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Coupled ecohydrology and plant hydraulics modeling predicts
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 We modeled hydraulic stress in ponderosa pine seedlings at multiple scales to examine its
influence on mortality and forest extent at the lower treeline in the northern Rockies.
 We combined a mechanistic ecohydrologic model with a vegetation dynamic stress index
incorporating intensity, duration and frequency of hydraulic stress events, to examine mortality from loss of hydraulic conductivity. We calibrated our model using a glasshouse dry-down
experiment and tested it using in situ monitoring data on seedling mortality from reforestation
efforts. We then simulated hydraulic stress and mortality in seedlings within the Bitterroot
River watershed of Montana.
 We show that cumulative hydraulic stress, its legacy and its consequences for mortality are
predictable and can be modeled at local to landscape scales. We demonstrate that topographic controls on the distribution and availability of water and energy drive spatial patterns
of hydraulic stress. Low-elevation, south-facing, nonconvergent locations with limited
upslope water subsidies experienced the highest rates of modeled mortality.
 Simulated mortality in seedlings from 2001 to 2015 correlated with the current distribution
of forest cover near the lower treeline, suggesting that hydraulic stress limits recruitment and
ultimately constrains the low-elevation extent of conifer forests within the region.

Introduction
Forest cover is predicted to decline in the western US in the next
century, due in part to increased hydraulic stress associated with
climate change (Van Mantgem et al., 2009; Jiang et al., 2013;
Hartmann et al., 2015; McDowell et al., 2016). These predictions are consistent with observed shifts in ecosystem composition (Walther et al., 2002; Parmesan & Yohe, 2003) and with
increases in the frequency and magnitude of hydraulic stressinduced forest mortality events over the last two decades (Allen
et al., 2010, 2015). Increasing air temperatures are extensively
documented over much of the western US (Christensen et al.,
2007; IPCC, 2015) and compound the effects of water limitations through increased evaporative demand (Weiss et al., 2009;
Williams et al., 2013). More frequent drier and warmer periods
are expected to impact the distribution of common low-elevation
species in the western US, such as ponderosa pine (Pinus
ponderosa) (Coops et al., 2005; Rehfeldt et al., 2014). These
impacts will occur not only through mature tree die-off events
(Allen & Breshears, 1998) but also through a decline in the
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frequency of climatic conditions favorable for seedling establishment, especially along the low-elevation, drier margin of these
species’ ranges (Rother et al., 2015; Petrie et al., 2016). While
recruitment dynamics have been studied extensively at the upper
treeline (Smith et al., 2009; Kueppers et al., 2017), less is known
about the lower treeline (the forest boundary dictated by water
limitations). Loss of seedling recruitment at the lower treeline
could dramatically decrease the distribution of forest cover, given
the high edge : area ratios of low-elevation forest boundaries.
Here, we take an experimental and modeling approach to address
whether the distribution of landscape-scale hydraulic stress in
seedlings predicts seedling mortality and controls the position of
the lower treeline.
Forest demography, composition and distribution are sensitive
to recruitment rates of different tree species (Petrie et al., 2016),
which in turn are sensitive to hydraulic stress (Savage et al., 1996;
Dobrowski et al., 2015). Although the same physical principles
drive water transport in seedlings and adult trees, seedlings and
saplings are more vulnerable to hydraulic stress-induced mortality
than older trees due to a variety of factors, including limited
Ó 2018 The Authors
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buffering capacity and less access to deeper groundwater (Harcombe, 1987; Johnson et al., 2011; Bell et al., 2014). Understanding seedling responses to hydraulic stress is essential to
assessing the stability of current forest boundaries and to identifying forested regions that are vulnerable to ecosystem transitions
(Bell et al., 2014; Petrie et al., 2017).
Important advances in understanding tree mortality have
emerged from characterizing the soil–plant–atmosphere continuum (SPAC). Limited soil water supply, particularly under high
atmospheric demand, leads to increasingly negative water potentials in the xylem. Low water potentials drive cavitation-induced
xylem embolism, reducing plant hydraulic conductivity and
impairing a plant’s ability to transport water (Tyree & Sperry,
1988; Tyree, 1997; Sperry et al., 1998; Venturas et al., 2017).
Large losses of conductivity have been linked to hydraulic stressinduced mortality (Adams et al., 2017; Martınez-Vilalta &
Garcia-Forner, 2017). In addition to potential phloem failure
(Reinhardt et al., 2015), severe losses of conductivity cause
hydraulic failure (McDowell et al., 2008; Sevanto et al., 2014),
while more prolonged, less severe periods of hydraulic stress cause
both hydraulic impairment and carbohydrate depletion (Moyes
et al., 2013; Reinhardt et al., 2015; Adams et al., 2017), leading
to cascading system failures (Anderegg et al., 2012). Experimentally determined water potential thresholds of hydraulic impairment (Choat et al., 2012) have been used to map mortality risk
using correlative metrics such as temperature and climatic water
deficit (Williams et al., 2013; Anderegg et al., 2015a). Alternative
studies have used mechanistic models to simulate plant water
potential, loss of xylem conductivity and plant carbon status to
predict plant responses to drought and mortality (Mackay et al.,
2003; Ogee et al., 2003; McDowell et al., 2013; Tai et al., 2017,
2018). To reduce computational costs, mechanistic models are
often run over small domains (Tai et al., 2018), are forced with
meteorological data that are too coarse to resolve topoclimatatic
influences (McDowell et al., 2016), or use terrain indices rather
than fully integrated methods of addressing topographic controls
on hydrology (Tai et al., 2017). Despite their increased complexity, mechanistic approaches have the advantage of being transferrable across scales and conditions and provide an opportunity
for process insight that is not possible with correlative methods.
Despite advances in our understanding of the relationship
between water limitations and tree mortality (Sperry et al., 1998;
McDowell, 2011; Martınez-Vilalta & Garcia-Forner, 2017; Venturas et al., 2017), our ability to predict landscape-scale hydraulic
stress-induced tree mortality remains limited. The linkages
between plant hydraulic stress and tree mortality are complex and
vary between species and growth stages. These linkages also
depend on climate and physical processes that vary at fine spatial
scales in regions of complex topography (L. D. L. Anderegg et al.,
2013). In addition, varying intensity, duration and frequency of
hydraulic stress have been shown to be important in hydraulic
stress-induced mortality (Porporato et al., 2001; Mitchell et al.,
2013).
Legacy effects of prior drought stress events result from a series
of responses that prevent plants from recovering their status
(whether in the short or longer term) to that before the stress
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event once the event has ended (Anderegg et al., 2015b; Pellizzari
et al., 2016; Huang et al., 2018; Serra-Maluquer et al., 2018; Wu
et al., 2018). For instance, hydraulic deterioration as a result of
cavitation fatigue (Hacke et al., 2001) has been shown to limit
recovery after drought (L. D. L. Anderegg et al., 2013). Likewise,
carbon demand to offset root mortality (Worrall et al., 2008)
during drought or to produce new xylem when drought-damaged
xylem cannot be repaired (Brodribb et al., 2010) also limit
drought recovery. These effects are rarely incorporated in models,
which instead use percentage loss of conductivity in the xylem
(PLC) at a single point in time or a seasonal mean of PLC to
estimate mortality. As a result, we have a limited understanding
of how the dynamics of stress duration, intensity and legacy
effects drive mortality.
In this study, we develop a mechanistic ecohydrologic model
to simulate landscape-scale water and energy exchanges and their
influence on plant hydraulic function. We used the model in
conjunction with a glasshouse experiment of ponderosa pine
seedling mortality to (1) calibrate plant hydraulic parameters and
(2) determine the functional dependence of seedling mortality
risk on declining xylem hydraulic function. Our approach uses
statistics of the mechanistically derived measures of plant stress
under the assumption that a sequence of events (periods of stress)
of different duration and intensities accumulates plant hydraulic
stress-induced fatigue, thus increasing the likelihood of mortality.
We tested the model on seedling mortality data from US Forest
Service (USFS) reforestation efforts. We then applied the model
in a semiarid watershed in western Montana and compared the
spatial distribution of simulated seedling hydraulic stress with
forest cover with the goal of understanding hydroclimatic limits
on tree regeneration. Specifically, we investigate how topographic
controls on water and energy fluxes drive seedling exposure to
hydraulic stress, and how the spatial distribution of these stresses
may drive vulnerability of the lower treeline at landscape scales.

Materials and Methods
Ecohydrologic model
We extend an ecohydrologic model, Ech2o (Maneta & Silverman, 2013), to investigate the impact of the redistribution of
water and energy at the landscape scale on plant xylem hydraulic
stress. Ech2o is a spatially distributed, mechanistic model that
couples a two-layer vertical solution of the energy balance, a
water balance with lateral and vertical water redistribution based
on the kinematic wave, and a dynamic vegetation growth scheme.
Ech2o has an intermediate level of complexity compared to other
ecohydrologic models, bridging a gap between catchment hydrology models and comprehensive land surface models that simulate
energy, water and biotic interactions within the critical zone.
Because of its relatively parsimonious design, Ech2o can run efficiently over large domains at relatively high spatial and temporal
resolutions. We coupled Ech2o with a plant hydraulics model
(Ech2o-SPAC) to simulate dynamic SPAC processes in a fully
integrated manner across landscape gradients of energy and
water.
New Phytologist (2019) 221: 1814–1830
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Maneta & Silverman (2013), Lozano-Parra et al. (2014) and
Kuppel et al. (2018) comprehensively describe Ech2o. We
provide an overview of the processes it incorporates in Supporting Information Methods S1. Extensions and developments
specific for this research including the SPAC formulation and
changes to the soil hydrology, stomatal resistance and channel
routing processes are described in the next section and in
Methods S1 and S2.
Plant hydraulics component
Water transport through the SPAC is a function of water potential gradients within the xylem according to the cohesion–tension
theory (Sperry et al., 1998). Cavitation-induced embolisms occur
when steep tension gradients between soil and the atmosphere
along the SPAC overcome the strength of the water column at
nucleation points (Tyree, 1997; Venturas et al., 2017). These
events reduce the plant’s capacity to transport water and at high
rates lead to hydraulic failure and death. Our model simulates
the tension gradient driving water lift by solving SPAC transfers
between a soil–root node and a canopy–atmosphere node using a
formulation similar to that of Daly et al. (2004). The SPAC is
simulated with a system of four nonlinear equations (soil water
balance, soil water potential energy, plant water flux and plant
water potential balance, and canopy energy balance) with four
unknowns (plant-available soil moisture hr, soil water potential
ws, leaf water potential wleaf and canopy temperature Tc). The
equations are solved simultaneously at 3-h time steps for each
vegetation type in every cell of the modeling domain using an
iterative Newton–Raphson scheme (see Eqn S1 in Methods S2
for details). The solution of the SPAC equations produces,
among other things, time series of leaf water potential that are
used to determine loss of whole plant conductivity in each cell.
Loss of conductivity depends on midday leaf water potential
and is used as a proxy for stress. The fraction of conductivity lost
to embolism (referred to as PLC to follow common nomenclature) is:
c

PLC ¼ 1  e ðwleaf =bÞ ;

Eqn 1

where wleaf is leaf water potential (LWP) and b and c are experimental values from a Weibull vulnerability curve: b is the LWP
value mathematically corresponding to 63% PLC, and c controls
the shape and slope of the function (Sperry et al., 1998; Hubbard
et al., 2001) (Notes S1).
Dynamic stress index
To transition from an instantaneous measurement of stress (PLC)
to a probabilistic prediction of mortality, we adapt a statistical
framework based on the dynamic stress index (DSI, 
h) presented
by Porporato et al. (2001). The original DSI framework assumes
that hydraulic stress in vegetation begins at the volumetric water
content (VWC) in the soil at which incipient stomatal closure
occurs. Static stress reaches a maximum at the VWC at which
stomata completely close. Static stress is the basis for a dynamic
New Phytologist (2019) 221: 1814–1830
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measurement of vegetation stress that incorporates the mean
intensity, duration and frequency of periods of soil moisture
deficit. In our implementation, we substitute PLC for VWC to
calculate DSI. PLC subsumes tension dynamics in the soil and
xylem and includes variable hydraulic architecture and response
to the onset of water deficit. We interpret DSI as the integrated
probability of tree mortality at a location.
To calculate DSI we first calculate a static stress index, f(t).
When PLC surpasses an initial threshold (PLCinit), stress
increases until a maximum threshold of stress (PLCcrit). A piecewise function calculates the static stress index:
8
if PLCðt Þ\PLCinit
>
< 0;
fðt Þ ¼ PLCinit PLCðt Þ if PLCinit \PLCðt Þ\PLCcrit
>
: PLCinit PLCcrit
1;
if PLCðt Þ [ PLCcrit .
Eqn 2
We calculate the mean weighted stress (f0 ) during the growing
season as the accumulated static stress during the growing season:
R1
f0 ¼

ðff ðfÞd fÞ þ P ð1Þ

0

P ðPLCinit Þ

;

Eqn 3

where P(1) is the probability (i.e. frequency) that static stress
exceeds the maximum threshold (PLCcrit). The integral accounts
for periods when stress is between the initial (PLCinit) and maximum (PLCcrit) thresholds. P(PLCinit) is the probability of
exceeding the minimum threshold.
The mean weighted hydraulic stress (f0 ) accounts for the mean
intensity of stress during periods of stress but lacks direct information on either the duration or frequency of stress, both of
which impact plant response. Once f0 is calculated, information
on the frequency and duration of events is included in the
dynamic stress index (h), which is constrained between zero and
one and represents the probability of mortality:
h ¼

(

 r
f0 T PLC nPLC
;
kTseas

1;

if f0 T PLC \kTseas
otherwise

Eqn 4

where Tseas is the length of the growing season, determined by
the number of days with modeled soil temperature above 5°C
(Bailey & Harrington, 2006; Beedlow et al., 2013), using the
average temperature modeled through the full soil column. T PLC
and nPLC are, respectively, the average length and frequency of
stress events where hydraulic impairment over the level of PLCinit
occurs. Parameter k is a constant for plant resistance to hydraulic
stress. Parameter r represents legacy effects from hydraulic stress
(Porporato et al., 2001). It does so by incorporating the frequency by which a given stress event leads to PLC exceeding
PLCinit, the mean hydraulic stress during that stress event (mean
average of hydraulic function) and the overall cumulative result
of successive stress events over time as a function of how often
and for how long they occur. While r does not account for the
Ó 2018 The Authors
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refill embolized xylem, root mortality), it does account for their
combined negative effect on hydraulic function. When r is zero,
the exponent in Eqn 4 is one and the effect of the frequency of
stress events (
nPLC ) is eliminated, representing the case when
plants fully recover after a stress event, in which case the frequency of stress periods is irrelevant. Higher values of r introduce
information about the frequency of stress events nPLC in the calculation of 
h, allowing the index to capture the partial recovery
and accumulation of damage in the vascular and photosynthetic
systems from frequent stressful events.
Glasshouse dataset used for calibration
We used data from a glasshouse experiment conducted at the
University of Montana to calibrate our model parameters for
predictions of both physiological signals of stress and seedling
mortality rates under hydraulic stress. This experiment exposed
250, 1-yr-old ponderosa pine seedlings of the genetically distinct Northern Rocky Mountain race (Potter et al., 2013) to
three successive dry-down cycles followed by re-watering to
pre-condition seedlings before a final dry-down leading to
death. Periodically during the dry-down, subsets of 30 randomly selected seedlings were re-watered and their mortality
(i.e. probability of mortality of the population) was determined
after at least 1 month based on foliage browning, completely
desiccated phloem and no signs of recovery. At each sampling
time, an independent subset of five seedlings was sampled to
assess physiological status (including transpiration and LWP)
followed by destructive measurements to determine PLC. Such
a design based on the point of no return (when seedlings can
no longer recover) allowed us to estimate the population’s
probability of mortality over time and relate it to the mean
physiological status of seedlings at that point. LWP and PLC
values were used to fit a Weibull vulnerability curve for the
seedlings. We measured soil VWC with a 30 min sampling resolution using three randomly selected pots instrumented with
5TE soil sensors (Meter Inc., Pullman, WA, USA) placed at
the same soil depth.
Calibration approach
The model represented the glasshouse as a 3 9 3 pixel flat
domain to simulate four dry-downs. Hourly measurements from
the glasshouse of temperature (Vaisala HMP35C; Vantaa, Finland), solar radiation (Licor 200X; Lincoln, NE, USA), and relative humidity (Vaisala HMP35C) provide atmospheric boundary
conditions. We estimated longwave radiation from measured air
temperature using the Stefan–Boltzmann equation (emissivity = 0.95). To prevent zero modeled transpiration during measured periods of zero wind speed we limited the minimum wind
speed used in the model to 0.25(m s1). Plant watering schedules
and amounts were simulated as precipitation inputs. Fig. S1 presents the climatic boundary conditions of the glasshouse experiment. Noncalibrated plant and soil input parameters were
directly measured in the glasshouse, extracted from the literature
Ó 2018 The Authors
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when a direct measurement was not available, or estimated from
previous Ech2o runs when neither was available (Tables S1, S2).
We used a Monte Carlo Markov chain (MCMC) approach for
calibration as implemented in the package PYMC3 (Salvatier
et al., 2016) using the Metropolis-Hastings algorithm (Hastings,
1970) to infer posterior model parameter distributions and the
Gibbs-Step-Slice-Sampler algorithm (Geman & Geman, 1984)
to infer observation errors, modeled as a latent variable of the
likelihood function. We divided the calibration into two steps. In
the first, we calibrated Ech2o-SPAC to simulate the physiological
response of seedlings to the dry-down in the glasshouse. We
included a group of the most sensitive parameters in the calibration (Table S3). We performed 5500 MCMC model iterations
sampling the parameter space and estimating our posterior distribution. We matched measured VWC, transpiration and LWP
with multiple objective calibration. In the second step, we calibrated three variables in the DSI framework (PLCinit, PLCcrit and
k) against the observed probability of mortality from the
glasshouse. For each of our 5500 MCMC model iterations, we
took the LWP time series from an Ech2o-SPAC run with the
mean calibrated parameters and applied the DSI framework to
that time series. We held r at 0.5 (see Porporato et al., 2001) during this calibration because there was only one stress-inducing
event in the glasshouse, which prevented us from examining
hydraulic stress legacy effects on plants.
Northern Rockies seedling survival data
At the stand scale, we used data on seedling survival rates from
the USFS Region 1 reforestation program. Following timber harvest or disturbance, 1–3-yr-old nursery-grown seedlings were
planted to facilitate reforestation. At these sites, stake rows of
seedlings were monitored at 1 and 3 yr after planting to assess the
fraction of seedlings that experienced mortality. Most of the stake
row data represented 2–3-yr-old seedlings. Consequently, from
the full dataset, we extracted data for 29 sites in which 1-yr-old
bare-root seedlings were planted (the closest stock type to our
glasshouse calibration) for ponderosa pine, Douglas fir (Pseudotsuga menziesii) and western larch (Larix occidentalis) (Fig. 1).
Each of these sites had 30 or more seedlings in their stake row
(mean = 71, SD = 38). These stake row sites span a range of elevations (mean = 1534 m, SD = 341 m), annual precipitation
(mean = 0.72 m, SD = 0.19 m) and mean annual temperature
(mean = 9.8°C, SD = 2.5°C).
We ran Ech2o-SPAC at a 3 h time-step at each reforestation
site from 2001 to 2015, simulating a center target cell with a
buffer one cell wide (nine cells in total) to facilitate lateral routing
of water. Ech2o-SPAC requires five soil properties as spatial
input: soil depth, porosity, saturated hydrologic conductivity,
Brook–Corey pore size distribution index and albedo. These values were extracted from the US Department of Agriculture Soil
Survey Geographic Database (SSURGO). For areas where
SSURGO data were unavailable, we developed models for each
soil property layer to estimate missing soil values following methods described by Landguth et al. (2017). Changes in parameters
from the glasshouse are presented in Tables S1 and S2. Weather
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(a)

(b)

Bitterroot
Range

500 km
Other species
Ponderosa

Sapphire
Range

10 km

inputs required to run Ech2o-SPAC include minimum and maximum temperature and relative humidity, shortwave and longwave radiation, precipitation and wind speed. Daily gridded
temperature, relative humidity and solar radiation inputs for simulations at each stake row point were extracted from 250 m grids
(Holden et al., 2018). Daily precipitation data were extracted
from 4 km PRISM data and resampled to 250 m resolution by
bilinear interpolation (Daly et al., 2008). Wind speed data were
extracted from daily mean wind speed grids from the North
American regional reanalysis data (Mesinger et al., 2006). We
downscaled daily weather data values to 3 h values using time of
sunrise and sunset and sine functions adapted from the CHILLR
library (Luedeling, 2018) in R (R Core Team, 2010). Mean daily
wind speed was used at each 3 h time step, and total daily precipitation was distributed evenly across each 3 h period. We converted the Ech2o-SPAC time series of LWP to PLC using Eqn 1,
then calculated the probability of mortality using the DSI framework (Eqns 2–4).
Evaluation of the low-elevation treeline
To evaluate whether model predictions of seedling mortality
from hydraulic stress correspond to the current distribution of
the lower treeline, we ran Ech2o-SPAC at the landscape scale
in the Bitterroot River watershed (8th code HUC 17010205)
in western Montana, USA, at a 3 h time step from 2001 to
2015 (Fig. 1). Forest managers report widespread seedling
mortality in this area following reforestation efforts (S. Fox,
USFS, pers. comm.). The simulation domain covers 4728 km2
(75 642 250 m grid cells) and spans elevations from 1033 to
3060 m. The watershed encompasses the southern portion of
the Bitterroot Mountains to the west; this range is the easternmost portion of the Idaho Batholith and is formerly glaciated
New Phytologist (2019) 221: 1814–1830
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Fig. 1 (a) Location of US Forest Service stake
row sites and Bitterroot watershed. Pinus
ponderosa are in red, and other species in
blue. The black outline is the Bitterroot
Watershed. (b) The southern portion of the
Bitterroot Watershed.

(Alden, 1953). The lower elevation Sapphire range (part of
the Sapphire Block) is on the east side of the Bitterroot watershed and is primarily underlain by Belt Supergroup lithology.
The Sapphire Range has lower overall slopes and thicker and
more extensive soil cover than the steeper, more bedrockdominated Bitterroot Mountains (Benjaram & Dixon, 2015).
Weather systems primarily move from west to east, resulting
in higher precipitation in the highest elevation portions of the
Bitterroot Mountains and progressively lower moisture to the
east. Grasslands transitioning into ponderosa pine-dominated
forests make up drier low-elevation portions of the watershed.
We ran Ech2o-SPAC in the watershed using vegetation
parameters derived from the glasshouse calibration experiment.
For vegetation inputs into the model, we assumed a uniform
planting of seedlings with a leaf area index of 0.27 m2 m2 (value
from the glasshouse) to examine the potential DSI of newly
recruited seedlings assuming unforested terrain. Inputs were the
same as for the stake row analysis, with increased effective soil
conductivity (Table S1) to better reflect regional hydrology as
measured by the hydrograph (Fig. S2).
We evaluated landscape topographic patterns of DSI using
terrain indices derived from the US Geological Survey National
Elevation Dataset. We focused on examining how elevation,
aspect and topographic convergence, three metrics demonstrated
to influence ecohydrology, impact the spatial distributions of
hydraulic stress (Allen & Breshears, 1998; Worrall et al., 2008;
Hawthorne & Miniat, 2018). To measure convergence, we calculated the topographic position index (TPI; Weiss, 2001), where
zero is planar, more negative values are more convergent and
more positive values are more divergent. We extracted values
from gridded datasets of mean solar radiation (W m2, indicative
of aspect), mean daily maximum temperature (oC), mean annual
precipitation (m) and peak snow depth (m). Similarly, we
Ó 2018 The Authors
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extracted values of key ecohydrologic variables across the watershed, including vapor pressure deficit (VPD) , VWC and DSI.
VPD (kPa, indicative of atmospheric demand) is the summer
mean daily minimum value. VWC (m3 m3, indicative of water
supply) is the mean summer value in the rooting zone (top 40 cm
of soil).
We compared spatial maps of simulated hydraulic stress
(DSI) with two existing forest cover products to examine the
relationship between projected seedling mortality and forest distribution. We used the 250 m Moderate Resolution Imaging
Spectroradiometer (MODIS) vegetation continuous field percentage canopy cover product for the year 2015 (DiMiceli et al.,
2011) and the LANDFIRE program canopy height product
(Landfire, aggregated from 30 to 250 m) forest cover maps for
2015 (Rollins, 2009). All maps were initially analyzed visually

Research 1819

to assess trends in the distribution of stress across the landscape.
DSI was overlaid on each variable and split into 100 bins based
on the mapped variable value. The median DSI value of each
bin was plotted along with an envelope of the 10th and 90th
percentiles. To further examine the impact of lateral routing
and convergence we partitioned points in the landscape into
convergent (TPI < 50), planar (50 ≤ TPI ≤ 50) and divergent
(TPI > 50) locations. We plotted DSI binned across atmospheric variables to examine how convergence influences the
relationship between plant stress and atmospheric drivers. We
examined the relationships between DSI, TPI, elevation, solar
radiation, VWC and VPD graphically.
To examine the relationship between DSI for seedlings and
forest distribution, we classified MODIS forest cover as forest/no
forest at a threshold of 10%, below which an area was deemed

(a)

(b)

(c)

(d)

Fig. 2 Modeled and observed fits for the glasshouse experiment on ponderosa pine seedlings: (a) soil volumetric water content (VWC) (R2 = 0.94, P < 0.01,
slope = 0.79), (b) transpiration (R2 = 0.74, P < 0.01, slope = 0.74), (c) leaf water potential (LWP) (R2 = 0.94, P < 0.01, slope = 0.98) and (d) fraction of
mortality (DSI) (R2 = 0.99, P < 0.01, slope = 1.04). Modeled values (red) are timeseries values with intervals of 1 h. Observed values (blue) are point
measurements. For VWC the interval is once per day. For other variables, the samples are taken throughout the experiment when destructive sampling
occurred. Gray shaded areas represent the central 60% of the modeled Monte Carlo distribution. In (c) the green line shows the modeled percentage loss
of conductivity (PLC) that results from the corresponding LWP values. The calibrated fits for the DSI calibration (d) were 0.26 PLC for the onset of stress
(PLCinit), 0.55 PLC for critical stress (PLCcrit) and a resistance value (k) of 0.17.
Ó 2018 The Authors
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ponderosa pine seedlings exposed to a PLC of 0.55 during
17% of the growing season. Full calibration results are in
Tables S3 and S4.
Stake row seedling analysis

Fig. 3 Modeled vs observed mortality for 1-yr-old bare-root seedlings
(ponderosa pine, Douglas fir and western larch) from US Forest Service
stake row data. R2 = 0.69. For the best fit line: slope = 1.20,
intercept = 0.02. P < 0.01. n = 29. The dashed line represents the 1 : 1 line
between the two variables.

nonforested. Landfire locations with canopy were classified as
forested. We classified DSI values as supporting/not supporting
regeneration using a threshold value. To determine the proper
threshold we calculated minimum, median, mean and maximum
DSI between 2001 and 2015 and sampled a range of DSI values
(0–1). We then evaluated the agreement between classified DSI
and current forest cover maps by calculating the area under the
receiver-operator curve (AUC) (Hanley & McNeil, 1982) and
Cohen’s Kappa statistics (Cohen, 1960) (Notes S2) for the full
watershed and for the Skalkaho Creek catchment, a subbasin in
the Sapphire Range.

Results
Calibration of the SPAC response
Ech2o-SPAC effectively simulated the observed VWC, transpiration, LWP and mortality response of ponderosa seedlings in
our glasshouse dry-down experiment (Fig. 2). Predicted VWC
matched the observations for the three initial soil dry-downs
and the major mortality-inducing hydraulic stress event
(Fig. 2a). Ech2o-SPAC slightly underestimated VWC at or
above field capacity, but the match was precise at low VWC,
which is critical for predicting stress (Fig. 2a). Transpiration
suppression and a steep decline in LWP were observed only
after VWC declined in the final dry-down period leading to
death (Fig. 2b,c), indicating that Ech2o-SPAC properly captured the onset of high hydraulic stress. Increases in mortality
lagged behind indicators of increased stress (Fig. 2d). Hydraulic
stress conditions exemplified by low VWC first reduced levels
of transpiration, followed by LWP. Low values of LWP were
accumulated for a period before plant mortality began, demonstrating the nonlinear threshold behavior captured by Eqn 2.
Through calibration of the DSI framework, we found that
stress began to accumulate at a PLC (PLCinit) of 0.26. The
critical level of PLC (PLCcrit) and the parameter k were found
to be 0.55 and 0.17, respectively (Fig. S3). This indicates that
100% mortality would occur in a population of similar
New Phytologist (2019) 221: 1814–1830
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Based on the glasshouse calibration, Ech2o-SPAC effectively simulated mortality of 1-yr-old bare-root seedlings of ponderosa
pine, Douglas fir and western larch planted in previously disturbed areas (Fig. 3; r2 = 0.69, P < 0.01) (Notes S3). The trend of
the best fit has a slope of 1.20, and an intercept of 0.02 with a
slight underestimation of mortality (modeled mean mortality = 0.11, observed mean mortality = 0.16). This underestimation may be because observed mortality includes all forms of
mortality, while modeled mortality only follows hydraulic stress.
The fit demonstrates the model’s skill moving from the
glasshouse to the landscape while incorporating heterogeneous
physical and climatic processes.
Hydraulic stress-induced mortality at the landscape scale
When Ech2o-SPAC was fully distributed across the Bitterroot
watershed, topography (Fig. 4a,b) strongly influenced the distribution of energetic demand (Fig. 4c,d,g) and water supply
(Fig. 4e,f,h). Energy inputs were dominated by elevation
(Fig. 4d) and aspect (Fig. 4c), where atmospheric demands
decreased with elevation and increased on south-facing slopes
(Fig. 4g). Precipitation also increased with elevation (Fig. 4e),
although this pattern differed from plant-available soil moisture
(Fig. 4h). Elevation and terrain convergence both controlled
plant-available soil moisture (Fig. 4b,h). Hydrologic routing concentrated water in convergent locations while draining other positions.
The distribution of dynamic stress in seedlings (Fig. 5)
depended on topography (Fig. 6a,b) through the controls that
the latter exerts on energetic demand and water supply
(Fig. 6c–h). In general, DSI decreased with elevation (Fig. 6a)
but varied with convergence and aspect, which distribute lateral
routing of water and incoming solar radiation inputs, respectively (Figs 6b,c, 7a,b). Median DSI was near zero in highly
convergent zones and increased sharply beyond a TPI convergence threshold (c. 50) (Figs 6b, 7a). DSI increased with
solar radiation, but not linearly (Figs 6c, 7b). VWC appeared
to be the dominant influence on DSI (Figs 6h, 7c) but atmospheric demand influenced DSI at sites with low water availability (Figs 6g, 7c). Additionally, soil VWC did not reach
extremely low values (corresponding to high DSI values) without co-occurring large values of VPD (high atmospheric
demand for water). Forest cover showed a clear inverse relationship with DSI in regions with sparse forest coverage, but
the strength of this relationship decreased once forest cover
exceeded 10% (Fig. 6i). Planar areas showed similar relationships between DSI and atmospheric variables as did landscape
on a whole (Fig. 8). DSI was more coupled to atmospheric
drivers in divergent areas but decoupled in convergent areas
(Fig. 8).
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Fig. 4 Maps of physical, climate and ecohydrologic variables for ponderosa pine in the Bitterroot watershed and the Skalkaho subbasin: (a) elevation in the
watershed, (b) topographic position index, (c) mean solar radiation, (d) mean maximum daily temperature (oC), (e) total annual precipitation (m), (f) peak
annual snow water equivalent (m), (g) summer mean maximum daily vapor pressure deficit (kPa), (h) summer mean volumetric water content in the
rooting zone, (i) percentage forest cover derived from MODIS. (f, h) Simulated by Ech2o-SPAC. We calculate statistics in the Skalkaho catchment in
addition to the entire Bitterroot watershed because there are relatively fewer confounding factors in the Skalkaho catchment. The Skalkaho catchment
additionally spans steep gradients of energy and water in a small enough space to allow for higher resolution visualization of important processes.
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Fig. 5 Dynamic stress index (DSI) of
ponderosa pine seedlings for the Bitterroot
watershed and the Skalkaho catchment.
(a) Mean DSI between 2001 and 2015.
(b) Minimum DSI from 2001 to 2015. Warm
and cold colors represent higher and lower
stresses, respectively.

DSI for seedlings correlates with the presence and absence
of low-elevation forest
Our simulations of DSI for ponderosa seedlings from 2001 to
2015 correlated with current forest cover (Fig. 9), supporting the
hypothesis that hydraulic failure due to hydraulic stress in
seedlings is a major determinant of the lower treeline. Minimum
DSI values of 0.28 best predicted presence/absence of forest cover
(Table S5), with moderate accuracy (kappa of 0.47 for the entire
Bitterroot and 0.65 for the Skalkaho subbasin as compared to
Landfire). DSI patterns corresponded to elevation, aspect and
convergence influences on forest cover, although there were differences that became apparent when scaling and aggregating the
outputs across spatial resolutions, reflecting local influences on
forest extent (Fig. S4).

Discussion
Ech2o-SPAC simulates hydraulic response in the glasshouse
and predicts seedling mortality in the field
Ech2o-SPAC effectively simulated plant mortality from the
glasshouse experiment (Fig. 2) by integrating four factors
(Anderegg et al., 2012): intensity, duration, frequency of
hydraulic stress and a mortality approach based on point of no
return. Therefore, the physical and biological representation of
the SPAC as implemented in the model was adequate for
New Phytologist (2019) 221: 1814–1830
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simulating soil moisture depletion, ponderosa pine seedling physiological state and mortality. Ech2o-SPAC performed comparably to other physiological models (TREES: Mackay et al., 2015;
Tai et al., 2017; MuSICA & ED(X): McDowell et al., 2013).
Studies of post-fire regeneration in western North American
coniferous forests consistently show that moisture availability is a
major constraint for young seedling survival (Davis et al., 2018).
Because of their small size, the buffering capacity of 1-yr-old
seedlings is extremely limited and diurnal dynamics of moisture
stress are particularly important to capture the effects of duration
and frequency of stress in seedlings. Even for adult trees,
McDowell et al. (2013) found that time over a threshold of stress
predicted mortality more effectively than maximum stress levels
alone. While nonstructural carbohydrates have also been involved
in mortality from hydraulic stress (McDowell, 2011; Sala et al.
2012), the focus on hydraulic conductivity is justified in very
young seedlings where water transport is critical for photosynthesis and carbon allocation to growth. We found that stress initiates
at a PLC of 26% and that the critical threshold for mortality is a
PLC of 55%. These values are consistent with those of Adams
et al. (2017) where mortality events across species occurred at
60% or higher PLC and of McDowell et al. (2013) where pi~
non
pine (Pinus edulis) surviving drought had a mean PLC of 41%,
while those that died had a mean PLC of 63%.
Our modeling framework performed well when scaled
from the glasshouse to point simulations across the landscape,
capturing population-level mortality as measured on 1-yr-old
Ó 2018 The Authors
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Fig. 6 Relationships between dynamic stress index (DSI) of ponderosa pine seedlings and physical, climatic and ecohydrologic variables. Points are the
median DSI values and the gray shaded area represents the 10th and 90th percentile ranges for DSI split into 100 bins based on: (a) elevation, (b)
topographic position index, (c) mean solar radiation (Sdown), (d) mean maximum daily temperature (oC), (e) total annual precipitation (m), (f) peak annual
snow water equivalent (m), (g) summer mean minimum daily vapor pressure deficit (VPD) (kPa), (h) summer mean volumetric water content (VWC) in the
rooting zone, and (i) percentage forest cover derived from MODIS. VWC had the strongest correlation with seedling mortality.

out-planted seedlings (Fig. 3). Such performance is remarkable
given that seedlings are usually planted in favorable microsites
and mechanisms other than hydraulic stress (e.g. herbivory) may
occur in the field. We note that in this application of the model
we refrained from additional calibration or adjustments to the
parameters, using values from the glasshouse. These two independent applications illustrate the capacity of the model to simulate
seedling mortality at multiple spatial scales while accounting for
the influence of heterogeneous environmental settings using
singly calibrated parameters. Based on our calibration, 17% of
the growing season had to surpass the PLCcrit threshold for total
(100%) mortality in a seedling population. By contrast, but consistent with greater vulnerability in seedlings, Anderegg et al.
(2015a) found that adult aspen (Populus tremuloides) experienced
exacerbated mortality after c. 30 months of extreme PLC.
Our sensitivity analysis shows that the legacy parameter has a
strong effect on the modeled probability of mortality (Fig. S5),
indicating that seedlings do not fully recover after a stress event.
Ó 2018 The Authors
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This sensitivity supports work by L. D. L. Anderegg et al. (2013)
highlighting the importance of better quantification of plant
legacy effects and the results of hydraulic deterioration in predictions of mortality, especially in drier environments (Dorman
et al., 2013) and near species range limits (Camarero et al.,
2018). These results combined with empirical evidence (Hacke
et al., 2001; W. R. L. Anderegg et al., 2013, 2015b) indicate that
intensity and duration of stress interact with prior legacy effects
to drive mortality (Anderegg et al., 2012) and should be included
in simulations of hydraulic stress-induced mortality. The DSI
framework quantitatively shows that instantaneous measures of
stress are insufficient to describe mortality, and that total stress in
a plant is compounded and can be larger than the simple sum of
individual events due to legacy effects and accumulated impairment of hydraulic function. When properly calibrated, the DSI
allows insight into plant resilience by providing a measure of the
relative stress duration at a given intensity required to cause
damage that can be compared across species and environments.
New Phytologist (2019) 221: 1814–1830
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Landscape patterns of stress and mortality
Previous studies examining the relationships between hydraulic
stress and tree mortality often use gridded weather inputs at resolutions (> 4 km) that do not either resolve fine-scaled variations
in temperature and radiation or account for lateral water routing
in complex mountainous terrain. Questions related to tree mortality in complex terrain, however, demand climatic inputs at
higher spatiotemporal resolutions and insights into the benefits
of potential water subsidies from upslope regions. Tai et al.
(2017) advanced the simulation of mortality across complex terrain, using a statistical relationship based on static terrain variables to indirectly address the influence of lateral redistribution
of water. We build on these advances by integrating the simulation of the SPAC in a spatially distributed, physically based
model that simulates the lateral redistribution of water across
landscapes and uses gridded datasets that account for climatic
variations in aspect at subdaily time steps. The higher radiation
loads and 3–4°C differences on south- vs north-facing aspects
(Holden et al., 2016) translate into observable differences in DSI
with aspect position (Fig. 5). Accounting for topographic variations in energy and moisture resolved at fine resolutions is important to explain observed spatial patterns of mortality and
delineate areas with high probability of future die-offs, which is
useful to inform forest management. Reforestation specialists
understand that landscape position impacts survival and they use
topography to select favorable locations for increasing seedling
survival (S. Fox, pers. comm.). However, this selection is qualitative and based on experience. Our study demonstrates the
potential to integrate complex, mechanistic modeling at a scale
that resolves important sources of topographic variation and
quantifies seedling mortality risk, which can support localized
decision-making.
New Phytologist (2019) 221: 1814–1830
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Fig. 7 (a, b) Scatter plots examining how
elevation and either topographic position
index (TPI) or solar radiation influence
dynamic stress index (DSI) in ponderosa pine
seedlings. Color corresponds to the average
DSI value during the simulated time period
according with the color bar on the right side
of each figure and each point represents an
individual location. For solar radiation this
trend is only present at high DSI values (in
this case the DSI color scale starts at 0.3.
(c) Scatter plot examining the combined
influence of vapor pressure deficit and
volumetric water content on DSI.

Patterns of energy, water availability and physiological stress
vary significantly across the landscape, highlighting the importance of considering both moisture supply and atmospheric
demand when simulating plant stress. An exclusive focus on
energy and atmospheric demand for water (VPD) as a proxy for
plant stress (Williams et al., 2013) may result in overestimates of
stress in valley bottoms and convergent zones. Similarly, focusing
only on precipitation or VWC as a proxy for water supply and
plant stress (Porporato et al., 2001) may result in overestimates of
stress in higher elevation regions. These areas tend to be drier
during the summer months because they typically have shallower
soils and strong drainage. However, atmospheric demand is lower
in these areas, reducing plant stress and water usage.
The DSI from Ech2o-SPAC integrates the balance between
water supply and demand on plant vascular hydraulic stress
(Fig. 6). Increased available energy increases DSI (Fig 6c,d,g)
while increased available water decreases DSI (Fig. 6e,f,h). Lowelevation, south-facing, nonconvergent locations with high atmospheric demand and limited upslope water subsidies had the
highest rates of modeled mortality. This is consistent with the
topographic positions of documented drought-induced mortality
events (Allen & Breshears, 1998; Frey et al., 2004; Worrall et al.,
2008). Soil moisture in the rooting zone appeared to be the dominant control on hydraulic stress (Figs 6h, 7c), supporting findings that water availability is a dominant driver of species
distributions in semi-arid ecosystems (Crimmins et al., 2011).
Topographic convergence increases water availability across elevations (Fig. 7a), thereby reducing the risk of hydraulic stress in
areas where it would otherwise be high. Increased hydrologic convergence limits the coupling between plant hydraulic stress and
atmospheric conditions and thus buffers these areas from the
impacts of hydraulic stress (Fig. 8). Divergent areas, however, lose
water in excess of field capacity downslope, making them more
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Fig. 8 Relationships between dynamic stress (DSI) in ponderosa pine seedlings and solar radiation (a–c), vapor pressure deficit (d–f) and precipitation (g–i)
at different topographic position index values (TPI). The left column (a, d, g) shows relationships for pixels located in convergent areas (TPI values < 50).
The middle column (b, e, h) the same for pixels in flat areas (TPI values between 50 and 50). Finally, the right column (c, f, i) shows the relationship for
pixels in divergent areas (TPI values > 50). Points are the median dynamic stress values and the gray area is the 10th and 90th percentile range.

tightly coupled and more vulnerable to atmospheric drivers of
hydraulic stress.
Hydraulic stress controls on forest distribution
Our simulation of seedling mortality is consistent with the actual
distribution of forests near the lower treeline (Fig. 9). Our modeling approach represents conditions consistent with a standreplacing disturbance as we simulate stresses in the absence of
forest canopy. Other factors such as herbivory and dispersal limitation are not accounted for. Observed forest cover is higher at
middle to high elevations in the Bitterroot watershed, where simulated seedling mortality is lower. Likewise, DSI is higher and
forest cover lower on south-facing slopes than on north-facing
slopes, while the reverse is true in riparian corridors and convergent locations. We therefore empirically demonstrate that the distribution of forest cover in our study area corresponds with the
simulated distribution of hydraulic stress-induced mortality of
Ó 2018 The Authors
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1-yr-old ponderosa pine seedlings. These results suggest that
mortality in first-year seedlings is a demographic bottleneck for
successful recruitment (Johnson et al., 2011) and that in the
absence of other disturbances such as fire, hydraulic stress is a
major factor limiting recruitment at the lower treeline in lowelevation coniferous forests of the US Northern Rockies (Barton,
1993; Kroiss & HilleRisLambers, 2015). Minimum stress predicted forest cover better than mean, maximum or median stress
(Table S6). This suggests that the least stressful years are the most
important for seedling establishment and survival, and that
recruitment will be less likely in areas lacking these low-stress
years. This is consistent with research showing that ponderosa
pine recruitment occurs episodically during cool and wet years
(Savage et al., 1996; League & Veblen, 2006).
As water limitations increase, forest mortality is expected to
accelerate (Allen et al., 2015; McDowell et al., 2016). Our results
suggest that an increase in hydraulic stress will cause an upslope
retraction of the lower treeline away from south-facing and
New Phytologist (2019) 221: 1814–1830
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Fig. 9 Maps of forest cover (green) and no forest cover (yellow) in the southern Bitterroot watershed (top) and the Skalkaho catchment (bottom). Gray
areas represent streams, locations with < 140 d of growing season (measured by soil temperature over 5°C) to account for the upper treeline, and areas
that have been disturbed by fire since 1984. (a) Forest cover predicted from the minimum dynamic stress index (DSI) value at each pixel from 2001 to
2015. Minimum DSI of ponderosa pine seedlings predicted forest cover better than mean, maximum, Q25, median or Q75 (as measured by Cohen’s
Kappa) (Supporting Information Table S6). Forest cover is predicted where minimum DSI is below 0.28. (b) Actual forest cover from 2015 MODIS
percentage cover maps. Actual forest cover is mapped where cover is > 10%. Cohen’s Kappa between (a) and (b) is 0.44 for the entire Bitterroot
watershed and 0.62 for the Skalkaho catchment. AUC is 0.79 for the Bitterroot and 0.80 for Skalkaho. (c) Forest cover in 2015 measured by Landfire.
Cohen’s Kappa between (a) and (c) is 0.47 for the entire Bitterroot and 0.65 for the Skalkaho. AUC is 0.75 for the Bitterroot and 0.81 for Skalkaho.
Cohen’s Kappa between (b) and (c), two independent remotely sensed measures of forest cover, was 0.60 for the entire Bitterroot and 0.79 for the
Skalkaho.

nonconvergent areas at moderate risk (Bell et al., 2014). Increases
in temperature associated with climate change will probably drive
these patterns to some extent, relegating forest to higher elevations and north-facing aspects. Uncertainty of the precipitation
response to climate change may complicate this pattern. In western Montana, precipitation is projected to increase in fall, winter
and spring, but decrease during the summer (Whitlock et al.,
2017). However, the uncertainty in these predictions (Silverman
et al., 2013; Silverman & Maneta, 2016; Whitlock et al., 2017) is
far greater than the uncertainty of projections of increased temperature. Given that VWC had the strongest relationship with
DSI (Figs 6h, 7c), changes in precipitation during the 21st century will probably impact forest distribution. Regardless of the
direction of precipitation changes, topographic convergence and
lateral routing of water will strongly mediate distributions of
hydraulic stress at the lower treeline, further complicating the
pattern of upslope directional shifts. Highly convergent areas,
often found at lower elevations, will increasingly support isolated
New Phytologist (2019) 221: 1814–1830
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pockets of recruitment, thus acting as climate refugia buffering
forests from climate change (Dobrowski, 2011; Mclaughlin et al.,
2017). Here we build on research showing that abiotic diversity
(topographic position and hydrologic routing) buffers ecosystem
responses to hydraulic stress (Rodriguez-Iturbe et al., 2009; Bean
et al., 2014; Wohl, 2017) and may mitigate some impacts of climate change.
Concluding remarks
We show that a fully integrated ecohydrologic and plant
hydraulics model that accounts for spatial heterogeneity in the
energy and water balance effectively captured the physiology and
mortality of 1-yr-old ponderosa pine seedlings in a glasshouse
dry-down experiment. We reasonably simulated observed
seedling mortality at sites across western Montana and northern
Idaho using an independent data set. These results at multiple
spatial scales demonstrate that Ech2o-SPAC is robust under
Ó 2018 The Authors
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multiple conditions and suggests that the DSI framework can
account for the intensity and duration of hydraulic stress as well
as the impact of successive events. Atmospheric and hydrologic
controls concentrated simulated seedling mortality at lowelevation, south-facing, nonconvergent locations in the Bitterroot
Valley of western Montana. The pattern of this mortality captured current forest cover observations (high simulated seedling
mortality corresponds to low forest cover). Our results indicate
that increasing hydraulic stress because of global warming may
limit seedling recruitment at the lower treeline and reduce the
capacity of low-elevation forests to regenerate.
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