ABSTRACT
BROADHEAD, ALICE A. Angiosperm Tree Drought Survival Strategy. (Under the
direction of William A. Hoffmann).
Forests act as a substantial carbon sink, taking up nearly 30% of global carbon
emissions each year. This is an example out of many illustrating the ways forests interact
with climate as well as their surrounding ecosystems. Yet widespread forest dieback
associated with heat and drought is occurring. At the same time, high temperatures and
drought are predicted to become more frequent. We need a better understanding of how tree
physiology will respond to these changing environmental conditions if we are to better
predict climate as well as manage forests for changing climate. Some current needs include a
thorough mechanistic understanding of tree drought response and mortality, as well as a
better understanding of how plant carbon assimilation rates respond to warming, especially
independently of the stress of low vapour-pressure deficit (VPD). This is the area of focus for
this work.
We present results that may aid predictions of species drought mortality, showing that
stomatal sensitivity to leaf water potential correlates better with which species will suffer
high mortality than many other physiological traits, including anisohydry as well as wood
density and native embolism. We show via a stem notching experiment that stomatal
sensitivity is not dependent on root water availability, and hence is likely independent of
rooting depth.
Our investigation of tree sapflux during experimentally induced drought showed
surprising similarities between transpiration of isohydric and anisohydric tree species. Both
groups of species suffered near-total decline in sapflux rates. Since sapflux is linked with
photosynthesis via the stomata, this suggests that severe drought would radically limit plant
productivity and, depending on the extent and severity, cause changes in the degree to which
forests serve as a carbon sink.
Our measurements of photosynthesis with experimentally induced drought showed
isohydric plants to suffer greater relative decreases in midday photosynthesis than
anisohydric plants. Isohydric plants were also the plants to suffer greater mortality in this
experiment. Although causality of plant mortality cannot be inferred from this correlation,

our work does support the hypothesis that isohydric plants may suffer greater carbon
limitation during drought.
Finally we present data from a field-based warming experiment showing that
combined warming and increased VPD act together to decrease carbohydrate storage of
seedling. We also present results from a model showing the substantial differences in
warming response between when VPD is held constant (water vapour is added to the air as it
warms) and when VPD increases with temperature (no water vapour added).
This work adds to the important body of research exploring tree drought and warming
response, helping to make inferences about how forests and trees will respond to climate
change.
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INTRODUCTION
A better understanding of how forest dynamics change with climate is sorely needed both to
better predict future climate, as well as to manage forests for climate change to enhance
mitigation and adaptation efforts (Anderegg et al., 2013; McDowell et al., 2013b; Reyer et
al., 2015). Worldwide, there has been recent widespread forest dieback associated with
drought and high temperatures (van Mantgem et al., 2009; Phillips et al., 2009; Allen et al.,
2010; Carnicer et al., 2011; Lewis et al., 2011; Peng et al., 2011; Steinkamp & Hickler,
2015), and these dieback events appear to be occurring more commonly (van Mantgem et al.,
2009; Allen et al., 2010; Carnicer et al., 2011; Peng et al., 2011), while temperature as well
as drought frequency and severity are expected to increase (Meehl & Tebaldi, 2004; Forster
et al., 2007; IPCC, 2014). Although it is well known that consequences of forest dieback
include strong climate feedbacks (Bonan, 2008; Bonan & Levis, 2010; Adams et al., 2012;
Jiang et al., 2012; Maness et al., 2013), mechanistic causes of forest dieback are not
sufficiently understood to adequately predict feedbacks with climate change (Bonan, 2008;
McDowell et al., 2011; Wang et al., 2012; Jiang et al., 2012; Huntingford et al., 2013; Piao
et al., 2013; Cavaleri et al., 2015). Furthermore, forest management is a critical component
of climate change mitigation and adaptation strategies as forests are responsible for diverse
ecosystem services including water management and carbon sequestration (MEA, 2005;
Blate, G.M. et al., 2009; Anderson et al., 2011; Adams et al., 2012; Grant et al., 2013;
Bellassen & Luyssaert, 2014). A more thorough knowledge of forest water and carbon
dynamics is needed to inform the detailed management and policy decisions that would take
sufficient advantage of the forest capacity to buffer climate change (Blate, G.M. et al., 2009;
Anderson et al., 2011; Adams et al., 2012; Bellassen & Luyssaert, 2014).
An important aspect in understanding forest drought response is the physiological
responses of trees to drought and the mechanisms leading to tree drought mortality. There
has been an intense interest in how trees die from drought in recent years and some exciting
progress has been made since the theoretical framework for drought mortality was laid out by
McDowell et al. (2008). Their hypothesis was that there were three primary modes of
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drought mortality: biotic agents, carbon starvation, and hydraulic failure, which could act
alone or together in any combination to effect tree mortality. The biotic agent hypothesis
posited that drought would affect the demographics of biotic agents such as insects, resulting
in outbreaks that would kill trees. Hydraulic failure was defined as the loss of hydraulic
conductance to a point that life was no longer supportable. Carbon starvation was
hypothesized to kill trees that closed their stomata during a long drought, leading to inability
to restore carbon resources and eventually depletion of these resources to fatal levels.
McDowell et al. (2008) also hypothesized that anisohydric trees, those that allow their leaf
water potential (Ψl) to vary with environmental conditions, were more likely to die from
hydraulic failure since the decreased control of Ψl would lead to highly negative Ψl during
drought that would in turn lead to high tension on the xylem causing cavitation and
eventually runaway cavitation, finally resulting in insufficient hydraulic conductance to
maintain life. They hypothesized that isohydric trees, those that keep Ψl relatively constant
despite environmental changes, would be more susceptible to carbon starvation as one of the
primary ways Ψl is maintained during drought is through stomatal closure.
Drought has been associated with pathogen, insect, and parasite attacks (e.g. cankers,
bark beetles, and mistletoe), both causing trees to be vulnerable to attack and exacerbating
the damage and mortality that would be caused by biotic agents alone (Kliejunas, 2010;
Bentz et al., 2010; Sturrock et al., 2011; Hicke et al., 2012; Jactel et al., 2012; Gaylord et al.,
2013; Durand-Gillmann et al., 2014; Ryan et al., 2015). These drought-biotic agent effects
contributed to widespread forest decline and dieback (Worrall et al., 2008, 2010; Bentz et al.,
2009; Allen et al., 2010; Michaelian et al., 2011; Durand-Gillmann et al., 2014). Despite the
large impact of biotic agent-drought interactions on forest dieback worldwide, the
physiological mechanisms that result in tree mortality from these influences are not
sufficiently understood (Durand-Gillmann et al., 2014; Hartmann et al., 2015a; Ryan et al.,
2015). For example, Ryan et al. (2015) explain that the effects of severe drought and stand
density on carbohydrate storage, production of resins, and emissions of volatiles are poorly
understood, but are well known to affect bark beetle colonization.
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Hydraulic failure may well be the best understood mechanism of plant mortality.
There is substantial evidence for the occurrence of hydraulic failure in trees and there appears
to be no debate as to whether it occurs (Sala et al., 2010; Hoffmann et al., 2011; McDowell,
2011; Anderegg et al., 2012; Hartmann et al., 2013, 2015a; McDowell et al., 2013a; Sevanto
et al., 2014). We also understand how hydraulic failure can lead to mortality, with excessive
xylem tension resulting from transpiration rates exceeding the ability of the roots to uptake
water leading to progressive cavitation and loss of conductivity. This results in an inability to
transport sufficient water and subsequently to mortality (Sperry et al., 1998; McDowell et al.,
2008; Sevanto et al., 2014). Nevertheless, many questions remain as to how to determine tree
susceptibility to hydraulic failure and to predict subsequent mortality.
One physiological trait that has been suggested for its potential to predict
vulnerability to cavitation and possibly hydraulic failure is wood density. There are problems
with this approach, however. In the Amazon, higher mortality has been associated with trees
with low wood density (Phillips et al., 2010), likely caused by the inverse relationship
between wood density and vulnerability to cavitation (Hacke et al., 2001; Jacobsen et al.,
2005). But in temperate forest the opposite trend in mortality has been observed, with greater
mortality in species with high wood density (Hoffmann et al., 2011), hypothesized to be
related to the smaller safety margins (the difference between water potential, Ψ, and a critical
water potential at which most of the vessels in a stem cavitate) seen in dense wooded species
with drought in this study.
Safety margin has also been suggested as a possible approach to predicting tree death
from hydraulic failure. Choat et al. (2012) have used safety margin to suggest that there is
worldwide drought vulnerability in forest ecosystems, independent of forest biome. Choat et
al. base their conclusions on evidence that most species worldwide operate within a 1MPa
hydraulic safety margin. But there are challenges to this approach as well. For instance,
embolism prevention is not solely conferred by xylem properties alone, but by stomatal
conductance and hydraulic capacitance as well such that these safety margins in control
conditions do not tell enough of the story of plant defense against cavitation (Meinzer et al.,
2009). Furthermore, safety margins are dynamic, changing from control to droughted
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conditions. This is particularly the case in anisohydric plants. Hence plants with larger safety
margins in conditions of greater water availability can also be those with smaller safety
margins and more dieback under greater water stress (Hoffmann et al., 2011). In addition to
this temporal variability, hydraulic segmentation also allows spatially variable vulnerabilities
in different parts of the plant, with greater vulnerability often occurring in smaller, more
expendable parts (Tyree & Ewers, 1991; Tyree et al., 1993). Since vulnerability is often
measured in small roots and stems, this hydraulic segmentation can also lead to an
incomplete view of safety margin (Meinzer et al., 2010). A final possible problem with
safety margin is the much-debated phenomenon of embolism repair. Although some claim
that the evidence for embolism repair is faulty (Delzon & Cochard, 2014), others claim that it
is a mechanism for which some species may osmotically induce refilling of embolized
conduits, thereby reducing the importance of vulnerability and safety margins in determining
susceptibility to hydraulic failure (Brodersen & McElrone, 2013).
In comparison with biotic agents and hydraulic failure, carbon starvation is a much
more controversial mechanism of tree mortality. Since proposed by McDowell et al. (2008),
there has been much debate with regard to whether carbon starvation exists at all (Adams et
al., 2009b; Sala, 2009; McDowell & Sevanto, 2010; Sala et al., 2010; Hartmann et al.,
2015a). While there is evidence that carbon starvation alone can happen in conditions of
reduced CO2 or shading (Hartmann et al., 2013; Sevanto et al., 2014), it is unclear as to
whether carbon starvation occurs alone, or whether it may kill droughted trees only in
concert with hydraulic failure (Adams et al., 2009a, 2013; Hartmann et al., 2013; McDowell
et al., 2013a; Sevanto et al., 2014; Sevanto, 2014). Hydraulic failure is thought to influence
carbon starvation via diminished hydraulic capacity leading to reduced ability for
carbohydrate transport through the phloem (Sevanto, 2014). Carbon starvation in turn can
influence hydraulic failure via reduced carbohydrate reserves diminishing solutes available
for osmotic regulation and possible embolism refilling (Sevanto et al., 2014). It is also
thought that reduced carbon availability and transport during drought may lead to attack from
biotic agents due to reduced allocation to defenses and altered volatile emissions (Jactel et
al., 2012; Ryan et al., 2015). It is clear from experiments in which carbon starvation was
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induced in the absence of drought that storage pools of non-structural carbohydrates (NSCs)
are necessary to tree life as non-zero concentrations of NSCs remain even at death under
carbon starvation (Hartmann et al., 2013; Sevanto et al., 2014) and that even during severe
drought stress when no growth is occurring, storage of NSCs continually occurs (Hartmann
et al., 2015b). Questions remain as to what the carbohydrate threshold for survival is, and
how it differs among species and with environmental conditions. The overarching question
also remains as to whether carbohydrate starvation occurs alone and the frequency to which
carbohydrate limitation and hydraulic failure combine to result in tree mortality.
If we are to understand recent widespread forest mortality, the discussion would not
be complete without referring to the effects of high temperatures (Allen et al., 2010). Plants
are known to have temperature optima, below and above which photosynthesis decreases, so
warming can either increase or decrease photosynthetic rate, depending on the original
temperature range and the temperature range with warming (Lin et al., 2012; Smith & Dukes,
2013). These optima are also believed to acclimate to temperature (Berry & Bjorkman, 1980;
Battaglia et al., 1996; Kirschbaum, 2004), although some have suggested that net
photosynthesis does not in fact acclimate in natural settings (Liang et al., 2013). Warming
can also affect plant phenology, lengthening the growing season (Wolkovich et al., 2012;
Chung et al., 2013; Marchin et al., 2015), plant growth and biomass allocation (Way & Oren,
2010; Chung et al., 2013) and pest and pathogen life cycles (Bentz et al., 2009; Fettig et al.,
2013). Study of warming response is achieved using current species ranges, correlational
studies based on responses to current climate, altitudinal gradients, and experimental
warming (Iverson et al., 2008; Rustad, 2008; Way & Oren, 2010; Wolkovich et al., 2012;
Fettig et al., 2013; Chung et al., 2013; Clark et al., 2014). Experimental manipulation of
temperature in the natural environment is a key component of study of plant response to
temperature as it allows in situ, multi-year studies with controls that can directly test the
result of experimental manipulation and test modeled predictions (Chung et al., 2013;
Cavaleri et al., 2015).
Experimentally increasing temperatures leads to increased high vapour-pressure
deficit (VPD) (in the absence of addition of water vapour to the air) (Norby et al., 1997) due
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to the fact that the saturating vapour pressure of water accelerates with increasing
temperature. High temperatures and VPD combine to create increased tree stress and
mortality (Williams et al., 2013; Breshears et al., 2013; Will et al., 2013). This stress can be
due to a combination of factors, including drought, direct stomatal response to atmospheric
VPD, as well as effects to net photosynthetic rate (Breshears et al., 2013).
The uncertainty in changes in humidity in some regions as well as variability
predicted in precipitation and resulting variability in water vapour for others (Li et al., 2010;
Kirtman et al., 2013) leads to a need to de-couple these VPD and temperature effects. This is
more straightforward given that the effects of VPD and temperature are additive and do not
alter one another (Fredeen & Sage, 1999; Day, 2000). Indeed, the additive effects of VPD
and temperature have been modeled in correlative studies (Peltier & Ibanez, 2015). However,
more needs to be done to quantify their separate effects in experimental settings so that
photosynthetic rates in alternative VPD scenarios with warming can be accurately modeled in
these experimental settings.
It is in response to the needs outlined above for drought and warming research that
the research to follow in this thesis was conceived. The first three chapters are dedicated to
experiments investigating the carbon and water relations of saplings from ten tree species in a
controlled drought experiment, correlating the physiology of different species with mortality
rates and drawing conclusions regarding predictors of mortality. We showed that stomatal
sensitivity was the best physiological predictor of mortality in our experiments, and that
stomatal sensitivity is determined not by rooting depth or water availability, but can be
directly mediated by water availability in the aerial portions of the plant. We found that
transpiration decreased throughout our drought treatment at similar rates between isohydric
and anisohydric species, implying that despite differences in mortality rates between the two
groups (isohydry is related to greater stomatal sensitivity), hydraulic functionality is impaired
at similar levels of drought. In contrast, relative decreases in midday carbon assimilation
rates from drought were greater in isohydric species than in anisohydric species, which may
have implications for differences between the groups in net carbon balance as well as vital
functions such as phloem transport and osmotic regulation. In the fourth chapter, the separate
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effects of VPD and temperature are quantified and modeled in a field-based warming
experiment, and combined effects of VPD and temperature on carbohydrate storage, growth
and mortality of seedlings are discussed. VPD had greater effects than temperature on
photosynthesis when temperature was increased without adding water vapour to the air.
These results highlight the need to account for VPD effects in warming experiments since
VPD effects of climate change are uncertain. Tree seedlings in a high VPD, high temperature
environment had less growth and less carbon storage in their early life than seedlings in
ambient conditions. This has negative implications for tree growth with climate change if
high-VPD conditions occur. As a whole, our results have important implications for changes
in tree physiology with climate change.
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Stomatal sensitivity predicts tree mortality and is
independent of water availability
Abstract
Forest dieback from drought is occurring worldwide, yet we still have an insufficient ability
to predict which tree species are more likely to die from drought and an insufficient
understanding of the mechanisms leading to differential mortality. We present results from a
controlled field experiment in which saplings from 10 broadleaf tree species were subjected
to a gradual drydown. Water relations traits and mortality were measured. Greater stomatal
sensitivity to leaf water potential was the best physiological predictor of plant mortality of
the traits we measured, with greater stomatal sensitivity predicting greater mortality. To test
root influence on stomatal sensitivity we induced root-independent drought by notching the
stems of well-watered plants. We found relative rankings of stomatal sensitivity to be similar
to those we observed in intact droughted plants, indicating that rooting depth response on
stomatal sensitivity is at best limited. The results of this study suggest that stomatal
sensitivity may be a useful predictor of drought susceptibility.
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Introduction
Drought stress has caused recent widespread tree mortality on every continent with forests
(Allen, 2009; Allen et al., 2010; Anderson-Teixeira et al., 2013). Drought mortality likely
will increase in the future; current climate modeling and observations of recent trends predict
drought occurring with increasing frequency and severity with climate change (Forster et al.,
2007; Allen, 2009). Because forests have strong feedbacks with climate through their storage
of terrestrial carbon, alteration of wind speed, temperature, and the hydrological cycle
(Bonan, 2008), understanding the extent of drought’s impact on forest health will be
necessary to assess the full extent of climate change (McDowell et al., 2011). Furthermore,
direct impacts of forest health on human health (MEA, 2005; Laband, 2013) underscore the
importance of managing forests for climate change. Knowing which trees and forests are
most susceptible to drought will be necessary to plan efforts of foresters to adapt forests to
climate change, whether those be strengthening the health and diversity of forests to increase
their resilience(Blate, G.M. et al., 2009), or specifically preparing for drought by planting
drought-resilient trees after disturbance, and thinning drought-susceptible trees to increase
the water supply for trees more likely to survive the drought (Grant et al., 2013).
We need a way to predict mortality of trees due to drought based on characteristics
that can be easily measured. McDowell et al. (2008) propose a mechanistic framework in
which the degree of isohydry (the degree to which trees keep their daily minimum water
potential constant during water deficit (Tardieu & Simonneau, 1998)) predicts drought
mortality. Under their framework, short, intense drought would be more likely to kill
anisohydric trees from hydraulic failure since these trees exert less constraint on their water
potential. Longer, but less intense drought would be more likely to kill isohydric trees from
carbon starvation as these trees use stomatal control heavily to regulate their water potential,
thereby limiting carbon assimilation.
Choat et al. (2012) propose another way of evaluating trees for drought susceptibility;
they say that safety margin, the difference between minimum xylem water potential and
xylem water potential at which a specified percentage of xylem has cavitated, may be an
accurate predictor of drought suceptibility. They found forests worldwide to be equally
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vulnerable to hydraulic failure as predicted by safety margin, as most (>70%) of the forest
species of the 226 considered operate on a very small (<1MPa) safety margin.
Recent severe droughts have made possible the testing of these proposed frameworks
in the field. For example Anderegg et al. (2012) measured water relations and nonstructural
carbohydrates of Populus tremuloides during a period of severe drought and determined the
likely cause of death was hydraulic failure. P. tremuloides is a relatively isohdyric species
(Galvez et al., 2011), so these results are at odds with the supposition of McDowell et al.
(2008) that isohydric trees are more susceptible to carbon starvation. Hoffmann et al. (2011)
address physiological outcomes from a severe drought in 22 woody species co-occurring in
the southeastern US. Although mortality rates were not measured, they found that species
with less dense wood had greater stomatal sensitivity to water deficit and higher midday
water potentials (ΨMD), suggesting that species with less dense wood were more isohdyric.
They also found species with greater wood density to have greater loss of stem hydraulic
conductivity during the drought, supporting the supposition of McDowell et al. (2008) that
anisohydric trees are more likely to die from hydraulic failure. However, they found that
species with greater wood density (the species with greater morbidity) also had greater safety
margin in less severe drought, opposing the idea that small safety margins mean greater
drought sensitivity.
In controlled drought conditions in pots, Galvez et al. (2011) found that P.
tremuloides, when severely droughted, was unlikely to die of carbon starvation as root
carbohydrate stores increased substantially over those of control plants, in concordance with
the results of Anderegg et al. but contrary to the framework of McDowell et al. (2008).
Adams et al. (2009a) and Adams et al. (2013) found Pinus edulis to die concurrently with
strong decreases in nonstructural carbohydrates in a controlled pot drought and warming
experiment in Biosphere 2. They suggest, however, that the decrease in carbon likely
interacted with hydraulic failure to induce mortality, as the trees had also reached very
negative predawn water potentials which they inferred to be sufficient to lead to substantial
cavitation and extremely dysfunctional xylem. The results of Sevanto et al. (2013) support
the idea that trees can die of hydraulic failure and carbon starvation concurrently.
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The aforementioned studies show that the cause for drought mortality is more
complicated than previously thought and that the same species may die of different causes
depending on the severity of the drought. However, they leave the question of what an
appropriate method for predicting drought mortality over multiple species may be. In this
study, we conduct a controlled drought experiment on species from diverse clades, assessing
their mortality and measuring physiological parameters, including the degree of anisohydry,
safety margin, and wood density, cited in the literature as being related to drought mortality.
Our aim was to identify useful predictors for species’ susceptibility to drought mortality.

Methods
Study site
These experiments were conducted in Lake Wheeler Field Laboratory at North Carolina State
University, located in Raleigh, North Carolina at 35°44'11.66"N, 78°42'15.39"W at 128 m
above sea level. Trees were planted in a mowed field in large planters in full sun.

Study species
Ten species of deciduous trees were selected to span a wide range of drought strategies, from
species with high resistance to cavitation to species with low resistance to cavitation
(Hoffmann laboratory unpublished data and Hoffmann et al., 2011). Species were also
chosen to span a range of phylogentic diversity within the angiosperm clade (Table 1.1).

Containers and watering
To induce drought simultaneously in each of the ten species, and to give the trees sufficient
root volume to avoid rapid drought at unnatural rates, one individual of each species was
planted in a large plywood planter with a volume of 0.90 m3, (1.22 by 1.22 meters wide, and
0.61 meters deep). Planters had closed bottoms with 4 drainage holes and were raised above
the ground on cinder blocks. Roots did not leave the planter and contact the outside soil.
Trees were equally spaced 10 cm from the outer edges of the planters, with relative positions
of the species to one another selected using a random number generator. Planters were filled
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with a mixture of 70% topsoil and 30% compost from a commercial construction contractor.
Twenty planters were constructed and planted with trees, resulting in a total of 200 trees. The
1-2 year old bare-root seedlings were purchased from the North Carolina Forest Service, the
South Carolina Forestry Commission, and the Virginia Department of Forestry and were
chosen to represent the provenance of the study site: the piedmont region.
The planters were fitted with an automatic watering system constructed using PVC
pipes and irrigation tubing (Techline CV, 0.9 gal/hr (3.4 L/h) emitters, with 12in (0.3 m)
spacing between emitters, Netafim USA, Fresno, CA, USA) and water flow controlled using
a CR1000 datalogger (Campbell Scientific Inc., Logan, UT, USA) fitted with SDM-CD16AC
relay drivers (Campbell Scientific Inc.) and Ehcotech solenoid valves (Model B20N-1/4CD,
Ehcotech International Inc., San Diego, CA, USA). The moisture levels in the planters were
monitored via CS616 water content reflectometers (Campbell Scientific, Inc.). A target
relative water content was set for each day, and these values decreased over time to provide a
gradual drought until the soil reached a minimum water content at which it would dry no
further. Water levels were set to be the same within the control group and within the drought
group of planters. Trees were planted in the spring of 2010 and grew in well-watered
conditions until the induction of drought on June 17, 2011. All planters were covered with
plastic at the time of drought induction to prevent rain water from keeping the soil moisture
from drying to the target level.
The drought was induced on 10 planters, with the remaining 10 kept as controls. Data
were collected for 40 days. On July 27, 2011, when sufficient data were collected to compare
drought and control conditions, all plants were droughted to gain more information for the
between-species comparison. Drought of all species was carried out for an additional 31
days.

Native embolism
Stems were harvested for native embolism measurements of droughted plants on August 19,
2011 through October 16, 2011. Stems were harvested in the morning and cut under water to
prevent introduction of embolism. The cut end was kept under water. All leaves were cut off
20

under water. The stem was covered in a black plastic bag with the cut end still under water
and transported back to the laboratory, which took at least 30 minutes. In the laboratory
stems were recut at both ends under water. Samples were kept to a length longer than the
maximum vessel length observed for the species when possible. The average sample length
was 28.6 cm, maximum sample length was 51.6 cm and minimum sample length was 8.3 cm.
When unbranched segments could not be obtained, branches were removed and the removal
site sealed with cyanoacrylate glue.
Stems were connected to tubing connected to a reservoir set at a height to create a
pressure head of 3.5 kPa, and water flow through the stem measured. Water used for
conductivity measurements was deionized water filtered through 0.2 μm mesh and then
mixed with KCl to a concentration of 20 mM to prevent bacterial occlusion of vessels and to
keep the pit membranes from swelling to reduce flow (Zimmermann, 1978; Sperry et al.,
1988). All tubing was disinfected regularly with a sodium hypochlorite (bleach) solution.
Stems were then flushed using degassed and filtered 20mM KCl solution. The
degassed solution was loaded into a captive-air tank that was connected to a canister of
pressurized N2 gas on one and the stem on the other. Stems were flushed at a pressure of
100kPa for 20 minutes each. Conductivity was then re-measured. Percent loss conductivity
(PLC) was then calculated as:
PLC =

flow rate before flush
flushed flow rate

Vulnerability curves
Stems of well-watered potted plants from the same nursery stock and plants naturally
occurring at Lake Wheeler Field Laboratory were used for vulnerability curve measurements.
Samples were collected between November 23, 2011 and June 23, 2013. Stems were cut in
the morning and immediately placed in water. All leaves were then cut off under water and
the stems, with their cut ends still in water, were covered with a black plastic bag to be
transported to the laboratory, where they were re-cut at both ends under water. With these
stems we also attempted to keep samples longer than the longest vessel length we had seen,
but in some cases this was not possible. Samples ranged between 18.4 cm and 62.6 cm with
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an average length of 38.7 cm. When samples were branched, branched segments were
removed and wounds sealed with cyanoacrylate glue.
Samples collected after January 3, 2012 were brought to maximum conducting
capacity using the vacuum infiltration method (Sellin, 1991; Hietz et al., 2008) in a vacuum
chamber filled with 0.2 μm filtered 20 mM KCl solution made with previously deionized
water. Samples collected before January 3, 2012 were flushed using pressurized water at
100kPa as with the stems used for native embolism. A third or less of individuals for each
species were flushed using pressurized water; half of the species were flushed using the
vacuum chamber method exclusively. The two methods did not show visibly different results
when vulnerability curves from individual stems were compared.
The curves were measured via the air injection technique (Cochard et al., 1992;
Sperry & Saliendra, 1994). Curves were constructed using 6-9 stems for each each species.
Stems were stripped of bark around their middle region to allow air entry and encased in a
pressure sleeve. The pressure sleeve was attached to a pressure chamber with external port
(Model 1000, PMS Instrument Co., Albany, OR, USA); the pressure chamber was used as a
pressure regulator. They were then pressurized in a water bath at 0 MPa, 0.5 MPa, and 1MPa
and at 1MPa increments thereafter until the stem had reached at least 95% loss of
conductivity or until 7MPa, the highest pressure the pressure chamber would reach. After
each pressure, stems were left to stop releasing air, which could be a matter of hours to
overnight. Then conductance was measured via the same method as was used for
conductance in the native embolism measurements. Fatigue-corrected PLC was calculated to
account for the large initial loss of conductivity in some species that occurs when the largest
vessels cavitate; these are likely to be already cavitated at well-hydrated field conditions.
This would have been particularly relevant for species with ring-porous wood anatomy. We
calculate fatigue-corrected PLC using the flow rate at 0.5 MPa as the maximal flow rate.
For each species, all of the PLC values for all of the stems at a single pressure were
averaged together. Curves were fit to these average values using the Weibull function using
the drm algorithm with W1.3 and W2.3 self-starting algorithms in the drc package (Ritz &
Streibig, 2005) in R 3.1.0 (R Core Team, 2013). The pressure at which 50% and 80% loss of
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conductivity occurred (P50 and P80, respectively) were calculated using the curves
generated.

Vessel lengths
After native embolism measurements, samples were flushed with the same method as their
initial flush. Samples were then pressurized to 2 atm using a syringe connected to tubing
clamped to the proximal end of the stem. The pressure was held for at least one minute and
then the stem clipped no more than 2 cm from the distal end and re-pressurized. The
procedure was repeated until bubbles were emitted from the distal end with pressurization.
The ability of air to move through the stem at 2 atm would indicate an open vessel, without
intact end walls to prevent air movement through the end walls. A bubbling stem indicates
that the longest vessel is longer than the cut stem (Skene & Balodis, 1968; Zimmermann &
Jeje, 1981).

Wood density
Wood density was measured via the volume displacement method. Wood density was
measured for each native embolism and vulnerability curve sample, following vessel length
measurements. Briefly, a 5 cm segment was de-barked, halved, the pith removed, and one
half submerged under water in a container of water sitting on a tared balance. The number of
grams read on the balance is equal to the number of cubic centimeters of water displaced (the
density of water is one g/cm3). The stem half for which the volume was determined was then
dried to constant mass at 70°C in a drying oven and weighed. Density was determined as dry
mass/fresh volume. Occasionally a shorter sample than 5 cm was used when that was all that
remained after vessel length measurements.

Stomatal conductance and leaf water potential
Stomatal conductance was measured during the middle of the day, between one hour before
solar noon and 2.5 hours after solar noon. At least two measurements per plant on leaves on
the outer part of the plant’s canopy were measured for stomatal conductance using an AP4
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cycling porometer (Delta-T, Cambridge, UK). After stomatal conductance measurements,
one of these leaves was cut off at the petiole with a razor blade and put in a bag with a bit of
wet paper towel on ice in a dark cooler (precautions to prevent water loss) and brought back
to the laboratory for midday water potential measurements (ΨMD) later that day using a
pressure chamber (Model 1000, PMS Instrument Co.). Measurements were taken every
week, except between the first and second measurements of the experiment and between the
penultimate and last measurements in which case measurements were taken two weeks apart.
Leaves were collected for predawn water potential (ΨMD) in the same manner as midday
water potential, except that they were collected before dawn on the days that midday leaf
water potential and stomatal conductance were to be measured.
Anisohydry was calculated as ΨMD, control - ΨMD, drought, where ΨMD, control indicates
control midday leaf water potential and ΨMD, drought represents the midday leaf water potential
for droughted plants. Anisohyric plants were indicated by larger differences.

Osmotic potential
Leaves were collected for measurement of rehydrated osmotic potential from plants
droughted for 7 days and from plants droughted for at least 21 days. Four to six leaves from
different individuals were collected per species per treatment. Leaves were rehydrated in the
dark by placing their petioles in water. Leaf disks were frozen with liquid nitrogen, then
crushed to release liquid before measurement. Six leaf disks were taken from each sample for
a single measurement. Osmotic potential was measured using a Vapro 5520 osmometer
(Wescor, Inc., Logan, UT, USA).

Plant mortality
Survival was assessed in 2011 on July 21 and 28, August 4 and 16, September 11, 19, and
25, and October 9, and on June 21, 2012. Results from June 21, 2012 were used in trait
analyses discussed in results. Other values were used to assess the severity of drought during
the experiment to determine timing for measurements such as native embolism. Plants were
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considered dead when there were no green leaves, and brown leaves were dried out and
crumbled when handled.

Stem cut experiment
To isolate the effects of root drying from water deficit in the above ground organs, a water
deficit was initiated in stems only. A hack-saw was used to make pairs of cuts on opposite
sides of the stem and vertically separated by 1-2 cm, each cut going half-way through the
stem (Figure 1.1). Stems were stabilized using a pair of plastic scoopulas held on with ducttape. Stomatal conductance and water potential were measured midday as described
previously. In a few days, pending stomatal conductance and water potential stabilization,
another pair of cuts was induced and water potential and stomatal conductance measured.
The process of measurement and adding more cuts was repeated until the plants died. This
experiment was performed in the summer of 2012 on potted plants from the same stock and
order and planted at the same time as the plants used in 2011.
This experiment was performed on four of the ten species, chosen for having more
extreme drought strategies: Liriodendron tulipifera and Liquidambar styraciflua (more
isohydric); Carpinus caroliniana, and Fagus grandifolia (more anisohydric). Trees were set
up in blocks of four plants of the same species with space in between to minimize shading of
the slower-growing plants by the faster-growing plants. A total of 16 plants per species were
used, 8 cut plants and 8 controls. Blocks were chosen to minimize shading and give a similar
gradient and edge exposure to each species. Two plants were chosen randomly out of each
block of four to be cut.

Statistical Analysis
All statistical analyses were performed in R 2.10.1 (R Development Core Team, 2009), and
R 3.1.0 (R Core Team, 2013).
A correlation matrix was created to determine correlations between all of the
physiological traits measured. For all correlation matrices not involving mortality, linear
regressions were fitted to the data with significant correlations.
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Since mortality varies between 0 and 100%, we used a logistic regression to regress
mortality on the other traits. We used the glm algorithm in the ‘stats’ package with the
quasibinomial family (to correct for overdispersion) and a logit link.
Sensitivity of stomatal conductance to leaf water potential curves were fitted using
Ranged Major Axis (RMA) regression in the lmodel2 algorithm (Legendre, 2013). Model 2
linear regression is appropriate in this case because these two physiological parameters both
influence one another and the aim is not to use one to predict the other but rather to describe
the relationship between the two. Log transformation was performed on stomatal
conductance to obtain a linear relationship between stomatal conductance and leaf water
potential. Confidence intervals for the slope and p-values were obtained using the resampling algorithm within lmodel2 with 99 iterations. Sensitivity was calculated to both Ψ MD
and ΨPD.

Results
The automatic drydown was successful, and gradual (Figure 1.2). The volumetric water
content and predawn water potentials decreased gradually from the induction of drought until
they reached a minimum in drought treatments, while there was not a consistent decrease in
volumetric water content or predawn water potential of the control treatment.
Stomatal conductance (gs) increased with ΨMD for each species (see Figure 1.3,
Figure 1.4). The slopes were significantly different between species in both the drought
experiment (P < 2.22e-16) and in the stem-cut experiment (P<2.22e-16). The slopes of these
log-linearized relationships, stomatal sensitivity, had similar rank between the drought and
stem-cut experiments (Figure 1.3, Figure 1.4). The two species with less sensitive stomata
stayed less sensitive (C. caroliniana and F. grandifolia) and the two more sensitive species
(L. tulipifera and L. styraciflua) stayed more sensitive. The only changes in the rankings
were that with drought, L. styraciflua had greater sensitivity than L. tulipifera, but with the
stem cuts, L. tulipifera had the most sensitive stomata. Ring-porous species were present only
in the drought experiment, not in the stem-cut experiment. In the drought experiment, ring-
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porous species had less sensitive stomata (Figure 1.3), ranked third and fourth for least
sensitive stomata, second only to F. grandifolia and C. florida.
Mortality was greater in plants with more sensitive stomata and higher Ψ MD during
drought (P=0.045, P=0.006, respectively, see Figure 1.5). Ring-porous species fit this pattern,
having less-sensitive stomata, lower ΨMD, and no mortality. Mortality was not, however,
correlated with stomatal sensitivity to Ψ PD (P = 0.113). Nor was mortality correlated with
native embolism (P=0.112) or with any measure of threshold, be that P50 (P=0.510), P80
(P=0.615), the percentage of stems measured for native embolism surpassing P50 (P=0.257),
or safety margin, whether that safety margin was calculated in control (using P50 P=0.46,
with P80 P=0.599) or drought (using P50 P= 0.286, using P80 P=0.548) conditions.
Mortality was also not correlated with wood density (P=0.262), hydraulic efficiency (control
conditions P=0.747, drought conditions P=0.811), osmotic potential (less drought, P=0.609;
more drought P=0.172), anisohydry (less drought, P=0.826; more drought P=0.103), or water
potential other than at midday during drought (ΨPD control: P=0.111; ΨPD drought: P=0.159;
ΨMD control: P=0.20) (Table 1.2).
Stomatal sensitivity was correlated with more measured traits than any other trait
(Table 1.2, Table 1.3, Figure 1.6). In addition to the relationship with mortality mentioned
above, increased stomatal sensitivity was associated with increasing drought Ψ PD (P=0.025)
and drought ΨMD (P=0.001), and with increasing isohydry (decreasing anisohydry, P=0.005).
As with patterns between mortality and stomatal sensitivity, ring-porous species fell next to
one another on the plots of these relationships and followed the same patterns as other
species for relationships between stomatal sensitivity and drought water potentials as well as
anisohydry. Like mortality, stomatal sensitivity was not correlated with any measure of
safety, be that using control or drought midday water potential, and whether P50 or P80 was
used as the threshold (P50, ΨMD control: 0.402; P50, ΨMD drought: 0.853; P80, ΨMD control
P= 0.402; P80, ΨMD drought P=0.464). Stomatal sensitivity was also not correlated with
control Ψ, be that ΨPD or ΨMD (Table 1.3).
Osmotic potential in less droughted and more droughted conditions was positively
correlated ( P=0.004, Table 1.3). Control ΨPD increased with increasing osmotic potential in
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less droughted and in more droughted plants (P=0.013 and P=0.004, respectively, Figure
1.7). Neither measure of osmotic potential was significantly correlated with control ΨMD (less
droughted: P=0.704, more droughted: P=0.275), with drought ΨPD (less droughted: P=0.467,
more droughted: P=0.271), or with drought ΨMD (less droughted: P=0.603, more droughted:
P=0.164). Ring-porous species did fit the relationship of other species but did not group
together on these traits; Q. rubra was on the low end of osmotic potentials and ΨPD while M.
rubra was on the high end of these measures.
Hydraulic efficiency during drought increased with increasing P50 (Figure 1.8,
P=0.016). Ring-porous species had relatively high P50s (both between -1 and -2 MPa), but
were not among the species with the highest hydraulic efficiencies. Hydraulic efficiency
during drought was not related to P80 (P=0.067, Table 1.3). Neither P50 nor P80 was related
to hydraulic efficiency in control conditions (P=0.155, P=0.264, respectively, Table 1.3).
Drought ΨPD and ΨMD were positively correlated (P=0.014, Figure 1.9), but control predawn
and midday water potentials were not (P=0.075, Table 1.3). Both ring-porous species
followed the pattern of ΨPD and ΨMD, but had lower drought ΨPD than other species besides
C. florida and had lower drought ΨMD than all other species.

Discussion
Different species clearly have different strategies to manage drought, as shown by the
differences between their stomatal sensitivities to leaf water deficit. The similarities between
stomatal sensitivity in the drydown and the stem-cut experiment suggest that these water
conservation strategies are maintained without the influence of the roots. The stomata are
instead responding to a process in the stems or in the leaves. This supports previous research
that shows plants stomata can respond directly to leaf water relations, rather than relying
solely on root signal (Cochard et al., 2002; Ache et al., 2010).
Mortality was greater in species that appeared to be conserving more water; species
with greater stomatal sensitivity to ΨMD and greater ΨMD during drought suffered greater
mortality. This greater mortality was not linked to hydraulic efficiency, however, suggesting
sensitivity to ΨMD itself rather than to the potential energy difference between leaves and
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roots. The mechanism explaining the greater mortality in species with sensitive stomata is
unclear. Species that adopt a more conservative approach to water management have been
thought to be more likely to have xylem more vulnerable to embolism (McDowell et al.,
2008; Hoffmann et al., 2011). Yet in this study we did not observe a correlation between
native embolism during drought and mortality. Nor did we observe a correlation between any
threshold of embolism (percent of stems surpassing P50 or P80) and mortality. This might be
explained by the time at which native embolism was measured; it was measured during
drought, but not immediately before a tree died. This may have resulted in different species
being measured at different stages of tissue damage from drought; some species may have
been closer to death than others. Another explanation may be that at some point during
drought stress trees decline in conductivity very rapidly and then die, so it is very rare to be
able to measure native embolism of trees close to death—this is supported by the results of
Tyree and Sperry (1988), who determined that hydraulic segments operate near the point of
catastrophic hydraulic failure and runaway embolism and that runaway embolism occurs at
different PLC in different species. In the species measured by Tyree and Sperry, the levels of
embolism that precipitated unstable levels of embolism were far less than the respective P50
for each species.
There also may be some error in the results due to the methods used to collect
conductivity measurements. The results of Wheeler et al. (2013) call into question native
embolism measurements on stems without relaxed tensions when cut for native embolism
measurements. Although tensions were relaxed in this experiment before excision of samples
for measurement, segments longer than the longest maximum vessel length were not
removed from each end, which may also result in similar artifacts (Wheeler et al., 2013).
There is also some debate as to whether measurements of vulnerability curves on ring-porous
species are accurate. Cochard et. al. (2013) assert that r-shaped vulnerability curves such as
we obtained from the pressure-sleeve method for ring-porous species (see Figure 1.10) are
artifacts (but see (Jacobsen & Pratt, 2012) and that different species may need different
methods for obtaining vulnerability curves, whereas we used the pressure-sleeve method
exclusively here.
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Curiously, we also did not observe a correlation between safety margin and mortality.
Safety was measured at fixed time points rather than at fixed points in each trees’ nearing
mortality, which may have been a reason for this lack of correlation. In future experiments
measuring ΨMD more frequently and checking for plant mortality more frequently would
allow for comparison of safety margin at the nearest time-point before mortality, which could
yield different results.
One possibility for the lack of a correlation between any measure associated with
stem vulnerability and mortality rates is that the stem was not the factor contributing to plant
mortality. Roots are more vulnerable than stems (Sperry & Ikeda, 1997) and root
vulnerability gives a better estimation of a plant’s ability to access soil water. It is also
possible that greater changes occurred in root conductivity than in branches as was the case
in Anderegg et al. (2012). Another explanation is the possible errors introduced into the stem
vulnerability measurements as mentioned above.
An alternative explanation for the link between species that conserve more water with
greater mortality rates is that they may be suffering from carbon deprivation due to stomatal
closure. These species close their stomata more quickly, and hence would likely suffer a
greater decrease in carbon assimilation rates, perhaps leading to greater rates of carbon
deprivation. This question is beyond the scope of what can be answered with this study, but
will be an important consideration for future research.
Although Bartlett et al. (2012) showed osmotic potential of rehydrated leaves to be
linked to water availability within biomes, we did not find a link between rehydrated osmotic
potential in either drought or control conditions and drought mortality. This could be due to
one or more causes. Bartlett et al. sampled 317 species, so perhaps the relationship is not
strong enough to be seen in only 10 species. Our species were also chosen so that they are
co-occurring, so it is possible that the relationship is only maintained across-biomes and not
within-biomes. In any case, these results show that at the scales we are considering, osmotic
potential is not a good predictor of drought mortality.
Other studies have shown a link between wood density and PLC (Hacke et al., 2001;
Hoffmann et al., 2011). This has been postulated to be because denser wood is related to
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structural features that may aid the plant in resisting cavitation under high tension (Hacke et
al., 2001). We did not find this relationship in our study, which may be due to the narrower
range of wood densities spanned here.
The degree of anisohydry has been considered a paradigm for predicting different
mortality rates between species (McDowell et al., 2008). Interestingly, in this study
anisohydry is not correlated with mortality rates. Anisohydry was related to wood anatomy,
ring-porous species being more anisohydric, as was also seen by Wheeler et al. (2013).
Anisohydry was also negatively correlated with stomatal sensitivity, and stomatal sensitivity,
in turn, correlated with mortality rates. This suggests that in some studies anisohydry may
continue to be related to mortality, but that stomatal sensitivity is the stronger and more
direct predictor.
In addition to being related to anisohydry, stomatal sensitivity is also related to Ψ PD
and ΨMD during drought. Species with more sensitive stomata have higher Ψ PD and ΨMD in
drought conditions. Stomatal sensitivity may be linked to Ψ PD through either nighttime
transpiration directly, or through an inability to rehydrate leaves overnight, due to decreased
conductance. The link between stomatal sensitivity and Ψ MD may be direct.
Stomatal sensitivity was not, however, related to control Ψ PD and ΨMD, suggesting
that leaf water potential was not strongly controlled by stomatal sensitivity in control
conditions. Also, no measure of safety was related to stomatal sensitivity, suggesting that
although stomatal sensitivity is related to leaf water potential in drought conditions, a greater
safety margin does not determine stomatal sensitivity. Perhaps the reason for the contrast of
this work with studies such as Hoffmann et al. (2011), where the group of trees with more
sensitive stomata also maintained greater safety margins during drought, was the severity of
drought effects observed in trees with greater stomatal sensitivity.
Osmotic adjustment plays an important role in drought acclimation through its role as
the primary driver of changes of the turgor loss point, an important predictor of plant drought
tolerance, in droughted plants (Bartlett et al., 2012). Although osmotic potential was not
related to mortality, as mentioned previously, we did find that species with lower predawn
water potentials in control conditions had lower osmotic potentials in both less and more
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droughted conditions, although this pattern was not evident with predawn water potentials
during drought. The lack of relationship during drought conditions could be due to
differences in osmotic adjustment abilities during drought, or due to drought being too rapid
for osmotic adjustment to occur. This may also be the reason for a lack of association of
osmotic potential and midday water potential—osmotic adjustment may not occur on such
short timescales.
It has been suggested that integrated measures of water relations properties across the
entire plant may be better suited to compare species since the effects of different properties
throughout the plant work together to determine the plant’s ability to survive in drier
environments (Meinzer et al., 2010). Hence our use of hydraulic efficiency across the entire
plant. Hydraulic efficiency during drought was positively correlated with P50; stems with
less resistant xylem had greater hydraulic efficiency, suggesting a tradeoff between safety
and efficiency that has been commonly seen in other studies (Sperry et al., 2008; Meinzer et
al., 2010). This tradeoff did not seem to affect drought mortality since neither P50 nor
hydraulic efficiency was directly related to mortality.
Comparing the differences between species with different types of wood anatomy
leads to some interesting findings about the drought survival strategy of ring-porous species.
Ring-porous species appear to be highly drought resistant; none of the ring-porous species
died within a year of the drought treatment. Our experiments suggest that such drought
resistance was accomplished via tolerating reduced water availability to the tissues (drought
tolerance). The ring-porous species had less sensitive stomata, were anisohydric, had lower
ΨPD and ΨMD during drought as compared to most other species in this experiment,
suggesting drought tolerance (as opposed to drought avoidance), traits also found in Meinzer
(2013), and further validated here where effects of placement and rooting depth were
avoided. The lower leaf osmotic potential in ring-porous species may be one mechanism by
which these species are able to tolerate drought. Perhaps capacitance may be another way
that these species deal with drought; these species are perhaps using the large, vulnerable
vessels characteristic of ring-porous species (Christman et al., 2012) as capacitance.
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In this experiment we found that species with less sensitive stomatal control to be
more likely to survive drought, and that stomatal control was related to leaf water potential as
well as anisohydry. The mechanisms by which these species were better able to survive
drought are unclear, since we saw no relationship between any measure of safety or
vulnerability and mortality. It is likely that capacitance and hydraulic segmentation played
strong roles in avoiding plant mortality. It is possible that root vulnerability played an
important role in tree mortality in this experiment—it would be prudent to follow up this
experiment with similar ones that also involve root vulnerability and water potentials. As one
single trait of tree physiology cannot be used to explain these results, it is also possible that
future modeling studies that consider limiting factors of tree physiology in various areas of
the plant will be able to consider these factors in combination to determine which trees are
more likely to die from drought based on their physiology.
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Tables and Figures
Table 1.1. Study species with families and wood anatomy
Species
Ring Porous (R)/
Phylogenetic Placement
Diffuse Porous
(D)
Acer rubrum L.

D

Sapindaceae (Sapindales, Rosids II)

Carpinus caroliniana

D

Betulaceae (Fagales, Rosids I)

Cornus florida L.

D

Cornaceae (Cornales, Asterids)

Diospyros virginiana L.

D

Ebenaceae (Ericales, Asterids)

Fagus grandifolia Ehrh.

D

Fagaceae (Fagales, Rosids I)

Liquidambar styraciflua L.

D

Altingaceae (Saxifragales)

Liriodendron tulipifera L.

D

Magnoliaceae (Magnoliales,

Walter

Magnoliids)
Morus rubra L.

R

Moraceae (Rosales, Rosids I)

Nyssa sylvatica Marshall

D

Nyssaceae (Cornales)

Quercus rubra L.

R

Fagaceae (Fagales, Rosids I)
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Table 1.2. Relationship of mortality with different physiological traits using logistic
regression. *P < 0.05, **P < 0.01, ***P < 0.001, significant correlations are shown in bold,
all relationships with 8 degrees of freedom.
Table 1.2. (Continued)
Coefficient

t(p)

Native embolism (%)

-8.888

-1.787 (0.112)

Stems with native

-3.823

-1.221 (0.257)

P50 (MPa)

-0.150

- 0.690 (0.510)

P80 (MPa)

-0.024

-0.523 (0.615)

Safety P50, control

0.159

0.777 ( 0.46)

0.02517

0.547 (0.599)

0.2411

1.143 (0.286)

0.02925

0.628 (0.548)

Wood density (g/cm3)

-7.001

-1.206 (0.262)

Osmotic potential,

1.021

0.533 (0.609)

3.109

1.502 (0.172)

-0.002961

-0.335 (0.747)

-0.002468

-0.247 (0.811)

embolism < P50 (%)

(MPa)
Safety P80, control
(MPa)
Safety P50, drought
(MPa)
Safety P80, drought
(MPa)

less drought (MPa)
Osmotic potential,
more drought (MPa)
Hydraulic efficiency,
control conditions
Hydraulic efficiency,
Drought conditions
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Table 1.2. (Continued)

Stomatal sensitivity-

Coefficient

t(p)

1.6364

2.377 (0.0447)*

3.549

1.782 (0.1126)

3.5168

3.708 (0.00597)**

3.096

1.397 (0.20)

3.740

1.553 (0.159)

5.268

1.791 (0.111)

-1.9480

-1.840 (0.103)

midday
(ln(mmol/m2/s)/MPa)
Stomatal sensitivitypredawn
(ln(mmol/m2/s)/MPa)
Midday water
potential, drought
(MPa)
Midday water
potential, control
(MPa)
Predawn water
potential, drought
(MPa)
Predawn water
potential, control
(MPa)
Anisohydry (MPa)
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Table 1.3. Linear relationships between traits*P < 0.05, **P < 0.01, ***P < 0.001, significant
correlations are shown in bold, all relationships with 8 degrees of freedom.

Table 1.3. (Continued)
Trait 1

Trait 2

r2

Coefficient
t (P)

Stomatal sensitivity

Control ΨPD (MPa)

0.118

1.347

1.036 (0.331)

Control ΨMD (MPa)

0.018

-0.384

-0.378 (0.715)

Drought ΨPD (MPa)

0.484

1.913

2.740 (0.025)*

Drought ΨMD (MPa)

0.749

1.343

4.890

(ln(mmol/m2/s)/MPa)
Stomatal sensitivity
(ln(mmol/m2/s)/MPa)
Stomatal sensitivity
(ln(mmol/m2/s)/MPa)
Stomatal sensitivity
(ln(mmol/m2/s)/MPa)
Stomatal sensitivity to

(0.001)**
Anisohydry (MPa)

0.651

-1.059

-3.86 (0.005)**

Stomatal sensitivity to

Drought safety: ΨMD –

0.005

-0.0198

-0.191 (0.853)

leaf water potential

P50 (MPa)

0.069

-0.017

-0.769 (0.464)

0.057

-0.068

-0.693 (0.508)

0.089

-0.019

-0.885 (0.402)

leaf water potential
(ln(mmol/m2/s)/MPa)

(ln(mmol/m2/s)/MPa)
Stomatal sensitivity to

Drought safety: ΨMD –

leaf water potential

fatigue corrected P80

(ln(mmol/m2/s)/MPa)

(MPa)

Stomatal sensitivity to

Control safety: ΨMD –

leaf water potential

fatigue corrected P50

(ln(mmol/m2/s)/MPa)

(MPa)

Stomatal sensitivity to

Control safety: ΨMD –

leaf water potential

fatigue corrected P80

(ln(mmol/m2/s)/MPa)

(MPa)
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Table 1.3. (Continued)
Trait 1

Trait 2

r2

Coefficient
t (P)

P50 (MPa)

Hydraulic efficiency

0.539

0.033

3.059 (0.016)*

0.359

0.126

2.118 (0.067)

0.236

0.019

1.572 (0.155)

0.153

0.071

1.200 (0.264)

during drought:
𝒈𝒔
(𝚿𝐏𝐃 −𝚿𝐌𝐃 )

(mmol/m2/s/MPa)

P80 (MPa)

Hydraulic efficiency
during drought:
𝑔𝑠
(ΨPD −ΨMD )

(mmol/m2/s/MPa)

P50 (MPa)

Hydraulic efficiency,
control conditions

P80

Hydraulic efficiency,
control conditions

Drought ΨMD (MPa)

Drought ΨPD (MPa)

0.552

1.316

3.137 (0.014)*

Control ΨMD (MPa)

Control ΨPD (MPa)

0.343

0.791

2.044 (0.075)

Less drought osmotic

Control ΨPD (MPa)

0.556

1.077

3.164 (0.013)*

Control ΨMD (MPa)

0.019

0.148

0.394 (0.704)

Control ΨPD (MPa)

0.661

1.169

3.947

potential (MPa)
Less drought osmotic
potential (MPa)
More drought osmotic
potential (MPa)
More drought osmotic

(0.004)**
Control ΨMD (MPa)

0.146

0.407

1.171 (0.275)

potential (MPa)
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Table 1.3. (Continued)
Trait 1

Trait 2

r2

Coefficient
t (P)

Drought ΨPD (MPa)

0.067

0.263

0.758 (0.470)

Drought ΨMD (MPa)

0.035

0.108

0.541 (0.603)

Drought ΨPD (MPa)

0.149

0.390

1.183 (0.271)

Drought ΨMD (MPa)

0.227

0.271

1.532 (0.164)

More drought osmotic

Less drought osmotic

0.676

0.818

4.082

potential (MPa)

potential (MPa)

Less drought osmotic
potential (MPa)
Less drought osmotic
potential (MPa)
More drought osmotic
potential (MPa)
More drought osmotic
potential (MPa)

(0.004)**
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A.

B.

Figure 1.1. Stem cut illustration. A. Liriodendron tulipifera individual demonstrating
alternate notching of the stem from the stem cutting treatment. B. Cartoon illustration of the
treatment. For simplicity, the cartoon does not illustrate that subsequent pairs of cuts were
made at 90o angles to one another.
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Figure 1.2. Drydown soil moisture and water potential. Soil drydown was successful.
Volumetric water content decreases as drought progresses in drought treatment (), but not
in control treatment (). Likewise, predawn leaf water potential decreases in drought
treatment, () but not in the control treatment ().
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Figure 1.3. Stomatal sensitivity differs between species (P < 2.22e-16); stomatal
conductance (gs) increases with midday leaf water potential (ΨMD) in all species. Ringporous species are indicated by filled circles () while diffuse-porous species are indicated
by open circles (). All relationships of gs to ΨMD are significant.
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Figure 1.4. Species retain similar rankings of stomatal sensitivity with the stem-cut
experiment. Species with more sensitive stomata (L. tulipifera and L. styraciflua) remain
more sensitive. Species with less sensitive stomata (C. caroliniana and F. grandifolia)
remain less sensitive. Sensitivities were significantly different among species (P<2.22e-16).
This suggests that the mechanisms maintaining stomatal sensitivity are not root mediated.
Shift in the relative ranking of the most sensitive species did occur—L. tulipifera was less
sensitive than L. styraciflua in the drought experiment, but more sensitive in the stem-cut
experiment. The top number in the upper-right corner of each plot indicates the species’
ranking of stomatal sensitivity in the stem-cut experiment (data shown here). Numbers in
parentheses below this indicate the species stomatal sensitivity ranking in the drought
experiment relative to the other species that were also included in the stem-cut experiment.
Two-letter species codes in the upper-left corner are as in Table 1.1.
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Figure 1.5. Greater mortality is correlated with more sensitive stomata () and higher
ΨMD () (P=0.045 and P=0.006, respectively). Ring-porous species indicated by a circle
around the original marker.
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Figure 1.6. Trees with greater stomatal sensitivity are more isohydric (P=0.005) and
have higher ΨMD (P=0.001) and ΨPD during drought (P=0.025). Anisohydry is represented
by open triangles (),ΨMD by open circles () and ΨPD by closed circles (). Ring-porous
species indicated by a circle around the original marker.
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Figure 1.7. Hydrated less droughted and more droughted osmotic potential positively
correlated with control ΨPD (P=0.013 and P=0.004, respectively). Measurements under
less drought are represented by open circles () and under more drought are represented by
closed circles (). Ring-porous species indicated by a circle around the original marker.
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Figure 1.8. More vulnerable stems have greater hydraulic efficiency. Hydraulic
efficiency increases with increasing P50 (P=0.016). Ring-porous species indicated by a circle
around the original marker.
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Figure 1.9. During drought, midday water potential is positively correlated with
predawn water potential (P=0.014). Ring-porous species indicated by a circle around the
original marker.
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Figure 1.10. Vulnerability curves. Solid line represents P50. Note that C. florida had not
yet reached P50 at the maximum pressure we were able to apply using the pressure sleeve, so
no P50 is indicated. Error bars are standard error. Data for ring-porous species are indicated
by closed circles, while diffuse porous species are indicated by open circles.

53

Contrasting sapflux in species of different drought
survival strategies
Abstract
Forests have strong feedbacks with climate. One of these strong feedbacks is through
hydrology. Here we present the results of a study comparing sapflux of isohydric and
anisohydric species under a gradual experimentally induced drought. Despite their different
strategies for surviving drought, isohydric and anisohydric species had similar near-total
losses in sapflux under drought conditions (greater than 25% loss for all species in 60 days of
gradual drought). The similar losses in sapflux in these two groups of species has
implications for forest management and impacts on hydrology, suggesting that isohydry and
anisohydry are not good indicators of water use and that many species within an ecosystem
may have very similar adaptations for water requirements. Hence managers cannot use
isohydry and anisohydry alone to select for forests for water conservation.
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Introduction
Forests have strong feedbacks with climate through their influence on hydrology and carbon
sequestration (Bonan, 2008; Bonan & Levis, 2010; Adams et al., 2012; Bellassen &
Luyssaert, 2014; Reyer et al., 2015). As precipitation is predicted to become more variable,
resulting in more frequent and intense droughts (Forster et al., 2007; IPCC, 2014), it becomes
important to determine how forests will respond to fully understand the impacts of these
droughts. Of key importance is understanding how different species respond to drought as
this will help inform management strategies to mitigate the effects of climate change
(Anderegg et al., 2013; Reyer et al., 2015). Water use of different species is of particular
importance in determining management strategies (Grant et al., 2013).
Isohydry and anisohydry, the tendencies to hold leaf water potential constant or to let
it decrease with increased water stress, respectively, have been implicated as potential
predictors of plant drought mortality and water use (McDowell et al., 2008; West et al.,
2008; Breshears et al., 2009; Hoffmann et al., 2011; McDowell, 2011; Kumagai &
Porporato, 2012). In the dry woodlands of the southwestern United States, the piñon pine
(Pinus edulis Engelm.) and juniper (Juniperus osteosperma (Torr.) Little) system has been
well studied. Piñon is more isohydric than juniper, and has had greater mortality during
drought, leading to widespread die-back of piñon (McDowell et al., 2008; West et al., 2008;
Breshears et al., 2009). In Borneo, in a moister system, anisohydric species were more
susceptible to drought mortality (Kumagai & Porporato, 2012). Similar results indicating
greater mortality of anisohydric species were seen in the Southeastern US in temperate forest
(Hoffmann et al., 2011, but see Chapter 1). It appears that if isohydry and anisohydry can be
used to predict species drought susceptibility, these predictions would be ecosystem
dependent, perhaps varying depending on environmental conditions such as soil properties or
vapor-pressure deficit of the air.
Although they may not be universally useful in predicting mortality, iso-/anisohydry
are at their core very different water use strategies (Tardieu & Simonneau, 1998; McDowell
et al., 2008). As they directly describe water relations, they may be more useful for
predicting water use than mortality. Since tree water use is important to climate and forest
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management, it is worth asking the following questions: How does water use vary between
iso-/anisohydric species? Would isohydric or anisohydric species be better at conserving
water under drought? We hypothesize that isohydric species may conserve water more and
use less water under drought conditions due to their tendency to conserve water use.
This experiment seeks to answer those questions by conducting sapflux
measurements on four different species, two isohydric and the other two anisohydric species.
Sapflux measurements allow us to measure transpiration of the entire tree throughout the day,
allowing us to compare patterns of water use and determining which strategy leads to more
water uptake, which may be important in managing forests for water stress.

Methods
Study site and study species
Experiments were conducted at Lake Wheeler Field Laboratory at North Carolina State
University, located in Raleigh, North Carolina at 35°44'11.66"N, 78°42'15.39"W at 128 m
above sea level. Plants were grown in full sun in large (0.90 m 3), closed-bottom containers
located in a mowed field and irrigated with an automatic watering system described more
thoroughly in Chapter 1. One individual from each of ten hardwood deciduous species was
grown in each container. Trees were planted along the perimeter of the container to minimize
shading of one another. Trees were planted in 2010, the drought treatment was not initiated
until 2011 so that the trees had time to acclimate to the soil conditions and develop
established root systems.
Four of the ten species planted in the containers were chosen for sapflux
measurements: Cornus florida, Fagus grandifolia, Liquidambar styraciflua, and
Liriodendron tulipifera. These species were chosen because they are representative species of
anioshydric and anisohydric behaviour, with C. florida and F. grandifolia representing
anisohydric species with reduced stomatal sensitivity and xylem more resistant to cavitation
than the isohydric species L. styraciflua and L. tulipifera. To aid comparisons, all are diffuseporous species and are from different orders (see Table 2.1), preventing differences between
groups from being driven by phylogeny rather than physiological traits.
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Drydown
The experiment was implemented according to a multiple baseline design. In the first phase
of the experiment, initiated on June 17, 2011, ten of the containers were subjected to a
drought treatment and ten were left as controls. The second phase was initiated when the
drought was sufficiently advanced to complete the principal comparison between the control
and drought treatment. In this phase, the containers that previously served as controls were
subjected to drought. No undroughted controls were available in the second phase, during
which we focus on comparisons among species and with pre-treatment conditions. The
second phase was initated 40 days after the first drought treatment and continued for 31 days.

Sapflux measurements
From Jun 21, 2011 through November 3, 2011, sapflux measurements were taken with
Dynagage and EXO-Skin sapflow sensors (SGA5, 9, 10, and 13; and SGEX9, 10, 13, 16, 19
and 25; Dynamax, Inc. Houston, TX, USA) connected to a CR1000 datalogger (Campbell
Scientific Inc., Logan, UT, USA). These gauges use the heat balance method (Baker & Van
Bavel, 1987). Gauges were powered down between 2100 and 0000 hours Eastern Daylight
Savings Time (EDST) to save energy since substantial night transpiration was not expected
in this temperate system. Both models of sapflux sensors have the same internal wiring,
while the SGEX gauges are more flexible and less structurally reinforced than the SGA
gauges. All gauges were installed and insulated according to Dynagage manual
recommendations (2005).
Voltages were converted into measures of sapflux using calculations specified in the
Dynagage manual. These calculations were performed in R (R Core Team, 2013). The
thermal conduction constant with no flow (Ksh) was determined as the minimum reading for
thermal conduction between 0400 and 0500 hours EDST.
All leaves above the gauge were counted at installation to allow calculation of leafarea specific transpiration rate. Leaf counts were repeated at least monthly. Whole-plant leaf
area was calculated as the number of leaves multiplied by the average area of a single leaf for
a species, determined in 2012 using the CI-202 portable laser leaf area meter (CID Bio57

Science Inc., Camas, WA, USA). Average area of individual leaves was calculated using 4477 leaves per species from 4-5 individual plants. Plants were non-droughted individuals of
the same nursery stock as the droughted plants living in the same soil conditions in
containers in the same field as droughted plants. All of the leaves from an entire branch were
collected.

Statistical analyses
All statistical analyses were completed in R 3.0.1 (R Core Team, 2013). Differences between
anisohydry (difference between control and drought water potential) between presupposed
isohydric and anisohydric species were tested using a nested ANOVA with presupposed
anisohydry/isohydry and species as factors. The slope of the relationship between stomatal
conductance and leaf water potential was calculated using the Ranged Major Axis (RMA)
regression in the lmodel2 algorithm (Legendre, 2013). Differences between anisohydric and
isohydric slopes were determined using Standardized Major Axis (SMA) testing using smatr
(Warton et al., 2012). Between species differences for stem and leaf areas were calculated
using pair-wise t-tests with the Welch modification.

Results
The species previously selected for anisohydric and isohydric tendencies were confirmed to
hold characteristic traits of anisohydry and isohydry. Species assumed to be anisohydric had
a greater measure of anisohydry (Figure 2.1) and had leaves with less sensitive stomata
(Figure 2.2). Differences in stomatal sensitivity could not be explained based on size, since
smaller plants would be expected to have more sensitive stomata based on smaller root area.
This was not the case, as the isohydric plants, also those with more sensitive stomata, were
actually larger (Figure 2.3, Figure 2.4).
Considering daily sapflux patterns (Figure 2.5), the greatest difference between
species was seen before drought was induced. Although C. florida and the isohydric species
had similar patterns in well-watered conditions, F. grandifolia had a distinctly different
pattern, peaking later in the day than the other species and then dramatically reducing
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transpiration, resulting in an asymmetrical shape. The other species had a more rapid increase
in transpiration that was similar to the rate of decrease, resulting in a symmetrical sapflux
pattern. Although sapflux was normalized to basal stem area, F. grandifolia also had much
smaller sapflux rates in well-watered conditions.
In moderate drought conditions, all species took on similar sapflux shapes as they had
previously, with all curves symmetrical, except that of F. grandifolia which increased much
more slowly earlier in the day than the rapid decrease it experienced later in the afternoon.
All species decreased dramatically in maximum sapflux. By late drought, negligible sapflux
was observed for all species.
More similarities emerged looking at total sapflux over a day (normalized to basal
stem area) as a percentage of average sapflux in well-watered conditions (Figure 2.6). All
species decreased to 25% or less flux by mid-August. When considering these total flow
rates as normalized to basal area (Figure 2.7), F. grandifolia showed distinctly smaller
sapflux rates as compared to the other species. C. florida and the isohydric species had
similar flow rates over the course of the experiment.

Discussion
In large part, the conversation regarding tree drought response has focused on the differences
between isohydric and anisohydric physiology (McDowell et al., 2008, 2013b; McDowell,
2011; Mitchell et al., 2013; Hartmann et al., 2015a). Surprisingly, the results of this study
emphasize similarities rather than differences between isohydric and anisohydric species.
Although we had hypothesized isohydric species would reduce sapflux more quickly, percent
decline in sapflux was similar between all species as time and drought progressed (Figure
2.6, Figure 2.8). Absolute flux rates were also similar in C. florida, L. styraciflua, and L.
tulipifera and lower only in F. grandifolia (Figure 2.7), suggesting that absolute flux rates
were not determined by iso-/anisohydry.
On a finer resolution of daily sapflux (Figure 2.5) differences between isohydric and
anisohydric species emerged mid-drought, where isohydric species were seen to undergo
maximum transpiration rates earlier in the day than anisohydric species. This is likely a
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mechanism to avoid cavitation by isohydric species; there would be greater evaporative
demand due to higher temperatures later in the afternoon. Nevertheless, these differences in
patterns on a fine scale lead to similar daily totals in sapflux between isohydric and
anisohydric species, suggesting that despite what appear to be different strategies for
avoiding cavitation, neither isohydric nor anisohydric species exhibit superior water
conservation.
It is important to note that carbon assimilation and storage was not addressed in this
chapter, but is an extremely important player in the feedbacks between forests and climate
(Bonan, 2008; Bonan & Levis, 2010; Anderson et al., 2011; Pan et al., 2011; Bellassen &
Luyssaert, 2014). Similar daily sapflux between isohydric and anisohydric species suggests
that carbon assimilation rates may also be similar between the groups, but further research is
needed to confirm this.
The implication for management strategy from our results is that iso-/anisohydry
cannot be used to select trees for better water conservation. There is uncertainty as to whether
isohydric or anisohydric species are more able to survive drought (e.g. the contrasting results
of Chapter 1 and Hoffmann et al. (2011) as well as other examples discussed in the
Introduction), perhaps because droughts can have different variables (e.g. length, severity,
soil conditions) that may cause isohydry to be better for survival in some droughts and
anisohydry in others (McDowell et al., 2008). Another possibility is that This suggests that
the best possible strategy for management when more detailed physiological data are
unavailable may be emphasizing diversity to increase resilience, as Bellassen and Luyssaert
(2014) as well as Blate et al. (2009) have suggested.
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Tables and Figures

Table 2.1. Study species
Species

Abbreviation Phylogenetic Placement

Cornus florida L.

cf

Cornaceae (Cornales, Asterids)

Fagus grandifolia Ehrh.

fg

Fagaceae (Fagales, Rosids I)

Liquidambar styraciflua L. ls

Altingaceae (Saxifragales)

Liriodendron tulipifera L.

Magnoliaceae (Magnoliales, Magnoliids)

lt
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Figure 2.1. Measure of anisohydry. (Results from Chapter 1). Anisohydry was measured as
the difference between average control water potential and drought water potential of
individual plants at levels of moderate drought. Anisohydric (at left, red striped) and
isohydric species (at right, blue solid) are significantly different in this measure of
anisohydry (P < 0.001, nested ANOVA with species and presupposed category of
anioshydry as factors). Species codes below each bar are the first letter of the genus and
species—see abbreviations in Table 2.1.
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Figure 2.2. Stomatal sensitivity to leaf water potential. (From Chapter 1). Measures of
stomatal conductance (gs) at midday versus midday leaf water potential (Ψl) throughout the
drought. gs is presented on a log-transformed axis. Two-letter species codes are in the
bottom-left corner (see Table 2.1 for codes). Regressions are model 2 regressions, and all are
significant (P < 0.05). Isohydric and anisohydric slopes are significantly different (P < 10-7).
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Figure 2.3. Stem area by species. Species with the same color do not differ significantly in
stem area (P < 0.05) as determined by pairwise t-tests (color corresponds directly to shading
pattern). Two-letter species codes correspond to the first letter of the genus and species. Note
that the isohydric species, L. styraciflua and L. tulipifera (right) have larger stem areas than
the anisohydric species, C. florida and F. grandifolia (left). Error bars represent standard
error of the mean.
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Figure 2.4. Leaf area by species. Species with the same color do not differ significantly in
leaf area (P < 0.05) as determined by pairwise t-tests (color corresponds directly to shading
pattern). Note that isohydric species group together, as do the anisohydric species. Both
isohydric species (right) have much greater leaf areas than the anisohydric species (left).
Error bars represent standard error of the mean.
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Figure 2.5. Daily time-course of sapflow on per stem area basis (flux). Panels from left to
right are during well-watered conditions (July 23, 2011), mid-drought (August 7, 2011), and
late in the drought (August 20, 2011). Shapes and levels of flux are representative of
neighboring dates. Drought was initiated on July 27, 2011. C. florida is represented by black
circles, F. grandifolia by red triangles, L. styraciflua by plus-signs, and L. tulipifera by the
letter ‘x’. Note that all species other than F. grandifolia have similar shapes, peaking in the
early afternoon. All species undergo dramatic reduction with drought. F. grandifolia peaked
later in the afternoon than the other species in well-watered and early-drought conditions. All
species decreased transpiration to almost negligible levels in late drought.
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Figure 2.6. Decrease in percent daily flux over time. Black squares represent well-watered
plants. Green triangles represent the same plants after drought was induced on July 27. Red
circles represent plants that had been previously droughted since June 17. Flux was
calculated as total daily flow per unit stem cross-sectional area. Percent flux was calculated
as percent of average well-watered flux. Note that all species, whether isohydric or
anisohydric, have similar declines in percent flux, decreasing to 25% or less flux by midAugust. The top panel represents volumetric water content (vwc) for the same time-period,
black squares representing well-watered planters, green triangles the same planters during
drought, and red circles representing previously droughted plants, as before.
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Figure 2.7. Total flow per stem area over one day (Flux) over time. First panel is
volumetric water content, later panels are for species indicated by 2-letter code to the right of
the panel. Averages for well-watered plants are represented by black squares. Averages for
these plants when droughted (starting July 27, 2011) are represented by green triangles.
Previously droughted plants are represented by red circles. Error bars are standard error of
the mean. Note that flux is comparable in all species but F. grandifolia, and that all species
reach minimal flux rates in mid-August, suggesting that isohydry and anisohydry are
independent of daily flux.
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Figure 2.8. Total daily flux versus soil volumetric water content (VW). Total flux is sum
of flux over a day. Black squares represent well-watered plants. Green triangles represent the
same plants after drought was induced on July 27. Red circles represent plants that had been
previously droughted since June 17. Flux was calculated as total daily flow per unit stem
cross-sectional area. F. grandifolia has lowest flux rates. Note the similarity of VW when
decline in transpiration occurs.
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Photosynthesis of isohydric and anisohydric species
during drought
Abstract
As we face the increase in drought incidence and severity from climate change and the
concomitant observations of widespread forest dieback, we still have a limited understanding
of the physiological mechanisms that lead to tree drought mortality. A still debated potential
contributor to tree drought mortality is dwindling carbon reserves as a result of decreased
carbon assimilation rates. In this experiment we assessed mortality rates and estimated
photosynthetic rates during experimentally induced drought for two isohydric and two
anisohydric species using measured stomatal conductance and A-Ci curves. While strong
declines in photosynthesis were observed for both groups of species, isohydric plants
suffered greater declines in photosynthesis with drought and also suffered greater mortality
rates than anioshydric species. These results suggest a link between carbon assimilation rates
and mortality, but the link is likely more complex than simple carbon starvation alone due to
the brief duration of the drought.
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Introduction
Growing concerns about tree death from drought have been fueled by recent droughts on all
forested continents (Allen et al., 2010) along with predictions of increasing area of land
affected by drought globally (Meehl & Tebaldi, 2004; Forster et al., 2007; IPCC, 2014).
Despite the fact that large areas of forests have been killed (Breshears et al., 2005; van
Mantgem et al., 2009; Carnicer et al., 2011; Lewis et al., 2011; Anderegg et al., 2012), a
mechanistic framework that can be used to predict species’ sensitivity to drought mortality is
still needed to understand forest vulnerabilty (McDowell et al., 2011, 2013b; Reyer et al.,
2015; Hartmann et al., 2015a). Such a framework, in combination with climatology, could be
useful in identifying forests sensitive to drought and in managing them for drought resilience.
Carbon starvation and carbohydrate depletion have gained recent attention in the
literature as possible mechanisms for drought mortality (McDowell et al., 2008; McDowell,
2011; Adams et al., 2013; Sevanto et al., 2013; Sala, 2009). Carbon starvation has been
shown to be a possible contributing mechanism for drought mortality that may exacerbate
drought effects on trees concurrently stressed from hydraulic failure (Sevanto et al., 2013).
Carbon limitation may also contribute to death from pathogen attack (Breshears et al., 2005;
Jactel et al., 2012; Ryan et al., 2015). However, these studies focus on one or a few species,
and therefore cannot assess whether carbon deprivation or starvation may be used as a
predictor between species for drought mortality.
In this study, we add to the existing evidence on carbon starvation by addressing the
problem from a different perspective. Instead of seeking to prove carbon starvation, we
assess the correlation of plant mortality with decreasing carbon assimilation during drought.
We performed a controlled drought on co-occurring species planted in large containers, with
each of the planters holding all of the study species. The drought was gradual, taking over a
month for the soil to reach minimal water potential. With a controlled drought in which each
of the species was experiencing the same water conditions, we assessed the relative
sensitivity of species to a gradual drought. We were able to address the question of whether
ability to gain carbon during drought was associated with drought mortality.
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Methods
Study site and experimental design
These experiments were performed at Lake Wheeler Field Laboratory of North Carolina
State University in Raleigh, NC at 35°44'11.66"N, 78°42'15.39"W with an elevation of 128
m above sea level in June and July of 2011. Yearly annual precipitation in Raleigh is 118 cm.
Mean annual temperature is 15.3°C. Climate normals (represented here as averages for 19712000) for Raleigh of average temperatures for June and July, respectively, were 23.7 and
25.9°C, maximum temperatures were 29.1, and 31.1°C; minimum temperatures were 18.3,
20.8 °C. Raleigh climate normals for mean precipitation for the months of June and July,
respectively, are 10.3 and 11.0 cm. In 2011 at Lake Wheeler Field labs, average temperatures
for June and July respectively were 25.6 and 27.4°C, maximum temperatures were 32.3 and
34.1°C, minimum temperatures were 19.6 and 21.8°C. Mean 2011 precipitation at Lake
Wheeler Field Laboratory for June and July, respectively, was 9.4, and 4.5 cm. Monthly
averages for 2011 Lake Wheeler Field Laboratory daily maximum PAR in Juneand July,
respectively, were 2126.87 and 1648.55 μmol/m2/s. (Climate normals and weather at Lake
Wheeler Field Laboratory from State Climate Office of North Carolina, normals available at
http://www.nc-climate.ncsu.edu/cronos/normals.php?station=317074; Lake Wheeler Field
Lab weather at http://www.nc-climate.ncsu.edu/cronos/?station=LAKE).
Four species were selected for measures of carbon assimilation: Cornus florida L.,
Fagaus grandifolia Erh., Liquidambar styraciflua L., and Liriodendron tulipifera L. One
plant of each species was planted with plants from 6 other species used for other experiments
in each of 20 large, closed-bottom planters, for a total of 200 trees. Planters were 0.90 m 3
(1.22 m x1.22 m wide and 0.61 m deep) and filled with commercial soil mix which was 70%
topsoil and 30% compost. Trees were planted 10 cm from the edge of the planters, to
minimize shading. Position of the species relative to one another was randomized using a
random number generator. Study plants were obtained as bare root seedlings of the
appropriate provenance (Piedmont) from the North Carolina Forest Service, the South
Carolina Forestry Commission, and the Virginia Department of Forestry. They were allowed
to grow well-watered in the planters from their planting in March 2010 until they were
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droughted on June 17, 2011 (half of the plants) or July 27, 2011 (the remaining half of the
plants). For more detailed description of the experiment, see Chapter 1.
Plants were either maintained at well-watered conditions or allowed to dry-down
using an automatic watering system. The watering system monitored soil water conditions
every 10 minutes and added water by switching on solenoid valves and allowing water to
flow through the drip-line when water levels dropped below the specified values. Control
volumetric water content was set at 0.17. The well-watered value was determined by
measuring water content of completely saturated planters, and then decreasing the water
content slightly to prevent anaerobic conditions. Drought water conditions were determined
to allow the planters to dry out over a period of 40 days.

Photosynthetic light and CO2 response curves
Measurements of photosynthesis were taken from June 13, 2011 to July 25, 2011 on 5
healthy control plants per species. Light curves and CO2 response (A-Ci) curves were
measured using a LI-6400 Photosynthesis System using the LCF 6400-40 leaf chamber
fluorometer head (Li-Cor, Lincoln, NE, USA). The leaf chamber includes an internal redblue light source. For all measurements, total irradiance was divided into both red and blue
light, with blue light being 10% of total irradiance and red comprising the remaining 90%.
Leaf absorptance was estimated using SPAD meter measurements and relationships between
the SPAD-502 chlorophyll meter (Minolta Co., Ltd, Osaka, Japan) and absorptance
measurements using spectroscopy from SpectraSuite (Ocean Optics, Dunedin, FL, USA). For
all curves, temperature was held constant at 32°C. VPD was held to 2.0 kPa ± 0.1 kPa.
Light response curves were measured between the hours of 10:00 and 15:00 Eastern
daylight-saving time. A single leaf was clamped into the leaf chamber. The leaf was then
adapted to saturating photosynthetic photon flux density (PPFD) of 2000 μE/m 2/s for 20
minutes. Plants were grown in full sun, so no negative effects of light adapting to full-light
intensity were anticipated. CO2 levels were maintained throughout the light adaptation and
light curve at 400 ppm using the attached CO2 mixer and CO2 canister. Light values were
then adjusted to PPFD of 2000, 1500, 1000, 800, 500, 200, 100, 50, 20 and 0 μE/m2/s.
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Photosynthetic rate (A) was measured at each light value after 2 minutes and after the
chamber and photosynthetic rate had stabilized. After the light curve was measured, the leaf
was again light adapted to the saturating PPFD of 2000 μE/m2/s for 20 min. A-Ci curves were
then taken if the leaf regained the initial photosynthetic rate at 2000 μE/m 2/s before the light
curve.
A-Ci curves were carried out at PPFD of 2000 μE/m2/s. CO2 in the air external to the
leaf was adjusted to 400, 200, 100, 50, 400, 500, 600, 800, 1000, 1800 ppm in that order. At
each value, measurements were taken after 2 minutes and conditions stabilized, or at 3
minutes, maximum. Curves took from 33 minutes to 38 minutes to complete.
Light curves were analysed for light-saturated photosynthetic rate (Amax), dark
respiration rate (Rd), apparent quantum yield (α), light compensation point (Γl) using a leastsquares optimization of a non-rectangular hyperbola that estimates all parameters
simultaneously (Marshall & Biscoe, 1980). A-Ci curves were analysed using the Farquhar
model of C3 photosynthesis (Farquhar et al., 1980). The method of Dubois et al. (2007) was
used to fit the Farquhar model, simultaneously determining the maximum rate of
carboxylation (Vcmax), maximum rate of electron transport under saturated light (Jmax), dark
respiration (Rd), intercellular CO2 (Ci) at which A transitions from ribulose-1,5-bisphosphate
carboxylase oxygenase (rubisco) carboxylation limited to ribulose bisphosphate (RuBP)
limited (Ci, tr). Michaelis-Menten constants for CO2 and O2 (Kc and Ko, respectively), and the
CO2 compensation point (Γc) from Bernacchi et al. (2001), adjusted for temperature, were
used in fitting the Farquhar model.

Stomatal conductance
Stomatal conductance was measured on both control and drought plants using an AP4
cycling porometer (Delta-T, Cambridge, UK) at midday, between 1 hour before solar noon
and 2.5 hours after solar noon. Stomatal conductance was measured on at least 2 leaves per
plant on sun leaves where possible, or on the leaves receiving most sun. Stomatal
conductance and A-Ci curves were used to calculate photosynthetic rate at measured stomatal
conductances, including those measured for droughted plants. The modeled A-Ci curve and
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the relationship, A = -gs(Ci-Ca), was fit to the data (Farquhar & Sharkey, 1982a) where A is
photosynthetic rate, gs is stomatal conductance, Ci is concentration of CO2 inside the leaf,
and Ca is the ambient CO2 outside of the leaf.

Statistics
R 3.0.1 (R Core Team, 2013) was used for all statistical analysis. Separate ANOVA analyses
were used to compare species values for each of the following: photosynthetic parameters for
light and A-Ci curves; A at 21 days after the initiation of drought; A at the lowest gs measured
for each species; A on the last measure of gs before the drought treatment was initiated.
Mortality on June 21, 2012, as measured in Chapter 1, was regressed on the photosynthetic
parameters for the light and A-Ci curves as well as on the measures of A mentioned earlier in
this paragraph.

Results
As determined in Chapter 1, C. florida and F. grandifolia were more anisohydric
while L. styraciflua and L. tulipifera were more isohydric (see Figure 3.1). Although
isohydry and anisohydry are more correctly considered as a continuum from one extreme to
the other (Klein, 2014), we will refer to the plants as the anisohydric group and the isohydric
group hereafter rather than the more correct more anisohydric and more isohydric for
simplicity. Isohdyric plants were also those that suffered greater mortality in Chapter 1
(Figure 3.3).
Isohydric plants maintained a smaller percentage of their control assimilation rates
(A) during drought (Figure 3.2, P=0.0038), with L. styraciflua and L. tulipifera maintaining
7.0% and 6.7% of initial assimilation rates as compared to 14.3% and 15.3% in C. florida
and F. grandifolia, respectively. Ioshydric plants started with higher assimilation rates (21.9
and 26.7 µmol/m2/s for L. styraciflua and L. tulipifera as compared to 12.9 and 13.5
µmol/m2/s for C. florida and F. grandifolia) but declined throughout the drought to have
lower assimilation rates (1.5 and 1.6 µmol/m2/s for L. styraciflua and L. tulipifera as
compared to 1.8 and 2.0 µmol/m2/s for C. florida and F. grandifolia, see Figure 3.6).
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All plants exhibited a pattern of decreasing A sharply during the same time period of
less than a week’s duration (July 5 through July 11, Figure 3.5). This was not the same point
at which soil water began to decline, but rather more than two weeks after the onset of soil
water decline (Figure 3.4). Nevertheless soil volumetric water content (VW) did decline
more steeply during this time period. Soil VW started at 0.17-0.18 and declined to 0.12 by
July 5, dropping from 0.12 to 0.8 from July 5 to July 11.

Discussion
This work contributes to our understanding of drought mortality, suggesting that isohydric
trees die more quickly from drought and that they simultaneously have greater decreases than
anisohydric plants in assimilation rates.
There has been some evidence in the literature as to how decreased assimilation rates
may contribute to mortality. Carbon starvation as a sole mechanism for mortality has been
shown to occur in some plants (Sevanto et al., 2013; Hartmann et al., 2015b), but is unlikely
to have occurred in this case due to the short duration of the drought in this experiment (less
than 6 weeks); trees took 16-20 weeks to die from carbon starvation by shading by Sevanto et
al. (2013) and 20 weeks to die from carbon starvation by withholding CO2 by Hartmann et
al. (2015b). Other mechanisms have been proposed that suggest that carbon starvation and
hydraulic failure may work together to kill a plant. For instance, the decreased ability to
transport water with the cavitation and embolism of some hydraulic passages would also lead
to decreased water for phloem transport, decreasing the ability to transport carbohydrates
where they are needed in the plant for maintenance respiration and for the increased
osmoregulation needed during drought (Sala, 2009; McDowell & Sevanto, 2010; McDowell
et al., 2011; Sevanto, 2014).
It is interesting to note that though the isohydric trees died more quickly, they
responded at similar VW as the anisohydric trees. The drastic reduction of carbon
assimilation rates in both groups over a short period of time suggests a threshold of water
deficit below which the plant halts assimilation. The threshold in this experiment seemed to
be at nearly the same soil water levels for all species as the decrease in assimilation rates was
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simultaneous (Figure 3.3). Differences among the groups were solely in the rate of decrease,
which was greater in isohydric plants. These trees with different water strategies appear to
tolerate similar levels of soil water deficit before becoming stressed. The differences lie in
how they regulate leaf water and how quickly and steeply assimilation rates decline. The
species in this experiment were chosen from the same provenance and are known to co-occur
in the study area. The implication of such simultaneous declines for the forest may be that
with drought many species with similar soil conditions may endure stress from decreasing
carbon reserves at the same time, although some may experience death sooner than others.
Combined with the fact that species are adapted to their ecosystem such that worldwide most
forest trees operate at small (<1 MPa) hydraulic safety margins (Choat et al., 2012), similar
times for experiencing carbon stress suggests forest dieback rather than dieback of individual
species may become an increasing concern with climate change type drought, as has in fact
been seen to be the case (van Mantgem et al., 2009; Phillips et al., 2009; Allen et al., 2010;
Carnicer et al., 2011; Lewis et al., 2011; Anderegg et al., 2013).
Comparisons of isohydric and anisohydric photosynthetic rate during drought should
be tested in more groups of co-occurring species. Within a group, the species should span the
continuum from isohydry to anisohydry as much as possible within the ecosystem. Groups
from a wide range of ecosystems should also be tested. The physiology of ring-porous
species has also been shown to be different from diffuse-porous trees due to differing levels
of capacitance, conductance, stomatal sensitivity and vulnerability to cavitation (Hacke &
Sperry, 2001; Taneda & Sperry, 2008; McCulloh et al., 2010; Christman et al., 2012; Klein,
2014), and ring-porous species should be included in a wider experiment. Furthermore, it
would be ideal to combine measures assimilation rates and mortality with measures of nonstructural carbohydrates in both aerial and underground organs of the tree and phloem turgor,
as in Sevanto et al. (2013). This would allow inferences to be made as to how the decreases
in assimilation rates affect carbohydrate reserves and overall carbohydrate availability. It
would also help to include real-time measures of A in addition to calculated values based on
A-Ci curves.
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The idea that forests as a whole may have a common threshold for water deficit at
which all trees become stressed and perhaps vulnerable would be an important idea to
consider when predicting climate change effects and planning for climate change mitigation.
The link of greater mortality of isohydric trees with greater decreases in assimilation rates
will also be important when considering how increased atmospheric CO 2 and changes in
VPD will affect mortality rates.
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Tables and Figures
Table 3.1. Parameters for A-Ci curves. Parameter values are the average from 5 curves fit for
each species. Species are denoted by 2-letter codes taken from the first letter of the genus and
species (C. florida = cf, F. grandifolia = fg, L. styraciflua = ls, L. tulipifera = lt).
Species Parameter Value

Standard
error of
the mean

cf

J

79.94184 9.428117

fg

J

80.66892 7.641889

ls

J

100.885

7.433634

lt

J

140.44

9.869022

cf

Rd

0.87142

0.126866

fg

Rd

0.7739

0.215131

ls

Rd

1.17748

0.232822

lt

Rd

1.39012

0.141354

cf

Vcmax

69.96672 8.469338

fg

Vcmax

69.5828

ls

Vcmax

105.9143 10.05262

lt

Vcmax

123.68

7.599197

7.672314
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Figure 3.1. Anisohydry. Species fall into two groups—more anisohydric and more
isohydric. Cornus florida (cf) and Fagus grandifolia (fg) are far more isohydric than
Liquidambar styraciflua (lt) and Liriodendron tulipifera (lt). Anisohydry measured as
difference between control and drought midday water potential. Data from Chapter 1.
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Figure 3.2. Anisohdyric species maintain greater photosynthetic rate during
drought.The more anisohydric species (red slanted lines) maintain a greater percentage of
their assimilation rate than the more isohydric species (solid blue). Drought assimilation rates
are presented here as percentage of control assimilation rates at the end of the experiment.
There is a significant difference between the assimilation rates of the anisohydric group and
the isohydric group as presented here (P =0.0038).
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Figure 3.3. Mortality. Higher mortality rates were observed in the more isohydric species
(solid blue) than the anisohydric species (red slanted lines). Data from Chapter 1.
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Figure 3.4. Soil volumetic water content. Decrease in soil volumetric water content (VW)
over the course of the experiment. Control soil water represented by open triangle (△),
drought represented by closed triangles (▲). Error bars are standard error of the mean for all
control/drought planters. Note that the decrease in drought soil water precedes the drastic
decrease in assimilation rates between July 5 and 11 (Figure 3.4 and Figure 3.5), but that VW
decreases steeply during this time.
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Figure 3.5. Decreases in % control photosynthesis. Drought causes photosynthesis (A) to
plummet over the course of less than a week, particularly in isohydric trees. Anisohydric
trees are represented in red while isohydric are shown in blue. The top, solid curve in each
graph represents control photosynthesis while the bottom dotted line represents drought
photosynthesis. A is shown here as a percentage of the initial control value. Dates are in the
year 2011.
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Figure 3.6. Photosynthetic rates (A). Photosynthetic rates for each species plummet over
the course of the drought. Isohydric species start out with much higher photosynthetic rates,
but reach near-zero rates faster. Rapid declines in photosynthesis for all species during the
same week: July4-July 11.

92

Contrasting assimilation rates in alternate vapor
pressure deficit (VPD) scenarios in warming
experiments
Abstract
We combined field experimental data and modeling to quantify the contribution of
VPD to carbon assimilation and to estimate potential error resulting from our uncertainty in
future changes in VPD. We modeled the response of assimilation rate to warming and VPD
using gas exchange measurements in Acer rubrum and Quercus alba seedlings in open-top
warming chambers. We found that a modest increase of 2oC from a typical midday
temperature during the growing season of 30.5oC resulted in a 0.59% and 2.25% decrease in
assimilation in A. rubrum and Q. alba, respectively, from the effects of temperature alone. If
no water was added to the air and VPD was allowed to increase with temperature, VPDassociated decreases in photosynthesis were 8.16% and 7.93% for the same species,
respectively. Since VPD had greater than 3-fold more influence on photosynthetic rate than
temperature itself, our results strongly emphasize the need for the ability to account for
multiple VPD scenarios in warming experiments where VPD predictions are uncertain. We
found decreases in root, but not stem, total non-structural carbohydrates (TNC) with
increasing temperature in Q. alba. Warming resulted in reduced growth and increased
mortality in the first year. We conclude that VPD has strong effects on plant photosynthesis
and should be accounted for in warming experiments. Seedlings in high VPD and
temperature conditions suffer greater mortality and less growth in the early stages of
establishment, which will likely have implications for seedling recruitment.
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Introduction
There is currently a critical need to understand plant responses to warming. Each of
the last three decades has been successively warmer, and all were warmer than any preceding
decade since western industrialization (IPCC, 2014). Understanding plant responses to
climate is needed to improve climate modeling of forest CO2 source-sink dynamics (Sitch et
al., 2005; Friedlingstein et al., 2006; Blate, G.M. et al., 2009; Park et al., 2011) to facilitate
forest management planning (Blate, G.M. et al., 2009; Bellassen & Luyssaert, 2014).
Arguably the best way to quantify plant response to warming is through field-based
warming chambers. However, a serious challenge to these field-based warming experiments
is the uncertainty in future predictions for vapor-pressure deficit (VPD) (Kirtman et al.,
2013). Stomatal response to VPD is strong (Johnson & Ferrell, 1983; Oren et al., 1999;
Pataki & Oren, 2003) and plant response to temperature is altered by varying VPD (Sinclair
et al., 2007). Currently, most field warming experiments use only one VPD scenario; these
experiments usually add no water vapor to the air with the temperature increase, leading to
increasing VPD (Norby et al., 1997; Medhurst et al., 2006; Piikki et al., 2008; Pelini et al.,
2011). This calls into question the applicability of results from these experiments in regions
where future VPD is unknown.
Modeling VPD effects on photosynthetic rates is a practical solution to this challenge.
VPD affects photosynthetic rate by influencing stomatal response in a manner that is well
understood (Farquhar & Sharkey, 1982b) and studies have shown stomatal sensitivity to
VPD not to acclimate strongly to environmental VPD (Kutsch et al., 2001; Carins Murphy et
al., 2014). Hence VPD models can be parameterized using VPD response to transient
variation in VPD. Furthermore, temperature and VPD effects appear to be additive (Day,
2000). Hence VPD and temperature response models can be parameterized separately and
then added together to estimate the VPD influence on plant response to warming treatments.
In this study, we combined modeling and field experimental data to quantify the
differences in photosynthetic response to warming with varying VPD in a field-based opentop chamber warming experiment. We expected that increased VPD would decrease
photosynthetic rate substantially when VPD was allowed to increase with temperature. We
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also measured the combined effects of warming and increased VPD on seedling mortality,
growth, and non-structural carbohydrate storage. We expected that with the combined effects
of warming and increased VPD there would be greater mortality as well as decreased growth
and carbohydrate storage.

Methods
Study site
The study was performed in Duke Forest in Hillsborough, North Carolina, 36° 2'8.23"N, 79°
4'38.66"W, 175 m above sea level within open-top warming chambers described thoroughly
in Pelini et al. (2011). Briefly, Duke Forest is a mesic oak-hickory dominant upland
hardwood forest. Each chamber was centered on the base of a large oak tree, and the original
vegetation was kept intact. Chambers were approximately 1.5 m tall and 5 m wide, the base
forming an octagon. Each side of the octagon consisted of a wooden frame covered with
plastic greenhouse sheeting.
There were fifteen experimental plots: twelve chambers, and three chamberless
controls. Three of the twelve chambered plots were allowed to remain at ambient conditions,
while the other chambers were heated at 0.5°C increments from 1.5 to 5.5°C above ambient
as determined by three independent temperature measurements using thermisters connected
to a Campbell CR1000 data logger (Campbell Scientific, Logan, UT, USA).
Chambers were warmed by heating air and blowing it into the chambers using two
concentric plastic plena encircling the central tree. Holes at regular intervals (20 cm) allowed
warm air to be pumped in throughout the chamber. No water was added to the air as it was
warmed, resulting in increased vapor pressure deficit (VPD). Chambers were heated yearround, beginning in January 2010.

Study plants
We studied seedlings of Quercus alba and Acer rubrum that had naturally established within
the experimental chambers. These were chosen as they are common species making a large
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contribution to the biomass of the forest. Study plants were all seedlings or saplings less than
0.75 meters tall so as to be completely enclosed by the chamber.

A-Ci curves
A-Ci curves (changes in assimilation rate, A, in response to changes in intercellular CO2, Ci)
were measured using the LI-6400 photosynthesis system using the 6400-40 leaf chamber
fluorometer (LCF 6400-40) head (LI-COR Biosciences, Lincoln, NE, USA). These
measurements were performed from July 28, 2010 to August 28, 2010 during daylight hours,
between the times of 0930 and 1800 hours Eastern Daylight Savings Time (EDT). Blue light,
important for stomatal response, was always controlled at 10% of the total quantum flux, red
light comprising the remaining 90%. Plants in the warmest chambers and in ambient
chambers were measured for each species, with five complete sets of A-Ci and light curves
being measured on each species.
Before measuring A-Ci curves, dark respiration (Rd) at the chamber conditions and the
maximal and minimal fluorescence in the dark (Fo and Fm, respectively) was measured.
Leaves were dark adapted by completely covering the leaf with aluminum foil for 20-60
minutes. The leaf was then placed in the dark cuvette and dark respiration measured for 5
minutes with the cuvette temperature controlled to 30 °C, the cuvette CO 2 at 400 ppm, a
constant air-flow rate through the cuvette of 100 μmol/s (the low flow rate allowed the
measurement of small changes in chamber CO2).
The lights were then turned on in the cuvette to a saturating PPFD of 1000 μE/m 2/s
for 20 minutes or until the photosynthesis stabilized, whichever took longer. The cuvette air
flow rate was also raised to 200 μmol/s. After light adaptation, the A-Ci curve was begun.
CO2 levels were changed through levels of 400, 300, 200, 150, 100, 50, 400, 450, 500, 550,
600, 800, 1000, and 1800 ppm in that order, with a minimum wait time of 2 minutes to
acclimate to each CO2 level, after which the measurement of carbon assimilation rate (A) was
taken at stabilization of photosynthesis or after another two-minute wait, whichever came
first. Completing the curve in this order allows checking that the original A can be restored
and prevents changes in activation state of Rubsico in low CO2 to affect measurements at
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high CO2 (Long & Bernacchi, 2003). Four consecutive measures of A were taken and
averaged together for each CO2 level. After the measurements of A, steady state, maximal
and minimal fluorescence with light (Fs, Fo', Fm') were measured following the measurement
of A. These A-Ci curves took an average of 50 minutes (with a standard error of 30 seconds)
to perform. Individuals located in both warmed and control conditions were measured.
Curves were measured for 6 individuals per species. A-Ci curves were analysed via the
method of Dubois et al. (2007), fitting the Farquhar, von Caemmerer, Berry (FvCB) model
(Farquhar et al., 1980; von Caemmerer, 2000). Briefly, FvCB model is described as follows:
𝐴 = min(𝐴𝑐 , 𝐴𝑗 , 𝐴𝑝 )

(1)

with
𝐴𝑐 =
𝐴𝑗 =
𝐴𝑝 =

𝑉𝑐 𝑚𝑎𝑥 (𝐶𝑖 −Γ∗ )
𝐶𝑖 +𝐾𝑐 (1+
𝐽(𝐶𝑖 −Γ∗ )
4𝐶𝑖 +8Γ∗

𝑂
)
𝐾𝑜

− 𝑅𝑑

(2)

− 𝑅𝑑

3𝑇𝑝 (𝐶𝑖 −Γ∗ )
𝐶𝑖 −(1−1.5𝛼)Γ∗

(3)
− 𝑅𝑑

(4)

where Ac, Aj, and Ap are Rubsico carboxylation-limited assimilation rate, ribulose
bisphosphate (RuBP) regeneration-limited assimilation rate, and triose phosphate utilization
(TPU)-limited assimilation rate, respectively. Vc max is the maximum rate of Rubisco
carboxylation, J is the rate of electron transport, Γ* is the photosynthestic compensation
point, Kc is the Michaelis-Menten constant of Rubsico for CO2, Ko is the Michaelis-Menten
constant of Rubsico for O2, O is the partial pressure of oxygen, Tp is the rate of TPU, and α is
the non-returned fraction of glycolate. As TPU-limited experiments are fairly rare, the
method we used fits only the Ac and Aj portions of the model. We obtained Kc and Ko from
Bernacchi et al. (2001) and used the O used by Dubois et al. (2007). J, Vc max, Γ*, and Rd were
modeled based on measurements taken for A-Ci curves. These parameters were averaged
within species to give species average curves.
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Leak corrections
The values of A in the shaded seedlings used for this experiment were low, so it was
important to correct for leaks in the gaskets sealing around the leaf in the cuvette when there
were strong CO2 gradients from the chamber to ambient air, encouraging leakage. As
suggested by Long and Bernacchi (2003), fresh leaves of each species were rapidly dried to
preserve their shape and leakage was recorded at each [CO2] that was used in the A-Ci curves
to establish the rate of CO2 leakage for each [CO2]. Three freshly harvested leaves per
species were dried to constant mass at 70°C in a drying oven. Measurements were taken
using the LI-6400 with LCF 6400-40 chamber head. Using the average at each [CO2] over
the three leaves, a linear relationship was developed for each species for the relationship
between apparent photosynthesis of the dead leaf due to leakage and the [CO 2]. Corrected
measures of A for the A-Ci curves were calculated by subtracting the apparent A due to
leakage as predicted by the curve from the dead leaves from the total value of A measured on
the A-Ci curve for the live leaf.

Response of photosynthesis to temperature
The short-term response to temperature was measured in the field using the 6400-88
expanded temperature control kit coupled to LI-6400 and 6400-40 LCF chamber head. VPD
was maintained throughout the curve at 2.0 ± 1 kPa. Fluorescence was also measured as with
the A-Ci and light curves above, first dark adapting the leaf for 20-60 minutes and measuring
dark respiration with an air flow rate of 100 μmol/s and measuring Fo and Fm. The light was
turned on again, the cuvette air-flow rate raised to 200 μmol/s and the leaf was light
acclimated to a saturating PPFD of 1000 μE/m 2/s for 20 minutes or until the light stabilized.
The temperature of the cuvette was then decreased as far as it would go by circulating water
cooled by pumping it through a copper coil in an ice-bath through the water jacket on the
chamber head around the cuvette. The internal LI-6400 cooling fans were also used to this
purpose. The minimum curve temperature was dependent on the ambient temperature but
was 25.81 °C on average, ranging from 22.22 °C to 29.57 °C. Logging of A and related
parameters was commenced once A and temperature stabilized. Fs, Fo', and Fm' were
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measured after the measurement of A. Logging continued for five minutes at each
temperature to ensure the temperature was stable.
The other temperature values were chosen such that there were six to seven
temperatures between the minimum temperature reached and the maximum temperature
possible (on average 39.64 °C, ranging from 37.90 °C to 40.74 °C). Temperature of the
cuvette was increased stepwise to each of the target values, and logged as for the first
temperature. Once the temperature approached ambient, the use of the ice-bath was
discontinued and the LI-6400’s internal temperature control sufficed to control temperature.
When temperatures far above ambient were desired, the circulating water was passed through
hot water that had just boiled rather than an ice bath.
Temperature response curves were fit for each individual plant with a negative
quadratic after the method of Silim et al. (2010). Photosynthesis was then normalized to the
predicted maximum value and the normalized measurements were fit to a quadratic function.
%𝐴𝑚𝑎𝑥 /100 = 𝑐(𝑇 − 𝑇𝑚𝑎𝑥 )2 + 1

(5)

where %A/100 is photosynthesis normalized to the maximum, T is temperature in oC, Tmax is
the fitted optimum temperature for photosynthesis, and c describes the curvature of the
quadratic. Average curves for a species were determined by averaging the parameters Tmax
and c for four individual curves per species under warmed and control conditions.

Response of dark respiration to temperature
The response of dark respiration (Rd) was measured in the same manner as the temperature
curves explained above, but in the absence of light. The average minimum temperature for
the respiration curves was 22.15°C, ranging from 18.21°C to 28.31°C. The average
maximum temperature for the respiration curves was 39.14 °C, ranging from 36.29°C to
40.79 °C. Arrhenius curves of the form:
𝑚

𝑅𝑑 = exp( 𝑇 + 𝑏)

(6)

were fit to the linearized data (as in Silim et al. (2010)) by taking the natural log of Rd and
the inverse of T. These lines were fit to all of the data for a species at once, which was from 6
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individuals for A. rubrum and 8 individuals for Q. alba. Measurements were taken on
individuals growing in both warmed and control conditions.

Leaf absorptance measurements
Leaf absorptance (αleaf) was calculated as follows to accurately calculate electron transport
rate (Jt) and quantum yield from CO2 uptake (𝛷𝐶𝑂2 ), used to calculate photorespiration (see
following section) for warming response curves.
A relationship was developed between leaf chlorophyll (measured using the portable
hand-held SPAD-502 chlorophyll meter, Minolta, Osaka, Japan) and αleaf (measured using
Ocean Optics USB4000 Spectrometer, Ocean Optics, Dunedin, FL, USA). Absorptance and
chlorophyll readings were taken for 15 to 20 leaves for each of the study species. A second
order polynomial was fit to each of the relationships between the red and blue absorptances
(αred and αblue, respectively) and the chlorophyll measurements for each species.
For each leaf measured for warming response of A, three measurements of
chlorophyll content were taken using the SPAD-502. Then αred and αblue were calculated
using the chlorophyll-absorptance measurements described above. Since warming curve
measurements were taken with a 9:1 ratio of red to blue light, αleaf was calculated as follows:
𝛼𝑙𝑒𝑎𝑓 = .9𝛼𝑟𝑒𝑑 + .1𝛼𝑏𝑙𝑢𝑒

(7)

Light curves in non-photorespiratory conditions for calculating photorespiration from
fluorescence values
To permit us to calculate photorespiratory losses during warming curves, light curves in nonphotorespiratory conditions were conducted on October 28, 2010 through October 31, 2010
from 1100 to 1500 hours EDT on plants showing no signs of leaf senescence using the
method of Valentini et al. (1995). Briefly, light curves were conducted as above, including
fluorescence measurements. The only difference was that instead of using ambient air at the
air-intake for the LI-6400, gas composed of 400 ppm CO2, 1% O2 and the balance N2 gas was
used.
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These measurements were used to calculate the photorespiration (Rl) via the method
of Valentini et al. (1995) as follows:
𝐴+𝑅𝑑

𝛷𝐶𝑂2 = 𝐼𝛼
𝛷𝑃𝑆𝐼𝐼 =

(8)

𝑙𝑒𝑎𝑓

′ −𝐹
𝐹𝑚
𝑠

(9)

′
𝐹𝑚

where 𝛷𝐶𝑂2 is the quantum yield of CO2 uptake and 𝛷𝑃𝑆𝐼𝐼 is the quantum yield of
photosystem II (PSII). I is the incident PPFD on the leaf surface, while αleaf is absorptance of
the leaf, which was estimated using the SPAD meter as described above.
Under non-photorespiratory conditions, 𝛷𝐶𝑂2 and 𝛷𝑃𝑆𝐼𝐼 are linearly related (Genty et al.,
1989):
𝛷𝑃𝑆𝐼𝐼 = 𝑘𝛷𝐶𝑂2 + 𝑏

(10)

where k and b are empirically fitted constants. Under non-photorespiratory conditions, 𝛷𝐶𝑂2
is directly related to 𝛷𝑒 − , the apparent quantum yield of photosynthetic linear electron flow
𝛷𝑒− = 4𝛷𝐶𝑂2

(11)

It follows then that
𝛷𝑒− = 4(𝛷𝑃𝑆𝐼𝐼 − 𝑏)/𝑘

(12)

Equation (12) holds true in the presence or absence of photorespiration (Valentini et al.,
1995). This means that to calculate 𝛷𝑒− , all that was needed was 𝛷𝑃𝑆𝐼𝐼 and the constants k
and b from the relationship between 𝛷𝐶𝑂2 and 𝛷𝑃𝑆𝐼𝐼 under non-photorespiratory conditions.
Using 𝛷𝑒− , I, as well as αleaf, Jt, (the total rate of whole chain electron flux corrected
for flux to alternative sinks other than carbon assimilation and photorespiration) was
calculated:
𝐽𝑡 = 𝐼𝛼𝑙𝑒𝑎𝑓 Φ𝑒−

(13)

Since
𝑅𝑙 =

𝐽𝑡 −4(𝐴+𝑅𝑑 )
12

(14)

all that was needed to calculate Rl was k and b, which could be determined from equation
(10) using the relationship between 𝛷𝐶𝑂2 and 𝛷𝑃𝑆𝐼𝐼 in the light curves under non101

photorespiratory conditions. Non-photorespiratory light curves were taken for 3 individuals
per species and slopes (k) were averaged for a species (b was negligible as in Valentini et al.
(1995)). These estimates of k were then used to calculate Rl from fluorescence values taken
during the warming response curves. Rl response to temperature was modeled with a linear fit
to all the data for each species separately.

Model of temperature response to VPD and temperature
We used the relationships of stomatal conductance to VPD from Oren et al. (1999) to relate
VPD to stomatal conductance, as follows:
𝑔𝑠,𝑤𝑎𝑡𝑒𝑟 = −𝑚 ∗ log(𝑉𝑃𝐷 ) + 𝑏

(15)

where m and b are scalars and gs,water is the stomatal conductance of the leaf to water.
Marchin (2013) measured the scalars m and b on plants at our study site during the time of
this experiment. She found m to be 43.56 and 59.95 mmol/m2/s/ln(kPa) on average for A.
rubrum and Q. alba, respectively and b to be 72.90 amd 95.86 mmol/m2/s on average for the
same respective species. The measure gs,water was then converted to gs, the stomatal
conductance to CO2, via the relationship from von Caemmerer and Farquhar (1981):

𝑔𝑠 =

1
1.6
𝑔𝑠,𝑤𝑎𝑡𝑒𝑟

+

1.37∗𝑘𝑓
𝑔𝑏,𝑤𝑎𝑡𝑒𝑟

(16)

where gs,water is the stomatal conductance to water, gb,water is the boundary layer conductance
to water, and kf is a constant calculated as (K2 + 1)/(K+1)2, with K being an estimate of the
ratio of stomatal conductance of one side of the leaf to the other. We assumed that the air
around the leaf was well-mixed and hence the boundary layer conductance was not limiting,
so equation (16) simplifies to:
𝑔𝑠 =

𝑔𝑠,𝑤𝑎𝑡𝑒𝑟
1.6

(17)

To model the interaction between temperature and photosynthesis, we multiplied the
temperature response, equation (5), by the A-Ci curve, equations (1) through (4).
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We then used the relationship from Farquhar and Sharkey (1982b), assuming
boundary layer conductance to not be limiting:
𝐴 = 𝑔𝑠 (𝐶 − 𝐶𝑖 )

(18)

where A is photosynthetic rate, gs is stomatal conductance to CO2, C is ambient CO2
concentration, and Ci is the internal concentration of CO2 in the leaf. The intersection of
equation (18) with the product of equation (5) and equation (1) yields A at the temperature
and gs, where gs was determined from VPD via equations (15) through (17).

Carbohydrate analysis, growth, and mortality
Additional studies were performed on Q. alba to test how warming affects growth, survival
and ability to resprout. The autumn of 2009 was a mast year for Q. alba, which produced an
abundance of Q. alba seedlings.
This experiment was conducted in all fifteen plots (twelve chambers and three
chamberless controls). Before bud-burst, on March 1 through March 5, 2011, ten pairs of
seedlings were selected for each plot. Each pair was selected to include adjacent plants of
similar size. All trees were tagged and measured for height and diameter at ground level. One
seedling per pair was randomly chosen to serve as a control. Of the non-control seedlings,
three were randomly chosen entire-plant harvest, while the other seven were clipped to the
ground, harvesting stem tissue only. Resprouts and unclipped trees were subsequently
monitored for survival and height and diameter were measured again in 2012 and 2013
before bud-break (that is, monitoring survival and growth during 2011 and 2012,
respectively). ANOVA was used to test the influence of temperature on size and growth
(weight and volume residuals were normalized using the natural log before ANOVA testing
to normalize residuals). Logistic regression (glm with binomial function and logit link) were
used to test for effects of temperature on mortality.
Each of the harvested trees was put in a cooler on ice and transported to the lab the
same day, microwaved at 600 Watts for 90 seconds to prevent further respiration, then dried
in a drying oven at 70 °C for 3 days. The samples were then refrigerated at 5 °C in sealed
plastic bags with silica pellets until processing for carbohydrate analysis.
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Samples were then prepared for total nonstructural carbohydrate (TNC) analysis.
Samples were separated into root and stem, and were ground using a Wiley Mill with a 40mesh screen. Between grinding and extraction, samples were held in sealed plastic bags with
silica at 5 °C. Each root sample was analyzed individually. The three stems from completely
harvested plants for each chamber were pooled to yield a single composite sample of
sufficient mass for analysis.
TNC was then analyzed using the method of Chow and Landhäusser (Chow &
Landhäusser, 2004). Briefly, ground tissue was re-dried in a drying oven at 70°C to constant
mass. 50 mg of this dried sample was treated with hot 80% ethanol. The ethanol extract was
treated with 2% phenol and concentrated sulfuric acid to develop a colorimetric reaction. The
absorbance from the extract at 490 nm was read using a spectrophotometer and readings
compared to those of a glucose-fructose-galactose standard treated with the same phenolsulfuric acid solution. De-ionized water with 2% phenol (0.5mL phenol just as in the
standards and the extract) was used as the absorbance blank. Residue left after the ethanol
extraction was then used to measure starch content. The starch was suspended in a sodium
acetate buffer. Starch was then digested with an α-amylase/amyloglucosidase enzyme
solution (1000 U α-amylase/5 U amyloglucosidase) and incubated in a 50 °C water bath for
20-24 hours. Hydrolized glucose was then measured colorimetrically using a peroxidaseglucose oxidase enzyme/o-dinisidine dihydrochloride solution. Sulfuric acid was added and
absorbance read at 525 nm.
The effects of temperature on TNC, starch, and sugar concentrations in stems and
roots was tested using ANOVA on the individual plants for roots, and on the pooled samples
from each chamber on stems.
The same Q. alba plants tagged and measured in spring 2011 and used for
carbohydrate analysis were monitored for survival and growth/resprouting in 2012 and 2013.
Plants were revisited in late winter before bud-break, on March 9-12, 2012 and on February
24-28, 2013. Plants were recorded as surviving if stems were not brittle and/or nondesiccated buds were present on the plant. Height and diameter of the plant were again
measured. Logistic regression (glm binomial with logit link) was used to analyse the
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relationship of mortality to temperature, while ANOVA was used to test the relationship of
plant size to temperature.
All modeling and statistical analyses for this paper other than the fitting of A-Ci
curves were completed in R 3.0.1 (R Core Team, 2013).

Results
The photosynthesis model incorporating VPD and warming showed a substantial VPD effect
for both A. rubrum and Q. alba. Even with the modest increase from a typical midday
temperature (30.5 oC) of 2 oC, which the latest IPCC report states is likely by the end of the
century (IPCC, 2014), allowing VPD to increase as temperature rises yielded a 8.16%
decrease in A. rubrum and a 7.93% decrease in Q. alba due to the effects of VPD alone (see
Figure 4.1). For comparison, raising the temperature 2oC but keeping VPD constant resulted
in a 0.59% and 2.25% decrease in assimilation rate in A. rubrum and Q. alba, respectively.
Model results also indicate that maximum photosynthesis occurs at saturating vapor
pressure for both species and at 29.9± 0.4 oC for A. rubrum, while at 25.1± 3.6 oC for Q. alba
(see Figure 4.2 and Figure 4.3). This was higher than the 15.5 oC mean annual temperature of
the site, but lower than many of the observed midday temperatures during the study season
that often exceeded 30 oC.
Analysis of changes in net photosynthesis, dark respiration, photorespiration and
gross photosynthesis while keeping VPD constant showed that, without the effects of
respiration and photorespiration, gross photosynthesis has a maximum at 32.3 oC and 28.1 oC
for A. rubrum and Q. alba, respectively; those maximum shifts to 29.9 oC and 25.1 oC,
respectively, when the effects of photorespiration and dark respiration are added.
Photorespiration and dark respiration both continued to increase with the increasing
temperatures measured throughout this experiment. Photorespiration had a much greater
contribution to net photosynthesis than dark respiration for both species, with the differences
becoming greater with greater temperatures (see Figure 4.4 and Figure 4.5). At 2oC of
warming above ambient, photorespiration and respiration contributed to 140% and 9% of the
decline in net photosynthesis for A. rubrum, respectively and to 40% and 5% of the decline in
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net photosynthesis for Q. alba, respectively. A greater than 100% contribution to the decline
in net photosynthesis for A. rubrum was possible since gross photosynthesis was actually
increasing over this temperature range.
Temperature had a significant effect on carbohydrate concentrations in the Q. alba
seedlings. Root total nonstructural carbohydrates (TNC) decreased with temperature (F(1,41)
= 5.959, P = 0.019*, see Figure 4.6), as did root sugars (F(1,41) = 5.058, P = 0.030*) and
stem sugars (F(1,13) = 11.66, P = 0.005**). Stem starches increased with temperature (F(1,
13) = 6.046, P = 0.029*). Temperature effects on root starch and stem TNC were not
significant (see Table 4.5). These ANOVAs were performed using individuals as replicates.
When chambers were considered as replicated, there was no significant effect of temperature
on carbohydrate concentration (results not shown), as might be expected from the small
sample size.
Q. alba seedlings were significantly smaller in warmer temperatures at the end of
2011 (height F(1, 298) = 6.348, P=0.012*, natural log of volume approximated as a
cylinder—hereafter ln(‘volume’)—F(1, 128) = 5.883, P = 0.016* ) except when considering
stem weight (ln(stem weight) F(1, 147) = 1.207, P = 0.274). Seedling size was not
significantly correlated with temperature at the end of 2012, no matter whether the plants
considered were those left intact (‘unclipped’) or those that had their stems clipped off at the
beginning of 2012 and had re-sprouted during the year (see Table 4.6). Growth in height in
unclipped stems was significantly greater with warmer temperatures in 2012 (F(1, 120) =
4.42, P = 0.038*), but other measures of growth were not significant (see Table 4.6).
Seedling mortality was greater in warmer temperatures for unclipped stems in 2011 (z =
2.954, P = 0.003**) but had no significant relationship with temperature in clipped stems in
2011 or in any stems in 2012, or in either clipped or unclipped stems when mortality
throughout 2011 and 2012 was considered (see Table 4.7 and Figure 4.7).

Discussion
Future VPD predictions for large regions of the planet are uncertain at best (IPCC, 2014), but
warming experiments are typically designed to only address one VPD scenario (Norby et al.,
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1997; Medhurst et al., 2006; Pelini et al., 2011; Chiba & Terao, 2014). Since photosynthesis
is known to be responsive to VPD (Fredeen & Sage, 1999; Day, 2000; Duursma et al., 2014),
it is important to quantify this response to see if it is large enough to need to be accounted for
in plant productivity from warming experiments.
Our study shows that carbon assimilation rates are strongly affected by the changes in
VPD that occur solely due to heating of the air (Figure 4.1), and in fact the VPD response for
even a modest increase in temperature can contribute much more than the direct effects of
temperature to plant photosynthesis if vapor pressure of the air stays constant with warming.
These results strongly emphasize the need for consideration of different VPD scenarios in
warming experiments where future VPD is uncertain. Our results also emphasize the need for
characterization of VPD response in each of the species measured in a warming experiment,
since there is large between-species variation (Figure 4.1). Strong effects of VPD and species
have also been demonstrated in other studies investigating photosynthesis and vapor pressure
deficit (Oren et al., 1999; Day, 2000; Lin et al., 2012; Duursma et al., 2014).
Focusing on the response of photosynthesis to warming alone (holding VPD
constant), we found photorespiration to be a primary driver decreasing photosynthesis with
warming (Figure 4.4 and Figure 4.5). The large role of photorespiration suggests that changes
in CO2 could for some plants mitigate some of the decreases in photosynthesis due to
warming above the optimum temperature for photosynthesis. The extent of the mitigation by
CO2 would depend on the degree of warming; we observed a continuous increase in
photorespiration over the range of temperatures in our study. These results suggest the
importance of warming experiments incorporating CO2 enrichment. The difference between
our two study species in influence of photorespiration (responsible for 140% of the decline
observed in A. rubrum and only 40% in Q. alba under a 2oC increase in temperature) shows
that between-species variation is great. Along with the differences in temperature optima for
the two species, this suggests the possibility for species turnover in the forests of future
warmer climates. Large between-species variability in temperature response is consistent
with comparison between other studies (Lin et al., 2012). The higher temperature optimum
observed in A. rubrum would appear to favor it in future scenarios. Higher VPD and higher
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CO2 would amplify this effect as A. rubrum photosynthesis is less sensitive to VPD effects,
and A. rubrum photorespiration has a greater influence on net photosynthetic rate than in Q.
alba. This result is in contrast to Iverson et al. (2008) who suggested that A. rubrum would
decrease more in its prevalence with projected warming. However, Iverson et al. (2008)
based their study on current occurrence data for these species, while our model and
measurements are based on the physiological limits of these species themselves.
Although our results point to VPD being an important factor in how plants respond to
photosynthesis, this finding does not imply that results from warming experiments employing
only one VPD scenario are invalid. On the contrary, they are a valuable piece of information
about how plants respond to climate in one of the possible future climate scenarios. It is in
this spirit of learned from one possible VPD scenario with future warming we consider the
mortality and carbohydrate concentrations of Q. alba seedlings growing in the chambers of
the Duke Forest open-top chamber experiment. The smaller TNC concentrations in the roots
of warmer plants was likely a result of the combination of increasing temperatures farther
away from the temperature optima of Q. alba as well as the influence of higher VPD. This
study did not take into account the role of soil moisture or plant water relations other than
stomatal closure, but it is also possible that water stress other than that directly caused by
reduced air humidity would lead to stomatal closure and thereby decreased assimilation rates
or reduce photosynthate transport, thereby decreasing carbohydrate storage. Although some
studies have shown decreased root TNC due warming merely due to changes in phenology
(Rogiers et al., 2014) and we know that there were shifts in some species in this experiment
(Marchin et al., 2015), but mobilization of carbohydrates for bud burst seems unlikely since
stem TNC was not significantly correlated with warming and stem sugars were actually
lower with warming (Table 4.5). It is much more likely that a combination of warming and
water stress led to decreased assimilation rates resulting in lower root carbohydrates. Higher
stem starches have been seen in other studies in association with water stress (Carpenter et
al., 2008), likely because of reduced transport of starches in the plant. Water stress is also a
likely explanation for the higher starch concentrations in the seedlings in this.
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Higher seedling mortality in warmer chambers in 2011 was likely a result of
decreased carbohydrate water availability, increased water stress, or a combination of the
two; carbohydrate and water stress are believed to interact (McDowell, 2011; McDowell et
al., 2011; Sevanto et al., 2013). The lack of a relationship of mortality with temperature
appears to reflect a combination of selection of seedlings better able to survive their
environment as well as seedling acclimation. The lack of a pattern in seedling mortality later
in the experiment is possibly an indication seedlings are more vulnerable to the negative
effects of warming when they are younger and have more poorly developed root systems and
are hence more vulnerable to variations in water availability, but then are able to compensate
for negative effects with the longer growing season (Marchin et al., 2015) later when they are
more mature. This hypothesis has some support in the growth of Q. alba seedlings, with the
warmer seedlings being shorter in 2011 and taller in 2012. Another likely possibility is that
because background mortality is high, the warming effects on mortality are hard to detect. In
any case, it appears that warming does impact Q. alba seedling mortality, especially early in
seedling development.
Since growing season temperatures often exceed the optimum for photosynthesis in
our study area for both of our study species, and since climate change will further increase
these temperatures farther away from these optima, warming will likely have detrimental
effects for both of these species. A. rubrum will likely be favored over Q. alba, particularly if
VPD increases with warming. One caveat to this experiment is that although our
measurements were taken both within control and warmed chambers and hence incorporate
some acclimation, quantifying acclimation to temperature was not within the scope of our
experiment. Had we included a greater accounting for acclimation in our model, we likely
would have seen less strong effects of temperature on assimilation rates, although it has been
suggested that acclimation of net photosynthetic rate may not occur (Liang et al., 2013). In
either case, the fact that growing season temperatures often exceeded the temperature
optimum for photosynthesis suggests that the degree of acclimation available to the plants is
limited and that increased temperature would still result in increased stress for both species.
Furthermore, in high VPD scenarios the greater early mortality of Q. alba supports the notion
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that warming will indeed negatively affect seedling recruitment, although the relative
contributions of warming and VPD to mortality have not been separated. Stomatal sensitivity
to VPD does not decrease when plants are grown in high VPD conditions (Carins Murphy et
al., 2014) so it is likely that VPD may play a strong role. Future work should quantify
acclimation effects and incorporate multiple VPD scenarios into warming experiments. Since
it has been shown that the effects of VPD and temperature on photosynthesis do not interact
(Day, 2000), and stomata do not appear to acclimate to VPD, modeling parameterized by
observed changes in stomatal conductance and photosynthesis is an excellent way to
quantify VPD effects, however more complex interactions with soil moisture and plant water
relations as well as mortality will be harder to measure without direct experimental
manipulation. More work can also be done to determine the degree of acclimation of
photosynthesis to temperature or if it even occurs.
We conclude that high temperature and high VPD combine to have detrimental
effects on tree seedling survival and carbohydrate storage. Our model shows the strong
differences in photosynthetic rate between constant and increasing VPD scenarios with
warming. This work emphasizes the need for testing of VPD effects in field warming
experiments in the face of the current uncertainty for many regions in how future VPD will
change.
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Tables and Figures
Table 4.1. Warming curve parameters. Measurements of photosynthesis at different
temperatures were taken for four individuals of each species. Quadratic curves were fit and
data transformed to percent of the theoretical maximum, then quadratic curves were again fit
to percentages. Temperature optima (Tmax) and multipliers (c) were averaged for each species
where the relationship between the percent of maximum photosynthetic rate (%Amax) and
temperature (T) is:
%Amax/100 = c (T – Tmax)2 + 1.
Species
Tmax
Tmax standard
c
c standard
error
error
A. rubrum
29.901
0.417
-0.006
0.001
Q. alba
25.142
3.648
-0.003
0.001

Table 4.2. Photorespiration curve parameters. Photorespiration was calculated using
chlorophyll fluorescence data via the method of Valentini et al. (1995). A line was fit to the
combined curves of all of the individuals for each species predicting the temperature
dependence of photorespiration. * (P < 0.05), ** (P < 0.01), *** (P < 0.001).
Species

Intercept

Slope

-0.334

Standard
P
Error
(Intercept)
(Intercept)
1.053
0.753

0.107

Standard P (Slope)
Error
(Slope)
0.032
0.002**

A.
rubrum
Q. alba

-0.234

0.874

0.107

0.026

0.790

R2

0.268

0.0001*** 0.192
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Table 4.3. Dark respiration curve parameters. Dark respiration curves were developed
using Arrhenius curves. Curves were measured for 6 A. rubrum and 8 Q. alba individuals.
Since Arrhenius curves can be linearized by taking the log of respiration and the inverse of
temperature, a line was fit for all data for each species simultaneously with respiration
transformed using a natural log (ln Rd) and temperature transformed using its inverse (1/T).
Formula for respiration is of the form Rd = exp (m/T + b), where m and b are the slope and
intercept of the linearized version, respectively. * (P < 0.05), ** (P < 0.01), *** (P < 0.001).
Species

m

Standard P (m)
Error (m)

b

P (b)

R2

A. rubrum

-16.348

6.422

0.015*

0.214

0.189

0.142

Q. alba

-39.204

6.352

0.002**

0.317

1.494

0.884

Table 4.4. Parameter fits for Farquhar model. Average values for each species achieved
by fitting Farquhar model (von Caemmerer, 2000) to A-Ci curves. These are average
parameters for 6 individuals of each species.
Species

Vcmax

Standard
Error
(Vcmax)

J

Standard
Error (J)

Rd

Standard
Error (Rd)

A. rubrum

26.605

5.133

26.196

1.810

0.455

0.142

Q. alba

29.949

6.734

32.882

7.297

0.651

0.155
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Table 4.5. Carbohydrate analyses. Linear relationship of carbohydrate as percentage of
non-carbohydrate weight with temperature elevation from ambient ( oC). Individual plants as
replicates for roots, while stem tissue was pooled within a chamber before carbohydrate
analysis, so chambers were used as replicates for stems. Between group degrees of freedom
is 1 for all tests. Significance denoted by: * (P < 0.05), ** (P < 0.01), *** (P < 0.001).
Tissue and
carbohydrate
type

Coefficient

R2

Within group

F

P

degrees of

(Slope)

freedom

Root TNC

-2.235

0.127

41

5.959

0.019*

Root sugar

-0.874

0.110

41

5.058

0.030*

Root starch

-1.361

0.070

41

3.075

0.087

Stem TNC

-0.512

0.218

13

3.633

0.079

Stem sugar

-0.834

0.473

13

11.66

0.005**

Stem starch

0.322

0.317

13

6.046

0.029*
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Table 4.6. Size and growth of plants used with carbohydrate and stem clip experiment.
Relationship of plant size and growth with temperature analysed using ANOVA. Note that
since stems were clipped at the beginning of 2012 before bud-break, re-sprout plant height is
equivalent to the growth of the re-sprout in that year. Individual plants as replicates. Estimate
of volume was calculated from height and diameter by modeling seedling shape as a
cylinder. Between group degrees of freedom is 1 for all tests. Significance denoted by: * (P <
0.05), ** (P < 0.01), *** (P < 0.001).
1

Denotes measures were log transformed to achieve normally distributed residuals.
Year and measure

Coefficient

R2

(Slope)

Within group

F

P

degrees of
freedom

1

-0.017

0.008

147

1.207

0.274

2011 height

-1.393

0.021

298

6.348

0.012*

1

2011 ln(‘volume’)

-0.046

0.019

298

5.883

0.016*

2012 re-sprout height

1.464

0.012

52

0.648

0.424

1

0.114

0.042

52

2.265

0.138

-0.088

5.661

120

0.007

0.934

2011 ln(stem weight)

2012 ln(re-sprout

volume)
2012 unclipped height

x 10-5
1

2012 ln(unclipped

0.014

0.001

119

0.158

0.692

1.201

0.036

120

4.42

0.038*

2012 unclipped growth 8.739

0.005

119

0.609

0.437

volume)
2012 unclipped
growth in height

in ‘volume’
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Table 4.7. Relation of mortality with temperature in carbohydrate and stem clip
experiment. Logistic regression was used to correlate mortality by chamber with
temperature (generalized linear model (glm): binomial with logit link). Significance denoted
by: * (P < 0.05), ** (P < 0.01), *** (P < 0.001).
Year and measure

Coefficient

z

P

2011 clipped stems

0.009

0.089

0.929

2011 unclipped stems

0.336

2.954

0.003**

2012 clipped stems

0.051

0.370

0.712

2012 unclipped stems

-0.119

-1.119

0.263

2011-2012 clipped stems 0.037

0.342

0.733

2011-2012 unclipped

0.742

0.458

0.062

stems
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Figure 4.1. Modeled percent decrease in photosynthesis from constant VPD scenario
when VPD is allowed to increase with warming. For these calculations, initial temperature
was set to 30.5 oC, initial VPD 1.62. Temperature in the model was increased 5.5 oC, the
range covered by this experiment, and the percent difference between photosynthetic rate
with constant VPD, increasing temperature, and photosynthetic rate with increasing VPD
(allowing water vapor pressure of the air to stay constant), increasing temperature.
Calculations were performed for Quercus alba and Acer rubrum. For both species,
substantial decreases in photosynthesis were observed for relatively small increases in
temperature when VPD was allowed to change with temperature. Effects were similar
between the species, although Q. alba was more sensitive to the VPD effect at higher
temperatures.
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Figure 4.2. Acer rubrum photosynthesis as a function of temperature and VPD. Warmer
colors represent higher photosynthetic rate. This model is the result of incorporating stomatal
responses to VPD from Marchin (2013), the parameterizing of the Farquhar model with our
A-Ci curves, and a quadratic parameterized with our warming curves. Note the strength of the
VPD effect as opposed to the temperature effect.
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Figure 4.3. Quercus alba photosynthesis as a function of temperature and VPD. Warmer
colors represent higher photosynthetic rate. This model is the result of incorporating stomatal
responses to VPD from Marchin (2013), the parameterizing of the Farquhar model with our
A-Ci curves, and a quadratic parameterized with our warming curves. Note the strength of the
VPD effect as opposed to the temperature effect.
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Figure 4.4. Components of Acer rubrum photosynthesis and response to temperature.
Net photosynthesis response to temperature was fit with a quadratic curve, photorespiration
with a line, and respiration with an Arrhenius curve. Maxima for net and gross
photosynthesis, respectively, are 29.9 oC and 32.3 oC, the shift being due to the increase in
photorespiration and respiration with temperature. Note that there is an intrinsic decrease in
gross photosynthesis with increasing temperature, but that photorespiration and dark
respiration magnify this effect.
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Figure 4.5. Components of Quercus alba photosynthesis. Net photosynthesis response to
temperature was fit with a quadratic curve, photorespiration with a line, and respiration with
an Arrhenius curve. Maxima for net and gross photosynthesis, respectively, are 25.1 and 28.1
o
C, the shift being due to the increase in photorespiration and respiration with temperature.
Note that there is an intrinsic decrease in gross photosynthesis with increasing temperature,
but that photorespiration and dark respiration magnify this effect.

124

Figure 4.6. Root total nonstructural carbohydrates (TNC) as percent of noncarbohydrate weight. Root carbohydrate decreases with increasing chamber warming (R2 =
0.127, P=0.019). Roots were collected from Quercus alba seedlings.
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Figure 4.7. Number of deaths from original 10 stems by degrees chamber was elevated
from ambient. In 2010, 10 stems per chamber were tagged and left standing to measure
later. These plots represent the number of deaths per chamber—small noise is introduced in
temperature so that overlapping points at the same temperature can be seen—chambers were
elevated from ambient temperature in intervals of 0.5oC. Deaths in 2011 were dependent on
the degrees the chamber temperature was raised above ambient (logistic regression, z =
2.954, P = 0.003**) while total deaths in 2012 were not dependent on temperature (z = 0.742,
P = 0.458).
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CONCLUSIONS
Because of strong feedbacks between forests and climate (Bonan, 2008; Pan et al., 2011), it
is important that we improve our understanding of tree physiological response to drought and
warming so that we can better manage forests as the climate changes and improve climate
predictions. In the preceding pages, we have examined carbon and water relations of a multispecies drought experiment and results from a warming experiment in which seedling
response to high temperature and high vapour-pressure deficit (VPD) were measured and the
response of photosynthesis to VPD and temperature separated using a modeling framework.
These results have important implications for our understanding of tree physiology with
climate change.
We saw that stomatal sensitivity to leaf water potential (Ψl) was the best
physiological correlate of drought mortality in a multi-species controlled field experiment,
with species having more sensitive stomata experiencing greater mortality rates.
Interestingly, some of the proposed predictors of drought susceptibility from other studies
were not correlated with drought mortality, such as wood density (Hacke et al., 2001;
Jacobsen et al., 2005; Phillips et al., 2010; Hoffmann et al., 2011) and hydraulic safety
margin (Choat et al., 2012; Delzon & Cochard, 2014). We also found that relative rankings
of stomatal sensitivity were similar when water deficit was induced by successive stem
notching, suggesting that stomatal sensitivity is not an artifact related to rooting depth or root
water availability, but rather an intrinsic trait. These results suggest that stomatal sensitivity
may be a way to predict relative drought susceptibility of co-occurring species. Future work
should examine these relationships in other species compositions and with larger trees to see
if these relationships are more widely applicable.
We also observed that despite between-species differences in mortality and stomatal
sensitivity, all species experienced similar declines in sapflux rates to near-zero rates by the
end of the experiment. When considering midday photosynthetic rates, large relative declines
in all species were observed but they were more rapid in species with more sensitive stomata.
These results have negative implications for plant productivity and carbon assimilation rates
during drought even in species that are able to survive. Since drought susceptibility may
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change with tree age and location (Peichl et al., 2010; Domec et al., 2012), future work
should address whether age and soil conditions lead to greater between-species differences in
declines in photosynthesis and transpiration with drought or if, as Choat et al. (2012) have
suggested, species are so well adapted to their habitat that most species within a habitat are
highly vulnerable to moisture deficit, independent of different physiological mechanisms for
surviving drought. It has also been shown that drought can have lasting effects on biomass
allocation and productivity in surviving trees (Law et al., 2003; Zhou et al., 2013). Future
work should address how long these effects last and whether these lasting effects differ
between species. These between-species differences are important not only for modeling
efforts, but for forest management that would ideally be able to emphasize species that
maximize carbon sequestration while being most resistant to drought.
Reduction of photosynthesis with warming and increased VPD was much less than in
the drought experiment, but still substantial. Fitting a model to our experimental measures of
photosynthesis allowed partitioning of effects on photosynthesis between warming and VPD.
In Quercus alba, decreases in photosynthesis were 8% and 35% due to temperature and VPD
respectively, with a 2 oC increase in temperature and no additional water vapour. In Acer
rubrum the decreases were 4% and 13% due to temperature and VPD, respectively. This is in
comparison with 85-100% decreases in photosynthesis in the severe drought experiment.
Being able to partition changes in photosynthesis into warming and VPD response is a
valuable resource to interpreting the results of warming experiments as there is considerable
uncertainty in how VPD will change with future climate (IPCC, 2014).
Q. alba seedlings did exhibit signs of drought with warming and increased VPD,
showing greater allocation of non-structural carbohydrates in stems and decreased allocation
to roots, suggesting a decreased ability to transport carbohydrates, likely due to water stress
as has been seen in other studies (Carpenter et al., 2008). Q. alba seedlings exhibited greater
mortality and decreased growth with warming in the first year, but subsequent years did not
show a difference in mortality and showed greater growth with temperature, perhaps
suggesting selection and/or acclimation in the seedlings in warmer chambers. Although our
model was able to partition carbon assimilation rates into VPD and warming effects, a daily
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time-course of carbon assimilation and phloem transport is needed to be able to partition
VPD and temperature effects on carbon assimilation and transport. Phloem transport will be a
critical area of research to be able to create such a model since increased VPD can cause
drought and our understanding of the changes in phloem transport with drought is limited
(Sevanto, 2014).
This work provides a multi-species comparison of drought response in a controlled
setting. It provides a potential predictor, stomatal sensitivity, for drought mortality. The neartotal losses in carbon assimilation observed during severe drought for all species has
important implications for forest productivity with climate change. We also have included a
model to separate VPD and temperature response of photosynthesis to warming, which will
be useful for warming experiments since future VPD predictions are uncertain. As a whole,
this work provides important insights toward understanding changes in forests that will occur
with climate change, including changes in carbon assimilation, transpiration, and species
composition.
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