, acquired at the same time as the 83 in our study,
potted and grown in the same manner as experimental trees. First, we excised 18 branches (3 each
from the 6 individual saplings), from the most recent year’s growth, 0.5 — 0.75m in length, at pre-
dawn. Whole branches were re-cut underwater in the laboratory, allowing xylem tension to relax.
Branches were then wrapped in damp paper towels, sealed in three layers of plastic bags, and
shipped overnight to the University of Utah, where centrifuge measurements were conducted on
stem segments. Stem segments 5—7 mm in diameter were prepared by cutting and trimming them
from longer branches underwater to the desired length (~10 cm). These segments were then

vacuum infiltrated at 100 kPa for 1 h with degassed and filtered 20 mM KCl solution and were
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used to measure maximum hydraulic conductivity (Sperry ef al., 2012). We then spun stems in a
centrifuge to induce negative pressure at target values, which were -1, -2, -2.5, -3, -3.5, -4, -5

MPa in the xylem sap. Hydraulic conductivity at each pressure stop was then determined using a
conductivity apparatus as described previously (Sperry et al., 2012). We used a Weibull function

to fit the hydraulic vulnerability curve results (Fig. S1).

To identify the lethal threshold of hydraulic failure, we designed our drought experiments such
that trees would be re-watered at a wide range of levels of water stress. Using our centrifuge-
generated vulnerability curve as a guide (Fig. S1) and informed from a prior pilot study on a few
individuals (data not included in this study), we chose specific targets at which to re-water trees
and subsequently monitor for survival or mortality. We determined drought-stress treatment
groups by water potential ranges from our vulnerability curve, to ensure trees were re-watered
along the entire potentially lethal drought-stress gradient, from stomatal closure (-2.1 MPa, 20
PLC) until complete hydraulic failure (-6.0 MPa, 100 PLC). Targets for groups between these
points included water potential associated with 60 (-3.3 MPa), 80 (-3.7 MPa), and 90 (-4.1 MPa)
PLC. An additional group of control trees (n=6) remained well watered throughout the
experiment with weekly irrigation to field capacity. We measured pre-dawn water potential of
distal stems (twigs) using a Scholander-type pressure-bomb (model 1505-D, PMS Instruments,
Albany, OR, USA) at least weekly, and often more frequently for trees approaching re-watering

targets.

At the start of the experiment, we completely withheld water from all trees except the well-
watered controls. As each tree under drought reached its assigned water potential re-watering
target, we excised a branch for measurement of PLC. After sampling, each tree was re-watered to
field capacity and watered weekly to monitor for survival (or death). Initial excisions of stem
segments, all over 20 cm in length, were made in air, and were immediately placed in filtered (0.2

um) 100mM KCI and transported to the laboratory for measurement of hydraulic conductivity. In
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the laboratory, we re-cut stems under filtered solution by removing at least 2 cm from the cut end
in two successive > 1 cm cuts, allowing time for relaxation of the xylem tension, and then we
immediately excised a segment of interest once tension was relaxed to prevent refilling of native
embolism (Torres-Ruiz et al., 2015). Immediately before measurement of hydraulic conductivity,
we removed ~0.5 cm of bark from each end, exposing the xylem for measurement of diameter,
and shaved the ends of each segment (while underwater) with a fresh razor blade. After
determining conductivity, we measured segment length and perpendicular diameters of each end
using digital calipers (VWR, U.S.A.) in order to correct measurements to area for specific
conductivity. All measured segments collected were from the most recent year’s growth, and
mean diameter was 3.91 = 0.60 mm SD, and mean length was 62.68 £ 10.06 mm SD. We also

measured conductivity of the well-watered control trees at the end of the experiment.

We measured native conductivity (Ks) using a Sperry apparatus with a 50 cm height gravity-
fed pressure head (Sperry et al., 1988). We filtered DI water (0.2um), mixed to a concentration of
100 mM KClI, and then degassed this perfusing solution using a membrane contactor (LiquiCell
micro module, 3M, St. Paul, Minnesota, USA) connected to a vacuum pump following best
practices (Cochard et al., 2013; Venturas ef al., 2015). We then placed stem segments in
perfusing solution overnight under vacuum, infiltrating them to their maximum conductivity
(Kmax), which was verified with active xylem staining using 0.1% safranin solution after the Kmax
measurement was complete. We measured Kmax using the same methods as K, corrected all
conductivity measurements to sample dimensions, including length (Sperry et al., 1988), and

calculated the percent loss of conductivity:

PLC = 1001 ( Ks )
- [ Kmax ]

Monitoring for survival or mortality occurred during the growing season, and we determined

that a tree had survived drought if we observed new growth after re-watering. The last re-
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watering treatment occurred on May 15, 2017, after 125 days of drought. We analyzed the effect
of PLC and K, on mortality using logistic regression, a method appropriate for binary outcomes
such as life or death (Menard, 2002), using program R version 3.3.3 (R Core Team, 2013).
Logistic models have been widely used for describing and predicting tree mortality and survival
in response to environmental (Van Mantgem et al., 2009), tree growth (Cailleret et al., 2016), or
ecophysiological conditions (Anderegg et al., 2013; Bolte et al., 2016; Kursar et al., 2009;
Venturas et al., 2018). We assessed fit of logistic regressions using a Nagelkerke R2, a pseudo R?
metric. Additionally, we conducted further active xylem staining on surviving trees to assess

where in stems xylem remained functional after recovery.

We assessed foliar color using a Munsell plant tissue color book (Munsell Color, Grand
Rapids, Michigan, USA) during three discrete stages of each tree’s progression through the
experiment. To measure foliar color, a representative fascicle of needles was removed from the
upper third of each tree’s canopy, and compared to the plant tissue color book for color matching
(Tucker et al., 1991). Initial color was documented before water was withheld to initiate drought-
induced water stress, another measurement was taken at the re-watering treatment, and a final
measurement was taken 60 days post-re-watering. We transformed all color values from Munsell
Hue / Value / Chroma into sSRGB using the R package ‘aqp’ (Beaudette et al., 2018). We chose
this color space because it is accurately represented on most digital devices, and allowed for
comparison between trees that survived, and those that died, in color space. We used a Euclidean
distance equation to calculate the Euclidean color distance between red (R), green (G), and blue

(B) foliar color values at the initial (i, pre-drought), and re-watering (f, final) stages:

(B —R) + (6~ 6" + (5, - B
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We tested for differences in Euclidean color distance (from initial to re-watered canopy foliar
color) between watered controls, trees that survived, and those that died using ANOVA, with

post-hoc testing using Fisher’s LSD, in program R.

Results

Our drought followed by re-watering treatments at variable water potential targets in 77
saplings provided the intended wide variation in PLC at re-watering that ranged from 35.4 to
100.0 PLC (Table S1). After allowing at least 60 days for recovery following re-watering, we
determined whether trees resumed growth (survived) or had complete canopy desiccation and
browning (died). We found that 57 trees died, and 20 survived. From measurements taken the day
drought stress was relieved, the mean PLC of trees that eventually recovered was 77.2 (+ 19.7
SD), while trees that would die averaged 94.5 PLC (£ 6.9 SD; Fig. 1). All trees which died had a
PLC > 72 at re-watering. Control trees which were watered weekly during the experiment (n=6)
had a mean PLC of 27.5 (£ 9.7 SD). Median values for the three groups (control, survived

drought, died) were significantly different (Kruskal-Wallis test, p < 0.001, Fig. 1).
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Figure 1. Native (directly measured) percent loss of hydraulic conductivity (PLC) in Pinus taeda that died
or survived drought, or were watered throughout the experiment (control). PLC values shown for drought
trees were measured just prior to re-watering. Watered control PLC measurements were taken at the end of
the experiment. All trees that died had a directly measured PLC exceeding 70. Central bars indicate
median values, boxes represent the interquartile range (IQR), and whiskers extend to the maximum and
minimum data value within 1.5 * IQR. Data points are jittered to reveal overlapping points. Median values
are significantly different from each other for all three groups (Kruskal-Wallis test, p < 0.001)

Using logistic regression, we determined the lethal threshold for hydraulic failure, at which
50% of trees would die (LD50), to be 80.2 PLC (Nagelkerke R? = 0.53, Fig. 2). A Wald 95%

confidence interval (CI) for our logistic regression predicting mean probability of mortality
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contained a minimum of 67.1 PLC and a maximum of 85.5 PLC, but did not include PLC 60, the

hypothesized
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Figure 2. A logistic regression to determine the 50% lethal dose (LD50, dashed red line) of percent loss of
hydraulic conductivity (PLC) during drought, which was 80.2 (95% Wald Confidence for probability of
mortality had a minimum PLC = 67.1 and maximum PLC = 85.5 at LD50; panel A). Bars represent the
proportion of all trees in each 10% PLC bin, scaled to the height of the y-axis, with count of trees per bin
labeling each bar. The solid red line is the logistic regression fit, with shaded grey area representing a Wald
95% confidence interval for the logistic regression. The predicted lethal threshold for hydraulic failure,
PLC = 60, was not contained in this interval at LD50 (dashed red line). The majority of trees which died
(n=47) did so with a PLC > 90. Panels B and C are stem cross sections of Pinus taeda with functional
xylem stained red using 0.1% safranin. Panel B shows the stem of a tree at 83.4 PLC, past the hydraulic
failure point of no return, which died following re-watering. Panel C is a well-watered control tree, with all
xylem functional.

PLC at 50% probability of mortality. Probabilities for mortality were 0.03 (95% CI: 0.00 —

0.27) for 50 PLC, 0.09 (95% CI: 0.01 — 0.39) for 60 PLC, 0.24 (95% CI: 0.08 — 0.54) for 70 PLC,
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and 0.76 (95% CI: 0.63 — 0.86) for 90 PLC. Specific native conductivity of stems (K;) measured
immediately before re-watering ranged from 0.37 kg m™! MPa™! s™! to 0 (no flow), and using
logistic regression we determined LD50 in K; of 0.06 kg m™! MPa! s7! (Nagelkerke R? = 0.51, Fig.
S3), which was an 83.8% loss of the maximum observed Ks (Fig. S3). We provide our fitted
probability functions for mortality from PLC and K, and the confidence intervals for both in

Table S1.

Euclidean color distance between initial canopy foliar color and canopy foliar color at re-
watering was significantly higher for trees that died, compared to those that either survived
drought, or did not experience drought (ANOVA, F(2,80)=4.737, p = 0.0114, post-hoc Fisher’s
LSD, Fig. 3D). The general trend for trees that died was a change from green to a more yellow or
brown foliar color (Fig. 3A, 3B). Sixty days after re-watering, foliar color had returned to a deep
green for trees that survived, and trees that died had complete foliar browning (Fig. 3C).
Observations from active xylem stains of stems from recovered trees revealed that embolism
remained in tissues which experienced the drought treatment, but that surviving trees had active
xylem near the vascular cambium when drought was relieved, which remained functional during
our stains (Figure 4). Additionally, embolism from the drought remained in the interior of the

stems when sections were made, 90 days after relief of drought (Figure 4).
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Figure 3. Observed canopy color, arranged from darkest green to deepest red-brown. Bar height indicates
the proportion of trees that survived (positive proportion) or of trees that died (negative proportion) at a
given color. Bars are filled with the same color we observed in the tree foliage. Panel A shows canopy
foliar color at the beginning of the experiment, before drought, and foliar color of all trees was a deep
green. Panel B shows canopy foliar color at re-watering, with trees that survived tending toward green,
while trees that died tended toward yellow/brown colors. Panel C shows canopy foliar color 60 days after
re-watering, where trees that survived have returned nearer to initial foliar color positions and trees that
died all experienced browning of foliage. Data in panels A, B, and C are for trees exposed to drought that
either survived or died, analogous data for the watered control trees are shown in Fig. S4. Panel D shows
the Euclidean color distance, a calculation of the change in color between pre-drought (panel A) and re-
watering (panel B) for control trees (grey) and trees that experienced drought and survived (blue) or died
(red). Trees that died during drought stress had a significantly greater Euclidean color distance than trees
which survived (whether they experienced drought, or were a watered control; ANOVA, F(2,80)=4.737, p
=0.0114, post-hoc Fisher’s LSD). Letters above bars in panel D indicate significant differences and error
bars are standard error of the mean.
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Xylem grown
after drought

7] Functional xylem " ]Embolized xylem

Figure 4. Cross-section of a stem segment taken from an active xylem stain of a tree which experienced
extreme (96 PLC) hydraulic failure, yet recovered after re-watering. This cross section was taken from a
stem segment excised 85 days after re-watering, after radial growth had occurred following relief of the
drought. Active xylem is indicated by red (stained by 0.1% safranin solution), while embolized xylem is
unstained. During the drought, the vascular cambium’s location is indicated by a yellow dashed line, while
the position of the vascular cambium at the time of cross-sectioning is indicated by a solid yellow line. As
can be seen, xylem remained functional close to the location of the vascular cambium at re-watering
(indicated by a yellow dashed line) of this tree surviving extreme stress, and hydraulic function after 85
days of recovery has been restored via new radial growth. All markers appear only on the left half of the
cross-section, so that the right side may be inspected visually.
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Discussion

We found that the point of no return (the LD50 at a population level) for directly measured
PLC at re-watering was 80.2, indicating that some loblolly pine saplings were able to survive
with less than 20% (or even 10%) of their xylem functional at re-watering. Interpolating from our
results, we would predict only 9% (95% CI: 1-39%) mortality at 60 PLC, much lower than the
50% mortality (LD50) we expected based on previous indirect estimates (Brodribb & Cochard,
2009; Choat et al., 2018). Observations of Pinus halpensis (Miller) under drought in the field
noted that trees can survive >80 PLC (Klein et al., 2012), but we believe our result is the first
direct determination of LD50 for PLC to quantify the point of no return with measured
individuals monitored for survival or mortality. Our experiment provides a hydraulic failure
function for risk of mortality that can be directly input to vegetation models (e.g. TREES,
CLM(ED(X)), SurEau; Johnson et al., 2018; Mackay et al., 2015; Martin-StPaul et al., 2017;
McDowell et al., 2016), although more work is needed to generalize these functions across life-
stages and species (see below). Our results enable predictions of mortality risk that can be based
on either 1) a threshold that represents the point of no return from hydraulic failure (LD50), rather
than complete desiccation of the xylem (i.e. 100 PLC), or 2) a continuous prediction of mortality

risk across all possible PLC values.

It is remarkable that some pine trees were able to survive extreme levels (> 90 PLC) of
hydraulic failure. In our study, trees were re-watered completely (to field capacity) on the day we
measured the target PLC, and weekly thereafter. This rapid cessation of drought and switch to
abundant soil moisture in our experiment could have enabled increased survival probability at
very high PLC. Drought in the field is not typically relieved so immediately, completely, and

persistently, which could result in fewer trees surviving very high PLC under natural conditions.
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Our data suggest that as long as there was supply of water to the vascular cambium, and xylem
tension was able to relax before complete (P100) hydraulic failure, there is a chance for survival.
Our measurements of both hydraulic conductivity and active xylem staining after re-watering
showed that surviving trees restored conductivity via radial growth (Fig. 4). Therefore, an ability
to grow new xylem tissue following drought may be key to a tree’s long-term survival. Past
studies estimated 50 PLC to be a likely threshold for life or death for gymnosperms (Brodribb &
Cochard, 2009; Choat et al., 2018), yet no trees re-watered below 72 PLC died in our experiment.
Additional species should be investigated to determine if the ability to survive such extreme

hydraulic failure (e.g., > 90 PLC) is widespread for gymnosperm trees.

Characterizing mortality risk along a drought-stress gradient provides a critical parameter for
global vegetation modelling (Hartmann et al., 2018a). While our finding provides a point of no
return (LD50), beyond which it is more likely trees will die than survive, we also characterize risk
across the entire range of possible values for hydraulic failure. Indeed, our model predicts less
than 5% mortality until PLC > 55. At the other extreme, our model predicts 75% probability of
mortality at 90 PLC (Fig. 2). Utilizing our continuous probability predictor of mortality risk, even
at high levels of PLC some trees are predicted to survive—as is often observed in forests affected
by drought-induced tree mortality. Thus, we recommend utilization of continuous predictors of
mortality risk over threshold-like approaches only including binary outcomes of 100% life or

death on opposing sides of the threshold (Hartmann ef a/., 2018a).

When investigating what kills trees under drought, the definition and quantification of death
matter if we wish to truly determine mechanism. In the present study, we have quantified the
point of no return from drought stress—such that if the lethal stressor is relieved, there is still a
failure to recover and death results. It is especially important to distinguish between physiological
causes of death, assessed at the point of no return when trees begin dying, and non-causative

symptoms or correlates that occur after this point and are evident at tree death (Adams et al.,
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2017; Hartmann et al., 2018a). Symptoms that have often been used to infer tree death include
foliar browning and other visual indications of dieback (Adams et al., 2009; Anderegg et al.,
2012), and cessation of respiration, assessed directly, or through tissue staining (Sevanto et al.
2014). It is possible that physiological variables measured when such criteria are met are those for
a tree already long past the point of no return, which has been committed to die for some time.
Physiological responses measured after the point of no return (e.g. at foliar color change or
cessation of respiration) cannot have caused death, and may differ from responses measured at or
prior to the point of no return. Future studies seeking to understand the physiology of tree death
from drought should measure additional responses to drought stress (e.g., NSC, spectral
reflectance, water content) at the point of return (if known, or if not, along a gradient of drought
stress) to determine if responses precede, follow, or are concurrent with the point of no return

from hydraulic failure.

Though we observed that foliar color in trees was significantly different at the time of re-
watering, there was much overlap in canopy color between trees that survived and those that died
(Fig. 3B, 3D). Foliar color was not wholly separated between these groups until our measurement
at 60 days after re-watering (Fig. 3C), and thus was a better indicator of trees that are already
dead, rather than those which are in the process of dying. Studies relying on foliar color to
determine the timing of tree death have likely overshot the moment when trees passed the point of
no return, and therefore measurements of physiological function at this point can confuse non-
causative symptoms of having died for actual causes of mortality (Leuzinger et al., 2009).
However, measurement of foliar color after tree death, rather than at the point of no return, has
remote sensing applications for detecting recent tree mortality in evergreen forests, before
changes become obscured by a green understory, provided a baseline color is available prior to
drought (Hartmann et al., 2018a). Improved characterization of foliar color changes at additional

spectra as hydraulic failure occurs during drought may improve the predictive power of foliar
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color in remote sensing of drought-induced tree mortality, an approach which will require

additional experimentation to measure across an array of wavelengths.

By directly measuring PLC across a water-stress gradient ranging from mild to lethal in
loblolly pine saplings, we observed that the lethal threshold was higher than our expectation of
60%. Our observation raises the question—do other species exhibit similarly high lethal
thresholds for hydraulic failure? We hypothesize that this threshold may be relevant for conifer
species, and that species differences in hydraulic vulnerability affect timing to reach the lethal
threshold in PLC, rather than alter the threshold directly. Here it is important to distinguish
between the lethal threshold in PLC, a normalized response for the loss of hydraulic function
which may correlate consistently with mortality risk across species, and the degree of tension in
the xylem required to reach this threshold in a given tree, which is not normalized (Cochard et al.,
2013). Vulnerability to embolism, quantified as the relationship between water potential and
PLC, has been observed to vary by nearly an order of magnitude in gymnosperms, with water
potential corresponding to 50 PLC spanning -1.5MPa (Podocarpus latifolius) to -14.1 MPa
(Actinostrobus acuminatus, Maherali et al., 2004). We also expect wide variation in traits which
mediate the progression of water potential —and xylem embolism accumulation—during
drought. Such traits include stomatal control, minimum conductance rates following stomatal
closure, allocation and leaf area to root or sapwood area ratios, root water uptake and hydraulic
isolation from the soil (Blackman ef al., 2019; Choat ef al., 2018; Hammond and Adams, 2019).
If, as multiple lines of recent research have suggested, a major evolutionary pressure exists to
keep woody tissues from experiencing damaging levels of hydraulic impairment (PLC; e.g.
Anderegg et al., 2018; Martin-StPaul ef al., 2017; Sperry et al., 2016; Wolf et al., 2016), and if
embolism repair is relatively rare (Brodersen & McElrone, 2013; Choat et al., 2015), then lethal
thresholds in PL.C may be fairly consistent across species. However, plant traits and species

differences will influence how and when species reach this threshold. Experiments are needed to
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test whether lethal thresholds in PLC vary with species, phylogeny, anatomical factors such as
lumen area and xylem cell wall thickness, environmental factors, including temperature and vapor
pressure deficit, and non-structural carbohydrate status (Martinez-Vilalta et al., 2018; Trifilo et

al., 2017).

Given that experimental data similar in nature is lacking for mature trees, one important
consideration is how these results apply to larger trees under field conditions. While it is true that
earlier developmental stages (e.g., seedlings, saplings) frequently experience higher rates of
background mortality in the field (Van Mantgem et al., 2009), there are at least two contributing
factors that should be considered. First, it is important to recognize that earlier developmental
stages utilize considerably less environmental space (above and below-ground) and store less
water and carbon than their mature counterparts and are thus more strongly affected by
atmospheric demand and soil moisture during drought (Hartmann et al., 2018b). Second,
anatomical changes across the ontogeny of a tree could affect vulnerability to drought. Such
changes may lead to a difference in the level of tension in the xylem (water potential) required to
reach a lethal level of hydraulic failure (such as our observed 80 PLC). Both of these factors
could contribute to an earlier death of seedlings and saplings during drought relative to larger and
more mature trees, even if the LD50 for PLC was unchanged with ontogeny. Notably, P50 in
mature Pinus taeda trees (quantified as water potential inducing 50 PLC) was found to be -3.13
MPa (Maherali et al., 2006), which is within the 95% confidence interval of P50 for the
vulnerability curve we measured in our sapling population of the same species (-3.22 MPa, Fig.
S1). Acknowledging that our experimental approach would be challenging for mature trees in a
forest, we propose that the best way to validate extrapolations of mortality risk from sapling
experiments is to use this type of experimental data to explain past mortality in the field before

attempting to predict mortality under future climate scenarios (Anderegg et al., 2015).
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Conclusion

Our direct measurement of a lethal PLC threshold of loblolly pine near 80% demonstrates that
the point of no return was higher than expected for a gymnosperm species, and that some trees
can survive near complete hydraulic failure. In experimental determinations of lethal hydraulic
thresholds in angiosperms, prior studies indicate that trees can survive 88 PLC, but these studies
inferred PLC from measurements of water potential using vulnerability curves, rather than direct
measurement (Li ef al., 2015; Urli et al., 2013), although direct measurements of PLC in two
angiosperm species support a high threshold (Barigah et al., 2013). In combination, these results
and our finding of a relatively high LD50 for PLC in loblolly pine raise questions of how lethal
thresholds vary among tree species, populations, and ontogeny. Continued experimentation will
be necessary to assess this, but we hypothesize that differences among trees (both within and
between species) in vulnerability to drought-induced mortality may be primarily caused by
variable embolism resistance, and variable rates of declines in water potential, more than
differences in the degree of hydraulic failure (PLC) that is lethal. Overall, our results quantify
tree mortality risk from hydraulic failure, a parameter critical for process-based models of forest

response to climate change.
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CHAPTER V

A MATTER OF LIFE AND DEATH: ALTERNATIVE STABLE STATES IN TREES, FROM

XYLEM TO ECOSYSTEMS

WILLIAM M. HAMMOND

Author’s note: This chapter was published in Frontiers in Forests and Global Change
November, 2020, doi: 10.3389/ffgc.2020.560409

Abstract

Global forests are experiencing widespread climate-induced mortality. Predicting this
phenomenon has proven difficult, despite recent advances in understanding physiological
mechanisms of mortality in individual trees along with environmental drivers of mortality at
broad scales. With heat and drought as primary climatic drivers, and convergence on hydraulic
failure as a primary physiological mechanism, new models are needed to improve our predictions
of Earth’s forests under future climate conditions. While much of ecology focuses on equilibrium
states, transitions from one stable state to another are often described with alternative stable state
theory (ASST), where systems can settle to more than one stable condition. Recent studies have
identified threshold responses of hydraulic failure during tree mortality, indicating that alternative
stable states may be present. Here, I demonstrate that the xylem of trees has characteristics
indicative of alternative stable states. Through empirical evidence, I identify a catastrophic shift

during hydraulic failure which prevents tree from returning to pre-droughted
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physiological states after environmental stressors (e.g., drought, heat) are relieved. Thus, the
legacy of climate-induced hydraulic failure likely contributes to reduced resilience of forests
under future climate. I discuss the implications and future directions for including ASST in

models of tree mortality.

Introduction

“All that lives must die”, wrote Shakespeare in Hamlet, “passing through nature to eternity”.
Indeed, most all individuals eventually cease living—with only one of Earth’s estimated > 8
million species found to be biologically immortal (Mora et al., 2011; Lisenkova et al., 2017).
Organisms exist then in a chaotic state—persisting against the eventuality of death. Of life on
Earth, individuals escaping death the longest are trees. Methuselah (a bristlecone pine, Pinus
longaeva), is the oldest living individual—estimated to be 4,850 years old (Salzer et al., 2019).
Despite the ability of individual trees to escape death for millennia, widespread climate-induced
mortality of trees in recent decades has become a global concern (Allen et al., 2010). Every
forest-bearing continent experienced climate-induced (associated with drought, heat, or both) tree
mortality events—with effects ranging from canopy thinning to the transition of entire
ecosystems to a non-forested state (Allen & Breshears, 1998; Scheffer et al., 2001; Allen et al.,
2010; Gonzalez et al., 2010; Choat et al., 2012). As loss of forest cover corresponds to a loss of
important ecosystem services such as carbon storage, biodiversity richness, and climate
regulation (Foley, 2005), understanding conditions and mechanisms of tree mortality has been a
focus of research at scales from individual trees to the entire planet (Brodribb & Cochard, 2009;

Barigah et al., 2013; Allen et al., 2015; Hammond et al., 2019).
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Across global forests, observations have converged on the physiological process of hydraulic
failure as ubiquitous in climate-induced tree mortality (Adams et al., 2017). Hydraulic failure
occurs when water under tension in the xylem becomes occluded by air emboli, interrupting
transport of water and potentially resulting in whole-tree desiccation from which it is impossible
to recover, e.g., death (Cochard & Delzon, 2013). Recent work has identified a threshold-like
response between hydraulic failure and mortality, including direct quantification of a lethal dose
of hydraulic failure in tree species for the first time (Urli et al., 2013; Hammond et al., 2019).
While hydraulic failure has been ubiquitously associated with drought-induced mortality, other
important agents of mortality include windthrow, lightning, and associated crown damage from
storms (Negron-Juarez et al., 2010; Fontes et al., 2018; Arellano et al., 2019; Yanoviak et al.,
2020). Hotter droughts can induce leaf senescence via oxidative stress, leading to rapid canopy
collapse (Matusick et al., 2013; Jardine et al., 2015). Finally, biotic agents (e.g., bark beetles,
fungal pathogens) may drive drought- and heat-stressed trees to the breaking point (Cobb ef al.,
2012; Anderegg et al., 2015). While the complex and interactive effects of these multiple agents
are not considered here, their amplification of tree mortality is likely to accelerate under further

anthropogenic warming and drought (Allen et al., 2015).

Existing tree mortality frameworks include that of McDowell (2008) which considers the
physiological trade-off between hydraulic failure and so-called “carbon starvation”, when a tree
exhausts available carbon to meet maintenance respiration during sufficiently long, source-
limiting droughts (McDowell et al., 2008). Others have quantified environmental signals to
predict mortality (Hogg et al., 2008; Phillips et al., 2009), without explicitly considering the role
of physiological responses to environment, while more recent attempts have combined
environmental signals with physiological responses (Breshears et al., 2005; Anderegg et al.,
2012; Schwantes ef al., 2016; Johnson et al., 2018). With an aim toward anticipating ecosystem

shifts and management actions which might promote or inhibit these changes, state-and-transition
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models have been developed for managing forests following die-off events (Cobb et al., 2017).
Whatever the framework, all have included the concept of thresholds—that there exist conditions
beyond which it becomes more likely trees will die, than survive. Despite these advances, the
ability to predict mortality at any scale (and especially, across scales) remains a grand challenge
for Ecology. It is natural then to ask—what improvements can be made in our ability to predict

when a tree, stand, or entire forest is likely to die?

Transitions in ecosystems have long been investigated through alternative stable states theory
(ASST) (Holling, 1973; May, 1977; Scheffer et al., 2001). While threshold responses such as
those observed during climate induced tree mortality are an indicator that a system may have
more than one stable state—other criteria must also be met. Alternative stable states for a system
exist only if that system can settle to alternative states under the same external conditions
(Scheffer, 2009a). What are the applications, limitations, and extensions of our understanding that
can be brought to bear by considering climate-induced tree mortality through the lens of ASST?
First, I must acknowledge that ASST has already been used to investigate vegetation shifts at the
ecosystem level for some time. Observations in the west African Sahel have shown that
communities of woody vegetation show clear signs of having alternative stable states—oscillating
at multi-decadal periods between savannah and forested states that track with changes in regional
climate (Scheffer et al., 2001; Gonzalez et al., 2010). Here, I propose the application of ASST to
the xylem tissue of trees, and implications of such an ASST approach to individuals and higher

levels of ecological organization.
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Brief review of Alternative Stable States (ASST) concepts

First, a few definitions should be established with which we can discuss ASST in the context of
a single tree. Attractors can be defined as a single state toward which a system can converge and
may include cycles or stable points; in ball and hill models the valleys/basins are stable attractors,
or states, and the depth of these basins indicates how resilient they are to shifts. Catastrophic
shifts occur when some minor change at a critical point (the so-called tipping point, or
catastrophic bifurcation) shifts a system from one attractor to an alternative attractor. These
catastrophic shifts are unidirectional, such that hysteresis exists and transitions between two
stable states require an unequal change in external conditions. These concepts are visually
communicated via stability landscapes, using a ball to represent the ecosystem’s present state,
basins as attractors, and hills as tipping points (as later in this paper, in Fig 1, 2). While these
brief definitions suffice for the present paper, I refer readers interested in a deep review of these

concepts to Scheffer et al. 2009b.

Xylem as a study system

From embryogenesis through reproductive maturity, trees have a remarkable diversity of forms
and functions, all of which depend upon the availability of water (Givnish, 1979; Givnish, 2002).
Within a single tree, connected cell types, tissues, and organs carry out many processes necessary
for survival, growth, and reproduction of the whole organism (Holbrook & Zwieniecki, 2011). Of
Earth’s diverse plant forms, trees are best distinguished by their xylem. This extensive secondary

woody tissue functions in mechanical support—responsible for trees being the tallest, and also the
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largest (by volume) organisms on the planet (Hacke & Sperry, 2015), leading to their dominance
in global estimates of biomass (Bar-On et al., 2018). More than just a scaffold, xylem conducting
large volumes of water across long distances efficiently (Tyree & Zimmermann, 2013), at
minimal energy costs operating under cohesion-tension, was critical to the development of trees
as a life form on Earth (Dixon & Joly, 1894). For an individual tree, xylem function is central to
growth, survival, and reproduction (Hacke & Sperry, 2015). As hydraulic failure of xylem has
been identified as one of the most important agents in climate-driven tree mortality (Adams et al.,
2017; Brodribb et al., 2020), I will demonstrate the characteristics of xylem physiology which

make it suitable for the application of ASST.

Whole-plant Xylem as a system with alternative stable states: case study in Juniperus

Xylem is composed of vascular elements (in Angiosperms) and tracheids (in gymnosperms,
and in combination with vessels in some angiosperms) which are dead at functional maturity
(Holbrook & Zwieniecki, 2011). During drought, the combination of increased atmospheric
demand for moisture and decreased soil water availability creates tension in the xylem’s water
column, a force quantified as water potential (Scholander et al., 1965; Breshears et al., 2013).
Considering water potential (hereafter, W) as an external condition to the system of xylem, we
can acknowledge that as ¥ declines (becomes more negative), tension ( |V ) builds to the point
that eventually, embolism is seeded into the xylem and begins to spread, occluding water
transport (Sperry & Tyree, 1988; Cochard et al., 1992). While debates are ongoing regarding the
capacity of xylem to refill (Klein ef al., 2018; Lamarque et al., 2018), in this paper I provide

observations from a manipulative experiment showing that trees which survived extreme
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hydraulic failure, eventually restored function via radial growth—a lengthy process—and did not

refill appreciable amounts of embolized xylem.

What evidence qualifies xylem as a system which possesses alternative stable states? The first
evidence that xylem has more than one alternative stable state, is that hydraulic failure occurs
over a relatively narrow range of water potentials, resulting in typical “s-shaped” vulnerability
curves with sharp transitions between near zero and near complete embolism of xylem (Cochard
et al., 2005). Threshold-like responses are an indicator of alternative stable states within a system
(Scheffer, 2009a), but alone are insufficient to indicate the existence of alternative stable states
(Scheffer, 2009b). In addition to a threshold-like response, it must be possible for the system
(here, xylem hydraulic function) to stabilize in alternate states under similar external conditions
(here, V). Using observations from a recent empirical study, I demonstrate that hydraulic failure
not only shows a threshold response, but also catastrophic shifts to alternative stable states in the

xylem of trees.

In a greenhouse experiment, I imposed drought on reproductively mature Juniperus virginiana
L. (family Cupressaceae) in pots. Withholding water until pre-assigned targets of water potential,
I monitored trees for death or survival after relieving drought. Prior to the onset of drought, I
conducted active xylem staining to identify which xylem in the tree was functioning and found
across the population (42 trees) that nearly all the xylem was functional (stained red, as in Figure
1A, left side). By comparison, I present a similar active xylem stain taken at the end of a full
growing season’s recovery (Figure 1A, right side) from the same tree, which survived a minimum
water potential of < -9 MPa, resulting in > 84 percent loss of conductivity (hereafter, PLC).
Substantial radial growth (tissue produced past the position of the vascular cambium at drought’s
maximum, Fig 1A, dashed yellow line) was required to restore conductivity of the woody tissue
and embolism remained even five months after water potentials returned to pre-drought

conditions (Fig 1 A, right side).
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Figure 1. In panel (A), cross-sections taken from a single Juniperus virginiana L. tree at time point (1) and
(4) are shown on the left and right, respectively. Physiological measures of drought stress (‘P, percent loss
of conductivity—PLC) are shown for four time points during the drought-rewatering experiment from the
same tree (points 1-4, data from Hammond et al., in prep). Panel (B) shows the relationship between the
relative state of PLC (red line) or the absolute value of water potential (|'¥|, blue line) during the duration of
the experiment. While || rapidly resumes the pre-drought condition after drought is relieved, PLC remains
high as the xylem is in an alternative stable state. The transition between (1) and (2) is shown in panel (C)
as a catastrophic shift, where once a large portion of the xylem is embolized, function cannot be restored by
the simple relaxation of xylem tension. Arrows indicate the direction of hysteresis, with counterclockwise
arrows indicating hysteresis. Red arrows represent a catastrophic shift to an alternative, embolized stable
state, which requires radial growth (grey arrows) to return to the previous state.

Despite returning to the pre-drought state in xylem tension, the system state of hydraulic failure
lingered—demonstrating that a hysteresis exists between the alternative states of fully functional
xylem, and xylem having experienced extreme hydraulic failure (Fig 1B). Consequently, when
changes in W during drought led to a state shift (from functional, to embolized xylem), a return to
the W associated with function (a water potential near zero) was not accompanied by restoration
of xylem function. This meets the qualifications of a catastrophic shift, as there is hysteresis—
conductivity of water through the xylem cannot resume its prior state, even though the external

condition (xylem tension, ['V'|) has returned to initial conditions (Fig 1C).
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Resilience: from xylem to individual trees to communities

While xylem possesses alternative stable states, the same concept cannot be applied to the “life
or death” of an individual tree. As illustrated in Fig. 2A, death of an organism does not represent
an alternative state, but rather a terminal one. Once an organism is committed to death (e.g., past
the tipping point in Fig. 2A), it leaves the stability landscape—and cannot return. Thus, once
whole-organism death occurs, it is best described as an irreversible threshold transition, without
an alternative stable state (Scheffer, 2009b). On the other hand, trees may die-back at
extremities—fusing off fine roots and terminal branches due to excessive embolism limiting
available water to canopy function (Johnson et al., 2016; Jump et al., 2017). In the context of
stability landscapes, mortality can be represented as a cliff—once the organism passes the tipping
point, it is committed to death (Fig. 2A). It is important to mention, that the concept of resilience
can and should be invoked regarding hydraulic function and failure in the xylem of trees.
Increasing diversity of the xylem network (e.g., broad vessel, tracheid, or pit size distributions, or
inclusion of hyper-embolism-resistant vasicentric tracheids, as in many Mediterranean plants)

will increase the strength of the attractor of hydraulic function (Carlquist, 1985). Species of trees
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Figure 2: Stability landscape models for an individual tree (A), drought naive ecosystems (B), and drought
legacy ecosystems (C), with tree or ecosystem state on x-axis, and conditions on the y-axis. The tipping
point between survival and permanent death of an individual tree (A), and for forest die-off of an
ecosystem (B,C) is represented by a dashed red line. The depth of basins of attraction to the left of the
tipping point can increase from shallow (low resilience, black ball) as diversity in hydraulic traits within an
ecosystem (as in panel B), (or within a tree, xylem anatomical heterogeneity, as in panel A) increases (high
resilience, red ball). To the right of the tipping point, the proportional shading of the ball illustrates that it is
less likely a resilient system would transition from forest to non-forest, relative to a less hydraulically
diverse system (or tree). In panel (C), the legacy of hydraulic failure decreases ecosystem resilience (red
ball), and ecosystem transition probability to a non-forested state is thus increased.

surviving in some of Earth’s driest habitats have accomplished such a feat by including both
efficient (yet vulnerable to embolism) vessel elements and less efficient (yet safer from
embolism) vasicentric tracheids in their xylem anatomy (Carlquist, 1985), such that a much

broader range of water potentials must be experienced in order to induce a system-wide
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catastrophic shift (Fig. 2A). Increasing xylem anatomical diversity within an individual tree is
thus expected to increase resilience (Fig. 2A, red ball), reducing the probability of a transition to

mortality.

In contrast to the outcomes of individual trees, potential outcomes at population and
community levels include alternative stable states (Fig 2B, 2C). Communities of trees display
remarkable diversity in hydraulic traits, such as the water potential corresponding to 50% loss of
conductivity in the xylem (P50). For example, global observations have shown that P50 can vary
within a biome by up to an order of magnitude, while across biomes the median value of P50 is
relatively stable (McCulloh et al., 2019). Furthermore, traits like P50 seem to be conserved within
lineages of plants (Maherali et al., 2004; Sanchez-Martinez et al., 2020) indicating that
biodiversity of species and higher taxonomic orders within a forest correspond to increased
diversity in hydraulic traits. Increased hydraulic trait diversity within an ecosystem would thus
increase ecosystem resilience (Fig 2B, red ball), as not all species within a system would
experience catastrophic shifts within their xylem under the same amount of environmental stress;
thus reducing the whole-ecosystem transition probability for a given set of environmental drivers.
An example of diversity’s benefit was apparent during recent widespread mortality of pinyon
pine (Pinus edulis) in pinyon-juniper woodlands of the southwestern United States (McDowell et
al., 2008). Pinyon trees died during hot droughts, but junipers survived. In subsequent years,
junipers facilitated (by providing a shaded, cooler, and wetter microclimate) recruitment of
pinyon back into the system, a phenomenon known to prevent mortality in recruiting trees
(Breshears et al., 2018). In contrast, if junipers were not present, the system may lack sufficient
resilience to remain forested as recruitment in the open would be more difficult than recruiting
beneath the shady canopy of a mature nurse tree. Similarly phenomena have been documented

during globally distributed climate-induced tree mortality events, for example relatively
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embolism-prone Eucalyptus species saw significant mortality during recent droughts in eastern

Australia, while more embolism-resistant Callitris species survived (Brodribb et al., 2020).

Finally, trees surviving extreme drought retain the legacy of hydraulic failure (as in Fig. 1A,
Fig. 3), which could reduce resilience across an ecosystem (Fig. 2C). The extent to which the
increasing resilience from within tree hydraulic diversity (Fig. 2A) and within community
hydraulic diversity (Fig. 2B) can buffer ecosystem resilience decreases due to the legacy of
hydraulic failure (as in Fig. 2C) is unknown, and of critical importance for future investigations.
Common gardens, including urban forests, may provide some insight as study systems, to
investigate responses to intensified local microclimates in anticipation of eventually drier and
warmer regional climates on natural forests. Presently diverse forests (e.g., warm tropical forests)
may experience reductions in diversity as climate continues to warm and dry, while cooler
temperate and boreal forests may increase their species and hydraulic diversities as warming

makes recruitment of newer species possible.

Conclusions and future directions

When it comes to life and death of trees, alternative stable state theory is a useful tool to
highlight the catastrophic shifts occurring in xylem tissues of individual trees, and the additive
ecosystem-wide effect for potential transitions to alternative states. Transitions from a forested to
non-forested state may appear abrupt (Allen & Breshears, 1998; Breshears et al., 2009), yet the

underlying conditions of hydraulic function could be changing gradually. As demonstrated in Fig.
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1A, monitoring physiological drivers like water potential (the most commonly reported indicator

of drought stress) is insufficient to detect the hydraulic state of trees which have survived

——no embolism
——embolism

conductivity debt
of retained
embolism

Total Plant Conductivity (K ,.)

v

Time

Figure 3. Conceptual diagram comparing the increasing total plant conductivity of a tree that has not
experienced embolism-inducing drought stress (blue line) with a tree which has survived drought (red line)
and retained significant embolism. Red shading indicates hydraulic debt, or loss of function from pre-
drought levels (indicated by the dashed black line). Grey shading indicates the potential conductivity loss
from legacy embolism once pre-drought conductivity has been restored via radial growth

prolonged drought stress resulting in the accrual of embolism in woody tissues. Measuring water
potentials even a few weeks after drought’s relief would imply healthy, functional water relations
when in fact a tree’s xylem may have experienced and retained significant levels of embolism.
Thus, while there exists some maximum level of perturbation in (temperature, soil moisture
deficit) beyond which it becomes more likely that populations of trees composing the forest will

die, rather than survive during a single climatic event, we must also consider the legacy of

drought (Fig. 2C). Using an ASST approach to understand state of xylem within trees provides a
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framework to include drought’s legacy in future models of forest mortality. Models should
include both an accounting for the immediate hydraulic debt (actual loss of hydraulic function
due to embolism) and the legacy of lost potential hydraulic function had trees not experienced
and retained embolism (as in Fig. 3). For example, as growth rates and growing seasons of many
important forest trees are well described, along with growing databases of species-specific
embolism resistance (Choat et al. 2012.), future models will be able to account for both the
accumulation of embolism under stress, and the long period of growth required to erase the
functional debt incurred by this legacy of embolism via regrowth. Emerging evidence suggests
the legacy of embolism has severe downstream consequences, as it was found to nearly halve gas
exchange rates after drought relief in seedlings of Pinus Sylvestris (Rehschuh et al., 2020). Future
work could include an analysis of die-back dependent upon repeated non-lethal drought events,
preceding a lethal drought event. Secondary effects of retaining xylem embolism (canopy and
fine root die-back) may slow growth, produce less vulnerable xylem in subsequent years of
growth, and buffer or offset the perceived cost of retained hydraulic dysfunction. From meta-
analysis of empirical data, to hindcasting of known mortality on local to regional scales, including
a measure of retained hydraulic dysfunction (as demonstrated through ASST methods here) will

enhance our ability to predict the fates of future forests.
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Understanding physiological responses that occur during drought-induced stress and mortality
are important for advancing our capability to predict tree death. In recent decades, widespread
elevated tree mortality has inspired a large volume of research attempting to understand why and
when trees will die under drought stress (Hartmann et al. 2018a). Much of this research has
described the physiological responses as trees die from drought, yet reliably predicting when trees
will die remains elusive. Improving tree mortality predictions requires a pivot from describing the
process of tree mortality to identifying which risk factors influence the timing of tree death
(Hartmann et al. 2018a). Many experiments have studied tree mortality mechanisms through the
lens of McDowell et al. (2008), investigating hydraulic failure, carbon starvation, and (rarely)
biotic attack; later, a synthesis of global observations shows that hydraulic failure was
ubiquitously associated with drought-induced tree mortality (Adams et al. 2017). In contrast,

identifying common responses in non-structural carbohydrate (NSC) dynamics
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during tree mortality has proven difficult, and while responses have varied considerably, NSCs
can play an important role in mitigating drought stress (Hartmann et al. 2018b; O’Brien et al.
2014). For example, manipulating the amount of NSCs available to a plant at the onset of drought
stress was found to influence survival (O’Brien et al. 2014), and observations of delayed
mortality in the field following drought can be explained by carbon dynamics over years
(Trugman et al. 2018). Due to the extensive cost and challenge of causing drought-induced death
in a forest, experiments determining which physiological responses and traits have the most
influence during lethal drought stress are often investigated with juvenile trees growing in pots. It
should be noted that there is a middle ground, where larger, and/or older trees could be droughted
over longer time-scales (multiple years) to understand lethal physiological responses to a slower
progression of water stress, as is often observed during drought in natural systems (Dickman et al.

2015, McDowell et al. 2019).

In their recent article, Blackman et al. (2019) investigate the time to critical plant water
potentials (Weit) for four tree species representative of broad water-use strategies, and consider
the influence of physiological and growth responses. These Wit values, water potentials
corresponding to 88% loss of hydraulic conductivity for angiosperms and 50% for gymnosperms,
are thought to represent a physiological point of no return from drought-induced hydraulic failure
(Barigah et al. 2013; Brodribb and Cochard 2009; Urli et al. 2013). In their paper, Blackman et al.
conducted a lethal dry-down of four tree species representing drought response strategies. They
studied three angiosperms native to Australia (Casuarina cunninghamia, Eucalyptus sideroxylon,
and Eucalyptus tereticornis) and one introduced gymnosperm (Pinus radiata) that occupy a wide
range of ecohydrological niches. The three angiosperm trees reached Wi much more rapidly (39
— 57 days) than the gymnosperm (156 days). Of note, many traits measured also showed large
differences: angiosperm species generally had narrower hydraulic safety margins (0.75 to 1.67

MPa), lower turgor loss points (TLP, -2.04 to -2.57 MPa), lower leaf capacitance (0.41 to 0.81
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mol m?MPa), lower leaf saturated water content (1.23 to 1.64 g g') and much higher minimum
leaf conductance (12.6 to 19.7 mmol m2 s!). In contrast, the gymnosperm P. radiata showed a
wide safety margin (2.36 MPa), higher TLP (-1.07 MPa), higher leaf capacitance (2.76 mol m™
MPa!), higher leaf saturated water content (2.37 g g!), and a minimum leaf conductance an order
of magnitude lower (1.9 mmol m™ s™!) than the angiosperms. Despite much lower Wi values in
the angiosperms (-5.52 to -6.64 MPa) than the gymnosperm (Wi = -4.09 MPa), angiosperm trees
reached Wi in a third of the time it took the gymnosperm P. radiata. This underscores an
important finding—that time to mortality depends on more than resistance to embolism alone.
Regardless of species, the NSC observations of Blackman et al. add to growing uncertainty in
interpretation of NSC responses during critical water stress—as their findings of lower soluble
sugar in foliage of droughted trees compared with controls, but no difference in starch, were
atypical of NSC responses associated with mortality (Adams et al. 2017; Li et al. 2018). To
expound the findings of Blackman et al. with an aim toward understanding how different traits
influence probability of mortality, here we provide a conceptual framework describing the

progression of mortality risk during drought stress (Figure 1).

Our framework advances the idea that functional traits influencing the progression of mortality
risk can broadly be divided into two groups which influence critical points in this progression.
These include the point of incipient mortality risk, at which the risk of mortality is no longer zero
(Sapes 2018), and the point of no return, at which it is more likely a tree will die than survive if
drought stress is relieved (Hammond et al., 2019). Control of water loss during drought is initially
dominated by stomatal conductance, which can vary by orders of magnitude through stomatal

regulation. We propose that traits associated with stomatal regulation, such as
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Figure 1. A conceptual diagram of the progression of mortality risk during drought. Two lines illustrate
how species may differ in the progression of mortality risk. During drought, two phases of mortality risk
are likely governed by separate groups of traits. The first group of traits, which primarily influences
incipient mortality risk (the point of non-zero mortality probability), includes hydraulic safety margin (the
difference between water potential points for 90% reduction in stomatal conductance and 50% loss of
xylem hydraulic conductivity, as per Blackman et al.), the duration of stomatal closure (from onset to
completion), and foliar turgor loss point. During this phase, non-structural carbohydrates (NSC) are
dynamic as photosynthesis and mobilization continue. Beyond incipient mortality risk (shaded in red), traits
governing the progression of mortality risk switch as minimum conductance (gmin) dominates water loss,
and traits indicative of water storage (e.g., capacitance, leaf saturated water content) and retention (gmin)
will either delay or accelerate the progression of mortality risk. During this phase photosynthesis is zero,
and metabolism and mobilization are inhibited, thus the NSC at the onset of gmin sets the stage for available
carbon during prolonged drought. Beyond the point of no return it is more likely trees will die from
drought than survive. Dashed lines illustrate the difference in mortality risk trajectory for species with a
less (red) and more-resistant (blue) point of no return, which corresponds with the angiosperm and
gymnosperm observations of Blackman et al., respectively. Although not explicitly shown here, we
hypothesize that point of incipient mortality risk may also vary among species that differ in functional
traits.
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hydraulic safety margin, the range of water potential across which stomatal closure occurs (from
initial decline to < 10% of maximum), and the interval across which mesophyll cells lose turgor,
will dominate how long it takes trees to reach incipient mortality risk. While water loss is under
stomatal control, sufficient turgor exists for some amount of carbon assimilation and mobilization
during this first phase, which is characterized by dynamic fluctuations in NSC content and
components resulting from fixation and assimilation. Since the stomata are closed prior to
incipient mortality (Delzon and Cochard 2014, Choat et al. 2018), we propose that traits relating
to stomatal conductance bear little influence on the progression of mortality risk beyond this
point. Instead we expect that mortality risk through the point of no return is dominated by a
separate group of traits that relate to water storage and loss after stomatal closure. Minimum
conductance (gmin) should be the major contributor to water loss at this phase (Duursma et al.
2018; Martin-StPaul et al. 2017), and we expect its rate—which may be highly sensitive to
temperature (Cochard 2019)—coupled with specific leaf area and water storage through
capacitance, will dominate the progression of mortality risk. The slope of the probability function
for mortality in this phase ultimately determines when trees will pass the point of no return
(Figure 1). Notably, once stomata are closed, NSC content must be less dynamic during this
phase—with carbon assimilation arrested and phloem transport potentially impaired, we
hypothesize that the “die is cast” for NSC once gmin becomes the dominant mode of water loss.
Therefore NSC content at stomatal closure may also influence the progression of mortality risk

beyond the incipient point (Sapes 2018).

Within this framework, we can consider Blackman et al.’s observations that angiosperm trees
had high rates of water use initially—as evidenced by the quick recovery and growth after
cyclical drought. The conifer P. radiata, in contrast, showed a more conservative strategy,

minimizing water loss via earlier stomatal closure, which we expect would delay incipient
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mortality risk. Specifically, we hypothesize that species with low hydraulic safety margins,
prolonged stomatal closure, and that have relatively later turgor loss during drought progression
will approach incipient mortality risk more quickly than species with opposite trends for these
traits. Beyond this point, we hypothesize that species with lower gmin and higher NSC at g, and
higher capacitance and saturated leaf water content will take longer to reach the point of no
return. Our framework is consistent with the rapid approach to the point of no return for
angiosperms relative to the slower approach of the gymnosperm reported in Blackman et al. All
three angiosperm species were more resistant to embolism compared to the gymnosperm P.
radiata, yet they all reached W.ic before the conifer. This is an effective demonstration that that
Wi does not predict how fast a tree will die during drought. Importantly, Blackman et al.
observed that P. radiata had a gmin that was tenfold smaller than the angiosperm trees—a
difference that should strongly promote a longer survival after stomatal closure, a delay in

reaching the point of no return (Cochard 2019).

If the aim in understanding tree mortality is predicting vegetation change, the greatest impacts
to landscapes from tree die-off occur after the point of incipient mortality risk, when rates of tree
mortality climb higher. Studying traits leading to incipient mortality risk alone will not allow us
to quantify the magnitude of tree mortality across a full progression of drought stress. Therefore
we advocate increased study of traits that influence a species progress through the point of no
return in order to fully characterize the shape of the mortality probability curve in response to
drought stress. The study of Blackman et al. sheds a light on the relative importance of traits
regarding the progression of mortality risk under drought stress. By measuring many
physiological and growth response traits throughout drought-induced water stress during a dry-
down to Werii, they were able to discern which traits were associated with the short time to Werit
observed in angiosperms, and the long time to Wi observed in the gymnosperm. Their study

provided the basis for our conceptual framework, which offers a hypothesis for the ways in which
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specific traits which will impact the progression of tree mortality risk under drought. By
contrasting the responses of the angiosperm and gymnosperm species in Blackman et al., we can
observe that there is more than one way to die—and that likely much remains to be uncovered
regarding the dynamics of drought-induced tree mortality risk. Future work on tree mortality
should continue to describe risk factors as they relate to the probability of death, and specifically
seek to understand the traits that predict incipient mortality risk, and those that predict the point

of no return, at which death becomes more likely than survival.
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APPENDICES

Supplemetal Materials for Chapters III and IV.

Author’s note: Supplemental data, in the form of comma-separated values files too large to be
textually included in these apendices can be found published alongside chapter IV, and is
available directly from the New Phytologist website. Similarly, data files for chapter 111, also too
large to list textually here, will be available at both tree-mortality.net and as supplemental data
files upon its eventual publication. Supplemental data legends are included below, with a
reminder of their online (or intended) availability.

Supplemental materials for Chapter II1: 4 HOTTER-DROUGHT FINGERPRINT ON
EARTH'’S FOREST MORTALITY SITES—WARMING ACCELERATES RISKS

Supplemental Data: Supplemental data file of comma-separated values (supplemental data.csv)
containing the reference ID matching Table S1, below (Ref ID), longitude (long) and latitude
(lat) in decimal degrees, and the year of onset of mortality (mortality year). Author’s note: This
supplemental data will be published alongside the paper at both the journal’s website, and at
tree-mortality.net.
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Figure S1. Hotter-drought fingerprint including SPEI3, 6, 12, and 24. Figure showing same data as Fig.
3 of the main text, with Standardized Precipitation-Evapotranspiration Index (SPEI) added at 3, 6, 9, 12,
and 24 month calculations (SPEI3, SPEI6, SPEI12, SPEI24 respectively). For the mortality year, this
expanded figure shows all SPEI metrics are significantly drier than the long-term mean, with SPEI12 and
SPEI24 not being significantly different from the Palmer Drought Severity Index (PDSI) included in Figure
3, which consequently provides a more parsimonious hotter-drought fingerprint. As in Figure 3 of the main
text, dots represent mean values across all sites, with color indicating z-score difference (blue =
cooler/wetter, red = hotter/drier, white = not significant) from long-term climate. Whiskers represent 95%
confidence intervals.
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Figure S2. Per-variable mortality year condition frequency. Years per decade exceeding mortality year
conditions for each variable (on y-axis) independently in the fingerprint of hotter-drought shown in Figure

5D. Bar height represents mean frequency across all sites, while whiskers indicate 95% confidence interval
of the mean. Bar fill color indicates a warming scenario, where the observed baseline (+0.7°C) is blue, and

warmed scenarios are in pink and red for +2°C and +4°C respectively. In contrast to the combined-filtering
approach in Fig. 5D, here each variable is independently plotted in response to warming (from baseline,

+0.7°C, to a maximum of +4°C.
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a Average warmest month, mortality years b Average warmest month, all years
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Figure S3. Mortality year TMAX warming faster than all years.

Trend of TMAX Anomaly during mortality years across sites in the analysis, and the TMAX anomaly trend
for all years at all sites. Panel (a) is a repeat of Figure 4a from the main text, but panel (b) shows instead
the mean values (blue dots) for TMAX anomaly during the typically warmest month, for all years at all
sites, and the faded grey dots the raw data. Linear regression is fit to the raw data, and the slope of this
regression is lower than that of the mortality year line (red, left panel). For both regressions, grey shading
represents standard error of model fit.
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Figure S4. Hotter-drought fingerprint detected at 1 degree (coarse) resolution.

Additionally, we randomly sampled our 675 sites to include only one site per 1 degree of latitude/longitude
for a given mortality year (compared to 1/24 degree resolution of our main analysis, as in Fig. 3). This
reduced the number of sites to 300, aiming to dissipate any doubt about possible bias due aggregation of
sites with heavy mortality in relatively small geographic areas. Even at this very coarse spatial scale (no
more than 1 site per 111 km?) there is still a clear hotter-drought fingerprint during the mortality year (and
the two subsequent years), suggesting that spatial aggregation (sites being close to one another) did not play
a significant role in our main finding. Notably, at this coarse resolution our hotter-drought fingerprint’s z-
score means are not significantly different (95% CI’s overlap) for 5 of the 6 climate metrics (PDSI was
significantly ‘drier’ in main text Fig. 3) during the mortality year. Furthermore, this additional analysis
highlights the potential application of our hotter-drought fingerprint across spatial scales.
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Figure S5. Proportion of mortality events from 1970-2018 by biome.

Through time, most years included multiple biomes of mortality. Below, a bar plot of the 300 sites (filtered
to 1 degree, as in Fig. S4 above). While some years of high mortality representation align with global
atmospheric events (e.g., ENSO in 1997-1998, 16 total sites), other years with high representation do not
seemingly align with such phenomena. Our database and analyses are limited by the present combined
peer-reviewed knowledge of where forests have died during hotter droughts, yet still cover many biomes in
most years.
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Figure S6. Fourteen years prior to mortality start show no ‘hotter-drought’ signal as in the

mortality year.

We re-centered our ‘hotter-drought fingerprint’ analysis, as described in the paper (and displayed in its Fig.
3), 10 years prior to the mortality start year (note, we also appended 5 years prior to mortality, so that
together with Fig. 3 of the main text, 14 years prior to mortality may be continuously inspected), exploring
possible long-term or very delayed legacy effects. No consistent signal for hotter-drought appears as it does
when the same analysis is centered on the observed mortality start year.
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Figure S7. Hotter-drought fingerprints on a per-biome basis.

The three-year window, centered on the mortality start year, displayed for each biome. Above each biome
triptych the number of sites included is listed. Hotter-drought signal certainty is tied to sample size, yet
significant hotter-drought signals occur across nearly all biomes. Strong signals appear in temperate and
tropical seasonal forests, and even boreal forests (with a small sample) show significant indicators of hotter
drought. Tropical rain forests do not show hotter-drought signal in our present analyses, yet a combination
of data scarcity, uncertainty in climate projections, and diverse responses of various forest types in the
tropics will need further investigation.

(Figure on next page)
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Supplemental Table 1. Data sources with climate and biome summary.
Data references supporting database observations of drought and/or heat-induced tree mortality. Each
reference includes the number of discrete locations (sites) considered in our analysis, along with the total
number of plots. Climatic data and biome are also listed, with mean annual temperature (MAT, °C), mean
annual precipitation (MAP, cm), and elevation (ELEV, m) all averages across plots for each reference.
Whittaker biomes are listed, following the same isolines shown in figure 2 of the main text. Biomes are
abbreviated as: SDT = subtropical desert, TSF = tropical seasonal forest/savanna, TGD = temperate
grassland/desert, WS = woodland/shrubland, TRF = tropical rain forest, BOR = boreal forest, TERF =
temperate rain forest.

ID Short Reference Continent Sites Plots MAT MAP ELEV Biome(s)
1 | (MacGregor and  Africa 1 1 21.48 3475 640 STD
O’Connor,
2002)*
2 | (Tafangenyasha, Africa 1 1 23.72 58.13 179 STD
2001; 1998;
1997)%
3 | (Viljoen, 1995)°  Africa 1 1 21.74 57.95 379 STD
4 | (O'Connor, Africa 1 1 21.26 3532 685  STD
1999)°
5 | (Lwanga, 2003)”  Africa 1 1 20.30 130.18 1358 TSF
6 | (Fodenetal., Africa 1 1 1494 14.88 1440 TGD
2007)8
7 | (Bentouati, Africa 1 1 11.28 44.44 1540 WS
2008)°
8 | (Werner, Asia 1 1 15.18 219.86 2018 TSF
1988)10
9 | (Woods, 1989)**  Asia 1 1 26.35 211.66 206 TSF
10 | (Khanetal, Asia 1 1 2577 7540 209  TSF
1994)12
11 | (Gardner and Asia 1 1 15.41 4091 2328 TGD
Fisher, 1996)*3
12 | (Fisher, 1997)*  Asia 1 1 16.38 30.08 2611 TGD
13 | (Kinnaird and Asia 1 1 2233 285.07 570  TRF
O’Brein, 1998)*°
14 | (van Asia 1 1 27.81 257.62 8 TSF
Nieuwstadt and
Shiel, 2005)16
15 | (Nishimua etal., Asia 1 1 27.40 247.09 23 TSF
2007)"
16 | (Nakagawa et Asia 1 1 2699 317.34 24 TRF
al., 2000)1#
17 | (Semercietal,,  Eurasia 1 1 9.01 5147 1330 WS

2008)%°
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Supplementary Information for Chapter IV: DEAD OR DYING? QUANTIFYING THE
POINT OF NO RETURN FROM HYDRUALIC FAILURE IN DROUGHT-INDUCED

TREE MORTALITY.
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Figures S1. Vulnerability curve of Pinus taeda, loblolly pine, generated with samples from six saplings of
the experimental population, using centrifugation to induce embolism. The water potential at 50 PLC (Pso),
-3.22 MPa, is shown with a solid red line, and the 95% confidence interval for P50 (-3.05 to -3.37 MPa) is

shown with dashed red lines. We fitted the curve using R package ‘fitplc’ (Duursma & Choat, 2017).
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Figure S2. Epicormic re-sprouting on loblolly pine just after re-watering. All existing foliage was
completely browned, appearing dead, and epicormic re-sprouts appeared shortly after re-watering. While
epicormic re-sprouts did not die within 60 days of re-watering, all epicormic re-sprouts eventually died
(within 120 days). Due to this, these two trees were excluded from our calculations of the lethal hydraulic
threshold.
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Supplemental Text for Figure S2:

Of note, we observed four trees re-sprout basally after re-watering, a rare response in
loblolly pine that is more often observed in response to fire or wounding. Two trees also re-
sprouted epicormically (~1m above soil level) after complete canopy die-back, which has not
been previously reported for drought-stressed loblolly pine (Fig. S2). Trees that produced
epicormic shoots had a 72.5 and 95 PLC, indicating that their water-stress approached the limits
of survival. The basally re-sprouted tissues died within 60 days of re-watering and were included
in the analysis as dead trees. However, trees with epicormic shoots survived beyond 60 days, so

these two trees were excluded from our analysis although they eventually died at a later date.
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Figure S3. A logistic regression to determine the 50% lethal dose (LD50) of native conductivity (Ks)
during drought, which was 0.06 (95% Wald Confidence for probability of mortality had a minimum K =
.04 and maximum K, = 0.11 at LD50). Bars represent proportion of all trees in 20 bins across the observed
range of K, scaled to the height of Y-axis. Solid blue line is the logistic regression fit, with shaded grey
area representing a Wald 95% confidence interval for the logistic regression.
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Figure S4. This figure is a companion to Figure 3 in the main text—containing data for only the six
watered control trees (which are not included in Figure 3). The x-axis remains the same as Fig. 3,
observed canopy color, arranged from darkest green to deepest red-brown. Bar height indicates the
proportion of trees that survived (positive proportions) or the trees that died (negative proportions)
at a given color. Bars are filled with the observed foliar color recorded from a representative sample.
Panel A shows canopy foliar color at the beginning of the experiment, before drought, and foliar
color of all trees was a deep green. Panel B shows canopy foliar color at the end of the re-watering
period. Panel C shows canopy foliar color 60 days after re-watering of the last droughted tree in the
experiment. Canopy color was consistently green, without yellowing or browning of the canopy
during the experimental drought and recovery periods.
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Author’s note: Table SI1 and Table S2 are published online, at https.//doi.org/10.1111/nph.15922
under supplemental material, and are not included in this appendix due to their excessive size.
However, their captions are below:

Table S1. Logistic regression model predictions for probability of mortality given percent loss of
conductivity values (PLC) ranging from 0 to 100, by 0.1. Model fit is provided, along with lower
(Iwr) and upper (upr) 95% Wald CI’s for probability of mortality.

Table S2. Logistic regression model predictions for probability of mortality given specific
conductivity values (K;) ranging from 0 to 0.366 (the range of observed values during this

experiment), by 0.001. Model fit is provided, along with lower (Iwr) and upper (upr) 95% Wald
CI’s for probability of mortality.

Suppelemental References for chapter IV:

Duursma RA, Choat B. 2017. fitplc: an R package to fit hydraulic vulnerability curves. Journal of
Plant Hydraulics 4.
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