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Abstract

Forest mortality has been widely observed across the globe during recent episodes of drought and
extreme heat events. But the future of forest mortality remains poorly understood. While the direct
effects of future climate and elevated CO, on forest mortality risk have been studied, the role of
lateral subsurface water flow has rarely been considered. Here we demonstrated the fingerprint of
lateral flow on the forest mortality risk of a riparian ecosystem using a coupled plant
hydraulics-hydrology model prescribed with multiple Earth System Model projections of future
hydroclimate. We showed that the anticipated water-saving and drought ameliorating effects of
elevated CO, on mortality risk were largely compromised when lateral hydrological processes were
considered. Further, we found lateral flow reduce ecosystem sensitivity to climate variations, by
removing soil water excess during wet periods and providing additional water from groundwater
storage during dry periods. These findings challenge the prevailing expectation of elevated CO, to
reduce mortality risk and highlight the need to assess the effects of lateral flow exchange more
explicitly moving forward with forest mortality projections.

1. Introduction

Drought and heat-induced forest mortality has been
increasingly observed throughout the globe [1]. How-
ever, forest mortality risk remains challenging to
predict [2], despite its important implications for eco-
system services and sustainability [3, 4]. Accurate pre-
dictions of forest mortality require not only incorpor-
ating the physiological mechanisms underlying plant
sensitivity to drought, but also characterizing the
various hydrological processes mediating water avail-
ability during drought [5]. While hydraulic trans-
port through the soil-plant-atmospheric continuum
has been well accepted to mechanistically capture
plant sensitivity to environmental cues and drought-
induced mortality [6-10], the role of subsurface
flow in modulating plant water availability has only
recently received attention [5, 11-13]. Existing evalu-
ations of forest mortality risk only considered climatic

© 2021 The Author(s). Published by IOP Publishing Ltd

factors and water exchanges in the vertical dimen-
sion, ignoring the potential effects of lateral flows
happening belowground. Here we posit the lateral
redistribution of groundwater could be as import-
ant as climate drivers for mediating mortality risk
and thus should be incorporated into future model
developments.

Forest response to future climate and CO, con-
centrations has been widely studied. Elevated CO,
is generally expected to increase photosynthesis and
reduce stomatal conductance [14—16]. Its impact on
soil water dynamics appears much more complex
and direct observational evidence remains lacking
[17-21]. Modern Earth System Models (ESMs) sug-
gested stomatal closure at elevated CO, will reduce
evapotranspiration (ET), increase soil moisture,
and further increase streamflow [22-26]. Further,
recent work of plant hydraulics modeling suggested
that elevated CO, may largely alleviate mortality
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Figure 1. Conceptual diagram illustrating how CO,-saved water might interact with non-local hydrological processes to modulate
soil water dynamics and plant water supply. All processes occur simultaneously in reality. Figure (a) represents the assumption of
most models, where non-local water flows are neglected. Figure (b) represents the water flow among neighboring soil patches and
plants, driven by gradients of soil matric potential from wet to dry. Figure (c) represents the lateral flow driven by gradients of
gravitational potential from high to low. Figure (d) represents the lateral flow from stream channel to floodplain.

risk increase from global warming and increased
evaporative demand through stomatal closure and
water savings [27-29], although counter examples
also exist [30]. However, these previous predictions
are based on soil moisture schemes that solve water
fluxes in the vertical dimension only (figure 1(a)),
ignoring water fluxes that move laterally through the
landscape.

Landscapes are comprised of soil columns that
are interconnected rather than isolated. Various water
exchanges in the lateral direction could occur to
influence plant water availability and consequently
mortality risk (figures 1(b)—(d)). For instance, water
excess from CO,-induced stomatal closure could be
consumed by neighboring plants if there is a soil
matric potential gradient (figure 1(b)) [21, 31], or
by downslope plants due to topography-induced
redistribution (figure 1(c)) [12, 32, 33]. In addi-
tion, groundwater dependent ecosystems may rely on
water supply from groundwater or streams that have
traveled a long distance from places with rather dis-
tinctive climate regimes (figure 1(d)) [11, 12, 34, 35].
These lateral hydrological processes might create
responses that are decoupled from local climate,
or spatially heterogenous even for the same spe-
cies in the same climate [34, 36], both of which are
currently missing from mortality risk evaluations.
Importantly, lateral flow can increase or decrease
local soil moisture depending on gradients of topo-
graphy and soil matric potential, and can only be
quantified by mechanistic models that solve transi-
ent water fluxes through the soil-plant-atmosphere

continuum vertically and across the landscape later-
ally [12, 19, 21, 35, 37].

To quantify the role of lateral flow in mediating
ecosystem responses to projected future climate scen-
arios, we updated a state-of-the-art, coupled plant
hydraulics-distributed hydrology model, Parallel
Flow-Terrestrial Regional Ecosystem Exchange Simu-
lator (ParFlow-TREES) [12], with a hydraulic-based
stomatal optimization routine [7]. Plant hydraulic
transport and the impairment of plant hydraulic
systems have been shown to mechanistically rep-
resent the physiological stress that trees experience
during drought [10, 38, 39], and provide a useful
metric to quantify drought-induced mortality risk
[40—42]. We forced ParFlow-TREES with multiple
ESM projections from the Coupled Model Inter-
comparison Project Phase 5 (CMIP5) experiments
and evaluated forest function and mortality risks
at whole ecosystem and across the landscape. To
separate the effects of lateral flow, we further per-
formed simulations disabling lateral flow to mimic
previous model assumptions that only accounted for
water fluxes in the vertical dimension. We focused
on riparian ecosystems, because they are simul-
taneously influenced by various lateral subsurface
flow processes (figure 1) and climate [43]. Although
focused on one site, the implications of our res-
ults are broadly applicable for other riparian as
well as upland ecosystems. Specifically, we asked:
(a) How does lateral subsurface flow mediate plant
responses to future climate factors at whole eco-
system scale? (b) How does lateral subsurface flow
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create spatially heterogeneous responses within an
ecosystem?

2. Method

2.1. Model and evaluation

We used ParFlow-TREES [12] to solve the transi-
ent, three-dimensional water fluxes in the subsurface
and along the soil-plant-atmospheric continuum.
ParFlow-TREES integrates a plant physiology model,
TREES [44] to a variably saturated groundwater
model, ParFlow [45]. Details on the model were
reported previously [12, 46]. Briefly, TREES estim-
ates photosynthesis and transpiration at 30 min
time steps using the bigleaf approach with sun and
shade partition. ParFlow solves the variably satur-
ated flow (i.e. saturated and unsaturated groundwa-
ter and surface water) in a single matrix based on
hydrodynamic principles, without a priori specific-
ation of the types of flow in certain portion of the
domain [45, 47, 48]. The integrated model, ParFlow-
TREES, explicitly simulates the landscape represen-
ted by grid cells, with each cell covered by one
plant species or bare soil and thus effectively cap-
tures transient water fluxes through the soil-plant-
atmosphere continuum vertically and across the land-
scape laterally. In this study, we further modified
ParFlow-TREES [12] by incorporating a stomatal
optimization routine based on photosynthetic gain
and hydraulic cost [7, 41, 49]. Plant hydraulic trans-
port and hydraulic-based stomatal optimization have
been shown to reliably model whole plant responses
to environmental fluctuations of soil water poten-
tial, evaporative demand and CO, [28, 41, 50-52],
although variable performances have been repor-
ted among different hydraulic modeling schemes
[53, 54]. ParFlow-TREES is very suitable for invest-
igating lateral water exchanges among neighboring
soil patches, between upland and lowland, as well
as between stream channel and floodplain, based
on gradients of soil water, gravity, and subsurface
hydraulic properties.

Our study site is a natural riparian cottonwood
forest along a 3 km river corridor within the Old-
man River valley near Lethbridge, Alberta, Canada
(49.702°N, 112.863°W). The mean annual temperat-
ure was 5.9 °C and average annual precipitation was
380.2 mm [55]. Model domain setup and major para-
meters (table S1 (available online at stacks.iop.org/
ERL/16/084015/mmedia)) were taken from a pre-
vious study [12]. Observations of photosynthetic-
ally active radiation, precipitation, temperature, wind
speed, vapor pressure deficit (VPD), leaf area index,
ET, and net ecosystem exchange (NEE) were made
during the growing season of 2014 and 2015 [55].
Gross primary productivity (GPP) was estimated
from Eddy covariance measurements of NEE, along
with meteorological measurements of light intens-
ity and temperature [55-57]. Stream flow data was
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gathered from the closest gauge station (water ID sta-
tion 05AD007, data archived by the Water Survey of
Environment Canada). These observations were used
to drive model simulation and evaluate model pre-
dictions of carbon and water fluxes (figure S1). The
model performed well at predicting GPP (R* = 0.81
in 2014 and R* = 0.78 in 2015) and ET (R* = 0.82 in
2014 and R* = 0.85 in 2015) at daily time steps.

2.2. Historic and future hydroclimate

We used a high quality, global dataset of retrospective
meteorological forcing [58] and observed streamflow
records from the nearest gauge station, for the his-
toric period of 1997-2016. Ambient CO, concentra-
tion was set at 380 ppm. We used projections of future
meteorological and runoff fields from selected ESM
predictions under the CMIP5 experiments. We first
identified ESMs that (a) reported 3 hourly fields of
air temperature, precipitation, humidity, shortwave
radiation, air pressure, wind speed, and land sur-
face runoff; and (b) included historic, RCP4.5 and
RCP8.5 experiments. These criteria yielded 14 ESMs
(table S2). Second, we extracted monthly temperat-
ure and precipitation from all 14 ESMs at the grid
containing the focal study watershed for the histor-
ical period and evaluated their consistency with the
historic, meteorological database [58]. For each ESM,
we calculated the normalized root mean squared
error (RMSE) of precipitation and temperature. We
used the sum of normalized RMSE to rank the 14
ESMs (the lower normalized RMSE score means bet-
ter agreement with historic meteorological database).
We chose the four models with highest ranking (table
S2) to drive future simulations. We downloaded the
3 hourly meteorological forcing variables for the
future period (2081-2100) from the four selected
ESMs and two Representative Concentration Pathway
(RCP s) (Ca = 531.9 ppm for RCP4.5 and 804.0 ppm
for RCP8.5) and linearly interpolated into half-hourly
time steps. In most ESMs, runoff is generated as
excess of precipitation that does not evaporate and
needs horizontal integration along prescribed global
river network using river routing model to convert
to stream flow [59]. However, this approach was not
appropriate to estimate streamflow at our local site.
We developed an alternative approach that translates
runoff predicted at ESM grid level to local streamflow
(figure S2, Methods S1).

2.3. Numerical simulations

For both historic and future simulation, uniform for-
cing was imposed across model domain given its
small area. We used the first year of forcing for
model spin-up and restarted from the first year to
run continuous simulations while re-initializing plant
hydraulic states in the beginning of each year. Grow-
ing season length was determined based on annual
plots of cumulative thermal degree days following
a previously described approach [28]. Soil water
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status was also solved during non-growing season
with plant functions turned off. For historic sim-
ulation, we used the maximum percentage loss of
whole-plant hydraulic conductance (PLKmax) as a
metric for mortality risk, adopting a previously pub-
lished approach [28]. We also calculated the aver-
age ET and GPP for each growing season. We used
the 20 year average of PLKmax, ET and GPP, either
aggregated to the entire ecosystem or spatially distrib-
uted across the landscape, to provide the baseline to
which future simulations can be compared against.
For each ESM and RCP scenario, we followed the
same procedure as the historic simulation, and quan-
tified the relative changes in GPP (AGPP %) and ET
(AET %) compared to historic average. We quanti-
fied changes in mortality risk (APLKmax) as the dif-
ference between future and historic PLKmax.

To evaluate the potential effects of lateral flow
on ecosystem function, we repeated the historic and
future simulation with the model parameter of lat-
eral soil permeability set to zero. This manipulation
effectively mimicked current ESM assumptions of
ignoring lateral flow, and plant water supply is solely
driven by vertical water fluxes (climate-only predic-
tion). Further, we performed sensitivity analyses to
assess the individual effects of future atmospheric
CO,, precipitation, and VPD with and without con-
sidering lateral flow. We used the historic forcing as
the baseline and replaced one variable (CO,, precip-
itation, or VPD) at a time with its future projections
by different RCPs and ESMs. Although this approach
may neglect the inherent co-variation among hydro-
climate variables, it has been a useful approach to dis-
entangle the relative importance of different climate
factors on ecosystem functions [60, 61]. We quanti-
fied the effect size of VPD, precipitation and CO, on
ecosystem function by calculating the absolute values
of AGPP%, AET% and APLKmax from each simu-
lation compared to the historic average.

3. Results

3.1. Climate and lateral flow effects on ecosystem
responses

At the focal site, a wide range of hydroclimate condi-
tions was projected by selected ESMs for the period
2081-2100 (figure 2, table S2). Compared to his-
toric conditions, mean annual temperature and pre-
cipitation were projected to increase. Future VPD
was estimated to increase by most models although
ESM inmcm suggested otherwise. Streamflow was
predicted to have earlier peaks and lower mean annual
flows. Forced by these hydroclimate inputs, predic-
tions of mortality risk, ET and GPP varied across
climate conditions projected by different ESMs and
RCPs, as expected (figure S3). Compared to his-
toric conditions, changes in future mortality risk
ranged from —30% to 40%, ET changes ranged from
—20% to 40%, and GPP was predicted to increase
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by 10%~70%. Compared to RCP4.5, the ecosys-
tem was likely to experience slightly higher mortal-
ity risk (p < 0.01 for one ESM, and p < 0.1 for two
ESMs), no significant differences in ET (p > 0.1), and
significantly higher GPP (p < 0.01) under RCP8.5
scenarios.

Predictions of ecosystem functions also varied by
whether or not considering lateral flow (figure 3, open
vs solid dots). Averaging across all ESM projections,
when climate and lateral flow were used together the
decline in PLKmax was negligible (~1.3%), com-
pared to a decrease of 13% when only climate was
considered. Similarly, increases in ET and GPP were
also much smaller than the anticipated increase pre-
dicted from only considering climate (figures 3(b)
and (c)). In particular, climate-only predictions sug-
gested decreasing PLKmax in three out of four ESMs
(figure S4), while incorporating lateral flow resulted
in little change or a slight increase (figure S3). This
discrepancy can be attributed to the fate of water sur-
plus during periods when water-savings from elev-
ated CO; exceeds plant water demand. Without lat-
eral flow, water surplus stays within the local soil
column and can be used to sustain plant water uptake
during future drought, which is the main mechan-
ism that elevated CO, buffers plant mortality risk.
However, with lateral flow, a water surplus flowed to
neighboring or downstream soil patches instead of
staying within the local soil column for future use.
Thus, the beneficial effects of elevated CO, on buf-
fering mortality risk were largely compromised when
lateral flow was accounted for. On the other hand,
when CO;-induced water savings were not sufficient
to counteract climatic drought, as projected by model
CNRM (figure 2), predictions with lateral flow sug-
gested lower PLKmax, and greater increases in ET
and GPP than climate-only predictions (figure 3).
This is because the lateral flow from streams into the
floodplain provided additional water supply to buffer
plants from drought stress.

The effect size of changing climate on ecosys-
tem functions were much smaller when lateral flow
was considered (figure 4, solid vs open bars). This
was consistent across different climate variables and
different ecosystem functions. In particular, elevated
CO; had smaller impacts on ET and PLKmax, com-
pared to its role in boosting GPP (figure 4(a)). Its
impact was further reduced when lateral flow was
considered. Finally, lateral flow had stronger influ-
ence over PLKmax, compared to its impacts on ET
and GPP, suggesting the critical role of lateral flow in
estimating mortality risk.

3.2. Landscape response to future hydroclimates

Within the same climatic forcing, lateral flow cre-
ated spatially heterogeneous responses across the
landscape, with two sets of emerging spatial patterns
(figures 5, S5 and S6). On the one hand, in a wetter
future such as the one suggested by inmcm RCP4.5,
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Figure 2. Future changes in annual mean temperature (AT), daytime vapor pressure deficit (AVPD), and total precipitation
(AP) and measured stream flow (historic) and predicted streamflow by different ESM for emission scenarios of RCP4.5

(a)—(d) and RCP8.5 (e)—(h).

mortality risk, ET and GPP either monotonically
decreased or increased in a direction moving away
from the stream channel (figures5(a)—(c)), or
equivalently, with increasing depth to water table
(figure 6). This result appeared in line with previous
suggestions that elevated CO, would benefit dry sites
the most [62—65]. However, sensitivity analysis sug-
gested the greater benefits towards upland areas (with
deep water table) was primarily due to higher precip-
itation that counteracted topography-driven lateral
flow (figures 6(a)—(c), green triangles). CO, boosted
GPP across the landscape, but minimally influenced
ET and PLKmax (figures 6(a)—(c), grey dots). On the
other hand, in a drier future predicted by MIROC
RCP8.5 (even though with increased precipitation,
figure 2(g)), trees in the intermediate zone between
the upland and the stream channel demonstrated a
distinct response that interrupted the monotonic pat-
tern (figures 5(d)—(f)). These trees experienced the
lowest increase in GPP and ET, and highest increase
in PLKmax across the landscape, primarily as a result
of declining streamflow (figures 6(d)—(f), blue circles)
acting on top of the opposing effects from precipita-
tion and VPD (figures 6(d)—(f), green triangles and
red crosses). Declining streamflow reduces the dis-
tance that lateral flow can travel into the floodplain.
Without additional water subsidy from the stream,

5

trees in the intermediate zone experienced higher
water stress and PLKmax, and suppressed GPP and
ET. Finally, the intermediate zone was highly vari-
able across ESMs and RCPs depending on the relative
strength of changes in CO,, streamflow, precipita-
tion, and VPD (figures 5, S5 and $6), highlighting the
need to solve transient lateral subsurface flows when
predicting the spatial variations of plant response
across the landscape.

4. Discussion

Improved understanding of the various mechanisms
underlying forest mortality is critical for future plan-
ning and management. While the impacts of cli-
mate factors on mortality risk have been examined,
the effects of lateral flow have been neglected. Here,
we employed a state-of-the-art, integrated plant
hydraulics-hydrology model to quantify the impacts
of lateral subsurface flows on ecosystem response
to future hydroclimate scenarios. We demonstrated
the critical role that lateral flow could have in
modulating future forest mortality risk (figure 3),
buffering ecosystem sensitivity to individual cli-
matic factors (figure 4), and creating heterogen-
eous responses across the landscape (figure 5).
Importantly, we found the water-saving and drought
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ameliorating effects of elevated CO, were much
smaller than previously anticipated after accounting
for lateral flow (figure 4(a)). Taken together, our
results provided supporting evidence that lateral
subsurface flow mediates ecosystem water dynam-
ics and thus should be incorporated into future
ESM developments [66] and evaluations of forest
mortality risk [28].

Elevated CO, strongly influenced the GPP boost
(figures 3 and 4), due to the well-known, carbon
fertilization effects [14—16] in the absence of nutri-
ent limitation [67, 68]. But its impact on ET and
mortality risk was limited, in contrast to previ-
ous studies suggesting elevated CO, will reduce ET,
increase soil moisture, and alleviate plant water stress
[22-26]. This is because water fluxes in the lateral
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Figure 5. Spatial distribution of landscape-scale responses of fractional changes in gross primary productivity (AGPP%) and
evapotranspiration (AET%), and changes in mortality risk (APLKmax) to future hydroclimate predicted by inmcm RCP4.5
(a)—(c) as an example of a wetter future, and by MIROC RCP8.5 as an example of a drier future. Color gradients represent the
magnitude and signs of relative changes compared to historic simulations. Dark blue cells represented the stream channel. The
spatial domain has a spatial resolution of 60 m, covering a river corridor area of 3 by 1.08 km.

direction removed extra water saved from stomatal
closure associated with elevated CO,, compromising
its potential benefit for local plants. Moreover, con-
current changes in VPD, precipitation and stream-
flow could overwhelm the water-saving effects of high
CO,, resulting in increases of both ET and PLKmax
(figure 3). This emphasized that future projections of
mortality risk should cover the entire manifold of cli-
mate and hydrological conditions as they will likely
occur in concert [28]. Taken together, the role of elev-
ated CO; in alleviating forest mortality risk is likely
to be smaller than previously anticipated from solely
from leaf-level stomatal closure.

Lateral flow from streams, or more broadly
groundwater storage, provided critical water sources
for plants when water from precipitation is not suf-
ficient to meet the water demand [12, 13]. But this
process has been ignored in previous investigations
of climate change droughts. Current ESMs collected
water surplus from the bottom of land cells, but do
not allow this water to go back to land and support

plant use as it travels across the landscape [34, 66].
However, the lateral redistribution of surface and
subsurface water has been shown to create systematic
variations in soil moisture, ET, productivity and
drought-induced tree mortality not only along river
corridors, but also in upland ecosystems [5, 69-71].
Neglecting lateral flow might lead to overestimation
of drought stress and mortality risk, such as the
climate-only predictions forced by CNRM (figure 3).
While our focal site was likely to receive higher precip-
itation, globally most land areas are likely to exper-
ience a warmer future with either less precipita-
tion or little change in precipitation [72, 73]. Thus,
subsurface flow will be critical in modulating the
future fates of forests that depend on water supply
from groundwater in addition to precipitation [74,
75]. Further, climate-driven changes in human water
demand and associated management practices may
intensify the effects of changing stream flow [76].
Moreover, previous studies emphasized the impacts
of growing season climate on plant function [27, 28],
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Figure 6. Relative changes in gross primary productivity (AGPP%; (a), (d)) and evapotranspiration (AET%; (b), (e)), and
changes in mortality risk (APLKmax; (c), (f)) versus averaged historic water table depth (WTD), based on simulations forced by
inmem RCP4.5 (a)—(c) and MIROC RCP8.5 (d)—(f), respectively. Inmcm RCP4.5 projects a future with higher precipitation,
temperature, streamflow and lower VPD, while MIROC RCP8.5 projected a future with higher precipitation, temperature, VPD
and lower streamflow. Symbol and colors represented different simulations using the full suite of future hydroclimate projections
(black dots) or using one future variable projection at a time (colored symbols).

but our results indicated non-growing season climate
could be equally important through processes that
recharge groundwater and contribute to the gener-
ation of streamflow, such as snowpack dynamics in
snow-dominated environment [77, 78].

Lateral subsurface flow created spatial heterogen-
eities of plant responses within the same ecosystem
(figures 5 and S5), which cannot be captured by
models that only consider vertical water fluxes [11,
74]. Trees distant from streams are minimally influ-
enced by stream flow and their response to future cli-
mate were essentially the same as upland trees [76].
Trees growing next to the stream had little change
in mortality risk, because they are completely buf-
fered from water stress due to persistent water sup-
ply from the stream [12], regardless of changes in
VPD and precipitation. Trees in the intermediate zone
demonstrated the most variable responses, depend-
ing on the interactions among stream flow, climate,
tree water uptake, gradients of soil water and gravity.

This integrated, dynamic response cannot be pre-
determined, and can only be captured by models
solving transient water fluxes through the soil-plant-
atmosphere continuum and across the landscape,
such as ParFlow-TREES. Further, the more com-
plete physics-based representations of water fluxes is
expected to be more robust when applied to novel
environmental conditions [79].

As in any modeling study, there were a num-
ber of assumptions that warrant further investiga-
tions. First, we used the maximum percentage loss
of hydraulic conductivity as a proxy of drought-
induced mortality risk. While hydraulic damage has
been successful in predicting several episodes of mor-
tality [5, 41, 46, 80], the exact cause and timing of
tree death remains complicated to pinpoint and addi-
tional processes might be critical [30, 81-85]. Second,
plant traits such as rooting depth were assumed uni-
form across the landscape, whereas plants acclimate
and adjust traits to their local environment [86-89].
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This lack of consideration might be responsible for
the model estimation of rather high PLKmax (~60%)
for some trees under historic conditions (figure 6(i)),
which was likely to be an overestimation. Finally, our
current study focused on the riparian corridor and
relied on ESM projected runoff to represent future
changes in streamflow. Future work should extend
to the whole watershed and explicitly investigate the
influence of changing climate and management prac-
tices on streamflow generation and plant water stress.

While our results should be regarded as poten-
tial responses in the absence of these limitations, they
illustrated how ecosystem response to elevated CO,
might deviate from prevailing expectations as lat-
eral subsurface flow is incorporated (figures 3 and 4).
The lateral transport of groundwater or stream water
could be critical mechanism for maintaining hotspots
of ecological refugia to changing climate (figure 5)
[90-92]. Since the future of groundwater and stream-
flow is highly uncertain [93] due to both direct
and indirect effects of climate change and manage-
ment decisions, particular focus should be devoted
to improve the representation of ecosystem water
dynamics when evaluating the response of ecosystem
to future climate and elevated CO,.

5. Conclusion

Using a state-of-the-art model that solves transient,
three-dimensional water fluxes, we quantified the
effects of lateral subsurface flow on ecosystem func-
tion and mortality risk to future climate projections.
We found lateral subsurface flow could strongly mod-
ulate future ecosystem functions and their sensitivity
to climatic factors both at the entire ecosystem scale
and across the landscape. These findings challenge
the prevailing expectation of elevated CO, to reduce
mortality risk and call for re-evaluation of vegetation
persistence in altered climatic and hydrological con-
ditions. Further, our results provide supporting evid-
ences of lateral flow as an imperative to incorporate
into ESMs.

Data availability statement

The data that support the findings of this study
are openly available at the following URL/DOL:
https://github.com/xiaonant/parflow-trees. CMIP5
data were downloaded from: http://data.ceda.ac.uk/
badc/cmip5/data/. Codes for ParFlow-TREES can be
obtained from GitHub (https://github.com/xiaonant/
parflow-trees).

Acknowledgments

We thank Dr John Sperry (University of Utah) for
informative discussions in the early stage of the
project. This work was funded by the National Science

X Tai et al

Foundation (NSF) through Grants I0S 1450679, IOS
1450650, DEB 2106030. The statements made in this
manuscript reflect the views of the authors and do not
necessarily reflect the views of the funding agencies.

References

[1] Allen C D, Breshears D D and McDowell N G 2015 On
underestimation of global vulnerability to tree mortality and
forest die-off from hotter drought in the Anthropocene
Ecosphere 6 1-55

[2] McDowell N G et al 2020 Pervasive shifts in forest dynamics
in a changing world Science 368 eaaz9463

[3] Bonan G B 2008 Forests and climate change: forcings,
feedbacks, and the climate benefits of forests science
320 1444-9

[4] Anderegg W R L, Kane ] M and Anderegg L D L 2013
Consequences of widespread tree mortality triggered by
drought and temperature stress Nat. Clim. Change
330-6

[5] Tai X, Mackay D S, Anderegg W R L, Sperry J S and

Brooks P D 2017 Plant hydraulics improves and topography

mediates prediction of aspen mortality in southwestern USA

New Phytol. 213 113-27

SperryJ S, Adler F, Campbell G and Comstock J 1998

Limitation of plant water use by rhizosphere and xylem

conductance: results from a model Plant Cell Environ.

21 347-59

Sperry J S, Venturas M D, Anderegg W R L, Mencuccini M,

Mackay D S, Wang Y and Love D M 2017 Predicting

stomatal responses to the environment from the

optimization of photosynthetic gain and hydraulic cost Plant

Cell Environ. 40 816-30

Bonan G B, Williams M, Fisher R A and Oleson K W 2014

Modeling stomatal conductance in the earth system: linking

leaf water-use efficiency and water transport along the

soil-plant—atmosphere continuum Geosci. Model. Dev.

7 2193-222

[9] McDowell N G et al 2013 Evaluating theories of

drought-induced vegetation mortality using a
multimodel-experiment framework New Phytol. 200 304-21

[10] Venturas M D, Sperry J S and Hacke U G 2017 Plant xylem
hydraulics: what we understand, current research, and future
challenges J. Integr. Plant Biol. 59 35689

[11] McDowell N G et al 2019 Mechanisms of a coniferous
woodland persistence under drought and heat Environ. Res.
Lett. 14 045014

[12] Tai X, Mackay D S, Sperry J S, Brooks P, Anderegg W R L,
Flanagan L B, Rood S B and Hopkinson C 2018 Distributed
plant hydraulic and hydrological modeling to understand the
susceptibility of riparian woodland trees to drought-induced
mortality Water Resour. Res. 54 4901-15

[13] Goulden M and Bales R 2019 California forest die-off linked
to multi-year deep soil drying in 2012-2015 drought Nat.
Geosci. 12 632-7

[14] Charney N D, Babst E, Poulter B, Record S, Trouet V M,
Frank D, Enquist B ] and Evans M E K 2016 Observed forest
sensitivity to climate implies large changes in 21st century
North American forest growth Ecol. Lett. 19 1119-28

[15] Norby R J and Zak D R 2011 Ecological lessons from free-air
CO; enrichment (FACE) experiments Annu. Rev. Ecol. Evol.
Syst. 42 181-203

[16] Ainsworth E A and Long S P 2005 What have we learned
from 15 years of free-air CO; enrichment (FACE)? A
meta-analytic review of the responses of photosynthesis,
canopy properties and plant production to rising CO, New
Phytol. 165 351-72

[17] Way D A, Oren R and Kroner Y 2015 The space-time

continuum: the effects of elevated CO, and temperature on

[6

[7

[8


https://github.com/xiaonant/parflow-trees
http://data.ceda.ac.uk/badc/cmip5/data/
http://data.ceda.ac.uk/badc/cmip5/data/
https://github.com/xiaonant/parflow-trees
https://github.com/xiaonant/parflow-trees
https://doi.org/10.1890/ES15-00203.1
https://doi.org/10.1890/ES15-00203.1
https://doi.org/10.1126/science.aaz9463
https://doi.org/10.1126/science.aaz9463
https://doi.org/10.1126/science.1155121
https://doi.org/10.1126/science.1155121
https://doi.org/10.1038/nclimate1635
https://doi.org/10.1038/nclimate1635
https://doi.org/10.1111/nph.14098
https://doi.org/10.1111/nph.14098
https://doi.org/10.1046/j.1365-3040.1998.00287.x
https://doi.org/10.1046/j.1365-3040.1998.00287.x
https://doi.org/10.1111/pce.12852
https://doi.org/10.1111/pce.12852
https://doi.org/10.5194/gmd-7-2193-2014
https://doi.org/10.5194/gmd-7-2193-2014
https://doi.org/10.1111/nph.12465
https://doi.org/10.1111/nph.12465
https://doi.org/10.1111/jipb.12534
https://doi.org/10.1111/jipb.12534
https://doi.org/10.1088/1748-9326/ab0921
https://doi.org/10.1088/1748-9326/ab0921
https://doi.org/10.1029/2018WR022801
https://doi.org/10.1029/2018WR022801
https://doi.org/10.1038/s41561-019-0388-5
https://doi.org/10.1038/s41561-019-0388-5
https://doi.org/10.1111/ele.12650
https://doi.org/10.1111/ele.12650
https://doi.org/10.1146/annurev-ecolsys-102209-144647
https://doi.org/10.1146/annurev-ecolsys-102209-144647
https://doi.org/10.1111/j.1469-8137.2004.01224.x
https://doi.org/10.1111/j.1469-8137.2004.01224.x

10P Publishing

Environ. Res. Lett. 16 (2021) 084015

trees and the importance of scaling Plant Cell Environ.
38 991-1007

[18] Wullschleger S, Tschaplinski T and Norby R 2002 Plant water
relations at elevated CO,—implications for water-limited
environments Plant Cell Environ. 25 319-31

[19] Holtum J A M and Winter K 2010 Elevated [CO,] and forest
vegetation: more a water issue than a carbon issue? Funct.
Plant Biol. 37 694-702

[20] Knauer ], Zaehle S, Reichstein M, Medlyn B E, Forkel M,
Hagemann S and Werner C 2017 The response of ecosystem
water-use efficiency to rising atmospheric CO,
concentrations: sensitivity and large-scale biogeochemical
implications New Phytol. 213 1654-66

[21] Warren J M, Pétzelsberger E, Wullschleger S D,
Thornton P E, Hasenauer H and Norby R ] 2011
Ecohydrologic impact of reduced stomatal conductance in
forests exposed to elevated CO, Ecohydrology 4 196-210

[22] Leuzinger S and Karner C 2010 Rainfall distribution is the
main driver of runoff under future CO,-concentration in a
temperate deciduous forest Glob. Change Biol. 16 246-54

[23] Cao L, Bala G, Caldeira K, Nemani R and Ban-Weiss G 2010
Importance of carbon dioxide physiological forcing to future
climate change Proc. Natl Acad. Sci. 107 9513-8

[24] Betts R A et al 2007 Projected increase in continental runoff
due to plant responses to increasing carbon dioxide Nature
448 1037-41

[25] Nowak R S, Ellsworth D S and Smith S D 2004 Functional
responses of plants to elevated atmospheric CO,—do
photosynthetic and productivity data from FACE
experiments support early predictions? New Phytol.
162 253-80

[26] Lemordant L, Gentine P, Swann A S, Cook B I and Scheff ]
2018 Critical impact of vegetation physiology on the
continental hydrologic cycle in response to increasing CO,
Proc. Natl Acad. Sci. 115 40938

[27] Liu Y, Parolari A J, Kumar M, Huang C-W, Katul G G and
Porporato A 2017 Increasing atmospheric humidity and
CO; concentration alleviate forest mortality risk Proc. Natl
Acad. Sci. 114 9918-23

[28] Sperry] S, Venturas M D, Todd H N, Trugman A T,
Anderegg W R L, Wang Y and Tai X 2019 The impact of
rising CO; and acclimation on the response of US forests to
global warming Proc. Natl Acad. Sci. 116 25734—44

[29] De Kauwe M G et al 2020 Identifying areas at risk of
drought-induced tree mortality across South-Eastern
Australia Glob. Change Biol. 26 5716-33

[30] Brodribb T J, Powers J, Cochard H and Choat B 2020
Hanging by a thread? Forests and drought Science 368 261-6

[31] Wilcox B P, Breshears D D and Allen C D 2003 Ecohydrology
of a resource-conserving semiarid woodland: effects of scale
and disturbance Ecol. Monogr. 73 223-39

[32] Shen C, Niu J and Phanikumar M S 2013 Evaluating controls
on coupled hydrologic and vegetation dynamics in a humid
continental climate watershed using a subsurface-land
surface processes model Water Resour. Res. 49 255272

[33] Tague C L, Moritz M and Hanan E 2019 The changing water
cycle: the eco-hydrologic impacts of forest density reduction
in Mediterranean (seasonally dry) regions Wiley Interdiscip.
Rev. Water 6 1350

[34] FanY 2015 Groundwater in the Earth’s critical zone:
relevance to large-scale patterns and processes Water Resour.
Res. 51 305269

[35] Newman B D, Wilcox B P, Archer S R, Breshears D D,
Dahm C N, Duffy C J, McDowell N G, Phillips F M,
Scanlon B R and Vivoni E R 2006 Ecohydrology of
water-limited environments: a scientific vision Water Resour.
Res. 42

[36] Fisher R A et al 2017 Vegetation Demographics in Earth
System Models: a review of progress and priorities Glob.
Change Biol. 24 35-54

[37] Simeone C, Maneta M P, Holden Z A, Sapes G, Sala A and
Dobrowski S Z 2018 Coupled ecohydrology and plant
hydraulics modeling predicts ponderosa pine seedling

10

X Tai et al

mortality and lower treeline in the US Northern Rocky
Mountains New Phytol. 221 1814-30

[38] Anderegg W R, Berry ] A, Smith D D, SperryJ S,
Anderegg L D and Field C B 2012 The roles of hydraulic and
carbon stress in a widespread climate-induced forest die-off
Proc. Natl Acad. Sci. 109 2337

[39] Anderegg W R L, Flint A, Huang C-Y, Flint L, Berry J A,
Davis F W, Sperry J S and Field C B 2015 Tree mortality
predicted from drought-induced vascular damage Nat.
Geosci. 8 367-71

[40] Adams H D et al 2017 A multi-species synthesis of
physiological mechanisms in drought-induced tree mortality
Nat. Ecol. Evol. 1 1285

[41] Venturas M D, Sperry J S, Love D M, Frehner E H,
Allred M G, Wang Y and Anderegg W R L 2018 A stomatal
control model based on optimization of carbon gain versus
hydraulic risk predicts aspen sapling responses to drought
New Phytol. 220 836-50

[42] Hammond W M, Yu K, Wilson L A, WillR E,
Anderegg W R L and Adams H D 2019 Dead or dying?
Quantifying the point of no return from hydraulic failure in
drought-induced tree mortality New Phytol. 223 1834-43

[43] Larsen S, Muehlbauer ] D and Marti E 2016 Resource
subsidies between stream and terrestrial ecosystems under
global change Glob. Change Biol. 22 2489-504

[44] Mackay D S, Roberts D E, Ewers B E, Sperry J S,
McDowell N G and Pockman W T 2015 Interdependence of
chronic hydraulic dysfunction and canopy processes can
improve integrated models of tree response to drought Water
Resour. Res. 51 615676

[45] Kollet S J and Maxwell R M 2008 Capturing the influence of
groundwater dynamics on land surface processes using an
integrated, distributed watershed model Water Resour. Res.
44 n/a

[46] Tai X et al 2019 Plant hydraulic stress explained tree
mortality and tree size explained beetle attack in a mixed
conifer forest J. Geophys. Res.: Biogeosci. 124 3555-68

[47] Rihani J F, Maxwell R M and Chow F K 2010 Coupling
groundwater and land surface processes: idealized
simulations to identify effects of terrain and subsurface
heterogeneity on land surface energy fluxes Water Resour.
Res. 46

[48] Maxwell R M et al 2016 ParFlow user’s manual. Center IGM
Report No.: Report GWMI 2016-01 p 167

[49] Love D et al 2018 Dependence of aspen stands on a
subsurface water subsidy: implications for climate change
impacts Water Resour. Res. 55 1833-48

[50] WangY, Sperry J S, Venturas M D, Trugman A T, Love D M,
Anderegg W R L and Mikeld A 2019 The stomatal response
to rising CO; concentration and drought is predicted by a
hydraulic trait-based optimization model Tree Physiol.
39 1416-27

[51] Eller C B et al 2020 Stomatal optimization based on xylem
hydraulics (SOX) improves land surface model simulation of
vegetation responses to climate New Phytol. 226 1622-37

[52] Sabot M E B, De Kauwe M G, Pitman A J, Medlyn B E,
Verhoef A, Ukkola A M and Abramowitz G 2020 Plant profit
maximization improves predictions of European forest
responses to drought New Phytol. 226 163855

[53] Bassiouni M and Vico G 2021 Parsimony vs predictive and
functional performance of three stomatal optimization
principles in a big-leaf framework New Phytol. 231 586—600

[54] WangY, Sperry ] S, Anderegg W R L, Venturas M D and
Trugman A T 2020 A theoretical and empirical assessment of
stomatal optimization modeling New Phytol. 227 311-25

[55] Flanagan L B, Orchard T E, Logie G S J, Coburn C A and
Rood S B 2017 Water use in a riparian cottonwood
ecosystem: eddy covariance measurements and scaling along
a river corridor Agric. For. Meteorol. 232 332—48

[56] Barr A G, Black T, Hogg E, Kljun N, Morgenstern K and
Nesic Z 2004 Inter-annual variability in the leaf area index of
a boreal aspen-hazelnut forest in relation to net ecosystem
production Agric. For. Meteorol. 126 237-55


https://doi.org/10.1111/pce.12527
https://doi.org/10.1111/pce.12527
https://doi.org/10.1046/j.1365-3040.2002.00796.x
https://doi.org/10.1046/j.1365-3040.2002.00796.x
https://doi.org/10.1071/FP10001
https://doi.org/10.1071/FP10001
https://doi.org/10.1111/nph.14288
https://doi.org/10.1111/nph.14288
https://doi.org/10.1002/eco.173
https://doi.org/10.1002/eco.173
https://doi.org/10.1111/j.1365-2486.2009.01937.x
https://doi.org/10.1111/j.1365-2486.2009.01937.x
https://doi.org/10.1073/pnas.0913000107
https://doi.org/10.1073/pnas.0913000107
https://doi.org/10.1038/nature06045
https://doi.org/10.1038/nature06045
https://doi.org/10.1111/j.1469-8137.2004.01033.x
https://doi.org/10.1111/j.1469-8137.2004.01033.x
https://doi.org/10.1073/pnas.1720712115
https://doi.org/10.1073/pnas.1720712115
https://doi.org/10.1073/pnas.1704811114
https://doi.org/10.1073/pnas.1704811114
https://doi.org/10.1073/pnas.1913072116
https://doi.org/10.1073/pnas.1913072116
https://doi.org/10.1111/gcb.15215
https://doi.org/10.1111/gcb.15215
https://doi.org/10.1126/science.aat7631
https://doi.org/10.1126/science.aat7631
https://doi.org/10.1890/0012-9615(2003)073[0223:EOARSW]2.0.CO;2
https://doi.org/10.1890/0012-9615(2003)073[0223:EOARSW]2.0.CO;2
https://doi.org/10.1002/wrcr.20189
https://doi.org/10.1002/wrcr.20189
https://doi.org/10.1002/wat2.1350
https://doi.org/10.1002/wat2.1350
https://doi.org/10.1002/2015WR017037
https://doi.org/10.1002/2015WR017037
https://doi.org/10.1029/2005WR004141
https://doi.org/10.1111/gcb.13910
https://doi.org/10.1111/gcb.13910
https://doi.org/10.1111/nph.15499
https://doi.org/10.1111/nph.15499
https://doi.org/10.1073/pnas.1107891109
https://doi.org/10.1073/pnas.1107891109
https://doi.org/10.1038/ngeo2400
https://doi.org/10.1038/ngeo2400
https://doi.org/10.1038/s41559-017-0248-x
https://doi.org/10.1038/s41559-017-0248-x
https://doi.org/10.1111/nph.15333
https://doi.org/10.1111/nph.15333
https://doi.org/10.1111/nph.15922
https://doi.org/10.1111/nph.15922
https://doi.org/10.1111/gcb.13182
https://doi.org/10.1111/gcb.13182
https://doi.org/10.1002/2015WR017244
https://doi.org/10.1002/2015WR017244
https://doi.org/10.1029/2007WR006004
https://doi.org/10.1029/2007WR006004
https://doi.org/10.1029/2019JG005272
https://doi.org/10.1029/2019JG005272
https://doi.org/10.1029/2010WR009111
https://doi.org/10.1029/2018WR023468
https://doi.org/10.1029/2018WR023468
https://doi.org/10.1093/treephys/tpz038
https://doi.org/10.1093/treephys/tpz038
https://doi.org/10.1111/nph.16419
https://doi.org/10.1111/nph.16419
https://doi.org/10.1111/nph.16376
https://doi.org/10.1111/nph.16376
https://doi.org/10.1111/nph.17392
https://doi.org/10.1111/nph.17392
https://doi.org/10.1111/nph.16572
https://doi.org/10.1111/nph.16572
https://doi.org/10.1016/j.agrformet.2016.08.024
https://doi.org/10.1016/j.agrformet.2016.08.024
https://doi.org/10.1016/j.agrformet.2004.06.011
https://doi.org/10.1016/j.agrformet.2004.06.011

10P Publishing

Environ. Res. Lett. 16 (2021) 084015

[57] Syed K H, Flanagan L B, Carlson P J, Glenn A J and van
Gaalen K E 2006 Environmental control of net ecosystem
CO; exchange in a treed, moderately rich fen in northern
Alberta Agric. For. Meteorol. 140 97-114

[58] Sheffield J, Goteti G and Wood E F 2006 Development of a
50 year high-resolution global dataset of meteorological
forcings for land surface modeling J. Clim. 19 3088111

[59] Koirala S, Hirabayashi Y, Mahendran R and Kanae S 2014
Global assessment of agreement among streamflow
projections using CMIP5 model outputs Environ. Res. Lett.
9 064017

[60] Zeng Z et al 2017 Climate mitigation from vegetation
biophysical feedbacks during the past three decades Nat.
Clim. Change 7 432—6

[61] Yuan W et al 2019 Increased atmospheric vapor pressure
deficit reduces global vegetation growth Sci. Adv. 5 eaax1396

[62] Fatichi S, Leuzinger S, Paschalis A, Langley J A,
Barraclough A D and Hovenden M ] 2016 Partitioning direct
and indirect effects reveals the response of water-limited
ecosystems to elevated CO, Proc. Natl Acad. Sci.
113 12757-62

[63] Drake B G, Gonzalez-Meler M A and Long S P 1997 More
efficient plants: a consequence of rising atmospheric CO,?
Annu. Rev. Plant Biol. 48 609-39

[64] McMurtrie R E, Norby R J, Medlyn B E, Dewar R C,
Pepper D A, Reich P B and Barton C V M 2008 Why is
plant-growth response to elevated CO, amplified when
water is limiting, but reduced when nitrogen is limiting? A
growth-optimisation hypothesis Funct. Plant Biol.
35521-34

[65] Donohue R J, Roderick M L, McVicar T R and Farquhar G D
2013 Impact of CO, fertilization on maximum foliage cover
across the globe’s warm, arid environments Geophys. Res.
Lett. 40 3031-5

[66] Fan'Y et al 2019 Hillslope hydrology in global change
research and earth system modeling Water Resour. Res.
551737-72

[67] Reich P B, Hobbie S E and Lee T D 2014 Plant growth
enhancement by elevated CO, eliminated by joint water and
nitrogen limitation Nat. Geosci. 7 9204

[68] Ellsworth D S et al 2017 Elevated CO; does not increase
eucalypt forest productivity on a low-phosphorus soil Nat.
Clim. Change 7 279-82

[69] Tai X, Anderegg W R L, Blanken P D, Burns S P,
Christensen L and Brooks P D 2020 Hillslope hydrology
influences the spatial and temporal patterns of remotely
sensed ecosystem productivity Water Resour. Res.
56 €2020WR027630

[70] Thompson S E, Harman C J, Troch P A, Brooks P D and
Sivapalan M 2011 Spatial scale dependence of
ecohydrologically mediated water balance partitioning: a
synthesis framework for catchment ecohydrology Water
Resour. Res. 47

[71] Swetnam T L, Brooks P D, Barnard H R, Harpold A A and
Gallo E L 2017 Topographically driven differences in energy
and water constrain climatic control on forest carbon
sequestration Ecosphere 8 01797

[72] Andreadis K M and Lettenmaier D P 2006 Trends in 20th
century drought over the continental United States Geophys.
Res. Lett. 33

[73] Sherwood S and Fu Q 2014 A drier future? Science 343 737-9

[74] Fan'Y, Miguez-Macho G, Jobbagy E G, Jackson R B and
Otero-Casal C 2017 Hydrologic regulation of plant rooting
depth Proc. Natl Acad. Sci. 114 105727

11

X Tai et al

[75] Phillips R P, Ibafiez I, D’Orangeville L, Hanson P J,

Ryan M G and McDowell N G 2016 A belowground

perspective on the drought sensitivity of forests: towards

improved understanding and simulation For. Ecol. Manage.

380 309-20

Perry L G, Andersen D C, Reynolds L V, Nelson S M and

Shafroth P B 2012 Vulnerability of riparian ecosystems to

elevated CO, and climate change in arid and semiarid

western North America Glob. Change Biol. 18 82142

[77] Barnett T P, Adam J C and Lettenmaier D P 2005 Potential
impacts of a warming climate on water availability in
snow-dominated regions Nature 438 303

[78] Harpold A A and Brooks P D 2018 Humidity determines
snowpack ablation under a warming climate Proc. Natl Acad.
Sci. 115 1215-20

[79] Clark M P et al 2015 Improving the representation of
hydrologic processes in Earth System Models Water Resour.
Res. 51 5929-56

[80] Johnson D M et al 2018 Co-occurring woody species have
diverse hydraulic strategies and mortality rates during an
extreme drought Plant Cell Environ. 41 576-88

[81] Waring R H 1987 Characteristics of trees predisposed to die
Bioscience 37 569-74

[82] Franklin J E, Shugart H and Harmon M E 1987 Tree death as
an ecological process BioScience 37 550—6

[83] Ruehr N K, Grote R, Mayr S and Arneth A 2019 Beyond the
extreme: recovery of carbon and water relations in woody
plants following heat and drought stress Tree Physiol.
39 1285-99

[84] Choat B, Brodribb T J, Brodersen C R, Duursma R A,
Lopez R and Medlyn B E 2018 Triggers of tree mortality
under drought Nature 558 531-9

[85] Venturas M D, Todd H N, Trugman A T and Anderegg W R L
2021 Understanding and predicting forest mortality in the
western United States using long-term forest inventory data
and modeled hydraulic damage New Phytol. 230 1896-910

[86] Oliveira R S et al 2019 Embolism resistance drives the
distribution of Amazonian rainforest tree species along
hydro-topographic gradients New Phytol. 221 1457-65

[87] Guswa A J 2008 The influence of climate on root depth: a
carbon cost-benefit analysis Water Resour. Res. 44

[88] Guswa A J 2010 Effect of plant uptake strategy on the
water—optimal root depth Water Resour. Res. 46

[89] Mackay D S, Savoy P R, Grossiord C, Tai X, Pleban J R,
Wang D R, McDowell N G, Adams H D and Sperry J S 2020
Conifers depend on established roots during drought: results
from a coupled model of carbon allocation and hydraulics
New Phytol. 225 679-92

[90] Nadal-Sala D, Medlyn B E, Ruehr N K, Barton CV M,
Ellsworth D S, Gracia C, Tissue D T, Tjoelker M G and
Sabaté S 2021 Increasing aridity will not offset CO,
fertilization in fast-growing eucalypts with access to deep soil
water Glob. Change Biol. 27 2970-90

[91] Mu M, De Kauwe M G, Ukkola A M, Pitman A J,
Gimeno T E, Medlyn B E, Or D, Yang J and Ellsworth D §
2021 Evaluating a land surface model at a water-limited site:
implications for land surface contributions to droughts and
heatwaves Hydrol. Earth Syst. Sci. 25 447-71

[92] Christina M, Nouvellon Y, Laclau J-P, Stape J L, Bouillet J-P,
Lambais G R and Maire G 2017 Importance of deep water
uptake in tropical eucalypt forest Funct. Ecol. 31 509-19

[93] Milly P C, Dunne K A and Vecchia A V 2005 Global pattern
of trends in streamflow and water availability in a changing
climate Nature 438 347-50

[76


https://doi.org/10.1016/j.agrformet.2006.03.022
https://doi.org/10.1016/j.agrformet.2006.03.022
https://doi.org/10.1175/JCLI3790.1
https://doi.org/10.1175/JCLI3790.1
https://doi.org/10.1088/1748-9326/9/6/064017
https://doi.org/10.1088/1748-9326/9/6/064017
https://doi.org/10.1038/nclimate3299
https://doi.org/10.1038/nclimate3299
https://doi.org/10.1126/sciadv.aax1396
https://doi.org/10.1126/sciadv.aax1396
https://doi.org/10.1073/pnas.1605036113
https://doi.org/10.1073/pnas.1605036113
https://doi.org/10.1146/annurev.arplant.48.1.609
https://doi.org/10.1146/annurev.arplant.48.1.609
https://doi.org/10.1071/FP08128
https://doi.org/10.1071/FP08128
https://doi.org/10.1002/grl.50563
https://doi.org/10.1002/grl.50563
https://doi.org/10.1029/2018WR023903
https://doi.org/10.1029/2018WR023903
https://doi.org/10.1038/ngeo2284
https://doi.org/10.1038/ngeo2284
https://doi.org/10.1038/nclimate3235
https://doi.org/10.1038/nclimate3235
https://doi.org/10.1029/2020WR027630
https://doi.org/10.1029/2020WR027630
https://doi.org/10.1029/2010WR009998
https://doi.org/10.1002/ecs2.1797
https://doi.org/10.1002/ecs2.1797
https://doi.org/10.1029/2006GL025711
https://doi.org/10.1126/science.1247620
https://doi.org/10.1126/science.1247620
https://doi.org/10.1016/j.foreco.2016.08.043
https://doi.org/10.1016/j.foreco.2016.08.043
https://doi.org/10.1111/j.1365-2486.2011.02588.x
https://doi.org/10.1111/j.1365-2486.2011.02588.x
https://doi.org/10.1038/nature04141
https://doi.org/10.1038/nature04141
https://doi.org/10.1073/pnas.1716789115
https://doi.org/10.1073/pnas.1716789115
https://doi.org/10.1002/2015wr017096
https://doi.org/10.1002/2015wr017096
https://doi.org/10.1111/pce.13121
https://doi.org/10.1111/pce.13121
https://doi.org/10.2307/1310667
https://doi.org/10.2307/1310667
https://doi.org/10.2307/1310665
https://doi.org/10.2307/1310665
https://doi.org/10.1093/treephys/tpz032
https://doi.org/10.1093/treephys/tpz032
https://doi.org/10.1038/s41586-018-0240-x
https://doi.org/10.1038/s41586-018-0240-x
https://doi.org/10.1111/nph.17043
https://doi.org/10.1111/nph.17043
https://doi.org/10.1111/nph.15463
https://doi.org/10.1111/nph.15463
https://doi.org/10.1029/2007WR006384
https://doi.org/10.1029/2010WR009122
https://doi.org/10.1111/nph.16043
https://doi.org/10.1111/nph.16043
https://doi.org/10.1111/gcb.15590
https://doi.org/10.1111/gcb.15590
https://doi.org/10.5194/hess-25-447-2021
https://doi.org/10.5194/hess-25-447-2021
https://doi.org/10.1111/1365-2435.12727
https://doi.org/10.1111/1365-2435.12727
https://doi.org/10.1038/nature04312
https://doi.org/10.1038/nature04312

	Lateral subsurface flow modulates forest mortality risk to future climate and elevated CO2    
	1. Introduction
	2. Method
	2.1. Model and evaluation
	2.2. Historic and future hydroclimate
	2.3. Numerical simulations

	3. Results
	3.1. Climate and lateral flow effects on ecosystem responses
	3.2. Landscape response to future hydroclimates

	4. Discussion
	5. Conclusion
	Acknowledgments
	References


