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ABSTRACT

A simplified soil–plant–atmosphere–continuum model of carbon starvation and hydraulic failure is developed and tested against
observations from a drought-manipulation experiment in a woodland dominated by piñon pine (Pinus edulis) and juniper
(Juniperus monosperma) in New Mexico. The number of model parameters is reduced using allometric relationships. The model
can represent more isohydric (piñon) and more anisohydric (juniper) responses. Analysis of the parameter space suggests four
main controls on hydraulic failure and carbon starvation: xylem vulnerability curve, root:shoot area ratio, rooting depth and water
use efficiency. For piñon, an intermediate optimal (1.5–2m2m�2) tree leaf area index reduces the risk of hydraulic failure. For
both piñons and junipers, hydraulic failure was relatively insensitive to root:shoot ratio across a range of tree LAI. Higher root:
shoot ratios however strongly decreased the time to carbon starvation. The hydraulic safety margin of piñons is strongly
diminished by large diurnal variations in xylem/leaf water potential. Diurnal drops of water potential are mitigated by high
maximum hydraulic conductivity, high root:shoot ratio and stomatal regulation (more isohydric). The safety margin of junipers is
not very sensitive to diurnal drops in water potential so that there is little benefit in stomatal regulation (more anisohydric).
Narrower tracheid diameter and a narrower distribution of tracheid diameters reduce the risk of hydraulic failure and carbon
starvation by reducing diurnal xylem water potential drop. Simulated tree diameter-dependent mortality varies between these two
species, with piñon mortality decreasing with increasing tree size, whereas juniper mortality increases with tree size. Juvenile
piñons might thus be overimpacted by water stress. Copyright © 2015 John Wiley & Sons, Ltd.
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INTRODUCTION

The sensitivity and resilience of terrestrial ecosystems to
climate change are of growing research interest because of
observations of increasing rates of drought-induced
vegetation mortality (Allen et al., 2010; Peng et al.,
2011), predictions of continued, widespread mortality
acceleration (Williams et al., 2013) and declining terrestrial
carbon sinks (Arora et al., 2013). Yet, process model
predictions of mortality are uncertain because of the
complex and interconnected links between vegetation and
the hydrologic cycle and the complexity of plant survival
mechanisms during droughts (McDowell et al., 2008;
McDowell 2011; Anderegg et al., 2012, for reviews).
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Two general categories of process models are used to
study tree-level drought impacts: (1) detailed models of the
soil-plant-atmosphere hydraulic continuum (SPAC) and (2)
simpler models simulating only bulk water budgets. The
detailed SPAC approach utilizes the cohesion–tension theory
to simulate water flux, and detailed numerical hydraulic
models of the SPAC have considered a number of factors
including: above- and below-ground simulation of water
supply, hydraulic properties of the soil and xylem, root
distribution and root–shoot ratio (Sperry et al., 1998;
Williams et al., 2001; Sperry et al., 2002; McCulloh et al.,
2003, 2004; McCulloh & Sperry 2005) and water storage
capacitance (Fisher et al., 2006). The drawback of most
SPAC models is that they are computationally intensive and
require a large number of input parameters, which makes
generalization challenging and increases the number of
assumptions. The complexity of those models can also render
the interpretation and understanding of results difficult, and
their calibration is challenging because of the large number of
parameters (Blasone et al., 2008; McDowell et al., 2013;
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Powell et al., 2013). For instance McDowell et al. (2013)
performed a comparison of mortality predicted by complex
SPACand land-surfacemodels. Themodel results agreed that
the duration of water stress seemed to be more important than
the intensity of the stress per se; yet the interpretation of the
controlling factors was hindered by the complexity of the
models.
Models that use simplified bulk water budgets have been

used effectively to understand hydrological processes and
their interconnection during drought but require development
to represent more complex processes. For example,
Rodrı́guez-Iturbe I et al. (1999), inspired by the earlier work
of Eagleson (1978a, b, c, d, e), used soil moisture responses to
stochastic rainfall forcing and the role of vegetation structure
(mainly rooting depth) to understand the effect of rainfall
variability on soil moisture dynamics and vegetation water
stress (also see D’Odorico et al., 2000; Porporato et al.,
2001). In this reductionist approach, the selected model
minimized the number of parameters controlling soil
moisture. Vegetation responses to water stress were crudely
represented by a linear soil moisture stress function that
controls evapotranspiration (ET). Application of the model to
understand the water stress-induced vegetation mortality
requires more complex representation of the physiology and
hydraulic control across species and ecosystems (Kumagai &
Porporato 2012).
Efforts to bridge the gap between these two modeling

approaches have been limited. Schwinning and Ehleringer
(2001) provided unique understanding of the role of rooting
depth and its interplay with the plant water use, but did not
explicitly represent key physiological processes such as
embolism, hydraulic capacitance or carbon limitation.
Advancing our understanding of drought-induced mortality
is likely to require considering the interdependency of carbon
starvation (the process of carbohydrate depletion when
carbon consumption exceeds carbon gain by photosynthesis)
and hydraulic failure (unrepaired loss of hydraulic function
leading to subsequent dehydration; McDowell et al., 2011).
The primary objective of this study is to investigate the

factors that determine drought resistance using a
simplified/hybrid SPAC model. Covariance among tree
traits (e.g. biomass, crown area, height and hydraulic
conductivity) is constrained through allometric relationships
related to tree diameter and wood density, which reduces the
number of model parameters because those traits are
ultimately interconnected. This simplified SPAC model
includes a representation of the soil and plant water budgets.
The model is tractable and can capture the essential
processes at play while keeping the simplicity required to
identify the main processes that underlie drought resistance.
The simplicity of the model and interdependence of the traits
allows highlighting the main trait controls on drought
resistance compared to more sophisticated models which
require substantial tuning of parameters.
Copyright © 2015 John Wiley & Sons, Ltd.
We evaluate the model with data from a drought
experiment in a piñon–juniper woodland in New Mexico
(Plaut et al., 2012, 2013; Pangle et al., 2012, Limousin et al.,
2013; McDowell et al., 2013). We then explore the
parameter space of the model to examine how interspecific
variation in tree traits (leaf area index, root:shoot ratio,
rooting depth, capacitance and non-structural carbohydrate
storage) influences the potential for carbon starvation and
hydraulic failure. Finally we investigate the dependence of
drought resistance on tree size.
MODEL DESCRIPTION

The simplified SPACmodel is inspired by themodel of Farrior
et al. (2013) but has been expanded to include a refined
hydraulic description that can account for cavitation and
carbon starvation (Figure 1 and Table I, detailed description in
appendix). Below, we give a brief overview of the model
components.

Tree biomass

Each tree is composed of its canopy, fine roots and structural
biomass. Allometric relationships relate tree height (Z),
crown area (W), structural biomass (S), sapwood area,
sapwood volume and total leaf area (L) to the tree diameter at
breast height (D), similarly to Farrior et al. (2013), as seen in
Figure 1. These relationships are constrained using obser-
vations of the piñon–juniper dataset (Plaut et al., 2012,
2013; Pangle et al., 2012). Tree leaf area index (LAItree) is
the ratio of L to W. In our model, the trees do not grow
because we are investigating the response to a single dry-
down period during which we assume no major changes in
structural biomass, no leaf or fine-root development and no
leaf and root losses. Tree wood density and the related
sapwood volume define the maximum stem specific
conductivity (kspecific,max) and maximum stem hydraulic
capacitance (Cmax) (Phillips et al., 2004; Scholz et al., 2007).
Because we simulate a drought period, we assumed that
water is the main limiting resource and nutrient uptake was
not constraining.

Carbon budget

Using a simplified Farquhar photosynthesis model (Farquhar
& Sharkey 1982; Farquhar et al., 2001) leaves assimilate
carbon at a rate proportional to the light level up to their
maximum rate of carbon assimilation V. Maximum V did not
vary substantially with water stress for the juniper–piñon
dataset used here (Limousin et al., 2013) and is thus assumed
to be constant. Light is reduced exponentially at a rate kn, as
light penetrates into the canopy, following Beer’s law. Tree-
level photosynthesis is obtained by integration of the leaf-
level photosynthesis (Table I—Equation (1)) over the entire
canopy (Table I—Equation (2)). Maximum assimilation is
Ecohydrol. (2015)



Figure 1. Schematic describing the simplified soil–plant–atmosphere–continuum (SPAC) model introduced in this study.

SURVIVAL STRATEGIES OF HYDRAULIC FAILURE AND CARBON STARVATION
reduced by a Weibull stress function following (Tuzet et al.,
2003) (Table I—Equation (3)), which depends on xylem
water potential ψx (Zhang et al., 2012). This Weibull stress
function can represent a range of stomatal behaviours from
relatively isohydric to more anisohydric (Meinzer &
McCulloh 2013). Relatively anisohydric species (juniper
in this study) exhibit a pronounced change in leaf-water
potential with evaporative demand and depletion of soil
moisture via maintenance of stomatal conductance. On the
other hand more isohydric species maintain a relatively
constant mid-day minimum leaf-water potential through
strong reduction in stomatal conductance (Tardieu and
Simonneau 1998, Schultz 2003; Plaut et al., 2012).

Here we focus on variations in non-structural carbon
(NSC) during a drought, during which growth is assumed to
be negligible. Growth decreases faster than photosynthesis
in response to drought in most vascular plants (McDowell
et al., 2011, 2013). NSC then drops when photosynthesis is
reduced by water stress and becomes insufficient to
compensate respiration. Here we consider a single dry-
down event and assume that the initial NSC is a fraction αNSC
of the root and canopy dry biomass (Sevanto et al., 2013).
NSC is lost through maintenance respiration R of fine roots
Rr, sapwood Rsw and leaves Rl (Farrior et al., 2013). We
assume a mean respiration rate during the drought period
rather than incorporate variation in respiration rate within
and between days (based on Mahecha et al., 2010).
Water budget

The prognostic equation for soil moisture is based on a simple
bucket water budget over a volume with depth zr, the effective
rooting depth (Eagleson 1978c), and which extends over an
area rW (Table I—Equation (5)), with W the crown area and r
Copyright © 2015 John Wiley & Sons, Ltd.
the relative area coverage of roots versus crown (Appendix
S11). The source of soil moisture is precipitation P, and the
sinks are a leakage term comprising runoff and infiltration to
deeper soil layer L, bare soil evaporation E and root water
uptake U per unit crown area. U is related to the water
potential difference between the xylem ψx and soil ψs

following Darcy’s law and is proportional to the fraction of
root per unit crown area r (Table I—Equation (6)) (Sperry
et al., 1998). Bare soil evaporation is related to above canopy
potential evaporation Ep, attenuated by shading according to
Beer’s law and limited by a soil moisture stress function
dependent on soil water potential (Table I—Equations (7) and
7) (Albertson &Montaldo 2003; Gentine et al., 2012). During
a dry-down there is neither precipitation nor infiltration so that
the only processes affecting soil moisture are bare soil
evaporation and root water uptake.
Transpiration is related to tree-level photosynthesis through

intrinsic water-use efficiency (wue) (Table I—Equation 8).
The volumetric water content (VWC) of the tree is increased
by the total base flow (root water uptake)WU and reduced by
transpiration WT (Table I—Equation (9)) (Tuzet et al.,
2003). Changes in VWC are related to xylem water potential
changes through the capacitance Cw, which depends on the
xylem water potential itself and wood density of each
species (Table I—Equation 10). Inclusion of capacitance
may be important in some species because it affects the
hydraulic safety margins for many species (Meinzer et al.,
2008, 2009).
Because the model is largely described by allometric

relationships the main input of the models are reduced to: (i)
wood dry density rd, (ii) diameter at breast height (130-cm
height; DBH), (iii) rooting depth zr and root:shoot ratio, (iv)
the parameters of the simplified Farquhar photosynthesis
model (V and the quantum efficiency) and (v) thewue. Root:
Ecohydrol. (2015)
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shoot area ratio is assumed to be 1 for piñon and 0.3 for
juniper following West et al. (2008), but a sensitivity test
will be performed later in the manuscript. The remaining
model parameters (zr, V, αf) are calibrated so that the model
best fits the observations (see below). Fitted parameter
values are given in Table I.

Hydraulic failure—carbon starvation

Hydraulic failure. The hydraulic failure hypothesis pre-
dicts that substantial and irreversible embolism leads to
mortality. The rhizosphere and xylem cavitate (i.e. fill with
air) as a function of decreasing water potential leading to a
progressive reduction in the liquid water soil–plant
continuum (Tyree & Sperry 1989; Sperry et al., 2002). If
embolism persists and expands the plant may desiccate and
die. In the model, hydraulic failure is defined when the
percentage loss in conductivity (PLC) in the xylem reaches
98%, which defines the corresponding critical xylem
potential ψcrit. This 98% threshold is arbitrary but
corresponds to an important loss of conductivity and
therefore to loss of resistance to biotic agents and external
disturbances. In addition the choice of the threshold does
not modify the general conclusions made in the manuscript
and only delays the time to desiccation.

Carbon starvation. In the model, carbon starvation is
defined as the time when NSC reaches 2% of dry mass (in
parallel with the 98% threshold used for the PLC); in the in
situ observations almost none of the trees went below this
threshold (McDowell et al., 2013). In realityNSCmay also be
used to refill the embolized conduits (Secchi & Zwieniecki
2011) and the drought may limit phloem transport of
carbohydrates to sites where they are needed (Sevanto
et al., 2013) such that the actual carbon starvation process
is intimately coupled to plant desiccation (McDowell et al.,
2011). The use of this NSC threshold provides insight into
the processes affecting NSC resources. The definition of
carbon starvation could easily be made more complex in
future model versions. Our objective here is to focus on the
role of plant traits on the tendency of carbon starvation and
hydraulic failure rather than on the exact date of death,
which may also depend on other factors (e.g. biotic attacks,
McDowell et al., 2013).

Dry-down: Stage 1–Stage 2 transpiration/photosynthesis

To assess the effect of different traits and parameters on
hydraulic failure and carbon starvation, the model is solved
for a dry-down where precipitation, runoff and infiltration
do not occur. Growth is then assumed to be negligible
during this dry-down, and the focus is on the NSC budget.
Two initial conditions are required: the initial soil water
potential ψs,0, chosen as the field capacity �0.33MPa, and
the initial NSC, prescribed as a fraction of the sum of the leaf
Copyright © 2015 John Wiley & Sons, Ltd.
and root biomass, α0NSC , which depends on the history
preceding the dry-down. We chose a nominal initial NSC
content of 10% (McDowell et al., 2013) for both species.
Wetter antecedent conditions would result in higher ψs,0 and
differentα0NSC (McDowell et al., 2011).We then integrate the
water and carbon budget equations (see appendix and table)
to determine: (i) the time spent in a regime with negligible
embolism (stage 1 regime see below) τ1 until the xylem
potential reaches ψe, (ii) the time spent in the embolized
regime until hydraulic failure (stage 2 regime see below) τ2
when the xylem potential reaches its critical value ψcrit and
(iii) the time required to deplete the NSC reserves τstarvation.
Drawing upon the literature on bare-soil evaporation

(Salvucci 1997), which defines stage-one (energy-atmo-
spheric demand limited) and stage-two (soil moisture
limited) phases of soil dry-down, we introduce the concept
of stage-one and stage-two transpiration and photosynthesis.
During stage one, embolism is negligible, and gas exchange
is mostly limited by evaporative demand and photosynthet-
ically active radiation (PAR). During stage one, photosyn-
thesis is high, and NSC reserves are increasing, providing
further resistance to carbon starvation. Anisohydric traits
favour time spent within this energy-limited regime because
stomata remain open (McDowell et al., 2011; Meinzer &
McCulloh 2013), as shown in Figure 2. A delay in the onset
of embolism corresponds to a longer stage 1.
During stage 2, transpiration and photosynthesis are

reduced below their maximum rates by embolism in the soil
to stomata pathway and are therefore water limited (Table I—
Equation (3)). If respiration exceeds photosynthesis, while
growth is zero, NSC decreases (McDowell et al., 2011).
Some plants display isohydrodynamic behaviour (Franks
et al., 2007), in which the soil to leaf water potential gradient
is relatively constant. More isohydric species tend to spend
more time within the stage 2, during which they reduce leaf-
gas exchange through stronger stomata regulation, and as a
consequence are more prone to carbon starvation than
anisohydric species (Meinzer&McCulloh 2013). The variety
of plant behaviour is represented through changes in the
Weibull-curve control of stomatal opening and closure and
embolism as depicted in Figure 2 (Meinzer&McCulloh 2013,
Table I—Equation (3)). A longer stage 2 refers to a delayed
time to full hydraulic failure from the onset of embolism.
Figure 3 depicts an example of times series of gross primary
productivity generated by the model and corresponding soil
moisture and highlights the stage 1 (not water stressed) and
stage 2 (water stressed) periods.
DATASET

Site description

The dataset is described in detail in Pangle et al. (2012) and
Plaut et al. (2012). The study was conducted in the Los
Ecohydrol. (2015)



Figure 2. Schematic describing the effect of the vulnerability curve on hydraulic failure and stage 1 (no embolism) and stage 2 (embolized) regimes up to
hydraulic failure define when the xylem potential reaches ψcrit after Meinzer and McCulloh (2013).

Figure 3. (top) Time series of simulated tree gross primary productivity
generated by the model, and corresponding phase 1 (unstressed) and phase
2 (stressed) periods as well as total evapotranspiration (transpiration plus

bare soil evaporation) (bottom).

SURVIVAL STRATEGIES OF HYDRAULIC FAILURE AND CARBON STARVATION
Piños mountains within the Sevilleta National Wildlife
Refuge, Socorro County, New Mexico (N 34°23′13″, W
106°31′29″, elevation 1911m), part of the US Long-Term
Ecological Research network. Piñon pine (Pinus edulis) and
one-seed juniper (Juniperus monosperma) are the dominant
woody species. Soils are calcid aridisols characterized as
Copyright © 2015 John Wiley & Sons, Ltd.
Sedillo–Clovis association of fan alluvium derived from
conglomerate. Long-term mean monthly temperatures range
from 2.6 °C in January to 23.1 °C in July; annual precipitation
averages 362mm. Roughly half of the annual precipitation
falls can be attributed to convective storms during the North
American Monsoon, from July to September.
The data were obtained from a precipitation manipula-

tion experiment at the site which includes three levels of
water: control, irrigated and drought (Pangle et al., 2012).
Here, we only consider the ambient control blocks, which
are composed of three blocks (flat, south-facing slope and
north-facing slope). Treatments began in the summer of
2007. Full details of the experiment and plots are provided
in Pangle et al. (2012) and Plaut et al. (2012).

Tree data

Within each of the three plots, five trees of each species were
chosen for physiological measurements including sap flux
density, leaf water potential and soil moisture (Pangle et al.,
2012). These target trees were centrally located within the
plots and had stem(s) of at least 9-cm diameter. The plots
included over 50 piñon trees with average DBH of 21.54 cm
with variations from 5 to 40 cm and over 65 junipers with
mean DBH of 31cm with variations from 5 to 75 cm.

Plant water potential

Pre-dawn and midday leaf water potentials (ψpd and ψmd,
respectively) were measured on each target tree using
Ecohydrol. (2015)



Figure 4. Time series ofmodeled (black) deep soil water potential compared
to observations located between 50 to 100 cm (coloured diamonds) over five
of the ambient control experiment plots for junipers (top) and piñons
(bottom). Measurements are limited to 100 cm which is shorter than typical

rooting depth, hence the damped signal in the model output.

P. GENTINE et al.
south-facing twigs with healthy foliage. Measurements
were made 5–10 times a year, when soil moisture was
changing rapidly during each summer’s dry-down and
monsoon. We used leaf and soil water potential measure-
ments to constrain the dynamics of the simplified SPAC
model to achieve both realistic soil moisture and leaf water
potential temporal dynamics (see Model results section).

Cavitation vulnerability

Curves describing xylem vulnerability to drought-induced
cavitation (Sperry et al., 1988) were generated using the
centrifuge technique (Cochard 2002; Cochard et al., 2005).
Percent loss of conductance (PLC) was plotted against
pressure and fit to a Weibull function to generate a
vulnerability curve (Neufeld et al., 1992). Xylem vulner-
ability was measured on piñon and juniper branches. The
Weibull function parameters for piñon were on average
ψ50 =�3.4MPa (xylem point of 50% drop in PLC) and
ck=4 (shape of the retention curve), and for junipers
ψ50 =�11MPa and ck=3.85. Those values are imposed in
the simplified SPAC model.

Moisture data

Amicrometeorological station at the research site included a
Campbell Scientific HMP45C air temperature and relative
humidity sensor (Logan, UT, USA), tipping bucket rain
gauge equipped (Pockman & McDowell 2006), Decagon
EC-20 soil volumetric water sensor installed at 5 cm
(Decagon Devices Inc., Pullman, WA, USA—Pockman &
McDowell 2013) and net radiometer (model NR-LITE, Kipp
& Zonen, Delft, The Netherlands). Plant-available soil
moisture was measured with thermocouple psychrometers
(Wescor Inc., Logan, UT, USA—Pockman & McDowell
2014) and recorded with Campbell Scientific CR-7
dataloggers.
Figure 5. Modeled versus observations of leaf water potential at predawn
(subscript pd) for junipers (left) and piñons (right).
MODEL RESULTS

Comparison with observations

The model correctly captures the seasonal cycle and
different dry downs of the soil potentials. Figure 4 depicts
the modeled soil water potential against observations in the
deep soil layers located within 50 to 100 cm for both piñons
and junipers. The model response is buffered compared to
the deepest soil water potential measurement ((1)m) because
piñon and juniper typical rooting depths are much deeper
than the deepest measurement ((1)m), introducing important
temporal buffer on soil moisture and water potential
temporal dynamics (Gentine et al., 2012). The seasonal
dynamics and range of the leaf water potential at predawn
ψpd is reasonably reproduced for both species as seen in
Figure 5 (R2 = 0.85 for junipers and R2=0.55 for piñons).
Copyright © 2015 John Wiley & Sons, Ltd.
These results emphasize that the simplified SPAC model
realistically captures the seasonal course of soil and leaf
water potential. A summary of the model parameters is
presented in Tables II and III.

Root:shoot ratio

We first investigate the role of tree leaf area index (tree
LAI) and root:shoot ratio (R:S) on hydraulic failure and
carbon starvation, while other factors (Table I) were held
constant. For all but very low LAI, increasing piñon R:S
extended the length of stage 1, when water stress is
minimal, but decreased the time to the end of stage 2, when
water stress is prevalent (Figure 5). As a result of these
Ecohydrol. (2015)



SURVIVAL STRATEGIES OF HYDRAULIC FAILURE AND CARBON STARVATION
offsetting effects, the number of days to hydraulic failure is
relatively insensitive to the R:S ratio across a range of LAI.
On the other hand higher R:S strongly decreased the days
to carbon starvation because higher partitioning of the
biomass into the shoot is beneficial for increased carbon
assimilation. An optimal tree LAI exists of the order of
2m2m�2—as typically observed for P. edulis—to avoid
hydraulic failure (Figure 5c). In the model, lower tree LAI
is detrimental because it is associated with higher bare soil
evaporation and therefore earlier soil drying. Higher LAI
also reduces the time to hydraulic failure because it results
in water overuse by tree transpiration. Increased tree LAI
reduces the number of days to carbon starvation because
higher tree photosynthesis cannot compensate for higher
tree water usage and maintenance costs, further emphasiz-
ing the tight coupling between the water and carbon cycles
for carbon starvation. With our model the time to starvation
is always longer than the time to hydraulic failure (at least
1.3 times more—results not shown).

The model indicated that the time juniper spent in
stage 1 and 2 was also not very sensitive to changes in
R:S (Figure 6) but was highly dependent on the tree LAI.
The optimal LAI based on the duration of stage 1 was
1.3–2.0m2m�2, a result that is consistent with field
measurements of juniper LAI (1.5–2.0 in West et al.,
2008). As for piñon, juniper time to carbon starvation
strongly decreases with increased tree LAI and R:S ratios.
Figure 6. Sensitivity of number of days spent in stage 1 (top left), in stage 2 (
tree leaf area index (tree LAI) a

Copyright © 2015 John Wiley & Sons, Ltd.
For junipers (Figure 7) the time to carbon starvation is
generally longer than the time to hydraulic failure (ratio
ranging from 1.1 to 2.4) unless trees have very low tree
LAI (less than 1m2m�2) or high R:S (not shown). In
general the time to carbon starvation is 50 to 100% larger
than the time to hydraulic failure for large LAI
(>1m2m�2) and low R:S (<2).
Anisohydric–isohydric behaviour—loss of conductivity

We now turn to the role of the vulnerability curve on
hydraulic failure and starvation. Stomatal control of
transpiration-induced xylem tension is an important
mechanism for avoiding excessive embolism. The shape
of the vulnerability curve is representative of a range of
behaviours from anisohydric to isohydric (Figure 2 and
Meinzer & McCulloh 2013). Isohydric and anisohydric
behaviours represent two extremes of a continuum of
regulation of xylem tension (Meinzer & McCulloh 2013).
We thus study the effect of the xylem vulnerability curves
and stomatal regulation on the survival to hydraulic failure
and carbon starvation as a way to represent different
regulation mechanism from anisohydric to isohydric.
The parameter |ψ50| represents the inflection point—50%

loss of conductivity—in absolute value and ck is the slope
of the PLC at |ψ50|, i.e. the sharpness of the cavitation
curve. Similar water stress response is assumed for
top right), to hydraulic failure (bottom left) and time to carbon starvation to
nd root:shoot area for piñons.
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Figure 7. Same as Figure 6 but for junipers.

P. GENTINE et al.
stomatal regulation (Equation (3)) (Manzoni et al., 2013).
When |ψ50| is low, embolism is minimal, and the behaviour
is closer to anisohydric. The higher ck, the sharper the
transition from stage 1 to stage 2. Higher |ψ50| increases the
duration of stage 1 for both piñons (Figure 8) and junipers
(Figure 9) as could be expected because the onset of
embolism is shifted to a more stressed regime (higher ψx).
The stage 1 regime of junipers is more sensitive to variations
in |ψ50| than that of piñons. Indeed piñons are more
frequently in a stressed (stage 2) regime, with stomatal
regulation induced by water stress, and are thus more
sensitive to stage 2. Higher |ψ50| increases the duration of
stage 2 for both piñons (Figure 8b) and junipers (Figure 9b).
However at high |ψ50| the number of days spent in stage 2
saturates. There is thus little added benefit in having a
cavitation curve with high absolute |ψ50|, i.e. narrow tracheid
diameter (Brooks & Corey 1964; Brutsaert 2005). The time
to hydraulic failure (combined stage 1 and stage 2) increases
with |ψ50|, yet at high |ψ50| the time to hydraulic failure
flattens, and there is only marginal benefit in having further
|ψ50| increase. Very similar patterns are observed for the time
to carbon starvation.
The sharpness of the cavitation curve, ck, increases the

duration of stage 1 for both piñons and junipers: sharper
cavitation curves delay the onset of embolism (in terms of
xylem potential). Consequently, a sharper cavitation curve
reduces the time spent in stage 2 for both species (Figure 8b).
Copyright © 2015 John Wiley & Sons, Ltd.
Overall the time to hydraulic failure is very sensitive to the
sharpness of the cavitation curve, ck, (Figure 8c and Figure 9c).
Higher ck decreases the time to hydraulic failure: the
increased stage 1 duration cannot compensate the substantial
stage 2 decrease for both piñons and junipers. Stage 2
(embolized) regime is thus the dominant control on the time
to hydraulic failure. Similar conclusions are reached for the
time to carbon starvation for both species, higher ck decrease
the time to carbon starvation. Stage 2 is the dominant
mechanism here and corresponds to a regime of partial
stomatal closing under water stress and therefore reduced
photosynthesis, which impact the NSC pool.
Smoother cavitation curve and higher |ψ50| increase the

resistance to hydraulic failure and to carbon starvation, as
seen in Figure 8 and Figure 9. In dry cases, i.e. at high |ψ50|
(>6–8MPa), there is only marginal increase in drought
resistance with increasing |ψ50|; it is then more beneficial to
reduce the sharpness of the retention curve ck. The
sharpness of the retention curve is related to the distribution
of tracheid diameters (Brooks & Corey 1964; Brutsaert
2005). Higher ck represents a wider relative distribution of
tracheid diameters. It is thus beneficial for the xylem to
have a narrow distribution of tracheid diameters, which
reduces ck, and the risk of hydraulic failure and carbon
starvation for a given |ψ50|. The combination of higher |ψ50|
and ck, which corresponds to narrower tracheid diameter
and narrower distribution of diameters, respectively,
Ecohydrol. (2015)



Figure 9. Same as Figure 7 but for junipers.

Figure 8. Sensitivity of the number of days spent in stage 1 (top left), in stage 2 (top right), time to hydraulic failure (sum of stage 1 and stage 2—bottom
left) and time to carbon starvation (bottom right) to the parameters of the vulnerability curve ψ50 (point of 50% loss of conductivity) and ck shape

parameter of the cavitation curve for piñons.

SURVIVAL STRATEGIES OF HYDRAULIC FAILURE AND CARBON STARVATION
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reduces the risk of hydraulic failure and carbon starvation,
in line with observations of juniper and piñon resistance to
drought (Linton et al., 1998).
To assess the consequences of the specific effect of

different cavitation curves and anisohydric versus isohydric
stomatal regulation compared to other traits we simulated a
piñon with cavitation curve characteristic and stomatal
water-stress response similar to those of juniper; that is we
simulate an ‘anisohydric’ piñon. All other model parameters
such as root:shoot ratio, maximum hydraulic conductivity
and tree LAI were kept identical to their reference values
(Table I). With the increased protection against embolism
onset the ‘anisohydric’ piñons increase their time to
hydraulic failure from 352 to 768 days and increase the
time to carbon starvation from 637 to 846 days. Interesting-
ly, compared to junipers, the ‘anisohydric’ piñons are
slightly more resistant to hydraulic failure (768 days for
‘anisohydric’ piñons vs. 736 days for junipers), even with
their higher LAI. Based on the model sensitivity analysis,
the higher maximum—non-embolized—tree hydraulic con-
ductance of piñons is the main explanation for this
difference. Higher maximum conductivity reduces the drop
of water potential in the leaves and in the xylem, and thus
reduces the impact of soil moisture depletion on the xylem
cavitation and stomatal closure. The opposite effect is seen
on carbon starvation, which is achieved much later at
1056 days for junipers compared to 846 days for piñons
because of stomatal closure and higher respiration mainte-
nance rates of piñons. The main factor explaining the
increased survival resistance of juniper compared to the
‘anisohydric’ piñons is its lower leaf area index. This
analysis confirms that it is not a single trait, in this case the
shape of the vulnerability curve, but rather the set of all traits
that determine the drought resistance of different species.

Anisohydric–isohydric behaviour—theoretical analysis

In the case of negligible capacitance, the minimum midday
xylem water potential ψx,midday can simply be related to the
soil water potential ψs ′=ψs� ρgZ:

ψx;md ¼ ψs′�Δψ; (1)

with Δψ the diurnal drop of xylem water potential and Amd
L

the peak daily photosynthetic flux, regulated by stomatal
control (Table I—Equation (3)):

Δψ ¼ Amd
L

wue

1
r groot-xylem

: (2)

Under non-limiting light yet water-stressed conditions
Amd
L ¼ Vl f ψxð Þ , with f(ψx) the stomatal closure in

response to water stress, that is photosynthesis is limited
by water stress and stomata closure. The maximum diurnal
drop of xylem water potential thus simplifies to:
Copyright © 2015 John Wiley & Sons, Ltd.
Δψ ¼ V

wue

l

r

1
groot-xylem;max

: (3)

We linearize the xylem embolism response instead of the
full Weibull function (see Figure 2), with full conductivity
loss at ψx=ψcrit and no cavitation above ψx=ψe (which are
derived from the full Weibull function). When there is
stress (ψx>ψe) the xylem percent loss conductivity PLC is
simply:

PLC ¼ 100 1� ψx � ψcrit

ψe � ψcrit

� �
: (4)

This can be used to define the maximum diurnal
percentage loss of conductivity PLCmax using Equation (2):

PLC ¼ 100 1� 1
2
ψs′� Δψ � ψcrit

ψe � ψcrit

� �
(5)

as well as the safety margin (SM) to the critical
transpiration Ecrit (Sperry et al., 1998), which is defined
as the maximum transpiration rate:

T ¼ groot-xylem;max
ψx � ψcrit

ψe � ψcrit
ψs′�ψxð Þ

for a given soil water potential and which is found at
ψx= (ψs ′+ψcrit)/2:

Ecrit ¼ groot-xylem;max
1
4

ψs′� ψcritð Þ
ψe � ψcrit

: (6)

The safety margin (Sperry et al., 1998) is then simply
defined as:

SM ¼ 1� T

Ecrit
¼ 1� 4

ψs′� Δψ � ψcritð Þ2
ψs′� ψcritð Þ ; (7)

where the diurnal water drop Δψ linearly increases with
photosynthetic flux A0

L , root:shoot ratio and stress-free
xylem resistivity 1/groot - xylem,max (see Equation (3)).
The safety margin, SM, rapidly decreases with soil water

potential for piñons, as seen in Figure 10. It also decreases
strongly during the day with the diurnal drop in xylem
water potential. Hence, reduction of the dangerous xylem
and leaf water potential diurnal drop (isohydric response) is
required for piñon survival to droughts. The reduction of
the safety margin is also linked with a larger drop in xylem
hydraulic conductivity and a higher critical transpiration. In
other words, for piñons, an improved safety margin is
achieved through the reduction of Δψ with: increased root:
shoot (r:l) ratio, increased maximum whole-plant hydraulic
conductance groot - xylem,max, increased water-use efficiency
and stomatal regulation to reduce evaporative demand. The
safety margin of junipers, on the other hand, is not
particularly sensitive to the diurnal drop of xylem water
Ecohydrol. (2015)



Figure 10. (top row) Safety margin (SM)—dimensionless, (middle row) percent loss of conductivity (PLC) and normalized critical transpiration Ecrit as a
function of soil water potential ψs and diurnal peak in xylem water potential Δψ for piñons (left-hand side) and junipers (right-hand side).

SURVIVAL STRATEGIES OF HYDRAULIC FAILURE AND CARBON STARVATION
potential (Figure 10) so that stomatal regulation only
provides marginal benefit to avoid desiccation, consistent
with little stomatal regulation and an anisohydric behaviour
(Tables II and III).

Decreased wood density in piñons increases specific
hydraulic conductivity (Bucci et al., 2004). On the other
hand, wood density is also related to the shape of the
vulnerability curve: increased wood density is often
achieved by the narrowing of tracheid diameter (Pittermann
et al., 2006), which is negatively correlated with cavitation
risk (Linton et al., 1998). Because hydraulic conductance is
inversely proportional to tree height, cavitation risks also
increase with tree height and with decreased sapwood to
Table II. General parame

Name Symbol

Sand fraction*
Clay fraction
Potential at field capacity ψfc

Potential at residual soil moisture ψh

Potential evaporation Ep

Incident photosynthetically active radiation L0
Threshold for definition of cavitation ε

*Denotes input parameters of allometric relationships.

Copyright © 2015 John Wiley & Sons, Ltd.
crown area ratio. Piñons with their more conductive xylem
can mitigate xylem and leave water potential drop (as seen
in equation (3)) consistent with a isohydric behaviour.
Rooting depth

The time spent in stage 1 and stage 2 as well as the time to
hydraulic failure increase linearly with rooting depth zr for
both species. Yet increased rooting depth is more beneficial
for junipers than for piñons. A 1-m increase in rooting
depth typically doubles the time to hydraulic failure for
junipers. An increased rooting depth is beneficial for both
species because it reduces hydraulic failure through
ters used in this study.

Units Value Source

— 0.54 Plaut et al. (2012)
— 0.06 Plaut et al. (2012)

MPa �0.3 Manfreda et al., (2009)
MPa �10 Manfreda et al., (2009)
Wm�2 500 (Observations)
W PAR 669 (Observations)

% 5
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increased accessible soil water volume, which buffers the
precipitation variability. The impact of deeper rooting
depth on carbon starvation is only marginal despite the
increase in carbon allocation required to build deeper roots.

Water-use efficiency

Water-use efficiency (wue) increases nearly linearly the time
to hydraulic failure and carbon starvation (not shown).
Increased wue is more efficient at protecting junipers from
hydraulic failure than piñons. During stage 2 transpiration/
photosynthesis the increased wue is less beneficial for piñons
whereas the response of both species to increased wue during
stage 1 is relatively similar. Across many species, wue tends
to increasewith rising CO2 based on FLUXNET observations
(Keenan et al., 2013). All other tree traits being similar and
with similar precipitation patterns, our results suggest that
such increased wue with CO2 rise should increase tree-level
resistance to droughts and should further favour the more
anisohydric junipers.
DISCUSSION

We have introduced a simplified SPAC model based on
allometric relationships in order to emphasize the role of
tree traits for drought survival while reducing the number
of model parameters. Compared with previous models, the
model is sufficiently simple to be tractable and to permit
exploration of the parameter space and infer the role of the
different traits on carbon starvation and hydraulic failure.
Our findings emphasize the importance of simultaneously
considering all tree traits to fully comprehend the survival
strategies to drought. The interplay between water use
efficiency, root:shoot ratio, leaf area index, maximum
hydraulic conductivity, loss of hydraulic conductivity,
maximum rate of carbon assimilation and specific leaf area
index determines the overall resistance to drought either via
hydraulic failure or carbon starvation. Insights based on
only one of those traits could be misleading and give an
incomplete picture of drought resistance. In particular we
have highlighted the interdependence of different traits on
plant survival (e.g. the relationship between root:shoot
ratio, tree LAI and cavitation curve) and the need for an
integrated approach. The model is also sufficiently simple
so that it could be scaled up to the landscape level.

Juvenile versus mature tree—allometry

The model results presented assumed that the piñon and
juniper were mature trees with diameters corresponding to
the mean value of target trees. We now investigate the effect
of tree diameters on drought resistance. We use the tree
distribution and means of tree diameters for flat, south- and
north-facing slopes from measurements collected in 2006
before the drought experiment was set up. The north- and
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Figure 12. Sensitivity time to hydraulic failure and carbon starvation
(defined as 0-crossover of NSC content—bottom right) to tree diameter D.
Carbon starvation is outside the range of the figure and is thus not shown.

SURVIVAL STRATEGIES OF HYDRAULIC FAILURE AND CARBON STARVATION
south-facing slopes are a natural drought experiment
because the net infiltration of precipitation and soil moisture
storage are reduced compared to the flat surface and the
south-facing slopes that have higher insulation.

Junipers have similar mean diameter and diameter
distributions in the north-facing, south-facing and flat
surfaces (p>0.05), as seen in Figure 11. The absence of
slope differences and the relatively uniform distribution
among trees below 30 cm diameter suggest that soil
hydrology does not strongly impact the highly drought-
resistant junipers. Varying tree diameter in our model further
supported the negligible effect of drought on juniper, with
long but decreasing time to hydraulic failure (Figure 12).
Although potential changes in the frequency and duration of
precipitation could affect the resilience of junipers, our model
results from north- and south-facing slopes suggest that the
population dynamics of junipers will not be drastically
impacted (beside under major droughts), a finding that is also
supported by the limited dead junipers observed in the field
drought treatment (Plaut et al., 2012, 2013).

In contrast to the even distribution of tree diameters in
juniper, the distribution of piñons was noticeably different
with large-diameter piñons overrepresented on slopes
relative to the flat block (p<0.05), as seen in Figure 11.
This observation emphasizes the strong sensitivity of
piñons to changes in hydrology and precipitation charac-
teristics. Smaller-diameter piñons are much more sensitive
to hydraulic failure and carbon starvation (Figure 12) and
died from carbon starvation in our model. This could
Figure 11. Histogram of observed juniper and piñon diameter at breast heigh
line on top o

Copyright © 2015 John Wiley & Sons, Ltd.
explain the preponderance of larger-trees over sloped
surfaces with lower water content. Of course, smaller trees
are more susceptible to competition from larger trees and
recruitment may be favoured in flat areas (Floyd et al.,
2009); this is related to variation among species in their
ability to germinate and develop a viable root system
quickly. Recruitment in the drier-sloped terrains might be
more episodic—in wet years—which could further narrow
down the distribution. Our observations nonetheless support
a pronounced sensitivity of smaller piñons to droughts.
t on north-facing, south-facing and flat surfaces. The means are plotted as a
f the inset.
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Carbohydrate utilization and mobilization

The simplicity of the SPAC model described has inherent
limitations. One of the main simplifications of the model is
that carbon starvation is assumed to occur when the pool of
carbon storage is reduced to a low value (2%). In reality the
mechanism of carbon starvation may be more complicated
because carbohydrate utilization and mobilization may be
impeded at a given plant water status (Sala et al., 2012;
Mitchell et al., 2012). The physiological mechanisms of
drought-induced tree mortality are far from being resolved,
and mechanisms of carbon starvation are still poorly
understood and often times no clear pattern between
carbohydrate utilization and mortality emerges (Sala 2010).
The differentiation between starch and sugar pools may be
important because depleted starch pools have been shown to
be correlated with mortality (Marshall & Waring 1985;
Adams et al., 2009). Phloem transport failure may be another
component of carbon starvation through phloem unloading to
refill cavitated xylem tissues and lowering carbohydrate
loading (Hölttä et al., 2009) but the understanding of phloem
transport and its coupling to xylem transport is still in its early
stages even if important progresses have been made recently
(Mencuccini & Hölttä 2009; Hölttä et al., 2011; Nikinmaa
et al., 2012; Mencuccini et al., 2013). Also in our model the
LAI was no able to drop under drought to mitigate
evaporative losses. The NSC storage was located in the roots
and canopy, and we assumed that NSC in the roots could
easily be mobilized when needed.
CONCLUSIONS

A simplified soil–plant–atmosphere–continuum model of
carbon starvation and hydraulic failure has been developed
and tested against observations from a drought-manipulation
study in a woodland dominated by piñon pine (P. edulis) and
juniper trees (J. monosperma) in NewMexico. Themodel uses
allometric relationships to reduce the number of parameters
and to understand the mechanisms of carbon starvation and
hydraulic failure. Themodel is sufficiently simple to highlight
the role of the different traits on drought resistance.
For piñons, the number of days to hydraulic failure was

relatively insensitive to the root:shoot ratio across a range
of tree LAI. Higher root:shoot ratio however strongly
decreased the days to carbon starvation. The model
indicated that the time to hydraulic failure for juniper
was much less sensitive to changes in root:shoot ratio than
for piñon but was highly dependent on the tree LAI. In
addition narrower tracheid diameter and narrower distri-
bution of diameters, as observed in junipers, reduce the risk
of hydraulic failure and carbon starvation.
Smaller-diameter piñons were more sensitive to hydrau-

lic failure and carbon starvation than larger ones and often
died from carbon starvation in our model. Smaller-diameter
Copyright © 2015 John Wiley & Sons, Ltd.
junipers on the other hand were more prone to hydraulic
failure and carbon starvation than larger trees.
Themodel presented here is a simplification of the complex

and still poorly understood processes involved in carbon
starvation and hydraulic failure but is an attempt at integrating
the different factors (soil, hydrology, physiology, carbon and
water budgets) controlling carbon starvation and hydraulic
failure. Nonetheless the model provides insights into the
effect of the different traits (leaf area index, root:shoot ratio,
rooting depth and cavitation) as well as the role of age on
survival to droughts. Future work will further use this model
to better comprehend the differential factors of anthropogenic
climate changes on plant survival to droughts. The trait-
dependent representation of hydraulic failure and carbon
starvation of this model is currently under development for
implementation into a full-blown land surface model.
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