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Model data comparisons of plant physiological processes provide an understanding of
mechanisms underlying vegetation responses to climate. We simulated the physiology of a
pinon pine-juniperwoodland (Pinus edulis Juniperus monosperma) that experienced mortality
during a 5 yr precipitation-reduction experiment, allowing a framework with which to examine
our knowledge of drought-induced tree mortality. We used six models designed for scales
ranging from individual plants to a global level, all containing state-of-the-art representations of
the internal hydraulic and carbohydrate dynamics of woody plants. Despite the large range of
model structures, tuning, and parameterization employed, all simulations predicted hydraulic
failure and carbon starvation processes co-occurring in dying trees of both species, with the time
spent with severe hydraulic failure and carbon starvation, rather than absolute thresholds per se,
being a better predictor of impending mortality. Model and empirical data suggest that limited
carbon and water exchangesat stomatal, phloem, and below-ground interfaces were associated
with mortality of both species. The model-data comparison suggests that the introduction of a
mechanistic process into physiology-based models provides equal orimproved predictive power
over traditional process-model or empirical thresholds. Both biophysical and empirical modeling
approaches are useful in understanding processes, particularly when the models fail, because
they reveal mechanisms that are likely to underlie mortality. We suggest that for some
ecosystems, integration of mechanistic pathogen models into current vegetation models, and
evaluation against observations, could resultin a breakthrough capability to simulate vegetation

Key words: carbon starvation, cavitation, die-
off, dynamic global vegetation models
(DGVMs), hydraulic failure, photosynthesis,
process-based models.

dynamics.

l. Background

Acceleraring rates of vegerarion mormality in assoclation with
drought and rising temperature have now been documented in all
major global biomes (van Mantgem eral, 2009; Allen erad., 2010;
Phillips er al, 2010; Beck er al, 2011: Carnicer ef al., 2011; Peng
eral, 2011; Liu eral, 2013; Williams eral, 2013). Morrality is
expected to increase as a result of rising temperature and increasing
drought frequency and severity (Breshears eraf, 2005; Allison
etal, 2009 Lewis eral, 2011; Dierze & Moorcrofr, 2012;
Williams er al., 2013), with large biogeoche mical and biophysical
climaric feedbacks expected to follow as a resule of shifts in land
carbon and energy balance (Bonan, 2008: Kurz er @/, 2008).

A primary mortivation for examining our understanding of
drought-induced morrality is the large internanonal demand for
realistic land surface modeling o enable accurate climate projec-
tons (Bonan, 2008; Allison eral, 2009: Arora erafl, 2013).
Mortality of widespread plant functional tvpes (PFTs) wichin
models has a large impact on the prediction of rerrestrial climare
forcing and future climarte in dynamic global vegetation models
(DGVMs; Hurte eral, 1998; Sitch erad. 2003; Friedlingstein
eral, 20006; Purves & Pacala, 2008; Allison eral. 2009). The
mortality algorithms within most DGVMs are relacively simple
and represent neither the current understanding of how PFTs die
during drought nor the internal status of carbon and warter in
vegeration under drought swess (Moorcroft, 2006; McDowell
eral, 2011). The current limits to mechanistic mortality modeling
are driven in parc by the lack of direct experimental tests of

mortality theory (McDowell & Sevanto, 2010} and evaluarion

against data. Forecasts of future morrality can also be extrapolared
from historic. empirical relationships (e.g. Williams eral, 2013).
Thus, we need to determine not enly the dominant mechanisms

driving mortality for fundamental understanding, bur also the
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degree of empirical vs theorerical predicrion char is required o
accurately simulare morrality, ideally using a common evaluation
framework (e.g. Luo eral, 2012).

In the current absence of a community benchmark effort for
model predictions of mortalicy, an alternative and more immediare
option is to examine our model-based understanding wichin the
constraines of ecosystem drought manipulations (e.g. Galbraich
et al.. 2010; Powell eral. 2013), Mult-model evaluarions thus far
have revealed thar accurare simulation of rraditional fuxes (e.g.,
photosvnthesis and tanspiration) does not equate to accurate
prediction of mortality, partly as a result of both hydraulic and
carbon metabolism uncerrainties during severe droughr ( Galbraich
eral, 2010: Powell eral. 2013). Our study complements these
through a similar model-experiment framework. butwith a focus
on the mechanisms of morralicy.

There are multiple inclusive hypotheses regarding che underly-

ing drivers of drought-induced morralicy: hydraulic failure, or
desiccarion as a result of cessation of water transport; carbon
starvation, or the lethal impairment of metabolism or failure o
detend against bioric arrack as a result of depletion of carbohydrare
stores: and an interdependency of carbon starvation, hvdraulic
failure, and biotic arrack (summarized in McDowell eral, 2011;
Fig. 1). Failure to maintain a suffcient phloem nurgor gradient ro
drive carbohvdrate How from sources to sinks can hasten morralicy
through carbon starvation (Sala eraf, 2010) or hydraulic failure
(McDowell erad, 2011) or both (Sevanto eral. 2013). Novel
glasshouse and held observations have clearly demonstrated the
importance of both carbon starvation and hydraulic failure in
mortality (Adams erad, 2009; Breshears eral, 2009; Anderegg

et al, 2012; Plaur er al, 2012: Hartmann er @/, 2013; Quirk er al..
2013; Sevanto et al., 2013).

Theories on drought-induced plant mortality scale biophysica
and ecological principles (Waring, 1987; McDowell er 2/, 2008;
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Fig. 1 A generalized simulation scheme for modeling plant hydraulic failure,
carbonstarvation, and theirinterdependence. The numbers within each box
indicate inclusion by the following models: 1, Sperry model; 2, FINNSIM; 3,
TREES; 4, MUSICA; 5, ED(X); 6 CLM(ED). Orange-bordered boxes and
orange arrows indicate interdependencies, or bidirectional carbon water
fluxes, that are simulated by the models. Allocation of nonstructural
carbohydrate (NSC) to defense, reproduction, respiration, and growth is not
listed in priority order, because that remains a subject of debate. E, canopy
transpiration; G, canopy-scale stomatal conductance; K, hydraulic
conductance; PLC, percentage loss of conductance; O soi and Oreot, 50il and
root water potential; GPP, gross primary production; R, autotrophic
respiration. * Biotic attack was not included in any of the models used in this
study, but is included to highlight the need for this critical model
development (red arrow). Feedbacks between biotic attack and plant
physiology are not highlighted here.

Raffa eral, 2008), including, numerous water—carbon feedbacks
(e.g. McDowell etal, 2011), making h}-‘p()thesis resting chaHeng,—
ing even with m;J.nipLLl;lti\-‘c' experiments, The c)riginal, grmmd—
breaking models of internal hydraulic or carbohydrate dynamics
(‘.[-110“11:"'\-’. 1972: ‘I"\-’ree & Sperry, 1988; Amrthor & McCree.
1990) have been recentl}-‘ dev‘cloped ACTOSS pl;mt (5}1err}-’ etal,
1998; Holeca eral. 2006, 2009; Rasse & ‘I‘m;quin, 2006,
ccosystem (Williams eral, 2001; Mackay eral. 2003; Domec
eral, 2012), and global scales (Hickler eraf, 2006: Fisher eral,
2010). These types of models synthesize our understanding of the
complex hydraulic-carbohydrare system of vegeration {e.g. Cowan
& Troughron, 1971; McDowell, 2011) and can thus be employed
to investigate complex, dvnamical processes such as droughe
responses of forests (e.g. Williams e 2f, 2001),

We used a model experiment approach as a framework to
examine our collective knowledge regarding how trees survive and
die during droughe. We began with reviewing and clarifving the
definitions of hydraulic failure and carbon starvation  thac
represent our state-of-knowledge of plant morralicy and are
simultancously comparible with the current framework of most
process models and DGVMs, We then drove six models using
input paramerers from a replicared drought manipulation study in
a mature pinon pinejuniper woodland (Pruus edelis funiperus
monosperma) in central New Mexico, USAL It has been predicted
through both a DGVM and an empirical model that the south-
western USA will experience almost 100% morality of the
dominant conifers by 2050 (Jiang et af, 2013; Williams eral.,
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2013). The models employed here represent individual planc-scale
(two models). ecosystem-scale (two models), and two global-scale
DGVMs, Models were emploved to simulate either or both
hydraulic failure and carbon starvation and their interdependen-
cies. Addidonally, the mortality predictions from the carbon
starvation algorithms in the two DGVMs were compared with
observations, traditional process-model morality indices, and an
empirical tree-ring model.

Il. Model experiment approach

1. Overall approach

Our objecrive was to examine our model-based understanding of
drought-induced mortality. We simulated the response of pine and
juniper trees  experimental drought (Plaut eral, 2012, 2013;
Gaylord eral, 2013: Limousin et al, 2013) as a way of capruring
the complex and often unmeasurable internal hydraulic and
carbohydrate dynamics. Specifically, we examined multimodel
simulations of the mechanistic processes of hydraulic failure,
carbon starvation, and their interdependency, as well as more
rraditional simulations of mortality using net primary production
(NPP), growth etheiency (NPP }7:1 per leafarea), and an empirical
model based on regional tree-ring darasers (Williams er af., 2013).
We compared simulations with observations of transpiration (£)
forevaluation, and additional parameters depending on the model.
We did not make predictions about the future nor did we conduct
formal comparisons of the models, because three of them lacked
replic;tte simulations (their smallest scale was the plot scale). We
idenafied consistencies and  discrepancies across models and
empirical observarions.

We emploved models that varied in structure and scale, from
individual plants to a global level, in the approximare following
order: FINNSIM (Holea eral, 2006, 2009), the Sperry model
(Sperry et al., 1998), TREES (Loranty etal,2012; 1\'{3(1{;1}-' et al.,
2012), MuSICA (()gét‘ eral., 2003; Domec eral, 2012}, ED(X)
(Fisher eral, 2010: Xu etal, 2012), and CLM(ED) (Fisher et al..
2010; Bonan et al. 2012). The unique, common characrenistic of
the models used here is the ability to simulate internal plant

hydraulics and/or carbon dynamics (Fig. 1). These capabilities are
novel in woody plant, ecosystem, and global-scale modeling, and
allow predictions of processes consistent with the postulared

proximate drivers of plant dearh.

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

We defined the process of hvdraulic failure as the progressive loss of
hydraulic conductiviey (K) on an individual-planc basis (Fig. 1)
The loss of K for all models was scaled and reported as the
percentage loss of conductance (PLC; 0-100%). The advantages of
PLC as a dehnition of hydraulic failure are thacicis quantrarive,
measurable. scalable to PFTs, and it inherently acceprs char sraric
PLC-mortality thresholds do not exist (e.g. Sevanto eral, 2013),
This definicion assumes thar conducrance-vulnerability curves on
soils, roots, and branches scale to whole-tree A This definition

Na claim o original US goverment works
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further assumes that PLC <100% impacts the funcrion of
downstream foliage (e.g. Hubbard eraf, 2001). Hydraulic failure
has been previously defined ar the distal tissue level as 100% PLC
(Sperrv er al, 1998: Davis er af., 2002), and at the whole-plant level
as the PLC rthat resules in insufficient hydration to maintain
metabolism (McDowell eral, 2008, 2011). Defining hvdraulic
failure of the PLC continuum assumes that PLC <100% may be
sufficient to jeopardize water balance and metabolic function;
analogous to metabolic impacts of a chronic > 50% reduction in
mammalian cardiovascular circulation.

We defined the process of carbon starvation as the depletion of
available nonstructural carbohydrates (NSC; Fig. 1). The advan-
tages and assumprions of this definition are similar w those for
PLC. Carbon starvation has been previously defined as prolonged
zero photosynthesis (Martinez-Vilalea eraf, 2002; Ward eral.,
2005; McDowell eral., 2008), as strictly 100% NSC loss (Sala
etal, 2010), and as the loss of carbohydrates available for
maintenance of defense, merabolism, and wrgor (McDowell,
2011: McDowell erel, 2011). Like PLC the continuum definirion
of carbon starvarion is quantitative and logical because partial NSC
loss may be suffcient to lethally impair merabolism, defense, and
turgor (McDowell, 2011: Hoch eral., 2003: Gruber eraf, 2012:
Richardson et af, 2013},

Interdependence of hydraulic failure and carbon starvation is
defined as increasing PLC and associared xylem tensions causing
declining carbon uprake, rranspore, or urilization, and subsequent
teedbacks by which declining available NSC impacts PLC through
r'cﬁlliny, or water acquisition (modified from McDowell eral.
2011). No models simulared biotic artack in this stLLd_V (Fig. 1}, bur
the interdependence definition should ideally include water and
carbon feedbacks on defense and subsequent biotc agent popu-
lation dynamics.

Mortality was quanafied in the field as the percentage loss of
foliated crown and was measured annually (Gaylord er 2/, 2013).
When pinon pine dies in association with bark beete (£ps spp.)
arrack (as occurred in two of the three dmught plots in 2008), the
entire canopy progresses from green to orange (zero water content)
in ¢ 4 whk (Breshears e al, 2009; Plauc er 2l 2012; Gaylord eral.,
2013). Juniper, by conrrast, drops individual cwigs and branches as
drought progresses, mainraining individual survival for longer than
pine burt progressively losing leaf area (Gaylord eral, 2013). Trees
were pmnmmced dead ar 0% foliared canopy.

We defined mortality in the two DGVMs, ED(X) and CLM
(ED), as a threshold minimum carbohyvdrare content per unic leaf
area. Only ED(X) and CLM(ED) have explicit morrality predic-
tions; the other models simulated physiological processes bur did
not have thresholds or tiggers for mortalicv. Mortalicy predictions

f‘t’(}['ﬂ EJ'l('_‘St‘ []]()dt‘lS |'I.Ll\"t‘ or p[’t‘\'ll()LLS v 1')6:‘[1 It‘SIt‘L{.

3. Modeling PLC and NSC

Loss of xylem conducrivity with decreasing xylem warer porendal
was represented using Weibull funcrions fir o PLC and warer
potential () data for species- and site-specific measurements (see
Plaut et af., 2012, and Supporting Information, Notes 51, Fig. S§1)

N(J L'Eilil]'l o (Jl'is'il'lill.' L S g(]\'l_‘]'l'l'll_‘]'l:. \‘\.'(JT!.i‘s
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O O

PLC M 100 177 5% Eqn 1

where w values are branch and root warter potential values (MPa), &
is the critical O thar leads to 63% of conductivity reducrion and eis
a shape paramerer (Sperry & Tyree, 1988; Pammenter & Van der
Willigen, 1998). The Weibull function was the best fir ro the
vulnerability curve dara (Plaur eraf. 2012: and Nores 51, Fig. §1).
These vulnerability curves are measured on branches and roors,
allowing tissue-specific calculation of PLC from O measurements
or estimates. PLC is both theoretically and pracrically useful for
investigating hvdraulic failure, and has the additional value of
broad coverage of plant funcrional tvpes in the literature (e.g.
Mabherali eral., 2004: Choat er &/, 2012), thus enabling inpur into
future DGVM simulations.

While our models shared Eqn 1 for simulating PLC, they
ditfered in their treatment of below-ground hydraulics and
. MuSICA,
and CLM(ED) had multiple depths of root water uprake and
ED(X)

simulated a single soil warter pool. ED(X) assumed soil O

stomaral regulation (Tables 1. S1). Sperry, TRELS

explicic  soil-roor  hydraulic conducrance, whereas
equaled root O, whereas the smaller-scale models prevented root
O from falling below the midday observed O. FINNSIM used
root O simulated 11}-' MuSICA. All models (excepr FINNSIM)

assumed xylem refilling followed the species- and tissue-specific

vulnembi“t’y curves (Eqn 1, Notes 51). In Sperry and TRELS,
the soil was assumed to immediately recover hydraulic conduc
tance on rewerting, bur nor the xylem. Xylem refilling (or
recovery via new xylem growth) was indicared when Huxes were
underpredicred posc-drought, and the models were recalibrared
accordingly.

M odeling app roaches for NSC are less well tested than tor PLC
because of our poor understanding of NSC srorage in trees (Le
Roux eral, 2001: McDowell & Sevanto, 2010: Sala eral. 2012;
Richardson eral, 2013). Many models do not include a storage
pool, and, for those thatdo, the controls on Huxes in and ourof the
storage pool are poorly constrained. Theoretical and empirical
evidence suggeses that over the lifecime of plants, allocation o
storage is probably an equal priority o growth (Waring &
Schlesinger, 1985; Chapin eraf, 1990; Hoch eraf, 2003; Rasse &
Tocquin, 2006; Smich & Sore, 2007; Sulpice eraf, 2009;
McDowell, 2011; Sala er ., 2012; Surc & Zeeman, 2012; Wiley
& Helliker, 2012). In our study, the models thar simulated NSC
(TREES, MuSICA, ED(X) and CLM(ED}) used various modif-
cations to the general NSC overflow approach that included
feedbacks to prevent growth or respiration from consuming all
NSC (Table I; similar o Rasse & Tocquin, 2006), which is
consistent with evidence from many studies (reviewed in McDo-
well, 2011 Sala eral. 2012: Soee & Zeeman, 2012), including
extreme tests of carbon starvaton via 100% shading (e.g. Marshall
& Waring, 1985: Sevanto er al., 2013). TREES, MuSICA, and ED
(X) decreased growth as carbohydrare storage declined. and CLM
(ED) effectivelv did the same by lowering tssue turnover rare and
homeostatically increasing storage fluxes as carbohydrate storage
declined.
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Interactions berween phloem function and xvlem refilling
(Zwieniecki & Holbrook. 2009; Secchi & Zwieniecki, 2012) were
mechanistically investigated using a new, coupled xylem—phloem
transport model FINNSIM (based on Holedd er al, 2006, 2009).
FINNSIM used the gross primary production (GPP) and growth
from MuSICA plus scaled respiration estimartes (see Notes 52a) to
estimate Huxes among the NSC pool. phloem, and xvlem. Thiswas
the only model to examine theoretical carbon costs of xvlem
refilling, bur because it was run with MuSICA simulations for
input, it was excluded from ensemble analyses.

ED(X) and CLM(ED) representa class of DGVMs that simulare
the biogeochemistry, biophysics, and demographics ofglobal plant
funcrional types (Cox e al, 1998: Moorcroft eraf., 2001; Wood-
ward & Lomas, 2004; Sicch eraf, 2008; Medvigy eral, 2009:
Fisher eral. 2010; Oleson eraf, 2010: Zachle er af., 2010; Medvigy
& Moorcrofr, 2012). DGVM mormality predictions have nort
performed well in tropical drought manipulation studies (Galbra-
ith eral, 2010; Powell erad, 2013): ours is the first test in the
temperate zone.

EDX) and CLM(ED) are aggregared models and thus could not
simulate individual trees. bur rather simulated cohorts of average
trees within each funcrional tvpe, size, and demographic starus
(Moorcrofr et al., 2001), Because these models simulared the entire
drought and ambienr plots, there are no replicates of rthese
simulations and thus intermodel comparisons are not staristcally

possible. All the models used tree allomerric equarions (Notes 52a)
for the root, stem and leaf scructural carbon pools and measured leaf
NSC (Notes S2b) ar the site for initiatng the carbon poo].\. To
accommodarte different model requirements for stand. soil or
physiological inpurs, we distributed all available dara from the
precipitation manipulation experiment to each modeler (see Table
51 for variables). The dara used for calibration and evaluarion
varied for the different models, bur all models used £ for a common
evaluation. Addirional model derails can be found in the Nores S3.

4. Field experiment

The study site 1s located within the Sevillera National Wildlife
Refuge, New Mexico (34723'11" N, 106731'46" W). The site isa
pinon  pine (Pruns edudis Englm.) and juniper (funiperus
monosperma Lnglm. (Sarg.)) savannah (Romme erad, 2009).
These sympatric species are excellent models of drought responses
because of their contrasting hydraulic sraregies (McDowell eral.,

2008). Pinon pine is relatively isohydric. maintaining midday leaf

| ‘WI[T.'I'lIl['I a narrow range Lit‘Spllft‘ lL'lFE_"(_‘ reatment L'I.['Id. St"JS()[lL'I.J

variations in sotl O (Plaut ez af., 2012). The pine’s stomaral closure

during drought reduces phorosynthesis (Limousin e al, 2013).

Tuniper is relatively anisohydric, allowing greater photosynthesis

during drought by maintaining higher stomatal conductance and

tolerating lower leaf O (Plaut er al, 2012; Limousin ef @, 2013).
Pinon pine is more vulnerable ro droughe than juniper (Breshears
etal, 2005; Plaut et al., 2012), but has relatively similar midday O,
vulnerability curves, and other physiological traits similar to most
members of the Pinaceae (Maherali eral, 2004; Choat er all, 2012),
Tuniper is representative of caviration-resistant species in seasonally
dry regions (Maherali ez al., 2004; Choar er af., 2012),
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The field site is located in the lower laticudinal and elevational
ranges of both species (Romme eraf., 2009). The climare, physical
serting, and study design are described in derail elsewhere (Pangle
eral,2012: Plauc er @/, 2012; Limousin er a/.. 2013). Brieflv. mean
annual temperature and precipitation are 12.77C (SE 0.13) and
363 mm (SE 21.5), respectively (20 vr record), with a bimodal
distribution of precipitation, with peaks in the winter and larte
summer (monsoon), and with a pronounced dry period during the
spring and early summer. The experiment consists of three
40m 9 40 m (1600 m?) replicate plots of four treatments: water
addition by overhead sprinklers; 45% precipitation removal using
gurters (‘drought’); an infrascructure concrol with inverred gurrers
allowing 100% of ambient subcanopy precipiration to reach the
soil; and ambient control. The plots were blocked based on aspect,
and treatments were imposed in August 2007 (Pangle er 2/, 2012).

Simulations of one droughr and one ambient plot (or individual
trees within plots, depending on model) are considered to represent
simulations of trees that died and those thar survived, respectively,
because of the large amount of mortality in the droughr plor. The
models used inpur dara from the southeast-facing droughr and
control plots w simulate individual trees or groups of tees, This
block was selected because it had the longest-running dara, and a
large amountof morrtality occurred on this block fand on the north-
facing block: Gavlord eraf, 2013). Pinon pine in the droughr plot
exhibired 68% morrtality by December 2008 (Plaur eral, 2012;

Gaylord eraf, 2013) and 100% moralicy by May 2009 in
assoctation with beetle artack. Juniper trees exhibited limited
canopy dieback in 2008, but by 2011, 30% of the mature trees had
<15% green canopy remaining and one mature juniper was
com plc‘tt‘l}' dead (for a rotal of 60%, canopy loss 13}-' 2011, (in}'lurd
et al., 2013). No trees died on the ambient plot. All models were run
only for these two plots.

Models were parameterized with data from January 2007 o
December 2010, including near-monthly measurements of pre-
dawn O, dail}' mean soil O, ]1;11F—lmurl)_-' or d;{il}' E (beginning n
April 2007 ), halF-hourly meteorological dara (solar radiation, air
and soil temperarure, and precipiration) as well as standard merrics
of stand density, wee diameter and height, biomass, leaf area, soll
depth, texture, and nutrient content. Meteorological dara were
collected at midecanopy height. Soil temperarture was measured at
5 cm depth and O, was measured ar 15 and 20 em depchs to ensure
similar measurement depths across all soil profiles despire variation
in depth ro bedrock. In addicon, leaf and scem samples were
collected throughourtthe study and analyzed for NSC (Notes S2b).
A list of variables used by the models is provided in Table 51.

5. Evaluation of £ simulations

Models were parameterized and evaluared individually against
multiple darasers, bur all models shared calibration using
species-specific, sapflow-based £ (per unit sapwood area to
avold scaling issues) measured in spring 2007 when the drought
infrastructure had not ver been installed and seasonal drought
had not ver initiated (Plaur eraf, 2012). Likewise, all models
were evaluated against £ observadons from Augusc 2007 (cthe
date of droughr structure installation} to 2010 ar least, £ is the
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longest, most continuous, and potentdally the most relevant
observation in this study (Plauc eral, 2013), because it
integrates whole-plant hydraulics and carbon uprake, and £ is
also a common outpur variable of most process models. Note
thar FINNSIM did not simulate £ bur urilized MuSICA's
simulations as inpur.

Comparison of observed and simulated £ demonstrates an
example of the challenge of evaluating DGVMs, which are
designed ftor regional to global application, at single sites. These
large-scale models have fewer mechanisms thar can be tuned (ar
the plot scale) than the fine-scale models, leading to variation in
the simulation of £ across the models (Table2). The Sperry
model performed best and alse caprured predawn O observa-
tons with high accuracy (Fig. S2). The ditference berween
Sperry and TREES simulations, which include the same
fundamental hvdraulic structure, is a result of recalibration of
the Sperrv model to O measurements afrer rainfall events or new
growing seasons, which TRELS did not do. In addition to £
MuSICA predictions of predawn and midday leat O averaged (#)
0.88 in pinon and 0.95 in juniper. The error was atrribured to
insufficient knowledge of below-ground warer uprake dynamics.
and the assumprion of complete reflling whenever xvlem
pressure became less negartive. ED(X) predicrions of daily toral £
improved after calibration of the slope of photosynthesis ro
stomatal conductance within the Ball Berry model o fir
pretreatment £ observations. The resulting model also caprured
soil O reasonably well (»=0.91, P<0.01: Fig. S3). The CLM
(ED) model was relatively successful at predicting the rapid
response of canopy water use fto variation in rainfall, but
regression fits were not strong, in part because this was the only
model to run both species rogether rather than separately. CLM
(LD) simulation of £ was limited by a soil O stress factor that is
superimposed on the Ball Berry estimates of stomartal conduc-
tance. lhe stress factor is nonlinear with respect o warter
content, which drove the rapid increases and decreases in warter

use with small changes in soil warer.

ll. Simulations of hydraulic failure and carbon
starvation

1. Hydraulic failure

We compared PLC simulations for both species and orearments

to investigate model predictions of hydraulic failure before

Table 2 Summary of model performance in comparison of simulated and
observed E (per unit sapwood area)

0
Model Pinon pine Juniper
Sperry 0.95, <0.01 0.99,=0.01
TREES 0.78, <0.01 0.71,=0.01
MuSICA 0.78, <0.01 0.82,=0.01
ED(X) 0.61, <0.01 0.55,<0.01
CLM(ED) 0.35, P=0.87%

ACLM(ED) simulated only pine.
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mortality. The models simulated significantly greater PLC in
trees of both species that died during the simulation periods
(locared on the droughr plot) than in those that survived (locared
on the ambient plor: Fig, 2. 2<0.001 for droughr vs conrrol. for
both species, for all models: using semiparametric regression
based on Wand eraf, 2009). This is consistent with empirical
observations of warter uptake and stem native conductivity
differences across trearments and species ar this site (Plaue er al.,
2013; P. Hudson eral, unpublished). Only ED(X) predicred
thart trees ever experienced 100% PLC, EIXX) assumed that root
O is equal to soil O, bur this is false because soil O dropped o
¢. 78.0 Mpa, while pinon pine xvlem O does not fall much
below T3.0 MPa ar this site (Plaur erel, 2012; Limousin et al..
2013) or anywhere else in pinon pine's range (West eral, 2007;
Breshears eral, 2009), FID(X) simulared reasonable PLC for
juniper because the assumprion thart soil and root O are equal is
nearly mer ac this site (Plaut erad, 2012), We suspect thar the
ED(X) PLC estimates for pine may accurately represent below-
ground xylem PLC because the soil O simulations were accurare
(Fig. §3) and thus crossover of the Sperry (e.g.) and ED(X) PLC
simulations in Fig. 2 may represent the timing of complete loss
of K from the soil to the roots.

Amongst the remaining models thar simulated PLC. we found
that hvdraulic processes well beyvond the simple tissue-level
vulnerability relationships (Eqn 1, Notes 81) were critical to
driving PLC. The largest drivers of intermodel variability were the
setiing of maximum K (because PLC is the loss of conductance
relative to the maximum) and sitmllariny_ rootd. The Sperry model
was the most highly calibrated one, in part because this was the
second iteration ()f_modeling at this site (afrer Plaur et @/, 2012) and
it was focused only on hydraulics. It used the maximum simulated
hydraulic conductance averaged for surviving trees over the
simulation period to set species-specific reference conducrance.
Predawn leat O was simulated ro serthe minimum rooc O (Fig. S2)
to avoid assuming the roorand soil O discribution. TRELES used a
similar approach to estimatingroot 0, but, by contrast, itsimplyset
maximum conductance to the single measured value {tree-specific)
before drought trearment initiacion in 2007, By using this single
value, TREES most likely underestimared maximum conducrance
and hence simulated unrealistically low PLC (Fig. 2). ED(X) also
used a single measured value (species-specific) of hydraulic
conductance before drought treatment initation in 2007 to set
maximum conducrance. In MuSICA, maximum conducrance was
calibrated through opumizing the distriburion and hyvdraulic
conductivity of fine roots relarive t soil properties, o march the

predawn O dara before drought. Roor O was then compured
dynamically via hydraulic capacitance oprimized to march the cime
lag berween tree transpiration and roor water uprake estimared

from sap How dara.

2. Carbon starvation

From treatment inidation until aurumn 2011, dying rrees had 38
and 44% lower GPP than surviving tees for pine and juniper,
respectively (2 <0.001 for all models and species). Decreasing GPP
with drought is. of course, expected, buritis also a required renerof

Na claim o original US goverment works
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Fig. 2 Simulated percentage loss of
conductance (PLC) (left column) and
percentage loss of nonstructural carbohydrate
{NSC) relative to maximum (right column) by

B &8 8 8

TREES, MuSICA, Sperry (PLC only), ED(X),
and CLM(ED) (NSC only). Leaf NSC
observations from these plots are also shown.
Simulations ended when the mortality
threshold was reached (ED(X) and CLM(ED))
or on the date of observation of desiccated
canopies (TREES, MuSICA, Sperry; Plautet al.,
2012). Drought treatment was initiated on

carbon starvarion (McDowell eral, 2008), The second tener is thar
NSC declines. For the same period, all models simulated lower
whole-tree NSC stores in trees thar died than in those thar survived
(Fig. 2, P<0.001 for both species). None of the models consis-
tently caprured the variation observed in leaf NSC measurements
(Fig. 2; the highest »value was 0.40 for all models); however, we
note that comparing observations of leaf NSC to simulations of
whole-tree NSC is not a fair test. The large vanability amongse
models appears to be the result of the wide range of approaches o
simulating the dvnamics of Huxes into and our of the NSC pool.
TREES constrained NSC depletion through simulating mainte-
nance respiraton as a direct funcrion of & bur large changes in &
sall lead to similarlylarge declines in NSC. MuSICA also simulated
low NSC values despite a conservative, source-driven respiration
algorithm, with the lowest predicred NSC values found in Auguse
2008 when maximum pine mortality was recorded. Notably,
MuSICA allows NSC to decline to zero rather than imposing a
minimum threshold. In contrast to smaller-scale models. ED(X)
and, to a lesser degree, CLM(ED) predicted relatively small NSC
Hucruations because allocarion to storage was adjusted ro mainrain
a rarger residual store of NSC relative to leaf biomass (similar o
Fisher eraf, 2010). Tobuffer depletion of NSC storage pools, these
models simulate the replacement of dssues, such as foliage and
roots, as approaching zero when phorosynthesis becomes zero, and
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August 2007 and mean dates of death were
August 2008 for pirion pine and June August
2011 for juniper.

ED(X) also down-regulates respiration by 50% when carbon
storage crosses a threshold. A noteworthy point is that the general
model approach of constraining NSC consumpuon by reducing
allocation to other processes (e.g. Fig, 1) inhcrentl}-’ invokes a shift
in NSC allocaton priorities during drought, which remains a topic
of actively growing research (Sala erel, 2012; Stice & Zeeman,

2012 Wiley & Helliker, 2012).

IV. On thresholds vs duration of stress as drivers of
mortality

A common question in the morrtality field is: wharare the thresholds
bevond which mortality is unavoidable? A logical and sull scanding
hypothesis is that 100% PLC and 0% NSC are thresholds for
mortality, bue there is no evidence to support the notion thart these
extreme depletions in hydraulic and carbohvdrare metabolism are
necessary to cause mortalicy (McDowell eral, 2011; Gruber e al.,
2012). By contrast, 1 yr of near-zero stomartal conducrance seems
to be a shared remporal duration beyond which morrality becomes
likely in mature conifer species (Breshears eral., 2009; Plaut ef af.,
2012; Levesque eral, 2013).

Because the individual models all demonstrated consistent
trearment and species results, we generated multimodel ensembles
o investigate the consensus behavior of modeled durations and

New Lhytologise (2013) 200: 304-321
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absolute thresholds associated with mortality, across a range of
model assumptions and approaches (e.g. Sitch er af, 2008; Powell
eral., 2013). No clear thresholds were detected when comparing
the ensemble simulations to the dates of mortality in August 2008
(pine) and the end of 2011 (juniper, Fig. 3). Simulated pinon pine
trees thar died in August 2008, 1 vrafrer installation of che droughe
rrearment, achieved a maximum PLC of ¢ 80% and a2 minimum
NSC of40% of cheir starting NSC pool just before morralitv. These
may be taken as hyvpothetical thresholds: however, surviving pine
trees were simulared to have equally large (or larger) changes in
2011 (Fig. 3) during aregional drought. burdid notdie (see Secrion
V1 for further interpretation of this result). Therefore, there is no
evidence from these simulations of a threshold PLC or NSC loss
(e.g. 80% and 40% from this example) bevond which mortalicy is
inevitable.

Juniper may be even less likely to have simple morrality
thresholds. Juniper trees dropped foliage progressively during
droughrt and exhibited gradual canopy loss from 2007 to 2013 and
whole-tree mortalicy (defined as whole-canopy loss: Gavlord eral,
2013) during 2010-2013 (Plaut eraf, 2013). The taster and larger
drought responses simulated for pinon pine than for juniper
(Fig. 3) were the result of model representations of isohydry and
anisohydry for pinon pine and juniper, respectively (West eral.,
2007: McDowell eraf, 2008: Breshears eral, 2009), These
ly consistent with the

ensemble simulation results are parria
original predictions of McDowell eraf (2008): racher than
mechanisms being partitioned berween species, the processes of
hydraulic failure and carbon starvation appear to co-occur in both
species as they were exposed to prolonged, ecosystem-scale
precipitation reductions thar lead to deach. The relatively more
isohydric pinon pine progressed down the path of hvdraulic failure
and carbon starvation ahead of the relatvely anisohydric juniper.
This result is consistent with iso-anisohydry death trajectories
demonstrated empirically in glasshouse-grown seedlings (Micchell
etal, 2013).

All models simulated thar trees of both species thar died spent
significandy more ame with relacively high PLC values (Fig. 4,

PLC-measure of hydraulic failure
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P=<0.001 tor all models and species, Kolmogorov-Smirnov test:
Marsaglia eraf., 2003), While the relative values for mean PLC
varied substantally between models, these trearment and species
results were consistent across all models (Fig, 4), with means for all
models of 41 and 63% PLC for surviving and dving pine trees,
respectively, and 21 and 32% PLC for surviving and dving juniper
trees, respectively, from the date the droughr treatment was
initiated uncil death. This consistent result arose primarily from the
large trearment differences in soil water availabilicy and species
differences in cavitation vulnerability.

Similar ro PLC, each model’ssimulations of NSC suggested trees
than trees

that died spent greater amounts of rime with lower NS
that survived (Fig, 4. 2<0.001 for all models and species). Using
MuSICA asanexample, pinon pine trees thateventually died in the
drought plot had only 39% of their maximum NSC reserves,
whereas pines thatsurvived on the ambient plotaveraged 54% over
the same period. These trearment and spedies differences were also

consistent across the models, with means for all models of 76 and
51% of maximum NSC for surviving and dying pine trees,
respectively, and mean simulated NSC of 52 and 45% of the
maximum for surviving and dving junipers, respectively, from the
date of drought trearment onser to the time of death. This
consistent result arose primarily because all models simulated a
decline in both growth and respiration with droughr and ensuing
mortality, bur thiswas insufficient to compensate for the even larger
photosvnthetic reduction (dying pines and junipers had 62 and
57% of the GPP of surviving trees, respectavely; <0.01 for both
species), L't'sultiny, in consistentl}-‘ L'{c'u:lininy_ NSC for all trees thar
ultmately died.

Closer examination of the ensemble model results suggests these
models may more realistically simulare NSC oends for the
isohydric than for the amisohydric species. In Fig. 5, we have
corrected for temporal variation in NSC by plotung the difference
berween the NSC of dying trees and thatof surviving trees, allowing
visualization of the relative impact of drought and ensuing
mortality on NSC in comparison to trees that survive. A significant
trend of decreasing leal NSC was observed in pinon pine trees

NSC-measure of carbon starvation
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Fig. 3 Model ensemble simulations of o
percentage loss of conductance (PLC) and 3 -
percentage nonstructural carbohydrate (NSC) 20 Ambient, surviving trees o
loss for pifion pine and juniper trees inthe go | Pifion pine. — Drosci dyia tese =
ambient (surviving) and drought (dying) Y $ HN] [N AN - ] :-
treatments. The models used are TREES, i ] Z
MuSICA, Sperry, ED{X), and CLM-ED. » g
Ensemble means across all models were & 1 -
created by averaging the daily output for each 50 }
model, which was the mean of individual tree W
simulations for Sperry, TREES, and MuSICA, £
and the daily simulations of the two stands for # o
the dynamic global vegetation models 1 LT L i1
(DGVM:s). The mean standard error is shown . 2007 2008 2000 2010 2011 2000 2008 2009 2010 2001
on theright-handside of each panel for clarity. Date Date
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(r=0.70}, and this rrend was moderately caprured by the model
ensembles (#=0.47). The models also suggested a decline in NSC
for dying junipers, but the observations exhibited a relacively stable
NSC storage pool. This may be because of a mismarch of leafand
branch observations (19 and 319 of tree NSC. respecrivelv; Notes
S2a) vs whole-tree simulations, and a more rapid leaf shedding in
the junipers than was simulated (Gaylord eral, 2013). Thus, a
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that error bars are provided only for models
that simulated individual trees.

survival strategy of juniper appears to be hydraulic adjustment
to reduce leafarea and maintain hydraulic funcrion and NSC pools
above critical values (Limousin er @l 2013). Itis possible thar shifts
in reladive NSC allocation and depletion berween above- and
below-ground biomass could have led ro chis apparent discrepancy
berween modeled and observed juniper NSC (Hartmann er al.,
2013).
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Fig. 5 Ensemble mean nonstructural carbohydrate (NSC) simulations and
leaf and branch NSC observations calculated as drought minus controlvalues
for each date. Both leaf and branch NSC observations are displayed in the
same manner for comparison. Branch observations did not start until 2009.
The regression for pinon pine leaf observations is: drought-control NSC
(%)= C0.00055 day +0.123.

The consistent simulartion across all models of greater PLC and
reduced NSC in trees thar died supports the co-occurrence of
hydraulic failure and carbon starvation during drought-induced

mortality ar this site. This is logical, given thar increasing PLC
reduces gas exchange and prolongs zero photosvnthesis and
elevare hear stress ( McDowell et @l 2008: Limousin ez @l 2013),
Chronically low gas exchange rates assodated with high PLC could
also impair embolism reﬁ“ing capacity (Zwieniecki & Holbrook.
2009), reduce resin production and pressure (Herms & Marttson,
1992: Gavlord et af, 2013), limit xylem water available for transfer
Into phloem conduirs and hence reduce phloem rransport (1 lolera
etal, 2009) and Turgor loss (Brodribb & Holbrook, 2006). It is
from these interactive hydraulic and carbon metabolism processes
thatr the interdependency hypothesis of morralicy has arsen
(McDowell eral, 2011),

V. Interdependence of hydraulic failure and carbon
starvation

There are many feedbacks berween carbohydrare and hydraulic
dynamics that can accelerate or buffer the rare of mortality during
drought (Fig. 1; Hummel erafl, 2010; McDowell eral, 2011:
Mueller es 2l 2011). Simulated PLC and NSC should, in theory,

L'L'Lp['Lll'c‘ many ()f'— T.'l'Lf_‘Si' FC‘E"L“')L'LCI{S. I'ﬁgL‘L[’dlE‘SS {)1: Ellc‘ S}'!Lllfi;.'{l or

temporal scale of simulation. Consistent with this. correlation of
the ensemble results of PLC and NSC simulations from Fig. 3
revealed thar modeled periods of deplered NSC were associared
with simulated increases in PLC (Fig. 6). In this analysis, the daily
difference berween ensemble predictions of the ambient (surviving)
and drought (dying) treesis caleulated for both NSCand PLC. The

mean daily difference for 30 d periods was calculated to allow for
temporal displacement berween cause-and-effecr relationships of
PLC and NSC. Both species fall along the same wend. This resultis
consistent with an interdependency of mechanisms underlying
vegeration mortality. starting with strong stomaral impaces on
photosynthesis (Martinez-Vilalta eral, 2002; McDowell eral,
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Fig.6 Model ensemble results of the relationship between the percentage
loss of conductance (PLC) difference (%) betweendying and surviving trees
and the nonstructural carbohydrate (NSC) difference between dying and
surviving trees. Negative NSC values indicate that the dying trees had lower
NSC content than the surviving trees (right-hand axis). Positive PLC values
indicate thatdying treeshad higher PLC than surviving trees (upper axis). The
ensemble model results were grouped into 30 d bins. Models used in the
ensemble were TREES, MuSICA, ED(X), and CLM(ED). Finon pine, brown;
juniper, green.

2011). Serictly quantifying the interdependence of these factorsisa
11'151 empiriml ch;l“cnge. but it can be simulated using hig:h]_v
detailed process models such as FINNSIM.

Our goals for the FINNSIM simulations of whole-tree xvlem
and phloem function were, first, to investigate the hvpothesis that
phloem transport ceases during drought as a result of failure of the
interdependent hydraulic-carbohydrate system  (McDowell &
Sevanto, 2010; Sala eral, 2010; McDowell, 2011) and. secondly,
to apply the model to investigare potential mechanisms underlying
the hyvdraulic results and carbohyvdrare costs of mainraining xylem
funcron (Zwieniecki & Holbrook, 2009). Using driving param-
erers most consistent wich the observarions and resulrs of the other
models, FINNSIM simulated the failure of phloem ansport
{represented here as the phloem rurgorgradient from rop tobotrom
of the canopy — the most direct and measurable traic of phloem
funcron) in both species during the seasonal drought in 2008

(Fig. 7). The model simulated juniper to have lower turgor than

p ine, Ll['ld. recs (}f_b()Th SPt‘L'IlES Ehfl.l'. f.“t‘d ll L-'li'_{ l()\-\r't‘l' turgor tl'lLL['l T]'l()St‘

that survived. For the relatively anisohydric juniper, phorosynthesis
continues down to 70 MPa (Limousin eral, 2013}, which

provides sugars to aid in maintaining phloem pressure (Holoa

et al., 2009; Sevanto er al.. 2013}, bur the lack of water availability
to the phloem with xylem O exceeding 718 MPa during drought
(Plauc er af., 2012) forced a complete cessation of juniper phloem
funcron for extended periods (Fig. 7). By contrast, phloem
transport was not predicred to be constrained by warer availability
in pinon pine as a resulc of irs relatively isohydric behavior, which
maintained xylem O significantly higher (> T3MPa) than values
that would impair phloem functon. Pine phloem transport is

constrained only by NSC availability, which becomes limiring
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Fig. 7 FINNSIM simulations of the phloem turgor gradient from the upper
canopy to the base of the stem. Turgor is the simplest and most testable
metric of phloem transport, and simulations of phloem flux rates are nearly
identical to turgor gradient simulations. The timescale was reduced to focus
on January September 2008 to highlight the dynamics proceeding pine
mortality in August 2008. The phloem turgor gradient declines and hence
nonstructural carbohydrate (NSC) transport ceases earlier in juniper than in
pinon pine, largely as aresult of the larger decline in xylem water potential in
junipers and hence water available to the phloem. This effectis magnified for
droughted junipers that die by 2011. Droughted pines that die in 2008 show
areduced phloem turgor as a result of a lack of NSC-based solutes to drive
transport; xylem water potentials are never sufficiently low to impair phloem
transport in dying or surviving pines.

during extended periods of zero gas e):ch;mge (Limousin etal.,
2013). Lewill require em piricnl tests to determine if such a declinein
phloem funcrion actually marters to survival when GPP is near zero
and there is no photosynthate to transporr.

We extended the FINNSIM simulations to examine xylem
refilling and its porennal impacts on hyvdraulics and carbohydrate
balance. We varied the rate of refilling and the amount of sucrose
irreversibly consumed in refilling, as the precise refilling mecha-
nism and its associared merabolic cosrs are not known ( Zwieniecki
& Holbrook, 2009). The rate of refilling determined the progres-
ston of PLC over cime (Fig. 8a). In some cases, no refilling races
were sufficient to repair the loss of conducrance.

Faster refilling kepr PLC lower (Fig. 8a), bur increased the
carbon costs of refilling, especially when we assumed some fraction
of sucrose used in refilling was not recycled (empirical values on
how much NSC is lost from refilling do noc exist). Despite carbon
loss to refilling, embolism repair consumed only a minor portion of
the plant’s carbon budger. Even under the unlikely scenario of the
highest refilling rates and with all sucrose used in refilling lost (0%
recvcled), the carbon cost of refilling was at most 409% of the annual
cost of leaf respiration (Fig. 8b.c), or 10% of the toral NSC in the
plant (Fig. 8d). These results suggest that the carbon costof refilling
is unlikely ro be large relative to the entre planc carbon budger:
however, it may be a large amountof carbon for plants undergoing
the late stages of carbon starvation (McDowell, 2011). This extra
cost could, in theory, be responsible for the overestimares of NSC
by most models (Fig. 2). as these models all assumed no carbon
costs for refilling or maintaining phloem funcrion.
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Fig.8 Xylem refilling modeled by FINNSIM. (a) Proportion loss of
conductance (PLC) as a function of refilling rate. (b) Cumulative carbon per
plant (mol) used for refilling as a function of the recycling rate of sucrose. (c)
Ratio of the cumulative refilling carbon costs relative to cumulative leaf
respiration (Notes S2b, 53). (d) The ratio of cumulative carbon costs of
refilling relative to the total amount of nonstructural carbohydrate (NSC)
within the plants.
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VI. Next-generation, traditional, and empirical
models

The trearment and species differences across models for PLC and
NSC (Figs 3-8) are consistent with mortalicy occurring through
the interdependence of hvdraulic failure and carbon starvation
at the stomaral, xvlem/phloem, and below-ground interfaces
(McDowell eral. 2011). It is clear thar simulating hvdraulic
failure and carbon starvation is insufficient to accurately predict
mortality, however, because of the significant impacr of arracking
bioticagents during drought on moruality (Raffa er 2/, 2008). This
is exemplified by the ED(X) simulations (Fig. 9a). ED(X) correctly
simulated the pinen pine mortality thar occurred in 2008
(simulations were within the 93% confidence interval of the
observarion) in the presence of a bark beetle outbreak (Zps species:
Plaur eral. 2012: Gavlord eral, 2013) with an assumed NSC
threshold. but incorrectly simulated mortalicy of the (still living)
pine trees on the ambient plor during the record-setting, severe
regional droughtin 2011 (Mu e/, 2013) during which there was
no local outbreak of beetles (Fig. 9a: Limousin er 2/, 2013). There
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Fig. 9 (a) Observations of pinon pine mortality and survival and simulations
by the dynamic global vegetation models (DGWVMSs) ED(X) and CLM(ED),
and predictions using the empirically based Forest Drought Severity Index
(FDSI, Williams et al., 2013), assuming the FDSI value associated with
mortality during the 1590s megadrought( 1.41)isequalto 100% mortality
(dashed line). (b) Observations and model ensemble (TREES, MuSICA, ED
(X), and CLM(ED)) simulations of growth efficiency. The dashed line
represents the uppermost possible mortality prediction threshold using
nearly all thresholds found in traditional DGVMs (McDowell etal., 2011),
including thresholds based on constantbackgroundrates, climate envelopes,
size or age thresholds, growth efficiency, net primary production, shading,
and heat stress. Bars represent ZSE.
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are currently no published DGV Ms or process models tharinclude
biotic atrack in mortality simulations (e.g. Fig. 1, McDowell er al.,
2011). There are. however, models of pathogen population
dynamics thar unlize climare dara and estimares of forest stress
(e.g. Biesinger eraf. 2000) thaccould potendally be coupled to the
NSC or new defense modules in DGVMs (eg. Fig. 1). This
approach mav be useful at our site. An anomalous January cold
event (£7729.07C on site) thar exceeded the cold remperarure
survival threshold of Zps (T1217C; Chansler, 19060} occurred in
2011, whereas the coldest temperarures in 2007 and 2008 on site
did not fall below 7115.27C. Thus. despite greater physiological
carbon starvation and hvdraulic failure than for trees thar died in
2008, remaining pine tees survived the drought in 2011,
indicaring that the moreality thresholds (e.g. absolute values or
duration of NSC or PLC values) may vary with the presence of
atracking agents (Raffa er 2/, 2008). Furthermore, there is strong
evidence from these same experimental plots tharaverage NSC s a

reasonable predictor of morrality (#=0.77: L. T. Dickman,
unpublished) and thus a logical link exists both within the model
framework and from empirical dara. For near-term predicrions,
such models can be linked to remotelv sensed estimates of
mortality, to serve as initation for furcher insect outbreaks (Wulder
et al., 20006).

At the far end of the specrrum of model complexity,
approaches using empirical relationships berween morrality and
indices such as mereorological droughr are appealing (e.g. Wulder
eral, 2006: Williams etal, 2013). These approaches risk
oversimplification and resultng loss of accuracy when run into
the furure: however, given the large amount of data thar can go
into empirical models, they may be highly accurate in the near

term (<100 yr). To test if a s‘implt, empirica ;1ppm;1ch could
capture mortality in our study, we used a new empirical
relationship between cold-season precipitation, summer evapora-
tive demand, and tree-ring-based growth and mortalioy estimates
{the Forest Drought Severity Index, FDSI) to predict morralicy
(Fig. 9a; Williams erel, 2013). An FDSI value of 771.41 was
associated with widespread forest morealicy in the 1590s in the
sourthwesrern USA (Berancourr er &/, 1993; Brown & W, 2005),
including for pinon pine tees, and thus we use 7141 as a
hypothesized value beyond which mortaliny may occur. Similar to
ED(X), the FDSI approach correcdy predicted pinon pine
mortality in 2008, bur incorrectdy predicred mortalicy in 2011,
FDSI is an annual merric, which is consistent with  the
observaton thar mature, field-grown conifers can survive c
12 months withour positve photosynthesis (Breshears eral,
2009; McDowell, 2011; Levesque eral, 2013). Thus, both the
highly mechanistc and highly empirical approaches suffer from
similar errors of not accounting for all processes, in this case, bark
beetle arrack dynamics.

An intermediare approach is to apply the numerous waditional
DGVM morralicy indices (McDowell eral, 2011). These simpler
algorithms are appealing because they are already in place in the
DGVMs and can be measured relacively easily. In our rather
unnatural experimental manipulation (precipitation reduction
withour concomirant temperature rise as typically occurs in

drought; e.g. Breshears er el 2005). the raditional mechanisms
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of constant background morrality. climate envelopes, hear stress,
size and age thresholds, and shading were all ineffective to predict
mortality because the trees did not cross anv temperature, size, or
shading thresholds during this study. Simulations of NPP and
growth efficiency (production per unitleaf arca: Waring & Pitman
1985, Notes 54) did caprure the species and trearment trends
correctly, but like the other indices, they overestimared survival
because the assumed mortalicy chresholds were not exceeded in the
simulations  (Fig. 9b). Model predictions across the range of
complexity spectrums can be integrated with models of biotic
agents (both mechanistic and empirical). and all model tvpes
should then be evaluated at regional scales (e.g. Wulderer /., 2006)
to ensure they can obrain the correctanswers for the correct reasons.
These conclusions are based on one study site with two symparric
species, bur mav be representative of a global science challenge
owing to our limited knowledge of tundamental morrality
mechanisms and the importance of biotic artack agents in morrality
globally (Raffa eral, 2008; Bentz eral, 2010 McDowell eral,
2011: Hicke eral, 2012).

VII. A path forward

Ouranalysis has revealed thar, regardless of scale, all models suggest
thar the duration of hydraulic impairmenr and low NSC stocks is
associated with morrality; thar the stomaral, phloem, and below-

ground carbon and warter interdependences were all imporrant

during simulated drought and mortalicy: and thar mechanistic,

rraditional, and empirical modeling approaches all have similar
vulnerability to processes not yet considered, such as biotic agent
populations. These resules emerged despite the various ways chat
models simulated and parameterized the hydraulic and carbohy-
drate systems, partly because of a farly common, emergent
simulation framework (Fig. 1). 'I'his.\‘ruzi_\-'us:':i an international set
of models, butonly a single experiment with two species within the
rraditional Needleleaf Evergreen Tree PFT (e.g. Jiang eral, 2013),
and thus an obvious next step is a similar test in another PFT,
perhaps one with conrrasting hydraulics to needleleaf evergreens
(c.g. deciduous broadleaf wees; Mitchell eral, 2013).

Developing predictive tools of forest mortality is faced with the
challenge of balancing the tradinonal approach of adding
complexity to existing models with the need to minimize
complexity and uncertainty and maximize the abilicy to test and
constrain the models. Existing models have much of the necessary

processes C(}[]Sidt‘t’c‘d critical to }'1|L-'l['l[ []]()l’[;.l“l'}". 1');18':‘(_{ on E]'lt‘()r}’

(McDowell eral, 2008, 2011) and relatively consistent empirical

evidence from glasshouse and field moreality studies on angio-
sperms and gymnosperms (Anderegg et af, 2012; Plauceral, 2012,
2013; Galvez eral., 2013; Limousin eral. 2013; Micchell eral,
2013; Quirk eral, 2013; Sevanto eral., 2013). In particular, the
creation and subsequent modification of models thar integrare
energy balance, physiology. and the demographics and structure of
vegeration (Moorcroft er al., 2001; Fisher ez al., 2010; Powell eral.,
2013) have allowed integration of many of the hypothesized
morrality processes tharscale from the cell to the region (McDowell
etal, 2011). Thus, there is a strong rationale to continue using
these models for investigation of processes.
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Previous multimodel drought experiment evaluations in the
Amazon revealed thar simulation of both carbon and warer
dynamics, and subsequent morrtality, was relativelv accurate for the
control plots but generally failed in the drought plots (Galbraich
eral, 2010; Powell eral, 2013). Our study also revealed the
challenges of simulating these processes, down to the dssue scale,
and also revealed additional uncerraineies pertinent to our current
simulation  framework (e.g. Fig. 1) within this pine-juniper
woodland. All of the tested models. regardless of scale. require
accurate parameterization of root O in order to correctly estimarte
K. PLC.anda

(e.g. Fig. 1), This can be achieved through knowledge of rooting

| downstream hydraulic and carbohydrate properties

depth, minimum xylem O, and soil-root hydraulic conducrance.
Aleernatively, highly tuned simulations of root O | such as we did in
the Sperry model (Fig. 82), may allow simplification for regional-
scale parameterization. Rootd was among the largest uncertainties
identfied by our group because it caused rapid and large impacrs on
K. PLC, stomaral conducrance, GPP, and NSC storage. While this
remains to be thoroughly rested. global models should be able ro
utilize PFT-specific estimates of rooting depth (e.g. Schenk &
Jackson, 2005) and maps of soil depth and rexture classification,
along with PF1-specific vulnerability curves and O estimartes for
roots, trunks, branches, and leaves (Karrge e al., 2011: Choat er al.,
2012) and minimum leat ro improve simulations. On the carbon
side, all models require improved understanding of carbohydrare
storage regulation (e.g. Sala erad, 2012). NSC conrent is the net
p roduct of GPP and mulriplc' sinks, including storage, respirarion,
growth, and defense, and linking each of these allocations through
empirical and model-based research is critical to many fields of
research (Stier & Zeeman, 2012: Richardson eral. 2013). Our
model-experiment companson revealed these processes as essential
to mortalicy, and improving our knowledge of these mechanisms
should allow a more rigorous interpretation of the underlying
physiological mechanisms of carbon-water coupling during
drmlght (Mueller eraf. 2011),

For models intended for simulation in field settings, represen-
tation of biotic artack and defense against biotc arrack 1s critical
{e.g. Fig. 9a). Sratsucal and mechanistic population dynamics
models of bioticagents {e.g. Hicke er af., 2007; Magori eral, 2009)
should be considered for integracion into DGVMs. Integrared
landscape-scale models of vegeration suscepubility and insect
population dynamics will allow the links among climare, forest
vulnerability, and outbreaks o be nvestgared, and can subse-
quently be used to paramerterize DGVMs. Models of biotic arrack
and forest vulnerabilicy will require evaluation darasers that

incorporate patterns of large-scale mortality, dimarte, species. soil

conditons, and. most critcally, arrack rates of biotic agenrs. in
order to caprure the real-world heterogeneiry in edaphic, species,
and disturbance drivers (Luo eraf, 2012}, Spatally distributed
darasts are simultaneously critical for DGVMs, for which the
smallest scale of simulation is the stand and hence replicared rests
require evaluation at larger spatial scales. Such mortalicy bench-
marks do notverexistourside of inventory dara. bur porential exists
for using remorely sensed approaches (Wulder ez al, 2006; Huang
etal., 2010; Garrity et al, 2012; Kennedy eral,, 2012; Meddens
eral, 2012; Mu eral, 2013). These evaluation tests serve the
New Phytologise (2013) 200: 304321
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additional benefits of providing fundamental knowledge of

climare-morrality reladonships, from which near-term (e 50 yr)
mortality forecasts can be generated (e.g. Fig, 9a and Williams

etal, 201 3.

VIll. Conclusions

Next-generation models of vegetation physiology are advancing
rapidly ar scales ranging tfrom individual plants to a global level.
Here, al

models predicted depletions in NSC poolsand increasesin
PLC in both pinon pine and juniper trees thardied wichin 1-5 yrof
a sustained ¢ 43% reduction in precipitation. Model results
suggested thar mortality depended on the time trees spent with
extensive hydraulic failure or carbon starvation, rather than on
specific thresholds perse. Interdependency of carbon and water was
supported by each model. The consistency of these resules is
encouraging, bur substancial research is required before model
predicrions are reliable in the absence of significant empirical
constraints, that is, in furure scenarios. Next-generation process
models, traditional process model metrics of mortality, and

empirical estimates of morraliry al
were normerin this study, for example the presence of bark beetles.

suffer from assumprions thar

Models representing a wide range of alternarive hypotheses mustbe
applied and rigorously evaluared to progress our understanding of
the processes underlying tree morrality. Representation of below-
ground hydraulic funcrion, NSC dynamics, vegeration defense,
and po}mlation d:m;tm ics of biotic arrack agents emerp,cd as critical
mechanisms  requiring  better understanding and  modeling.
Reducing uncertainty in mortality modeling is critical to berter
forecastin go tfurure terrescrial impacts as our climare continues to
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