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Climate-induced forest mortality is being increasingly observed
throughout the globe. Alarmingly, it is expected to exacerbate
under climate change due to shifting precipitation patterns and
rising air temperature. However, the impact of concomitant
changes in atmospheric humidity and CO;, concentration through
their influence on stomatal kinetics remains a subject of debate
and inquiry. By using a dynamic soil-plant-atmosphere model,
mortality risks associated with hydraulic failure and stomatal clo-
sure for 13 temperate and tropical forest biomes across the globe
are analyzed. The mortality risk is evaluated in response to both
individual and combined changes in precipitation amounts and
their seasonal distribution, mean air temperature, specific humid-
ity, and atmospheric CO, concentration. Model results show that
the risk is predicted to significantly increase due to changes in pre-
cipitation and air temperature regime for the period 2050-2069.
However, this increase may largely get alleviated by concurrent
increases in atmospheric specific humidity and CO, concentration.
The increase in mortality risk is expected to be higher for needle-
leaf forests than for broadleaf forests, as a result of disparity
in hydraulic traits. These findings will facilitate decisions about
intervention and management of different forest types under
changing climate.

forest mortality | drought | climate change | hydraulic failure |
stomatal closure

F orest mortality can lead to irreversible change in vegetation
cover, thereby affecting many processes pertinent to water,
carbon, and nutrient budgets (1). Multiple studies (2-10) have
noted close association between forest mortality and water and
heat stress, owing to shifting precipitation patterns and rising
air temperature. However, the influence of concurrent changes
in specific humidity (SH) and CO- concentration, which affect
plant response to stress by altering stomatal kinetics (11), have
not received similar attention. Although elevated CO2 concen-
tration is expected to promote future forest productivity (12),
the extent to which it affects forest mortality in the context of
water and heat stress remains a subject of inquiry. Short-term
records (3, 4) and long-term manipulative field studies in forests
such as the Free Air CO2 Enrichment experiments (13-15) have
tried to fill the knowledge gap; however, they do not cover the
entire manifold of projected climate conditions. The goals of this
study are to evaluate the individual and combined influence of
projected changes in precipitation, temperature, SH, and CO-
concentration on forest mortality risk and to investigate whether
the response of mortality risk differs among plant functional
types (PFTs).

Tree mortality may occur through several mechanisms, includ-
ing hydraulic failure, carbon starvation, phloem transport lim-
itation, and biotic attack (16, 17). Hydraulic failure is charac-
terized as the malfunction of xylem water transport associated
with cavitation, which is induced by low xylem water potential
under limited soil water availability. Carbon starvation occurs
when carbohydrate supply and storage cannot meet demand
(17), which could result from low photosynthesis due to stom-
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atal closure in response to low plant water potential and high
atmospheric vapor pressure deficit (VPD). Reduced photosyn-
thesis and plant water potential also pose limitations for phloem
to maintain turgor pressure and may further impair phloem
transport (18). Intense and prolonged stresses could weaken
the defenses of forests to biotic attack (5) and may alter plant
adaptation, seed production, and germination (2). Despite these
mechanisms being far from thoroughly understood (17, 18), they
primarily result from low plant water potential and restricted
photosynthesis.

To quantify the risk of mortality induced by low plant water
potential, previous studies (19, 20) used the safety margin [i.e.,
the difference between the minimum observed xylem water
potential and the xylem water potential at 50% loss of conduc-
tivity (¢s0)]. Plants with narrower or more negative safety mar-
gins are considered to be more susceptible to hydraulic failure.
The safety margin provides a static assessment of plant suscepti-
bility to hydraulic failure, although its representativeness may be
undermined by limited field observations. It has also been sug-
gested that, instead of the minimum water potential plants reach,
the duration plants operate under high percentage loss of con-
ductivity could more likely distinguish mortality (21, 22). Here, a
duration-based hydraulic failure risk (HFR) is introduced, which
quantifies the fraction of days when the daily minimum xylem
water potential (1, min) falls below 150. Because stomatal closure
restricts photosynthesis (6, 17, 23), a stomatal closure risk (SCR)
can also be formulated as the fraction of days on which stomata
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and drought stress is expected to intensify forest mortality,
the concurrent influence of changes in atmospheric humid-
ity and CO, concentration remains unclear. Here, the response
of mortality risk to projected climate change is evaluated in
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are completely closed (SI Appendix, section S1). The aggregated
mortality risk is then defined as the fraction of days with occur-
rence of either hydraulic failure or stomatal closure, two phys-
iological states contributing to dieback and eventual mortality.
Alternative quantifications of risk that account for stress dura-
tion and severity are also considered to test the robustness of the
analysis here (SI Appendix, section S5).

The mortality risk is evaluated by using a soil-plant—
atmosphere continuum (SPAC) model, which computes hourly
dynamics of xylem water potential and stomatal conductance
(Materials and Methods and SI Appendix, section S1). By com-
paring against observed mortality at four sites, the modeled
risk is shown to capture the temporal variation of mortality in
response to climate stressors (SI Appendix, section S3). The risks
under historical and future climate scenarios are then evaluated
for 13 temperate and tropical forest biomes across the globe
(Fig. 1). The selected biomes cover a variety of climates and
PFTs, including evergreen needleleaf forest (ENF), deciduous
broadleaf forest (DBF), and evergreen broadleaf forest (EBF).
The response of mortality risk to changes in the following climate
characteristics is analyzed: mean annual precipitation (MAP),
precipitation seasonality (PS), mean annual air temperature (T),
mean annual atmospheric SH, and atmospheric CO; concentra-
tion. PS is quantified as the fraction of MAP that falls within
the growing season. Changes in these climate conditions are
obtained from the projection of Coupled Model Intercompar-
ison Project Phase 5 (CMIPS) (Table S2) from 1986-2005 to
2050-2069.

Influence of Individual Changes in Climate Variables

Mortality risk is found to increase with reduced annual precip-
itation and a lower fraction of precipitation in the growing sea-
son. Reduced precipitation decreases plant water potential via
low soil moisture, hence increasing HFR (Fig. 2D, horizontal
axis). Meanwhile, low plant water potential also restricts stom-
atal conductance, hence increasing SCR (Fig. 24, horizontal
axis). Plants experience higher risk in the growing season than
in the nongrowing season, due to low plant water potential and
atmospheric aridity imposed by a high VPD. Given the same
annual precipitation, more growing season precipitation (higher
PS) generally decreases the risk (Fig. 2 A and D, vertical axis).

Reduced precipitation during the nongrowing season typically
does not increase the risk, as the stressed conditions mostly occur
in the growing season.

Sensitivity of mortality risk to precipitation amount and sea-
sonality varies across soil, plant, and climate conditions, as
expected. For ENF in the western United States (Fig. 24
and biome 1 in Fig. 1), the risk is primarily controlled by
annual precipitation amount when <400 mm. For wetter cli-
mates (MAP > 800 mm) with low growing season precipitation
(PS < 0.2), seasonality becomes the dominant factor. Under the
historical climate in this region, both precipitation amount and
seasonality play significant roles in mortality risk. Although large
uncertainties exist in the projected annual precipitation, CMIP5
models mostly predict lower PS in this region, which is likely
to increase mortality risk. For DBF in the southeastern United
States (Fig. 2D and biome 3 in Fig. 1), both precipitation amount
and seasonality affect the risk over a wide range of climatic condi-
tions. Although the risk generally decreases with higher PS when
PS < 0.7, the trend reverses for PS > 0.8. As CMIP5 projections
point to an increase in precipitation with little change in season-
ality, mortality risk of this biome is expected to decrease under
future precipitation patterns.

Modeled mortality risk increases with warming air tempera-
ture, but decreases with rising SH (Fig. 2 B and E) and CO,
concentration (Fig. 2 C and F). Elevated temperature pro-
motes water loss through higher VPD. Although stomata close
in response to high VPD to prevent excessive water loss, the
same action increases the risk of full stomatal closure. Increas-
ing SH, on the other hand, offsets the increase of VPD by air
temperature, hence attenuating intensified risks caused by warm-
ing. Under higher atmospheric CO2 concentration, plants can
operate at lower stomatal conductance to meet their biochem-
ical demand for COx. This so-called “carbon fertilization effect”
allows plants to enhance water-use efficiency, hence reducing
the risks of both hydraulic failure and stomatal closure simul-
taneously. All three climate variables exhibit significant influ-
ence on mortality risk of ENF in the western United States
and DBF in the southeastern United States. For the projected
changes in temperature and SH (Fig. 2 B and E), the intensify-
ing influence of rising air temperature overwhelms the oppos-
ing influence of rising SH, leading to higher VPD, and thus
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Fig. 1. Distribution of PFT and locations of the 13 investigated biomes. Biomes are the areas within the selected rectangular regions that are covered

by a given PFT. PFTs shown in the map include evergreen broadleaf forest (EBF), deciduous broadleaf forest (DBF), evergreen needleleaf forest (ENF), and

deciduous needleleaf forest (DNF).
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Fig. 2. Responses of mortality risk to individual changes in MAP, PS, T, SH, and CO, concentration for ENF in the western United States (A-C) and DBF in

the southeastern United States (D-F). PS is quantified as the fraction of MAP that falls within the growing season. Changes in MAP and PS are incorporated
in daily precipitation time series through their impact on the statistical distribution of stochastic precipitation; changes in T, SH, and CO, are incorporated

uniformly throughout the year, keeping the intraannual patterns unchanged

. Numbers on the contours denote risk magnitude (%). Predicted ranges by

multimodels under the four representative concentration pathway (RCP) scenarios are illustrated by rectangles. Blue and green contours represent risks due

to hydraulic failure and stomatal closure, respectively.

higher risk. Remarkably, elevated CO2 concentrations offset
the intensified risk imposed by elevated temperature (Fig. 2 C
and F).

Despite the similar patterns of response to climate change,
sources of risk in the two biomes (Fig. 2) are markedly differ-
ent. Under both historical and projected climates, the risk for the
ENF in the western United States mostly originates from stom-
atal closure. The risk for the DBF in the southeastern United
States mostly originates from hydraulic failure. However, under
extremely high air temperature (annual mean > 23°C) in the
DBF, high VPD induces full stomatal closure, resulting in a
switch from HFR to SCR (Fig. 2 E and F). The different sources
of risk for these two biomes can be attributed to their response
strategies under stress, which are controlled by their hydraulic
traits. ENF consists of conifers, which mostly operate with a
wide safety margin (¢z,min — ¥s0) (19) and exhibit an isohy-
dric strategy under stress (16) (i.e., restricting transpiration by
reducing stomatal conductance while maintaining high water
potential to prevent runaway cavitation; SI Appendix, Fig. S3).
Owing to this conservative water use strategy and the wide safety
margin, isohydric conifers are more susceptible to SCR than
HFR. In contrast, DBF consists of angiosperms, which operate
with a narrower safety margin (19) and largely use an aniso-
hydric strategy under stress (16) (i.e., stomata remain open to
sustain photosynthesis at the expense of decreased water poten-
tial; Fig. S3). With this less conservative water use strategy and
a narrow safety margin, anisohydric DBFs are more suscepti-
ble to HFR than SCR. These contrasting stress responses have
been widely reported (16, 19, 24). Previous studies have also sug-
gested hydraulic failure as the major mechanism in an aspen
(angiosperm) mortality event (8) and near-zero stomatal con-
ductance as the main contributor to conifer mortality events (16,
23). It is to be noted that large variations in hydraulic traits exist
within each PFT, and the results presented here are based on the
average traits of species falling within a PFT and climate type in a
given biome.

9920 | www.pnas.org/cgi/doi/10.1073/pnas.1704811114

Influence of Combined Changes in Climate Variables

Based on the CMIPS5 projections of four RCP scenarios in all 13
biomes (SI Appendix, Fig. S6), the response of mortality risk to
changes in three combinations of climate conditions are examined
(Fig. 3): (i) P+T; (i) P+T+SH; and (iii) P+ T+SH+CO;. Here,
changes in P include combined changes in MAP and PS. For the
13 investigated biomes, on average, shifting precipitation patterns
and rising temperature projected by RCP4.5 are found to intensify
the risk by 158.8% for the period 2050-2069 relative to the histor-
ical risk. This increase in risk is consistent with previous studies
highlighting the exacerbating effects of higher temperature (1, 3—
7). However, by incorporating increases in SH, the risk decreases
by 46.6%. More remarkably, the risk drops an additional 91.2%
under the added influence of elevated CO2 concentration. In
aggregate, changes in all four climate conditions increase the risk
by 21.0% on average, which is much lower than the increase of
158.8% when only the changes in precipitation and air tempera-
ture are considered. Under high emission scenarios (RCP6.0 and
RCP8.S), elevated humidity and CO2 concentration might even
overwhelm the effects of higher temperature, possibly resulting
in a lower risk than the historical level (Fig. 3). These alleviating
effects are robust across alternative risk measures (SI Appendix,
Table S6 and Fig. S14). The alleviating effect of increasing atmo-
spheric CO2 concentration is in line with a reported decrease in
stomatal conductance and increase in water use efficiency across
various climate regions and species (2, 25-29).

On average, the combined changes of P+T+SH+CO; in
RCP4.5 are found to increase the mortality risks by 101.1%,
—18.3%, and 19.6% for ENF, DBF, and EBF biomes respec-
tively (Fig. 4). The significantly higher increase for ENF com-
pared with the other two PFTs results from their distinct risk
sources (Fig. 4). SCR, the primary risk source for ENF, shows
notably higher sensitivity to air temperature rise than HFR.
Specifically, for a 1 °C increase in air temperature from histori-
cal climates, HFR and SCR are estimated to increase by 23.5%
and 125.1%. Remarkably, the increase in SCR is close to the
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Response of mortality risk to combined changes in climate variables. P+T includes changes in MAP, PS, and air temperature; P+T+SH includes

additional changes in SH; and P+T+SH+CO; includes additional changes in atmospheric CO, concentration. Gray dashed lines in the subplots show the risks
under historical climates. Upper and lower boundaries of the boxes correspond to the 25th and 75th quantiles of the risk based on multimodel projections
in each RCP scenario. Numbers in the subplots correspond to the biome locations in Fig. 1.

previously reported 116.3% °C™*' increase in die-off events of
Pinus edulis (4), a conifer species likely threatened by SCR. From
a mechanistic perspective, elevated temperature increases VPD
and reduces stomatal conductance. This restricts carbon assimi-
lation but promotes water loss, which results in a higher proba-
bility of full stomatal closure (i.e., higher SCR). The increase in
HFR is smaller, as the reduction in stomatal conductance partly
alleviates the increase in water loss due to increased VPD. Under
projected changes of precipitation and VPD in RCP4.5, HFR
increases by 135.5% on average, while SCR increases by 305.8%.
When COs is also considered, the aggregate changes are —8.6%
and 83.7% for HFR and SCR, respectively. These findings imply
a larger increase in mortality risk of ENFs, more specifically of
isohydric species, than other PFTs under changes in the consid-
ered climate conditions.

Discussion and Implications

The study evaluates how projected climate change will affect mor-
tality risks and how the risks may be mediated by different PFTs
across the globe. In this regard, the study introduces a measure
of mortality risk that accounts for the duration that plants oper-
ate under high percentage loss of conductivity or stomatal clo-
sure. Although large uncertainty exists in the exact physiological
mechanisms that cause mortality (17, 18), the proposed mortal-
ity risk measure captures two of the fundamental causes (i.e., low
water potential and severely restricted carbon assimilation) which
contribute to the downstream mortality mechanisms. Notably, the
quantification of mortality is made possible by synergistic cou-
pling of multiple prior submodels connecting plant physiological
status to hydrological and meteorological conditions. This cou-
pling allows the SPAC model to resolve hourly dynamics of xylem
water potential and stomatal conductance, the variables required
to evaluate mortality risk (S Appendix, sections S1 and S5). For
example, by accounting for the feedback between evapotranspi-
ration and atmospheric boundary layer (ABL) development, the
SPAC model is able to simulate a physically consistent hourly
dynamic of air temperature and SH during droughts. During

Liu et al.

drought, when evapotranspiration is restricted by low soil mois-
ture, the model partitions a larger fraction of incoming energy
into sensible heat, thus enhancing the ABL and raising the tem-
perature during daytime. This evapotranspiration—-ABL coupling
allows SPAC to consider the cooccurrence of extreme drought
and heat stress, which has been pointed out as the main envi-
ronmental trigger of tree mortality (3-5, 7). The SPAC model
also uses an optimization-based stomatal conductance represen-
tation that accounts for the effect of plant hydraulic limitation
(SI Appendix, section S1). The representation is an advantage
over several widely used dynamic global vegetation models, where
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Fig. 4. Average risk under historical climates (open circles), changes in P+T
(light filled circles), and changes in P+T+SH+CO, (dark filled circles) for each
PFT based on RCP4.5. Gray filled triangles denote the relative contribution
of hydraulic failure (HF) to the mortality risk (i.e., 1 denotes that all of the
risk is due to HF, and 0 denotes all of the risk is from stomatal closure).

PNAS | September 12,2017 | vol. 114 | no.37 | 9921

ECOLOGY

ENVIRONMENTAL

SCIENCES


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1704811114/-/DCSupplemental/pnas.1704811114.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1704811114/-/DCSupplemental/pnas.1704811114.sapp.pdf

/

L T

1\

=y

Downloaded at NOAA CENTRAL LIBRARY on November 17, 2020

the stomatal regulation is disconnected or empirically connected
with soil water stress (6, 21). Many of these semiempirical mod-
els are derived from observations under ambient CO2 concen-
tration, and their parameter values are subject to change in an
elevated CO- environment (11), thus undermining their efficacy
under future climate. In contrast, the optimization-based stom-
atal regulation model used here has been demonstrated to pre-
dict stomatal response to stress under both historical and elevated
COz concentration (30).

Although the modeled risk shows strong correspondence with
observed mortality (SI Appendix, section S3), the estimated risk
should be interpreted with care. Given the uncertainties inherent
in model structure and parameters, and the complexity of the for-
est ecosystem, it is unrealistic to accurately assess the exact mag-
nitude of mortality risk. Large variations in plant hydraulic traits,
tree height, diameter at breast height, and stand density (31,
32) may impact the actual mortality risk. Sensitivity of mortal-
ity risk to aforementioned factors and to uncertainties in model
structure are examined (S Appendix, section S4). Results indi-
cate that, despite their influence on the magnitude of mortal-
ity risk, the alleviating effect of increasing SH and CO; concen-
tration is still found to be robust. Notably, actual mortality risk
may also be altered by forest fire frequency and insect outbreak,
rooting profile, seed production, community-level competition,
local acclimation to drought, and adaption to long-term climate
change (33-36), factors whose characterization is still fraught
with uncertainties (37). Their impacts in relation to the direct
influence of climate conditions discussed here deserve further
investigation. However, independent of these indirect influences,
results reported here demonstrate a ubiquitous and robust alle-
viating effect of elevated atmospheric humidity and CO> con-
centration, which is comparable in magnitude to the intensifying
effect of changes in precipitation patterns and air temperature.
The combined influence of changes in these climate variables on
mortality risk is also strongly mediated by plant hydraulic traits.
These results highlight that ignoring the influence of elevated
atmospheric humidity and CO2 concentration may lead to over-
estimation of future forest mortality risk.

Materials and Methods

SPAC Model. The SPAC model consists of three process components: a soil-
water balance; a plant water transport that is based on cohesion-tension
theory and associated hydraulic properties; and an ABL development model
that permits evapotranspiration to alter the height, temperature, and SH of
the boundary layer (S/ Appendix, section S1 and Fig. S1). Soil is characterized
as a two-layer bucket, where the soil moisture is controlled by precipitation,
interception, vertical flux between the two soil layers, deep percolation,
soil evaporation, and plant root extraction. Water transport within plants
is modeled as a resistance system with no capacitance. Water vapor and CO,
exchange at the leaf level are modeled by combining Fickian diffusion of
gases and the Farquahar photosynthesis model (38, 39), where the stom-
atal kinetics are determined by optimizing carbon gain while minimizing
water losses (11). The stomatal conductance is affected by both atmospheric
conditions and plant water status. The water flux through the soil-plant-
atmosphere system is solved given soil and atmospheric conditions. Subdaily
temperature and SH are obtained from the ABL development model. The
energy and mass components in ABL development are affected by feedback
of total water flux from the ground surface (40), including interception,
soil evaporation, and plant transpiration. The coupled SPAC model simu-
lates ecohydrologic states at an hourly interval.

Soil and Vegetation Properties. Based on the global land cover type from
the moderate imaging spectroradiometer (MODIS; MCD12C1) (41), 13 forest
biomes were selected across the globe. The biomes cover three PFTs and a
variety of climate types (Fig. 1 and S/ Appendix, Table S1) with MAP rang-

1. Allen CD, et al. (2010) A global overview of drought and heat-induced tree mortality
reveals emerging climate change risks for forests. Forest Ecol Manag 259:660-684.

2. Allen CD, Breshears DD, McDowell NG (2015) On underestimation of global vulnera-
bility to tree mortality and forest die—off from hotter drought in the Anthropocene.
Ecosphere 6:1-55.
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ing from 500 to 3,000 mm. Regions with shallow groundwater (42) and
snow-dominated climate (43) were avoided, as the influence of ground-
water and snow is not considered in the model. The SPAC model in each
biome was parameterized with local soil and representative plant proper-
ties. Soil texture compositions were obtained from the Harmonized World
Soils Database (44). Soil hydraulic properties were calculated based on the
generalized statistical relations (45). The annual cycle of the Leaf Area Index
(LAI) was extracted from the level-4 MODIS global LAl and Fraction of Photo-
synthetically Active Radiation product (MCD15A2) (46). Plant hydraulic traits
were obtained from a global database containing hydraulic traits of 866
species (47). Photosynthetic parameters were derived from a cross-species
study (48). Stomatal optimization parameters were obtained based on a
metaanalysis study across PFTs and climates reported in a previous study
(49). These plant properties were obtained at a biome level by averaging
the properties of trees belonging to the same PFT and climate type (47) as
found in the given biome.

Historical and Projected Climates. The SPAC model in each biome is forced
by local daily climate, including stochastic precipitation, net shortwave radi-
ation, and initial and boundary conditions of potential temperature and SH
of ABL. At the beginning of each day, the ABL is reset with the correspond-
ing initial and boundary conditions. The stochastic precipitation is repre-
sented as a marked Poisson process characterized by frequency and mean
rainfall depth statistics (50). Daily historical climates are calculated based on
the National Centers for Environmental Prediction (NCEP)/National Center
for Atmospheric Research (NCAR) reanalysis data (51) from 1986 to 2005.
Projected climate changes are obtained from multimodel outputs of CMIP5
experiments under four RCP scenarios (Table S2). For each model under
each RCP scenario, changes in climate variables are quantified as the dif-
ference between the averages for 1986-2005 and 2050-2069. Future precip-
itation statistics and other climate forcings for the model are generated by
incorporating these changes into the historical climates from NCEP/NCAR (S/
Appendix, section S2) to eliminate the influence of biases in climate model
outputs (52). Historical and future atmospheric CO, concentrations under
the four RCP scenarios are provided in ref. 53.

Experimental Design and Statistics. The mortality risk under a given climate
was quantified based on plant dynamics by running the SPAC model at
hourly resolution for 30 annual ensembles after a 5-y warm-up period. Influ-
ence of changes in each individual climate variable was analyzed by keeping
the others the same, while only changing the target climate variable. Influ-
ence of combined changes in climate variables as projected by multimodels
were grouped together to evaluate the overall response of mortality risk
under each RCP scenario. Each reported change in risk is the average of
changes of all of the biomes, unless stated otherwise. Change in each biome
was calculated as the difference between the historical risk and the future
risk (i.e., the average risk based on multimodel projections), in proportion to
the historical risk. Biomes with historical risks <0.01% were excluded from
the statistics.

Note. Details on model formulation, data processing, model validation, sen-
sitivity analyses, and alternative quantifications of risks are provided in S/
Appendix.
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