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Abstract Understanding the pathways through which
drought stress kills woody vegetation can improve projections of the impacts of climate change on ecosystems and
carbon-cycle feedbacks. Continuous in situ measurements
of whole trees during drought and as trees die hold promise to illuminate physiological pathways but are relatively
rare. We monitored leaf characteristics, water use efficiency, water potentials, branch hydraulic conductivity, soil
moisture, meteorological variables, and sap flux on mature
healthy and sudden aspen decline-affected (SAD) trembling aspen (Populus tremuloides) ramets over two growing seasons, including a severe summer drought. We calculated daily estimates of whole-ramet hydraulic conductance
and modeled whole-ramet assimilation. Healthy ramets
experienced rapid declines of whole-ramet conductance
during the severe drought, providing an analog for what
likely occurred during the previous drought that induced
SAD. Even in wetter periods, SAD-affected ramets exhibited fivefold lower whole-ramet hydraulic conductance
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and sevenfold lower assimilation than counterpart healthy
ramets, mediated by changes in leaf area, water use efficiency, and embolism. Extant differences between healthy
and SAD ramets reveal that ongoing multi-year forest
die-off is primarily driven by loss of whole-ramet hydraulic capability, which in turn limits assimilation capacity.
Branch-level measurements largely captured whole-plant
hydraulic limitations during drought and mortality, but
whole-plant measurements revealed a potential role of
other losses in the hydraulic continuum. Our results highlight the importance of a whole-tree perspective in assessing physiological pathways to tree mortality and indicate
that the effects of mortality on these forests’ assimilation
and productivity are larger than expected based on canopy
leaf area differences.
Keywords Climate change · Drought · Forest mortality ·
Sap flux · Water use efficiency · Whole-tree hydraulic
conductance

Introduction
Global temperatures have increased by about 0.7 °C in the
last century, driven in large part by anthropogenic forcing
of the climate system (IPCC 2007). Climate change in the
twenty first century is likely to bring much higher temperatures and shifts in precipitation patterns, types, and seasonality, and these will impact terrestrial ecosystems (Easterling et al. 2000). Forest ecosystems store nearly half of the
carbon found in terrestrial ecosystems (Bonan 2008), and
presently serve as a strong and persistent carbon sink (Pan
et al. 2011), but climate-related stresses such as drought
and fire may compromise the ability of these ecosystems to
sequester carbon. Many species appear globally to operate
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near their hydraulic limits with relatively minimal hydraulic safety margins and thus could be vulnerable to drought
(Choat et al. 2012). Tree mortality is a fundamental process
in determining forest ecosystem carbon uptake and storage,
and increasing tree mortality rates linked to temperature or
drought stress have been observed in tropical (Phillips et al.
2010), temperate (van Mantgem et al. 2009), and boreal
ecosystems (Peng et al. 2011). Indeed, widespread forest
die-off events have been observed around the globe (Allen
et al. 2010). Due to their important role in the earth system, understanding when, where, and how trees die from
climate stress is critical for projections of carbon and water
cycling with climate change (Anderegg et al. 2012c).
Researchers have suggested a number of mechanisms
leading to tree mortality in response to drought and temperature stress (Anderegg et al. 2012a; McDowell et al.
2011; Sala et al. 2012). Our hypothesis is that death is a
cascade of multiple failures involving the ability of the
plant to respond in a coordinated way to the stress, playing
out over multiple years in many species (Anderegg et al.
2012a). While greenhouse manipulations have been used
to leverage careful control of climate stresses (e.g., Adams
et al. 2009; Galvez et al. 2011; Hartmann et al. 2013) and
field manipulation experiments to induce lethal stress on
mature trees (e.g., Plaut et al. 2012), detailed in situ physiological measurements of dying trees in a natural setting
are relatively rare. Such observations provide an important
complement to manipulations because they can identify
key physiological processes, particularly phenology and
seasonal patterns of repair and recovery, that mediate mortality and incorporate the effects of antecedent conditions.
Given the cross-tissue coordination of water uptake
(Sperry 2011), carbon uptake and allocation (Brodribb and
Feild 2000; Sala et al. 2012), biotic agent defense (Kane
and Kolb 2010), and phloem and xylem transport (Brodribb
2009; Hölttä et al. 2009), a whole-organism perspective
may be particularly informative in examining pathways to
tree mortality during drought. Most previous research on
carbon and hydraulic changes during drought in mature
trees has focused on measurements of individual tissues
(e.g., Anderegg et al. 2012b; Galiano et al. 2011; but see
Plaut et al. 2012). Yet the coordination at an organism
scale between gas exchange, hydraulic capacity, and leaf
area may be particularly informative in disentangling the
processes and feedbacks that mediate tree mortality from
drought. Coordination and integration across the entire
plant is particularly important when considering the xylem
transport system. Because hydraulic vulnerability differs across tissues (Ewers et al. 2000), loss and repair of
the hydraulic continuum may not be observed in branchlevel measurements (West et al. 2008) and such loss could
impair carbohydrate mobilization and transport (Nikinmaa
et al. 2013).
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We examine here key components of hydraulic performance at a whole-tree scale during ongoing droughtinduced forest die-off of trembling aspen (Populus tremuloides). As the most widespread tree species in North
America, trembling aspen play an important role in ecosystems throughout the Rocky Mountains and Canadian
parklands and boreal regions (Perala 1990). Regional aspen
mortality, termed sudden aspen decline (SAD), has been
documented around the western United States (Anderegg
et al. 2012b; Worrall et al. 2008, 2010). Mortality appears
to have been induced by a severe drought coupled with elevated temperatures from 2000 to 2003 and has continued
through 2012, when another major drought occurred. Aerial survey data from 2008 indicate that SAD has affected
roughly 17 % of aspen forests in Colorado (Worrall et al.
2010). Furthermore, this aspen die-off has been shown to
lead to substantial biomass loss from forests in Colorado
(Huang and Anderegg 2012) and Canada (Michaelian et al.
2011).
Previous research on this multi-year die-off has largely
revolved around measurements on single tissues—typically
branches—which found substantial hydraulic impairment
in SAD branches and roots (Anderegg et al. 2012b), and
that hydraulic deterioration in branches builds up over multiple years to cause death long after the inciting drought
(Anderegg et al. 2013b). Yet the buildup of hydraulic
dysfunction and the dynamics of plant carbon uptake at
a whole-ramet level, both during severe drought and during ongoing mortality, are largely unknown. These processes are important for linking tissue-level measurements
to whole trees in process-based models (e.g., Fisher et al.
2010; Sperry et al. 1998).
We examine here 2 years, one of which contained a
severe drought, of growing season measurements in dying
and healthy aspen stands in southwestern Colorado. By
examining both the response of healthy ramets to drought
stress and the extant differences between healthy and SAD
ramets years after the inciting drought, we aim to capture
complementary and opposite ends of the mortality process:
severe drought similar to the type that induced physiological failures leading eventually to mortality and accumulated
physiological damage in SAD trees prior to death. Rather
than strict quantification of transpiration and carbon fluxes,
we aim to quantify the performance of SAD trees relative
to the healthy trees to assess physiological decline during multi-year mortality. We ask: (1) How do whole-ramet
changes in canopy evaporative area during severe drought,
as captured in leaf characteristics, leaf area, intrinsic water
use efficiency, and apparent canopy conductance, affect
whole-ramet carbon uptake and hydraulic conductance?
(2) How do changes in canopy evaporative area as aspen
ramets die affect standing differences in whole-ramet carbon uptake and hydraulic conductance between healthy and
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SAD areas? (3) How does whole-ramet hydraulic conductance compare to branch-level hydraulic conductivity and
what does this indicate about the relative roles of embolism versus other losses in the hydraulic continuum? (4)
Do healthy and dying ramets exhibit similar sensitivities
of canopy conductance to vapor pressure deficit as healthy
ramets? If the sensitivities are similar, this indicates that the
mortality process is consistent with a “sliding down” the
stomatal trade-off associated with an optimized carbon cost
per unit water observed within and across many species
(Oren et al. 1999). If the sensitivities are different, however,
mortality may be a fundamental breakdown of this standard relationship (e.g., Katul et al. 2009; Oren et al. 1999),
which could yield insight into mortality mechanisms. And
(5) are healthy and dying ramets’ sensitivities of canopy
conductance to VPD related to measured ramet hydraulics?

Materials and methods
Study sites
We examined aspen forests in the San Juan National Forest
(37.5°N, 108.3°W) in western Colorado, USA, documented
to have experienced some of the most severe SAD in Colorado (Worrall et al. 2008). The San Juan National Forest
has an annual mean temperature of 3.2 °C, and receives an
average of 500 mm of precipitation annually, 40–60 % of
which comes as snow. The region generally experiences
snowmelt in mid-late May, a reasonably dry period before
the summer monsoons, and a monsoonal precipitation
beginning in July and intermittent through leaf senescence
in September.
We selected five aspen clones that displayed a gradient of
mortality, each clone containing an area with >80 % average crown mortality to an area with <10 % average crown
mortality over 100 m, and established a plot at each end
of the clone’s gradient (henceforth SAD and healthy plots).
This gradient of mortality allows comparison of ramets in
the process of dying with their visually healthy counterparts in the same clone. Clone boundaries were determined
by timing of leaf-out and leaf coloration, described in depth
in previous studies (Anderegg et al. 2012b). All study sites
were dominant aspen forest with primarily mountain snowberry (Symphoricarpus oreophilus) understory and were
located between 2,500 and 2,800 m elevation, generally on
the lower and drier range of aspen elevation in this forest
(Worrall et al. 2008).
Meteorological measurements
We selected one of the five clones to instrument and in
which to collect meteorological measurements, as well as

continuous measurements of sap flow and soil moisture,
during the 2011 and 2012 growing seasons (henceforth
Core site). This site was selected for physiological measurements because previous analyses using time-series
Landsat imagery to detect SAD indicated that, in 1999,
prior to the 2000–2003 drought, both the SAD and healthy
areas of the clone were remarkably similar in fraction of
non-photosynthetically active vegetation (NPVSAD = 0.28;
NPVHealthy = 0.28) (Huang and Anderegg, in review). NPV
has been used successfully to map SAD across this region
(Huang and Anderegg 2012) and NPV of the SAD area
in 2011 had risen to 0.86, while that of the healthy area
remained at 0.31. Thus, both areas of the Core site appear
to have been healthy and displayed similar satellite-apparent greenness and NPV prior to the drought, indicating a
good site in which to examine SAD since 2000–2003.
We installed temperature sensors (Campbell Scientific
CS107), relative humidity sensors (Campbell Scientific
CS210), and rain gauges at 2 m height in both the SAD
and healthy plots of the Core site. We measured volumetric water content of surface soil (0–30 cm) and deep soil
(30–60 cm) using soil moisture probes (Campbell Scientific CS616). Soil became extremely rocky below depths
of 60 cm and prevented measurement of deeper moisture.
We installed 6–8 soil moisture probes in each plot during
each year, allocating ~67 % of probes to surface and ~33 %
of probes to deep soil, seeking to capture as much spatial
variation as possible within a 8.8-m radius around the plot
center. In addition, we installed a net radiometer (Campbell
Scientific CNR1) in an exposed area of the SAD stand that
was not shaded to measure short-wave, long-wave, and net
radiation.
Equipment was installed during June 15–Sept 1, 2011
and May 20–Aug 27, 2012 to capture the vast majority of
the growing season in each year. All equipment recorded
observations at 5-min intervals and then averaged measurements every half-hour. We checked rain gauges for precipitation at 3- to 7-day intervals, depending on weather
forecasts. Due to battery malfunctions in the 2011 growing season, some measurements, particularly in the healthy
plot, were only collected intermittently during that growing
season.
Sap flow measurements
At the Core site, we installed 30-mm thermal dissipation
sap flow sensors in 7–8 mature aspen ramets per treatment
in both the SAD and healthy plots. In the SAD plot, sensors were installed in ramets with 20–80 % crown mortality. Two of these ramets in each growing season had 70–
80 % crown mortality and were considered “dying” ramets
because they died by the end of the growing season (though
no SAD-affected ramets have yet been observed to recover,
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meaning that all SAD-affected ramet will likely die over
the course of several years). However, all calculations presented here average all SAD-affected ramets. The thermal
dissipation sensors measure sap flux integrated along their
length using the Granier method (Granier and Loustau
1994). Previous research in this forest has indicated that
aspen sapwood typically spans 10–30 mm from the outer
edge of the bark, and thus this length measures the active
sapwood well. Probes were placed on the south or west
side of trees, away from any visible scars, after sensitivity
tests on three trees in 2011 indicated little difference in flux
velocities at different cardinal directions when instrumenting trees with multiple sensors simultaneously. All instrumented trees were thoroughly covered in reflective silver
insulation to prevent external thermal gradients that might
influence flux measurements. Flux measurements were
taken every 5 min and averaged to half-hour intervals.
The Granier method requires setting a zero-flow point,
typically based on the maximum temperature difference
between probes (ΔT) over a certain period of measurement.
We set the zero-flow point at ΔTmax over a 24-h period for a
given sensor because alternate zero-flow points led to unrealistically high nighttime transpiration. This assumption
could lead to underestimation of nocturnal transpiration
(Oishi et al. 2008), particularly as only ~50 % of our nights
satisfied the two criteria presented by Oishi et al. (2008) of
minimum nighttime VPD <0.05 kPa and relatively stable
minimum flux for 2 h, and thus we explored this potential by conducting regressions of the zero set-point against
minimum nighttime VPD.
To scale sap flux velocities to ramet-level transpiration,
we measured sapwood depth at the end of the growing season, by applying methylene blue dye to a tree core and then
visually assessing conducting areas. This method has previously been used successfully in aspen (Hogg et al. 1997)
and compared well with active uptake of safranin dye in our
previous research (Anderegg 2012). Early sensitivity tests
on trees outside our plots indicated that sapwood depth did
not vary substantially with cardinal direction in near-circular stems, and thus one tree core per ramet was adequate to
assess sapwood area. To account for potential biases due to
sensors in contact with poorly conductive or non-conductive
xylem, we performed corrections with the measured sapwood and heartwood fractions based on equations presented
in Clearwater et al. (1999). These corrections were used on 3
of 7 SAD-affected ramets that exhibited sections of non-conducting sapwood in methylene blue dye stains of tree cores.
Leaf area and δ13C measurements
At all five clones, we assessed leaf area index (LAI) via
hemispherical photography in both SAD and healthy
plots. Photographs were taken pre-dawn, typically
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0500–0600 hours, from plot centers on August 15–16,
2011, and June 6–7, July 5–6, and August 15–16, 2012,
with standardized orientation towards north. Photographs
were then processed using the Gap Light Analyzer software
(Frazer et al. 1999) to calculate LAI with a standard angle
of 75° because no plots were on steep (>10°) slopes.
We also collected leaf samples for measurement of bulk
leaf δ13C in each plot of the five stands in August 15–16,
2011. Between 1200–1400 hours, upper canopy leaves
were collected via shotgun, severing small twigs with light
birdshot. These leaves were immediately placed in sealed
plastic bags and then in a dark cooler under ice. The leaves
were kept in the dark and under ice until oven-dried at
55 °C within 24 h. Leaves were then ground with a Wileymill (30 mesh) and then ground to a powder with a ballmill. Bulk leaf δ13C was measured via isotope ratio mass
spectronomy (ThermoScientific) and δ13C in parts per thousand notation (‰) was calculated as δ13C = [(δ13Csamp/δ12C
13
12
samp)/(δ Cref/δ Cref) − 1] × 1,000.
Apparent canopy conductance
We calculated the mean apparent canopy stomatal conductance to water vapor (gc; m s−1) per square meter leaf area
for healthy and SAD areas at the Core site using daily maximum stand-level transpiration (Emax; kg m−2 s−1) and VPD
(D; kPa) following the method of Monteith and Unsworth
(1990). This approximation takes the form of:

gc =

γ E
ρcD

where γ is the psychrometric constant (kPa C−1), λ is the
latent heat of vaporization (J kg−1), ρ is the density of
moist air (kg m−3), and c is the volumetric heat capacity
of moist air at constant pressure (J kg−1 C−1). This method
requires that D is near the leaf-to-air vapor pressure deficit, that no vertical gradient in D through the canopy exists,
and that there is negligible water stored above the measurement of E. Previous studies indicate that these assumptions
are typically met in single-canopy aspen forests of similar
densities to the forest studied here (Ewers et al. 2005). We
then converted gc values to mmol m−2 s−1 and examined
the decline in canopy conductance as a function of VPD
in SAD and healthy ramets using the method presented in
Oren et al. (1999), which compares the slope of canopy
conductance with ln(VPD) {dgc/d[ln(VPD)]} against the
reference canopy conductance at 1 kPa of VPD (gcref).
Water potentials, leaf size, hydraulic conductivities
and δ13C of leaf sugars
In the Core site, we measured twig water potentials in
ramets instrumented with sap flow in both the SAD and
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healthy plots during August 15–16, 2011, and June 6–7 and
24–25, July 5–6, and August 15–16, 2012. We made predawn measurements at 0300–0500 hours and midday measurements at 1200–1400 hours. Small distal branch networks, typically 7- to 10-mm basal branch diameter, were
collected from mid-canopy with a shotgun. Tall canopies
(>10 m) precluded use of ladder and pole-clipper to collect
samples. Branch networks were instantly placed in a dark
plastic bag for transport. We measured xylem tension with
a Scholander-type pressure chamber (PMS Instruments,
Corvalis, OR, USA). Small twigs were cut from the distal branch network at least 20 cm and two nodes removed
from the initial break for measurement. All samples were
measured within 3 min of collection.
From branch networks collected at midday, we randomly selected ~20 leaves per branch for leaf size calculations. We placed flattened leaves on a white surface along
with a ruler for length reference, took a digital photograph
above the surface, and calculated average leaf size (cm2)
for each ramet during each sampling event using ImageJ
software (Schneider et al. 2012).
We collected 2–3 branch segments from each of these
branch networks from the midday sampling for determination of hydraulic conductivity (Ks; kg MPa−1 m−1 s−1).
Branch segments of >10 cm length (average diameter
of 0.5 cm ± 0.15 cm SD) were cut, instantly misted, and
placed in sealed plastic bags (all final segment lengths were
>8 cm). Segments were kept hydrated during transport
to the laboratory. In the laboratory, segments were re-cut
under water with a razor blade and then processed with the
standard pressure-flow method (Sperry et al. 1988). Native
conductivities were determined, standardized by branch
basal area, and segment length.
We also collected leaf samples from these same branch
networks for determination of δ13C of leaf sugars to estimate intrinsic water use efficiency at all four sampling
events. From the branches collected during the midday
sampling, we excised leaves and instantly placed them in
a sealed air-tight plastic bag and in a dark cooler under ice.
We took care to make sure that no bags leaked to allow
air exchange that might affect isotopic values and placed
samples under ice immediately. We followed the same protocol as above in drying and grinding leaves. To extract
leaf sugars for isotope analysis, we followed the protocol
detailed in Brugnoli et al. (1988). Briefly, dried leaf powder
is mixed with PVPP and de-ionized water and centrifuged.
The supernatant is collected and filtered through chromatographic columns of resin: DOWEX 1 × 2 to remove positively charged acids and DOWEX 50 W to remove negatively charged acids. The remaining fluid is largely soluble
sugars and water, and is thus freeze-dried and weighed for
isotopic determination. A recent intercomparison paper
found this method adequate for determination of bulk sugar

δ13C (Richter et al. 2009). Isotopic measurements were
made via isotope ratio mass spectroscopy at the UC Davis
Stable Isotope Facility.
Calculation of whole‑plant hydraulic conductance
and assimilation
We used established methods to calculate root-to-leaf
hydraulic conductance (Kp as opposed to Ks, hydraulic conductivity, which is calculated on branches only) by combining estimates of transpiration from sap flow with water
potential differences over a day (Becker et al. 1999; Mencuccini 2003; West et al. 2008; Wullschleger et al. 1998).
For each ramet, we calculated the maximum daily transpiration (E; g m−2 s−1) rate, which closely aligned with the
timing of midday water potential measurements (1200–
1400 hours), on a per sapwood area basis across all days for
which we had complete sap flow measurements. As in West
et al. (2008), we then calculated the difference between
midday and pre-dawn xylem tensions as an estimate of the
water potential gradient over the course of the day. Wholeplant hydraulic conductance (Kp; g m−2 s−1 MPa−1) is then
calculated as:

Emax

Ψmidday − Ψpredawn

Kp = 

Growing season water potentials were linearly interpolated between sampling events, which likely underestimates the variation across the summer in water potential.
Nonetheless, because this is an assumption, we present in
all figures both the directly measured (on sampling dates)
and interpolated (between sampling dates) values. We compared the average Kp across all direct-measure sampling
dates per ramet with the stomatal canopy conductance estimates generated above.
Due to canopy height and fragility of branches, direct
measurement of gas exchange was not possible on mature
SAD-affected and healthy ramets. Instead, we used a
published model to estimate first-order differences in net
assimilation at the whole-ramet scale using a combination
of δ13C of leaf sugars to infer water use efficiency (WUE)
averaged over the uptake of those sugars and sap flux to
approximate transpiration (Hu et al. 2010). Briefly, this
model uses δ13C of leaf sugars to calculate instantaneous
WUE, which can be expressed as the ratio of assimilation
(A) to transpiration (E) and also as the difference between
atmospheric CO2 (Ca) concentration and the intracellular
CO2 concentration (Ci) divided by daytime VPD measured
in the aspen stand (v) (calculated from 0900 to 1800 hours,
as in Hu et al. (2010):

WUE =

Ca − Ci
A
=
E
1.6v
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The model uses δ13C of leaf sugars to calculate the isotope discrimination factor (∆) as:

∆=

δ 13 Ca − δ 13 Cleafsug
1 + δ 13 Cleafsug

For this analysis, δ13C of the atmosphere was assumed to
be −8.5 ‰ measured at Niwot Ridge, CO (Bowling et al.
2005). Then, based on the linear model of Farquhar et al.
(1982) which assumes infinite mesophyll conductance, the
net assimilation model uses this discrimination factor to
calculate Ci necessary for estimating instantaneous WUE:

Ci
∆−a
=
Ca
b−a
These coefficients are the fractionation caused by the
diffusion of CO2 in air (a; 4 ‰) and the fractionation due
to the active site of the enzyme Rubisco (b; 27 ‰). Once Ci
has been calculated, it can be used to calculate instantaneous WUE, which we then multiplied by E to derive wholeplant assimilation (Hu et al. 2010).
As in the Kp analysis, we present modeled assimilation values from both the directly measured δ13C dates (on
sampling dates) and temporally interpolated (scaling the
average δ13C of leaf sugars value per treatment across the
summer linearly between sampling events) values to ensure
that all conclusions are supported by direct measurement
periods. Interpolating is a reasonable approach because
δ13C values did not vary extensively across the summer and
a previous full Monte Carlo sensitivity analysis using this
model indicated that E was responsible for most of the variance in the model, rather than δ13C (Hu et al. 2010). While
recent research has suggested that the linear model of estimating WUE could overestimate instantaneous WUE (Seibt
et al. 2008), extensive previous testing with this model indicated little difference between use of the linear model and a
more nuanced method (Seibt et al. 2008) that accounts for
mesophyll conductance and fractionation due to photorespiration (Hu et al. 2010). Finally, we present whole-plant
assimilation values on a per-tree and per-square-meter of
ground area (per-tree measurements scaled by stand density for each area) for both healthy and SAD plots to allow
comparison between SAD and healthy ramets and regions.
Statistics
Using ramet as the experimental unit to compare between
healthy and SAD stems at the Core site, repeated measurements of leaf size, branch hydraulic conductance, xylem
tensions, soil moisture, and δ13C of leaf sugars across multiple sampling periods were analyzed via repeated-measures ANOVA, after checking assumptions of sphericity via
Mauchly’s Sphericity Test. Differences between the slopes
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of canopy conductance versus vapor pressure deficit were
assessed via ANCOVA. Drawing upon all five clones with
paired healthy-SAD plots, we tested differences in leaf area
index and δ13C of bulk leaf tissue across clones via paired t
tests, after checking assumptions of normality. All analyses
were performed in the R statistical environment (R Core
Development Team v.2.12.1).

Results
Meteorology
Meteorological observations confirmed that the study
site experienced severe drought during the 2012 growing season. During the 2011 growing season (May–Sept)
ember, 16.6 cm of rain fell after a close-to-average winter
precipitation (95 % of average total snowpack in snowwater-equivalent). The 2012 growing season, however,
had 12.3 cm of growing season rain, well below the longterm (1970–2000) average at this site of 27.9 cm (±8.1 cm
SD), after 70 % of average snowpack. Furthermore, the
years differed extensively in climatic conditions. In 2011,
near-average snowmelt timing (late May) and relatively
dispersed rain events throughout the summer led to higher
soil moisture values of both surface and deep soil than in
2012 (Fig. 1). By contrast, 2012 had lower overall snowpack, yielded an extremely early snowmelt in late April to
early May and had no precipitation until early July (Fig. 1),
leading to regional drought status of “Extreme Drought”
(PDSI < −4) by July 1 (NOAA NCDC). Datalogger power
failures led to gaps in 2011 data, particularly in the healthy
treatment, but climatic conditions were recorded consistently in the SAD treatment.
Comparing SAD and healthy areas in the Core site,
the healthy plot consistently had higher soil volumetric
water content in both years by an average of 0.08 m3/m3
for surface soil (repeated-measures ANOVA; F = 31.7,
p < 0.00001) and 0.13 for deep soil (rm-ANOVA; F = 52.1,
p < 0.00001). The SAD plot had consistently higher temperatures 2 m above ground level than the healthy area,
although these differences were typically small (<0.5 °C).
Where data were available in 2011 and pre-monsoon in
2012, the SAD plot also had higher VPD, though it experienced slightly lower VPD after monsoon in 2012.
Canopy and leaf characteristics
Leaf area index (LAI) measured in five clones via hemispherical photography was consistently lower in SAD plots
than in healthy plots (paired t test; t = 37.6, p < 0.00001)
(Fig. 2). Bulk leaf δ13C values were significantly more
enriched in SAD plots than healthy plots as well (paired t
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Fig. 1  Meteorological measurements in the Core site over 2011
and 2012 growing seasons of
(bottom to top) rain events (cm),
down-welling shortwave radiation (kW m−2 day−1), average
daily air temperature at 2 m (C),
average daily vapor pressure
deficit (VPD) at 2 m (kPa),
and soil moisture by volumetric water content (VWC) of
0–30 cm surface soil (solid
lines) and 30–60 cm deep soil
(dashed lines) (m3/m3). Gray
indicates measurements from
the healthy area and black from
the SAD area

Fig. 2  Enrichment of 13C of bulk leaf tissue (‰) measured in August
2011 and leaf area index of five clones with a healthy (white) and
SAD (black) areas

test; t = 3.42, p = 0.02) (Fig. 2). Temporal dynamics of
leaf size and LAI at the Core site revealed persistent differences between the SAD versus the healthy plot between
years and across the growing season (Fig. 3). Average leaf

Fig. 3  a Average leaf size (cm2) and b leaf area index of ramets in
the healthy (white) and SAD-affected (black) region of the Core site
at four sampling events

size of healthy ramets was always higher than SAD ramet
(repeated-measures ANOVA; F = 11.4, p = 0.007). Leaf
size of healthy ramets was substantially lower in 2012 than
in 2011, while it increased slightly in SAD ramets in 2012
compared to 2011. Regarding LAI, the SAD plot exhibited
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a constant LAI across the growing season of 2012, but the
healthy plot increased LAI through the last sampling in
August (Fig. 3). This LAI value of 1.18 in August of 2012
was still lower than the 1.3 measured in August 2011.
Whole‑plant versus branch hydraulic conductance
Branch-level measurements of hydraulic conductivity
(Ks) revealed temporal changes across a growing season
in the healthy plot (repeated-measures ANOVA; F = 3.8,
p = 0.04) and limited response to seasonal variation in the
SAD plot (Fig. 4). Nonetheless, healthy Ks was always significantly higher than branch-level SAD Ks (repeated-measures-ANOVA; F = 14.1, p = 0.006). Low Ks values even in
wetter periods (e.g., August 2011) in SAD branches indicated major extant hydraulic impairment in SAD branches.
Clearwater correction for non-functioning sapwood had
little effect on sap fluxes used for whole-ramet conductance (correction values of 0.05–0.15 applied on 3 out of 7
trees). Due to gaps in sap flow data in 2011 from datalogger failures, we present primarily 2012 data of whole-ramet
conductance (Kp) while including a week of 2011 data for
comparison. Whole-plant hydraulic conductance exhibited a roughly similar temporal pattern to branch measurements (Fig. 4). Whole-ramet conductances of SAD ramets
were on average 4.9 times (±2.6 SD) lower than healthy
ramets (Fig. 4b), and this was due primarily to differences
in sap flux (E), rather than water potential (Fig. S1). Interpolated daily measurements of Kp, however, revealed the
highly dynamic response of healthy ramet conductance in
response to drawdown of soil moisture reserves, particularly evident in the pre-monsoon period up to around July 7,
2012 when healthy ramets’ conductances approached SAD
Fig. 4  a Branch segment
hydraulic conductivity (Ks;
mean ± SE; kg MPa−1 m−1 s−1)
and b whole-ramet hydraulic conductance (Kp;
kg MPa−1 day−1) of ramets
in the healthy (white) and
SAD-affected (black) region of
the Core site. Gray triangles
represent direct measurements
of water potentials
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levels (Fig. 4b). Healthy ramets’ conductances recovered
substantially after rain events, while SAD ramets exhibited
little post-monsoon increase. Healthy ramets’ conductances
did reach SAD levels, however, during the second major
dry period of the 2012 growing season towards the end of
August.
Whole‑plant assimilation
Whole-ramet assimilation also differed drastically between
SAD and healthy ramets (Fig. 5a). Assimilation differences
were larger (23.5-fold ± 8.0 SD) when expressed on a
per-square-meter basis (Fig. 5b) due to the low density of
surviving ramets in a SAD area, relative to healthy stand
density, than when expressed on a per-ramet basis (6.6fold ± 2.2 SD). Temporal dynamics over the 2012 growing
season suggest that the whole-plant assimilation of healthy
ramets stayed well above that of SAD ramets until the second major dry-down period (Fig. 5), which experienced
around the same soil moisture levels as the pre-monsoon
period (Fig. 1).
Canopy conductance versus VPD
Healthy ramets’ canopy conductance (gc) per square meter
of leaf area was generally much higher than that of the
SAD plot. While both plots exhibited declining conductance with increasing vapor pressure deficit, the slopes of
the sensitivity lines differed significantly between healthy
and SAD ramets (ANCOVA; F = 7.4, p = 0.04) (Fig. 6).
Healthy ramets had a fairly standard sensitivity to increasing VPD (m = 0.57), but SAD ramets exhibited relatively
small sensitivity (m = 0.17) to increasing VPD. These

Oecologia
Fig. 5  a Average per-tree
net assimilation (mean ± SE;
grams C tree−1 day−1) and b
per-square-meter of ground net
assimilation (mean ± SE; grams
C m−2 day−1) in the healthy
(white) and SAD-affected
(black) region of the Core site.
Gray triangles represent direct
measurements of δ13C of leaf
sugars

(gcref) in both healthy (r2 = 0.67; p = 0.02) and SAD
ramets (r2 = 0.92; p = 0.0007) (Fig. 7a). The slope of
these relationships, however, differed significantly between
healthy and SAD ramets (ANCOVA; F = 9.64, p = 0.03).
Average Kp was not significantly related to the canopy stomatal sensitivity parameter for either healthy (r2 = 0.10;
p = 0.47) or SAD (r2 = 0.11; p = 0.46) ramets (Fig. 7b).
Discussion

Fig. 6  Reference canopy conductance at 1 kPa (gcref;
mmol m−2 s−1) versus slope of the sensitivity of canopy conductance to the natural log of vapor pressure deficit [dgc/dln(VPD);
mmol m−2 s−1 ln(kPa)−1]. White circles indicate healthy ramets (gray
line is best fit of ordinary least squares regression) and black circles
indicate SAD ramets (black line is best fit of ordinary least squares
regression)

differing slopes indicate that SAD ramets are not simply
“sliding down” the standard trade-off between maximum
canopy conductance at 1 kPa reference VPD and the conductance-versus-VPD slope as described by Oren et al.
(1999).
Linking canopy conductance sensitivity to plant hydraulics
Average whole-plant hydraulic conductance was strongly
associated with the reference canopy conductance a 1 kPa

We examined whole-ramet water transport and carbon
uptake in mature healthy and SAD-affected aspen ramets
during a severe drought in western Colorado. Our aim
was to characterize whole-ramet responses to drought and
standing differences between healthy and SAD-affected
ramets in hydraulic and assimilation capability as two ends
of the drought-induced mortality process. Given that Ψ50
values, the water potential at which 50 % loss of conductivity occurs, for this species in this region tend to fall between
−1.0 and −2.3 MPa (Anderegg et al. 2013b; Hacke et al.
2001), midday water potentials of −1.9 to −2.3 MPa in
both SAD and healthy ramets during the July and August
2012 sampling events indicated that ramets experienced
substantial drought stress during this period (Figure S1).
Canopy evaporative area appeared to play a large role in
mediating differences in hydraulic capacity both between
SAD and healthy ramets and within the drought in healthy
ramets. Leaf size and leaf area index were significantly
lower in SAD ramets than healthy ramets (Figs. 2, 3). Differences in average leaf size were larger in 2011 than 2012,
driven largely by declines in the healthy ramets’ leaf size
in 2012, likely due to water stress (Fig. 3). Such transient
regulation of leaf area, in particular early leaf-drop in the
fall, has also been observed in boreal aspen forests (Barr
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Fig. 7  a
Average
whole-plant
hydraulic
conductance
(g m−2 s−1 MPa−1) across all 2012 sampling events versus reference
canopy conductance at 1 kPa (gcref; mmol m−2 s−1) and b sensitiv-

ity of canopy conductance to the natural log of vapor pressure deficit [dgc/dln(VPD); mmol m−2 s−1 ln(kPa)−1]. White circles indicate
healthy ramets and black circles indicate SAD ramets

et al. 2007), and appears to play a large role in the interannual differences in carbon fluxes in these forests. Our
results indicate that reductions in canopy evaporative area,
both in leaf size and LAI, are part of a coordinated set of
physiological changes that mediate drought stress from the
inciting drought up to mortality.
Both δ13C of bulk leaf tissue and δ13C of leaf sugars suggested higher intrinsic water use efficiency in SAD ramets,
indicative of stronger stomatal regulation (Fig. 2; Figure
S1). Estimated canopy conductance values support that
overall the SAD area exhibits much lower conductances
to water vapor, but that conductances fall more rapidly in
response to VPD in the healthy area (Fig. 6). This aligns
well with research documenting that high conductances at
low VPD are strongly associated with high stomatal sensitivity to VPD both within and across species (Oren et al.
1999). Strong regulation of canopy conductance, primarily
in response to leaf water potential, has been documented
in (healthy) boreal aspen forests of differing stand ages
(Ewers et al. 2005).
Modeled per-tree assimilation was roughly 6.5 times
higher (±2.2 SD) in healthy ramets than in SAD-affected
ramets and healthy ramets (Fig. 5). This difference was
larger (23.5-fold difference) when considered on a perground-area basis, which indicates that the forest carbon uptake of SAD regions is likely to be very low, much
lower than what would be expected based on LAI in these
areas (Fig. 2). Other studies have documented extensive
biomass loss from dead trees in SAD regions averaging
60.3 ± 37.3 Mg/Ha (Huang and Anderegg 2012). Thus,
our results suggest that the larger than expected declines in
stand assimilation documented here coupled with decomposition of dead trees could influence the carbon balance of

these ecosystems, though more detailed simulation of carbon pools is needed to quantify this balance.
Healthy whole-ramet hydraulic conductance (Kp) greatly
exceeded that of SAD ramets. We found that Kp largely
mirrored branch-level measurements of Ks, but that SAD–
healthy Ks disparities were generally less than differences
between SAD and healthy ramets’ Kp (Fig. 4). Loss of Ks
occurred prior to monsoon arrival in the 2012 growing season, yet Ks recovered and Kp declined independently of
Ks towards the end of the 2012 growing season (Fig. 4).
Thus, declines in Kp pre-monsoon were likely dominated
by embolism associated with VPD stress, while Kp declines
towards the end of the growing season appear to be dominated by hydraulic dysfunction elsewhere in the hydraulic
pathway. Because branch-level measurements reflected
whole-tree hydraulic status for much of the period, embolism appears to play a dominant role in whole-plant
hydraulic loss. Yet cavitation does not seem to underlie the
second decline in Kp, which indicates that in some conditions it may be secondary to other hydraulic losses in the
continuum, such as loss of conductivity in the leaf, petiole,
roots, or root:soil interface. These other losses in conductivity could be important in mediating some trajectories of
drought-induced mortality and warrant further study.
During severe drought, Kp of healthy ramets was quite
dynamic over the 2012 growing season, even reaching
SAD levels at the two points of maximum water stress
(Fig. 4). Given the similar character of the 2012 and 2002
droughts, particularly regarding early snowmelt and a hot
and dry early growing season (Anderegg et al. 2013a), the
2012 drought’s effects on healthy ramets could potentially
be an analog for the 2002 drought that induced sudden
aspen decline. We found a ~50 % loss of Ks between June 7
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and July 6, 2012 when measured via the standard pressureflow technique and a ~75 % loss of Kp over the same time.
Both Ks and Kp show some recovery following precipitation, yet their loss may still contribute to the accumulated
hydraulic deterioration and increased vulnerability found in
SAD stands (Anderegg et al. 2013b).
Examining the sensitivity of canopy conductance to VPD,
healthy aspen ramets had a stomatal sensitivity-versus-reference conductance slope of 0.57, between the 0.5–0.6 range
reported for a wide array of species (Katul et al. 2009), but
SAD ramets’ slope was dramatically lower (0.17). This
considerable departure from the standard relationship indicates that SAD ramets are not simply “sliding down” the
curve but in fact have exceptionally low gcref values for a
given stomatal sensitivity (Fig. 6). Indeed, apparent canopy
conductances in “low conductance” stands in a previous
aspen study generally exceeded the apparent conductances
documented here in the SAD plot by fourfold (Ewers et al.
2005). This likely indicates that low levels of gas exchange
and canopy conductance in SAD ramets are primarily a
result of accumulated damage to the plant hydraulic system,
rather than strong stomatal control. This is further supported
by the relationship between reference canopy conductance
and average ramet hydraulic conductance (Fig. 7). Testing
for the departure of the slope of this relationship in stressed
or dying trees in other species may provide insight into teasing apart the differential constraints on plant transpiration
and gas exchange during tree mortality.
Dynamic responses of healthy ramets to severe drought
and extant differences between SAD and healthy ramets
reveal a suite of coordinated system-level decline across
the multiple tissues. This cascade includes declines in
canopy evaporative area (Figs. 2, 3) and sapwood area (t
test; t = 2.78, p = 0.007), large declines in carbon uptake
and hydraulic capacity (Figs. 4, 5), embolism (Fig. 4), and
hydraulically-limited canopy conductances (Fig. 7). These
findings underscore that tree death is a systems failure
across the whole organism. Previous research indicated
that tissue-level hydraulic loss was largely mediated by
increased vulnerability to cavitation in SAD stems, along
with smaller effects of decreased growth, smaller vessel
size, and increased insect attack (Anderegg et al. 2013b).
The emergent picture is that death is not simply caused by
runaway hydraulic failure but instead by accumulated damage to an aspen tree’s water acquisition and transport system via a suite of mechanisms, concurrent with declines in
carbon uptake capability, despite no declines of tissue carbohydrate concentrations in SAD-affected ramets (Anderegg et al. 2012b).
As with all methods of scaling individual sensors
to tree-level fluxes, some caveats are worth keeping in
mind regarding the simulated conductances and assimilation presented here. Rather than detailed quantification

of transpiration and carbon fluxes, our primary aim was
to assess relative differences between SAD and healthy
ramets. First, sap flux measurements were largely assessed
at one depth in the sapwood. Changes in flux velocity as
a function of depth, which do occur in trembling aspen,
would alter the absolute magnitude of sap flow and thus
the modeled hydraulic conductance and assimilation.
These should not greatly affect differences between SAD
and healthy stems, nor the time-course of sap flow over
the growing season and with drought, but it nonetheless
remains an uncertainty. Second, our selected zero-flow
set point for sap flux does not allow for substantial nighttime transpiration or recharge. Regressions of the set point
(ΔTmax) against minimum nighttime VPD were insignificant (r2 = 0.0001, p = 0.9) for healthy, but were significant for SAD-affected ramets (r2 = 0.04, p = 0.02). Thus,
including nighttime transpiration and recharge could yield
higher sap fluxes for SAD-affected ramets, but are unlikely
to qualitatively change the differences between healthy
and SAD ramets given the order of magnitude differences.
Third, inferring WUE from δ13C of leaf sugars requires the
assumption that leaf sugars integrate WUE over several
days, depending on turnover of non-structural carbohydrate
pools. Thus, the instantaneous (a given day) estimates of
WUE and therefore assimilation are not accurate, but previous research suggests that the general time-course (multiple days to weeks) and integrated growing season assimilation from this method are robust (Hu et al. 2010).
We examine here the dynamics of carbon uptake, water
loss, and hydraulic conductance in healthy and SADaffected ramets over two growing seasons. We find consistent and large physiological shifts across a whole ramet
both during drought and as ramets approach death. These
shifts detail a whole-plant failure of hydraulic capability
and assimilation capacity in SAD-affected ramets. Furthermore, they suggest profound decreases in productivity in
dying regions that could constitute a climate feedback of
tree mortality. Ultimately, in situ and full-tree physiological
measurements can inform and guide our understanding and
ability to project tree mortality with climate change.
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